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Age-Related Inflammation and Oxidative Stress in the Cochlea Are Exacerbated by Long-Term, Short-Duration Noise Stimulation
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We have previously reported that young adult rats exposed to daily, short-duration noise for extended time periods, develop accelerated presbycusis starting at 6 months of age. Auditory aging is associated with progressive hearing loss, cell deterioration, dysregulation of the antioxidant defense system, and chronic inflammation, among others. To further characterize cellular and molecular mechanisms at the crossroads between noise and age-related hearing loss (ARHL), 3-month-old rats were exposed to a noise-accelerated presbycusis (NAP) protocol and tested at 6 and 16 months of age, using auditory brainstem responses, Real-Time Reverse Transcription-Quantitative PCR (RT-qPCR) and immunocytochemistry. Chronic noise-exposure leading to permanent auditory threshold shifts in 6-month-old rats, resulted in impaired sodium/potassium activity, degenerative changes in the lateral wall and spiral ganglion, increased lipid peroxidation, and sustained cochlear inflammation with advancing age. Additionally, at 6 months, noise-exposed rats showed significant increases in the gene expression of antioxidant enzymes (superoxide dismutase 1/2, glutathione peroxidase 1, and catalase) and inflammation-associated molecules [ionized calcium binding adaptor molecule 1, interleukin-1 beta (IL-1β), and tumor necrosis factor-alpha]. The levels of IL-1β were upregulated in the spiral ganglion and spiral ligament, particularly in type IV fibrocytes; these cells showed decreased levels of connective tissue growth factor and increased levels of 4-hydroxynonenal. These data provide functional, structural and molecular evidence that age-noise interaction contributes to exacerbating presbycusis in young rats by leading to progressive dysfunction and early degeneration of cochlear cells and structures. These findings contribute to a better understanding of NAP etiopathogenesis, which is essential as it affects the life quality of young adults worldwide.
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INTRODUCTION

Presbycusis or age-related hearing loss (ARHL) is a complex and multifactorial condition characterized by slow and progressive, auditory sensorineural degeneration, leading to hearing loss, progressing with advancing age (Fetoni et al., 2011; Keithley, 2019). Recent estimates for 2021 indicate that the prevalence of moderate to severe hearing loss in the aging population ranges globally from 15.4% among individuals aged 60–58.2% for those aged 90 or older (World Health Organization, 2021). The aging cochlea undergoes multiple regressive changes at the cellular and subcellular levels. These include loss of sensory cells, a decrease in the number of synaptic ribbons per inner hair cell, degeneration and death of spiral ligament fibrocytes and neurons, strial pathology, vascular dysfunction, and a decline in endocochlear potential, which together contribute to threshold elevation (Gratton et al., 1996; Gordon-Salant, 2005; Kidd and Bao, 2012; Viana et al., 2015; Parthasarathy and Kujawa, 2018; Keithley, 2019; Fischer et al., 2020; Chen et al., 2021). Human studies on the aging ear have extensively documented that damage to the sensory epithelium and the loss of cochlear neurons along with strial degeneration are common age-related features associated with presbycusis (Soucek et al., 1986; Schuknecht and Gacek, 1993; Nelson and Hinojosa, 2006). Indeed, evidence from post-mortem human temporal bones of aged individuals suggests that cochlear synaptopathy and primary cochlear neural degeneration, without significant inner hair cell loss, may also potentially contribute to this age-associated hearing disability (Viana et al., 2015; Wu et al., 2019).

Several animal models that exhibit different patterns of presbycusis-related progressive cochlear degeneration have been developed to investigate the pathogenesis of age-related cochlear damage and predict human disease (Fetoni et al., 2011; Alvarado et al., 2014; Bowl and Dawson, 2014; Escabi et al., 2019). The C57BL/6J (B6) mouse shows mixed sensory-neural-strial ARHL, which is characterized by progressive hearing loss for high frequencies that is already detectable at 6 months of age and extends to lower frequencies by 12 months. Additionally, these features are accompanied by degeneration of the lateral wall, spiral ganglion, and organ of Corti (Li and Borg, 1993; Di Girolamo et al., 2001; Carraro and Harrison, 2016). In contrast, CBA/CaJ mice have near-normal hearing, and exhibit a decline in endocochlear potential with aging, along with lateral wall atrophy and dysregulation of gene and protein expression of NKA subunits by 2 years of age (Sha et al., 2008, 2009; Ohlemiller et al., 2010; Hao et al., 2014; Ding et al., 2018). In rats, the Fischer 344 (F344) albino strain develops a progressive hearing deficit that initiates at 12 months of age, which is accompanied by strial pathology and outer hair cell loss (Buckiova et al., 2007; Bielefeld et al., 2008; Syka, 2010; Balogová et al., 2018). Similarly, Wistar rats also show age-related physiological alterations, including increased auditory thresholds, decreased wave amplitudes, and elongation of wave latencies that initiate at approximately 12–14 months of age and extend to 18–20 months of age; these rats also exhibit reduced excitatory and inhibitory neurotransmission in the aged cochlear nucleus (Alvarado et al., 2014).

Noise exposure may contribute to modify the onset and/or progression of auditory aging (Kujawa and Liberman, 2006; Alvarado et al., 2019; Wang and Puel, 2020). Valuable information has been obtained from reports evaluating the impact of a single noise exposure on aging in young CBA/CaJ mice (Kujawa and Liberman, 2006; Fernandez et al., 2015). However, humans are exposed daily for extended time periods to diverse and complex sources of noise, including urban, recreational, or occupational. Although studies reporting the effects of long-term daily noise exposure on hearing are limited, a previous study (Campo et al., 2011) using a noise exposure paradigm designed to mimic human responses, showed that moderate stimulation [8 kHz, 86.2 dB sound pressure level (SPL)] for 6 h per day, 5 days a week for 1 month in 6-month-old Norway rats accelerates ARHL. Consistent with this, our previous experiments using Wistar rats demonstrated a significant detrimental effect of long-term exposure to short-duration loud sound stimulation on young, 3-month-old animals [1 h of continuous white noise (110 dB SPL), 5 days a week] that were evaluated at 6, 12, and 18 months of age. The data showed that, at 6 months of age, these rats already had impaired auditory function and displayed physiological characteristics similar to those observed in 12-month-old unexposed rats, suggestive of a shortening of presbycusis onset (Alvarado et al., 2019).

Oxidative stress, with imbalances in the antioxidant defense system and adaptive and/or dysregulated inflammation are also crucial biological responses associated with ARHL and noise-induced hearing loss (NIHL) (Henderson et al., 2006; Tan, 2013; Okano, 2014; Kalinec et al., 2017; Fetoni et al., 2019). Key pathophysiological elements associated with the noise-exposed and aging cochlea include immune system dysregulation, reshaping of cytokine expression profiles, and dysregulation of redox homeostasis, including decreases in antioxidant protein and enzyme concentrations and increases in the levels of glutathione-conjugated proteins and the products of hydroxyl radical and peroxynitrite activity (Hirose et al., 2005; Fujioka et al., 2006; Tornabene et al., 2006; Jiang et al., 2007; Carroll et al., 2017; Hu et al., 2018; He et al., 2020; Lyu et al., 2020). As demonstrated in numerous studies on the aging and noise-exposed cochlea, the above-mentioned cellular processes are closely interlinked and are associated with detrimental effects on cochlear tissue and hearing (Nagashima et al., 2010; Fetoni et al., 2013, 2015b; Jayakody et al., 2018; Bermúdez-Muñoz et al., 2020). Despite the many studies that have addressed the link between age and noise, few have evaluated the chronic effect of noise exposure on the aging cochlea. Therefore, using a noise-accelerated presbycusis (NAP) protocol (Alvarado et al., 2019) and functional, histological, and molecular techniques, the aim of this study was to further evaluate the effects of long-term exposure to a short, loud noise (1 h of continuous white noise at 110 dB SPL) for 5 days beginning at 3 months and lasting until 16 months of age and assess which pathological and/or adaptive cellular processes might contribute to exacerbating the progression of presbycusis induced by chronic noise exposure.



MATERIALS AND METHODS


Animals

For this study, 3-month-old adult male Wistar rats (n = 40) (Charles River, Barcelona, Spain) were used. The animals were housed and monitored at the University of Castilla-La Mancha animal facility (Albacete, Spain) under controlled conditions (temperature: 22–23°C; humidity: 60 ± 5%; 12:12 h light/dark cycle) and had ad libitum access to food and water. All procedures involving the use and care of the animals were approved by the Ethics Committee on Animal Experimentation at the University of Castilla-La Mancha (Permit Number: PR-2019-02-05) and conformed to European Union (Directive 2010/63/EU) and Spanish (R.D. 53/2013; Law 32/2007) regulations for the care and use of animals in research.



Noise-Accelerated Presbycusis

The NAP protocol consisted of applying a repetitive, long-term, short-duration noise stimulation, as previously described (Alvarado et al., 2019). The stimulus was a continuous white noise presented at 110 dB SPL 1 h per day for 5 consecutive days, followed by 2 days of recovery before another stimulation cycle was initiated. Noise exposure was performed inside a reverberating chamber (methacrylate; 60 cm long × 70 cm wide × 40 cm high) with non-parallel and tilted walls to prevent standing waves and ensure a more homogeneous sound field. The chamber was located in a double-walled sound-attenuating booth placed within a sound-attenuating room. The NAP protocol started at 3 months of age and was repeated until the animals reached 16 months of age. Three-month-old rats were used as the control group (CTR, n = 8). For the experiments, rats were distributed into non-exposed (NE, n = 16) and noise-exposed (E, n = 16) groups, and then further divided into the following subgroups: (1) non-exposed, 6-month-old group (NE6); (2) noise-exposed, 6-month-old group (E6); (3) non-exposed, 16-month-old group (NE16); and (4) noise-exposed, 16-month-old group (E16). Half of the animals in each group were used for histology and half for Real-Time Reverse Transcription-Quantitative PCR (RT-qPCR).



Physiological Assessment


Auditory Brainstem Response Recordings

Auditory function was tested at 3 months of age (CTR group; before the beginning the noise overexposure protocol), 6 months of age (NE6 and E6 groups), and 16 months of age (NE16 and E16 groups) using auditory brainstem response (ABR) recordings. Recordings in the exposed animals were performed after the recovery time and immediately before initiating the corresponding round of 5 days of noise stimulation or immediately before euthanasia. The procedure for the ABR recordings was performed as previously described (Alvarado et al., 2012, 2014, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015). The animals were anesthetized with isoflurane administered via inhalation (1 L/min O2 flow rate) at the dose levels of 4% and 1.5–2% for induction and maintenance, respectively. After anesthesia, the rats were placed in a sound-attenuating and electrically shielded booth (EYMASA/INCOTRON S.L., Barcelona, Spain) that was placed inside a sound-attenuating room. Three subdermal needle electrodes (Rochester Electro-Medical, Tampa, FL, United States) were used, located at the vertex (non-inverting), the right mastoid (inverting), and the left mastoid (ground). Stimulation and recordings were performed using the BioSig System III (Tucker-Davis Technologies, Alachua, FL, United States). Before recording, calibration was performed using SigCal software (Tucker-Davis Technologies) and an ER-10B + low noise microphone system (Etymotic Research Inc., Elk Grove, IL, United States). Sounds generated digitally by the SigGenRP software and the RX6 Piranha Multifunction Processor hardware were delivered to the external auditory meatus of the right ear using an EDC1 electrostatic speaker driver (Tucker-Davis Technologies) through an EC-1 electrostatic speaker (Tucker-Davis Technologies). Pure tone burst sounds (5 ms rise/fall time without a plateau with a cos2 envelope delivered at 20/s) at seven different frequencies (0.5, 1, 2, 4, 8, 16, and 32 kHz) were used as auditory stimuli. Finally, evoked responses were filtered (0.3–3.0 kHz), averaged (500 waveforms), and stored for offline analysis.




Auditory Brainstem Response Data Analysis


Auditory Thresholds

For all experiments, the maximum level of stimulus intensity was established at 80 dB to avoid any possible additional noise overstimulation trauma in the animals during the recordings (Gourévitch et al., 2009; Alvarado et al., 2012, 2014, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015). For all frequencies evaluated, the background activity (before stimulus onset) and the evoked waves (after stimulus onset) were measured in 5 dB steps descending from 80 dB SPL. The auditory threshold was the stimulus intensity that evoked responses with a peak-to-peak voltage greater than 2 standard deviations (SD) of the background activity (Alvarado et al., 2012, 2014, 2016, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015). For statistical purposes, if no auditory evoked responses were obtained at 80 dB, the thresholds were set at that value (Subramaniam et al., 1992; Trowe et al., 2008; Alvarado et al., 2012, 2014, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015).



Threshold Shift

The threshold shift was also determined for each of the frequencies studied by subtracting the auditory thresholds at the different ages (6 and 16 months) from the auditory thresholds in the 3-month-old control rats (Alvarado et al., 2012, 2014, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Melgar-Rojas et al., 2015).




Histological Assessment


Immunohistochemistry

Rats were anesthetized (pentobarbital, 200 mg/kg) and perfused first with 0.9% saline and then with 4% paraformaldehyde solution in 0.1 M phosphate buffer (PB) (pH 7.3). Following dissection, left cochleae were postfixed in the same fixative solution, decalcified in 50% RDO rapid decalcifier solution (Apex Engineering Products Corporation, Aurora, IL, United States) for 2 h, cryoprotected (30% sucrose in 0.1 M PB), embedded (solution containing 15% sucrose and 10% gelatin), and cryosectioned through the modiolus at 20 μm. After several rinses in phosphate-buffered saline (PBS) containing 0.2% Triton X-100 (Tx), the sections were blocked for 1 h with 10% bovine serum albumin in PBS-Tx (0.2%), and then incubated overnight in a humidity box at 4°C with the following primary antibodies diluted in PBS-Tx (0.2%): mouse anti-Na+/K+-ATPase alpha-1 subunit (NKAα1), goat anti-connective tissue growth factor (CTGF), rabbit anti-4-hydroxynonenal (4-HNE), rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba1), and goat anti-interleukin-1 beta (IL-1β) (see Table 1 for detailed information regarding each antibody). The next day, after extensive rinsing, the sections were incubated for 2 h with the corresponding biotinylated secondary antibody (1:200, Vector Laboratories, Burlingame, CA, United States) followed by incubation with an avidin–biotin–peroxidase complex solution (ABC kit, Vector Labs, Burlingame, CA, United States) for 1 h. To visualize the immunostaining, sections were exposed to 3,3’-diaminobenzidine tetrahydrochloride (DAB) solution, rinsed, and coverslipped using Cytoseal (Stephens Scientific, Kalamazoo, MI, United States). To avoid experimental artifacts, the following sets of control experiments were carried out to confirm the specificity of the immunohistochemistry detection system: (1) omission of the primary antibody by replacement with PBS-BSA; (2) omission of the secondary antibody; and (3) omission of ABC reagent. Immunostaining in cells and tissues was absent under these conditions. Immunostaining was assessed under a Nikon Eclipse 80i photomicroscope (Nikon Instruments Europe B.V., Amsterdam, Netherlands) using a 40 × objective. As previously described, images were captured using a DXM 1,200 C digital camera (Nikon Instruments Europe B.V., Amsterdam, Netherlands) attached to the microscope.


TABLE 1. Antibodies used for immunohistochemistry.
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Fluorescent Double-Labeling

Right cochleae were processed for double-immunofluorescence labeling for CTGF/4-HNE or 4-HNE/Phalloidin or Iba1/IL-1β (Table 1). After incubation with the respective primary antibodies (as described in the previous section), the sections were subjected to four 15-min washes in Tris-buffered saline (TBS)-Tx (0.2%), and then incubated with fluorescently labeled secondary antibodies (1:200, Molecular Probes, Eugene, OR, United States) and fluorescently labeled phalloidin (Pha) for 2 h at room temperature. After counterstaining with DAPI, the sections were coverslipped and kept overnight at 4°C. Immunofluorescence was examined with a multichannel laser scanning confocal microscope (LSM 710; Zeiss, Germany) (excitation wavelengths: 405, 488, and 594 nm). Thin optical sections (2.5 μm) were acquired for each dye using a 40x Plan Apo oil-immersion objective (1.4 NA) and stacked to create high-resolution Z-series with standardized parameters including for camera gain, pinhole size, laser intensity, tissue thickness, and optical sectioning. Maximum intensity projections of Z-stacks were obtained using ZEN 2009 Light Edition software (Zeiss).




Data Analysis


Measurements of Cross-Sectional Areas and Counting of Spiral Ganglion Neurons

As previously described (Fuentes-Santamaría et al., 2006, 2014; Shin et al., 2019), the morphometric analysis of the spiral ganglion was performed on Nissl-stained mid-modiolar cochlear sections (20 μm apart; four sections per animal, 4 animals per group) and only neurons with a well-delineated cytoplasm and visible nucleus and nucleolus were included in the analysis. Images of selected fields (40x magnification) were captured, and the number of neurons/field and their cross-sectional areas measured by using ImageJ software (NIH, Bethesda, MD, United States). Data were normalized relative to the control condition, and expressed as percentages ± SEM.



Measurements of Stria Vascularis Thickness

The analysis was performed on Nissl-stained mid-modiolar cochlear sections (20 μm apart; four sections per animal, 4 animals per group, as previously reported (Engle et al., 2013; Ding et al., 2018; Shin et al., 2019). Images of selected fields (40x magnification) were captured, and the SV thickness measured by using ImageJ software (NIH, Bethesda, MD, United States). The SV of each cochlea was divided into 10 orthogonal measurements along its length and the values obtained were averaged, normalized relative to the control condition, and expressed as percentages ± SEM.



Evaluation of Immunostaining

To evaluate differences in immunostaining across animal groups and corroborate the qualitative immunohistochemical data, a densitometric analysis of mid-modiolar cochlear sections (20 μm apart; four sections per animal, 4 animals per group) stained with NKAα1, 4-HNE, CTGC, and IL-1β antibodies was performed using ImageJ software (NIH, Bethesda, MD, United States). Fluorescence images of selected fields (40x magnification) were captured with a confocal laser-scanning microscope from tissue of interest, including the spiral ligament, the spiral limbus, and the spiral ganglion of unexposed and noise-exposed young adult and aged rats. As previously (Herborn et al., 2002; Fuentes-Santamaría et al., 2003, 2005, 2007a,b; Alvarado et al., 2004, 2009; Stanojlovic et al., 2019; Wang et al., 2020), for comparisons among animal groups, images were normalized and thresholded and the mean pixel intensity for each marker in each cochlear region for each animal group was assessed by evaluating the mean gray level of the immunostaining, as an indirect measure of protein content, and the percentage of variation of the immunostaining (expressed as a percentage of increase/decrease relative to the control condition (Yao and Godfrey, 1997; Lin and Talman, 2000; Fuentes-Santamaría et al., 2019).




Cochlear Dissection and RNA Extraction

For tissue collection, animals were deeply anesthetized with 1.5–2% isoflurane (1 L/min O2 flow rate) (Esteve Pharmaceuticals, Barcelona, Spain) followed by an intraperitoneal injection of a combination of ketamine (80 mg/kg) (Pfizer Inc., New York, NY, United States) and xylazine (10 mg/kg) (Calier, S.A., Barcelona, Spain). After euthanasia, the whole cochlea was dissected from the temporal bone, rapidly frozen on dry ice, and stored at –80°C. Tissue was lysed using cold TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA United States) following the manufacturer’s instructions for total RNA extraction. Cochleae were homogenized using a Polytron PT2100 homogenizer (Kinematica, dispersing aggregate PT-DA 2105/2EC; Rotor–Ø: 3 mm) at 30,000 rpm for < 30 s. Total RNA quantity and quality were determined by electrophotometry (NanoDrop ND-1000, Thermo Fisher Scientific) and gel electrophoresis. All RNA samples showed suitable A260/A280 and 28S/18S ratios.



Real-Time Reverse Transcription-Quantitative PCR

Total RNA (1 μg) was reverse transcribed into cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The reaction conditions were as previously published (Melgar-Rojas et al., 2015). cDNA was diluted 1:10 for qPCR, which was performed in a One Step Plus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific) using Fast SYBR Green Master Mix (Thermo Fisher Scientific). Forward and reverse primers were used at a final concentration of 0.1 or 0.5 μM. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The primer sequences are detailed in Table 2. The amplification efficiency was calculated as: Efficiency (%) = [–1 + 10 (–1/slope)] × 100. All qPCR runs included non-template controls (NTCs) that generated Cq values > 35. The experiments were performed in technical triplicates. Quantification of expression (fold change) from the Cq data was calculated using Step One Software v2.3 (Applied Biosystems) using the ΔΔCq method (Schmittgen and Livak, 2008). After obtaining the ΔCq, the ΔΔCq of each gene of interest was calculated as: ΔCq (noise-exposed group) –ΔCq (control group). Relative expression (fold change) was calculated as 2–ΔΔCq. All qPCR experiments complied with Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Bustin et al., 2009). The percentage of variation of the relative expression (expressed as a percentage of increase/decrease relative to the NE6 condition) of each gene was also calculated.


TABLE 2. Oligonucleotides and qPCR settings.
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Statistics

Unless otherwise specified, all data are presented as means ± SEM. Wave amplitudes and latencies were measured at 80 dB SPL and comparisons among the different groups were performed using two-way repeated-measures analysis of variance (ANOVA). Noise exposure (non-exposed vs. exposed) was used as an independent variable and age (3, 6, and 16 months) as a repeated independent variable. The ABR parameters and densitometric measures were dependent variables. For each frequency studied, the possible statistically significant main effect of age and noise exposure on each dependent variable time was evaluated. If the analysis showed a significant effect or interaction of the variables, a Scheffé post hoc analysis was used for comparisons among groups. Significance levels (α) and power (β) were set to 0.05 and 95%, respectively. Figures were prepared using the Canvas (Deneba v6.0) software package while graphs and statistics were generated by MS Excel and Statistica software, respectively.




RESULTS


Effects of Repeated, Long-Term Exposure to Short-Duration Noise Stimulation on Aging

Typical ABR traces of unexposed and NAP-exposed rats are depicted in Figure 1. Consistent with previous studies on Wistar rats (Overbeck and Church, 1992; Church et al., 2010, 2012a,b; Alvarado et al., 2012, 2014, 2018), increasing age (NE16) led to a reduction in the amplitudes of all five waves evaluated at all frequencies when compared with younger (CTR and NE6) rats (Figures 1A–C; Alvarado et al., 2014, 2018, 2019). Following the NAP protocol, compared with unexposed animals (CTR, NE6, and NE16 groups; Figures 1A–C), decreased wave amplitudes were already noticeable at 6 months of age (E6, Figure 1D) and persisted in 16-month-old rats (E16, Figure 1E).
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FIGURE 1. Line graphics of representative ABR traces from 3-month-old control rats (CTR) and from non-exposed (NE6 and NE16) and NAP-exposed (E6 and E16) rats for all frequencies tested. CTR (A) and NE6 (B) rats presented a similar recording pattern with the distinctive 4–5 waveforms after stimulus onset. In NE16 (C) rats, there was a characteristic decrease in the amplitude of all waves for all frequencies evaluated. In NAP-exposed rats, reduced wave amplitude was already detected at six months of age (D) and was more profound after 16 months (E) compared to CTR and non-exposed animals (A,B). Dashed lines indicate stimulus onset. Stimulus intensity = 80 dB SPL; n = 4 for each animal group.


Regarding the auditory thresholds in unexposed animals, the mean values obtained for young (CTR, blue bars in Figure 2A and Table 3), adult (NE6, blue bars in Figure 2B and Table 3), and old (NE16, blue bars in Figure 2C and Table 3) rats were similar to those previously reported for Wistar rats. Auditory thresholds increased significantly with age (Jamesdaniel et al., 2008; Alvarado et al., 2012, 2014, 2018, 2019, 2009; Fuentes-Santamaría et al., 2012, 2013, 2014; Pilati et al., 2012; Melgar-Rojas et al., 2015). When compared with 3-month-old, unexposed control rats, 6-month-old rats showed threshold shifts ranging from –1.3 to 3.8 dB SPL, which were not statistically significant (NE6, blue bars in Figure 2D and Table 3). At 16 months (NE16, blue bars in Figure 2E and Table 3) threshold shifts reached statistically significant values of 18.8–27.5 dB SPL, thus confirming age-related threshold increases (Alvarado et al., 2014, 2018, 2019). In response to noise exposure, the auditory thresholds at 6 (E6, orange bars in Figure 2B and Table 3) and particularly at 16 (E16, orange bars in Figure 2C and Table 3) months of age, were significantly elevated at all frequencies tested when compared with those of age-matched NE and CTR rats. The average threshold shifts relative to CTR animals ranged from 23.8 to 36.3 dB SPL in the E6 group (orange bars in Figure 2D and Table 3) and from 27.5 to 40.0 dB SPL in the E16 group (orange bars in Figure 2E and Table 3), suggesting that noise interacts with auditory aging to further reduce hearing sensitivity.
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FIGURE 2. Bar graphs illustrating auditory thresholds and threshold shifts in 3-month-old control rats (CTR) and in non-exposed (NE6 and NE16) and NAP-exposed (E6 and E16) rats for all frequencies assessed. The mean values found in CTR (A) and NE6 (blue bars in B) rats were similar, with threshold shifts (blue bars in D) between –1.3 and + 3.8 relative to CTR animals. However, as animals aged (NE16), the mean thresholds (blue bars in C) and threshold shifts (blue bars in E) were higher than in CTR and NE6 rats. Following NAP, mean threshold values (orange bars in B) and threshold shifts (orange bars in D) were elevated as early as 6 months of age and were significantly different from those in CTR and NE6 rats. The oldest noise-exposed rats presented even higher thresholds (orange bars in C) and threshold shifts (orange bars in E) relative to CTR and unexposed animals. *p < 0.05; **p < 0.01; ***p < 0.001. n = 4 for each animal group.



TABLE 3. Mean, SE, and ANOVA analysis of the interaction between age and noise exposure over the thresholds and the threshold shifts.
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The statistical significance of the effects of age and noise exposure on auditory thresholds and threshold shifts was shown by ANOVA [F(3, 52) = 162.23, p < 0.0001 for absolute auditory thresholds and F(2, 53) = 185.24, p < 0.0001, for threshold shifts]. Scheffé post hoc test revealed no differences in threshold values between 3-month-old (CTR) and 6-month-old (NE6) animals; however, NE16 animals showed a significant increase in auditory thresholds and threshold shifts at all frequencies as a function of age (blue bars in Figures 2C,E and Table 3), which was consistent with previous findings (Alvarado et al., 2014, 2018, 2019). Scheffé post hoc test (Table 3) also showed that the auditory thresholds and threshold shifts were significantly increased in noise-exposed rats at all frequencies, both at 6 (E6, orange bars in Figures 2B,D) and 16 (E16, orange bars in Figures 2C,E) months of age when compared with those of age-matched, non-exposed animals (NE6 and NE16; blue bars in Figures 2B–E). These results reaffirmed the interaction of both age and noise with auditory thresholds and threshold shifts.



Cochlear Histopathology Associated With Age-Related Hearing Loss and Noise-Accelerated Presbycusis


Structural Alterations in the Cochlea

To determine histological correlates of ARHL and NAP, the cochleae of young/adult and aged rats exposed or not to noise was examined, using cryostat sections stained with the Nissl method (Figure 3). Compared with non-exposed animals (NE6, Figures 3A–C), noise-exposed rats of the same age (E6, Figures 3D–F) exhibited early dystrophic changes in the SV, including an apparent disorganization of basal, intermediate, and marginal cell layers (arrows in Figure 3E). The lateral wall of aged (NE16) rats also displayed similar structural damage in the SV as well as presumptive type IV fibrocyte loss “patches” in the spiral ligament (Figure 3G, arrows and asterisks in Figures 3H–I) when compared to adult noise-exposed (E6) animals (Figures 3D–F), but not with that of adult, non-exposed rats (Figures 3A–C). These degenerative, age-related changes in the cochlear lateral wall were accelerated by repeated, long-term overexposure to a noise of short duration (E16), resulting in severe strial dystrophy and a greater extent of fibrocyte loss (Figure 3J, arrows and asterisks in Figures 3K,L). Note the increased gaps between cells in the stria vascularis (SV) of aged rats exposed to noise (arrows in Figure 3K) as compared to the other animal groups.
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FIGURE 3. Digital images illustrating cochlear histopathology in NE6, E6, NE16, and E16 rats. (A–L) Cochlear mid-modiolar sections showing the spiral ligament in unexposed (A–C) and noise-exposed (D–F) young rats and unexposed (G–I) and noise-exposed (J–L) aging rats. Notice the abnormal stria morphology in E6, NE16, and E16 rats (arrows in E,H,K) compared to that in unexposed younger rats (B). Loss of fibrocytes integrity in NE16 (* in I) and E16 (* in K,L) cochleae was also noticeable relative to the NE6 (A–C) and E6 (D–F) groups. (M–T) Cochlear mid-modiolar sections showing the spiral limbus and the spiral ganglion in unexposed (M,N) and NAP-exposed adult (O,P) rats and unexposed (Q,R) and NAP-exposed aging (S,T) rats. Missing spiral limbus cells were detected in the E6, NE16, and E16 groups (* in O,Q,S) while degeneration of spiral ganglion neurons was seen only in the oldest noise-exposed group (S,T). Dashed square boxes in low-magnification images in (A,D,G,J) indicate the approximate locations of the higher-magnification images shown for each group. Arrows indicate strial dystrophy and asterisks indicate missing cells in each cochlear structure. Scales bars: 100 μm in (J,S); 50 μm in (K,L,T). n = 4 for each animal group.


Quantitative analyses supporting these structural cochlear alterations showed increased thickness in the SV of unexposed and noise-exposed aging animals (NE16 and E16) when compared to unexposed and exposed (E6) younger animals (Table 4; see also Figure 3). Note that such increases were evident in all cochlear turns and were about 18 and 24% for NE16 and E16; respectively.


TABLE 4. Mean, SE, and ANOVA analysis of the interaction between age, noise over exposure and stria vascularis thickness in the cochlea relative to the control condition.
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Additionally, NAP resulted in the loss of the interdental cells of the spiral limbus in E6 (asterisk in Figure 3O), NE16 (asterisk in Figure 3Q), and E16 (asterisk in Figure 3S) rats and an apparent loss of SGN in NE16 (Figures 3Q,R), E16 (Figures 3S,T) rats but not in rats of the NE6 (Figures 3M,N) and E6 (Figures 3O,P) groups. Quantification of these degenerative changes in the spiral ganglion showed a significant age-associated decrease in spiral ganglion cells survival that was more noticeable in the basal and middle turns than in the apical turn relative to the control condition (Table 5; see also Figure 3). In addition, to evaluate possible neuronal atrophy associated to noise-exposure, aging or both, the cross-sectional areas of SG neurons were evaluated for each condition. As shown in Table 6, the average cell areas for each frequency region were not significantly different among groups.


TABLE 5. Mean, SE, and ANOVA analysis of the interaction between age, noise over exposure and spiral ganglion cells survival in the cochlea relative to the control condition.

[image: Table 5]

TABLE 6. Mean, SE, and ANOVA analysis of the interaction between age, noise over exposure and cross-sectional areas of spiral ganglion cells in the cochlea relative to the control condition.
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Dysregulation of NKAα1

To further evaluate cochlear dysfunction in response to the combined effect of aging and NAP, the cellular distribution and location of NKAα1, an ion transport protein involved in the regulation of the endocochlear potential generated by the SV (Schulte and Adams, 1989; Cate et al., 1994; McLean et al., 2009; Yamaguchi et al., 2014), were assessed in lateral wall structures and spiral ganglions of cochleae from young/adult and aged rats exposed or not to noise (Figure 4). NKAα1 staining in NE6 rats was localized to the SV, type II spiral ligament fibrocytes (Figure 4A), and the spiral ganglion (Figure 4B). NKAα1 immunostaining in noise-exposed adult (E6) rats was stronger in the SV (arrows in Figure 4C) and spiral ganglion neurons (SGN) (arrows in Figure 4D) relative to that of unexposed younger animals (NE6; Figures 4A,B). In older rats of the NE16 and E16 groups, NKAα1 staining declined in the lateral wall and the spiral ganglion (Figures 4E–H) when compared with that of rats in the E6 and NE6 groups; however, staining was stronger in the SV (arrows in Figure 4G), but not the spiral ganglion (arrows in Figure 4H) of E16 rats compared with that in age-matched NE16 animals (arrows in Figures 4E,F). Even though pathological alterations were observed in the cochlear microvasculature of E6, NE16, and E16 rats (arrows in Figures 4C,E,G), strial capillary damage was more extensive in the rats of the E16 group (Figure 4G). These findings are compatible with a possible interaction between age and noise affecting NKAα1 function in the inner ear.
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FIGURE 4. Digital images illustrating NKA-immunostaining in NE6, E6, NE16, and E16 rats. Noise exposure in adult (E6) rats leads to increased staining levels in SV (arrows in C), and SG (arrows in D) compared to NE6 (A,B), NE16 (arrows in E,F) and E16 (arrows in G,H) rats. Note, however, that staining levels in the SL and SG of aged cochleae (arrows in E–H) were decreased relative to young (A–D) rats. The quantification of the mean gray levels of NKA-staining (I–M) and the percentage of variation (J–N) for each cochlear structure and animal group confirmed the histological data. Cell nuclei (blue) were counterstained with DAPI.SL, spiral ligament; SV, stria vascularis. *p < 0.05; **p < 0.01; ***p < 0.001. Scales bars: 50 μm in (G); 20 μm in (H). n = 4 for each animal group.


These observations were confirmed by ANOVA, which showed a significant effect of both age and noise exposure on the mean gray values for NKAα1 in the spiral ligament [F(4, 24) = 7.12, p < 0.001], SV [F(4, 27) = 24.43, p < 0.001], and spiral ganglion [F(4, 29) = 6.96, p < 0.001]. Further analysis using the Scheffé post hoc test indicated that the mean gray value for NKAα1 in the spiral ligament was significantly decreased in both the NE16 and E16 groups (–19.41% and –21.47%, respectively) when compared to CTR as well as the NE6 and E6 groups (Figures 4I,J). Regarding the SV, the mean gray value for NKAα1 was significantly increased in E6 animals (+ 58.17%) compared with that in the other groups (Figures 4K,L). Notably, although the mean gray value for NKAα1 was higher in the E16 group than in the NE16 group (p < 0.05), which suggested that the increase was associated with noise overexposure, the difference did not reach significance when compared with those in CTR and NE6 rats. In the spiral ganglion, there was a significant reduction in the mean gray values for NKAα1 in the NE16 and E16 rats (–26.10 and –34.10%, respectively) compared with that in the other groups (Figures 4M,N).



Susceptibility of CTGC-Positive Type IV Fibrocytes to Age and Noise Exposure

As damage to type IV fibrocytes has been associated to noise-induced trauma (Adams, 2009), the possible contribution of these cells immunostained for CTGF, a type IV fibrocyte marker, to ARHL and NAP was also evaluated. In unexposed (NE6) rats, type IV fibrocytes stained strongly for CTGF (Figures 5A,B). Following long-term noise exposure, both young/adult (E6, Figures 5C,D) and aged (E16, Figures 5G,H) rats displayed a significant decrease in the immunostaining of type IV fibrocytes relative to unexposed NE6 (Figures 5A,B) and NE16 (Figures 5E,F) animals. CTGF-stained fibrocytes were more darkly stained in the NE16 group (Figures 5E,F) than in the E6 and E16 groups, but not the NE6 group (Figure 5). Densitometric analysis of CTGF immunostaining in the spiral ligament using ANOVA also revealed a significant interaction between noise and aging [F(4, 24) = 17,25, p < 0.001] over the levels of CTGF. The Scheffé post hoc test demonstrated a statistically significant decrease in the mean gray value for CTGF in the E6, NE16, and E16 groups (–20.62, –11.16, and –26.18%, respectively) when compared to CTR and NE6 groups (Figures 5I,J).
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FIGURE 5. Digital images illustrating CTGF-immunostained type IV fibrocytes in the spiral ligaments of young/adult and aging rats exposed to NAP. NAP-exposure in E6 (C,D) and E16 (J,G,H) rats resulted in decreased CTGF staining relative to unexposed control rats (A,B). Note, however, that in the aging unexposed group (E,F) these levels were increased relative to the E6 and E16 groups. The quantification of the immunostaining corroborated these qualitative results (I,J). Double immunohistochemical staining for CTGF (green) and 4HNE (red) in the spiral ligaments of E6, NE16, and E16 rats showed that all CTGF-stained fibrocytes expressed 4-HNE (white arrows in M–R) compared to unexposed rats (white arrows in K,L). Dashed square boxes in (A,C,E,G) denote the approximate locations of the higher-magnification images shown for each group. Yellow arrows point to 4-HNE-stained fibrocytes that do not express CTGF. Asterisks in (F,H) indicate blood vessels. Cell nuclei (blue) were counterstained with DAPI. *p < 0.05; ***p < 0.001. Scales bars: 100 μm in (G); 20 μm in (H,R). n = 4 for each animal group.


Next, we performed CTGF/4-HNE double-labeling to evaluate whether CTGC-stained fibrocytes also express 4-HNE, a marker indicative of fibrocyte damage. Compared with NE6 rats (Figure 5K), CTGF-stained type IV fibrocytes in noise-exposed (E6) rats (white arrows in Figure 5M) and aging rats (NE16 and E16 groups) (arrows in Figures 5O,Q, respectively) also expressed 4-HNE, indicating elevated levels of lipid peroxidation product within these cells (Figures 5N,P,R; respectively). Note that all CTGF-stained type IV fibrocytes were co-stained with 4-HNE (white arrows in Figures 5K–R); however, not all 4-HNE-stained fibrocytes expressed CTGF (yellow arrows in Figures 5M–R).



Metabolic Oxidative Stress

In addition to increased levels of 4-HNE in type IV fibrocytes and root cells in E6 (arrows and dashed ovals in Figure 6B), NE16 (arrows and dashed ovals in Figure 6C), and E16 (arrows and dashed ovals in Figure 6D) rats, they were also increased in types I, II, III and V fibrocytes in the spiral ligament, organ of Corti, spiral limbus, and spiral ganglion in these same groups (Figures 6B–D,F–H,J–L, respectively) compared with those of unexposed rats (NE6), where the expression of this lipid peroxidation product was very weak (Figures 6A,E,I). Degenerative cellular changes were particularly evident in the oldest age group exposed to noise (E16), in which alterations in fibrocyte morphology (arrows in Figure 6H) and loss of spiral ganglion integrity (arrows in Figure 6L) were more extensive relative to the other groups (NE6, E6, NE16). Notably, 4-HNE-expressing fibrocytes in E16 rats displayed an irregular, rounded morphology with no evident extending processes (arrows in Figure 6H).
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FIGURE 6. Digital images showing 4-HNE-immunostaining in young/adult and aging cochleae exposed to NAP. (A–D) Cochlear midmodiolar sections showing increases in 4-HNE-immunostaining (green) in the spiral ligament, spiral limbus, organ of Corti, and spiral ganglion in E6 (B,F,J), NE16 (C,G,K), and E16 (D,H,L) rats compared to unexposed (A,E,I) control rats. The quantification of immunostaining and percentage of variation for each cochlear structure of interest in each group corroborated these increases (M–R). The dashed square box in (A) represents the approximate location of the higher-magnification images shown for each group. Dashed ovals in (B–D) encircle outer sulcus root cells. Arrows point to 4-HNE-stained cells, and asterisks in L indicate blood vessel dilation. Phalloidin (red) was used to label staining actin filaments and cell nuclei (blue) were counterstained with DAPI.Osc, outer sulcus; SL, spiral ligament; SG, spiral ganglion; Sl, spiral limbus; SV, stria vascularis. *p < 0.05; **p < 0.01; ***p < 0.001. Scales bars: 100 μm in (D); 20 μm in (H,L). n = 4 for each animal group.


ANOVA showed a significant effect of age and noise exposure on the mean gray level for 4-HNE immunostaining in the spiral ligament [F(4, 38) = 7.12, p < 0.001], spiral limbus [F(3, 26) = 5.38, p < 0.01], and spiral ganglion [F(4, 30) = 19.03, p < 0.001]. In addition, further analysis using the Scheffé post hoc test indicated that the mean gray values for 4-HNE in the spiral ligament of E6 and E16 rats were significantly increased (+ 24.20% and + 18.40%, respectively) as compared to those in both the CTR and NE6 groups (Figures 6M,N). In the spiral limbus, the mean gray values for 4-HNE were significantly higher in E6 rats (+ 30.97%) compared to those of the CTR (p < 0.05) and NE6 (p < 0.01) groups, but not to the NE16 and E16 groups (Figures 6O,P). In the spiral ganglion, meanwhile, the mean gray levels were significant higher in the E6, NE16, and E16 groups (+32.61, +24.45%, and +26.82%, respectively) relative to the CTR and the NE6 groups (Figures 6Q,R).




Changes in Antioxidant Enzymes/Inflammation Mediator Gene Expression Associated With Age-Related Hearing Loss and Noise-Accelerated Presbycusis

Lastly, we explored whether noise exposure affected the expression levels of antioxidant enzymes and inflammation mediator genes in the cochlea, and thus contribute to presbycusis and/or NAP. Regarding the antioxidant-related genes, ANOVA indicated a significant interaction between noise and age over the transcript levels of catalase (Cat) [F(3, 38) = 9.48, p < 0.001], glutathione peroxidase 1 (Gpx1) [F(3, 41) = 15.06, p < 0.001], superoxide dismutase 1 (Sod1) [F(3, 41) = 21.21, p < 0.001], and Sod2 [F(3, 41) = 19.29, p < 0.001]. As shown in Figure 7, further evaluation using the Scheffé pos-hoc test revealed that the mRNA levels of Gpx1, Sod1, and Sod2 in E6 rats were significantly increased (+ 96.26%, + 139.40%, and + 85.42%, respectively) compared to those in animals in the NE6, NE16, and E16 groups (Figures 7A–D). The mRNA levels of Cat, Gpx1, and Sod2 in the cochleae of NE16 rats were significantly decreased (–78.22, –90.49, and –78.60%, respectively) compared to those of the NE6 and E6 groups (Figures 7A–D). Similarly, there were also significant declines in the mRNA expression levels of Cat, Gpx1, Sod1, and Sod2 (–81.92, –79.89, –83.01, and –72.76%, respectively) in noise-exposed aged (E16) animals relative to younger unexposed (NE6) and NAP-exposed (E6) rats (Figures 7A–D).
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FIGURE 7. Quantitative PCR expression profiles of genes related to antioxidant capacity (A–D) and inflammation (E–G) in the cochlea of young/adult and aging rats exposed to NAP. In rats exposed to NAP (E6), the relative expression of Gpx1 (B), Sod1 (C), and Sod2 (D) were significantly higher than NE6 baseline levels and NE16 and E16 rats (see section “Results”). However, Cat (A), Gpx1 (B), and Sod2 (D) transcription levels in the cochleae of older unexposed rats (NE16) were significantly lower than in NE6 and E6 rats. Similarly, the expression of all antioxidant genes evaluated in the cochleae of E16 rats decreased relative to the NE and E6 groups. (A–D) The expression of the inflammation-related genes Iba1 (E), Il-1β (F), and TNFα (G) increased significantly in E6 rats relative to unexposed control baseline and aging rats. As aging progressed, expression of Iba1 (E) and TNFα (G) genes in NE16 and E16 cochleae decreased significantly. *p < 0.05; **p < 0.01; ***p < 0.001. Data presented as mean ± SEM of triplicate samples (n = 4 for each animal group). n = 4 for each animal group.


Regarding inflammation mediator genes, ANOVA results demonstrated that there was also a significant interaction between noise and age on the transcript levels of Iba1 [F(3, 41) = 31.17, p < 0.001], Il-1β [F(3, 44) = 13.85, p < 0.001] and tumor necrosis factor-alpha (TNF-α) [F(3, 44) = 35.03, p < 0.001]. Scheffé’s post-hoc test showed that the transcript levels of Iba1, Il-1β, and TNFα were significantly increased in E6 rats (+ 143.74, + 166.23, and + 228.74%, respectively) compared to levels in NE6, NE16 and E16 animals (Figures 7E–G). In non-exposed aged (NE16) animals, the expression levels of Iba1 and TNFα were significantly lower (–69.26 and –81.03%, respectively) than those of unexposed (NE6) and noise-exposed (E6) adult rats (Figures 7E–G). In exposed aged E16 rats, the mean values for the transcript levels of Iba1 were significantly reduced (–58.31%) when compared with those of non-exposed (NE6) and noise-exposed (E6) rats (Figures 7E–G). Although there was a significant increase in TNFα transcript levels in the E16 group compared with age-matched unexposed rats (NE16), the mean values were similar to those observed in NE6 rats (Figure 7G).



Cochlear Inflammation

Next, to further assess whether repeated, long-term exposure to a noise of short-duration triggers cochlear inflammation-related events, alterations in microglial responses, tested by immunocytochemistry with the marker of activated microglia Iba 1, and levels of the proinflammatory cytokine IL-1β were evaluated in the auditory receptor of young/adult and aged rats. In NE6 rats, Iba1-stained microglia were scarce in the spiral ligament (green cells in Figure 8A) and the spiral ganglion (green cells in Figures 8B,C) and showed a bipolar and ramified morphology with long, thin extending processes. No differences were found in microglial distribution and morphology in the spiral ligament between exposed (E6) and unexposed (NE6) rats (compare Figure 8D with Figure 8A). However, noise-induced alterations in microglial phenotype were apparent in the spiral ganglion of E6 rats, where Iba1-stained cells displayed a distinctly heterogenous distribution, with microglia showing shorter, thicker processes (compare Figures 8E,F with Figures 8B,C). With increasing age (NE16 and E16; Figures 8G–L), microglial responses in the spiral ligament remained unchanged, although Iba1-stained cells in the spiral ganglion exhibited a dystrophic morphology, characterized by irregular cell bodies with fragmented and retracted processes (yellow asterisks in Figures 8I–L). The latter results indicate that the combination of age and continuous noise exposure had a more severe impact on microglia in the spiral ganglion (yellow asterisk in Figure 8L).
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FIGURE 8. Double immunohistochemical staining for Iba1 (green) and Il-1β (red) in young/adult and aging cochleae exposed to NAP. Relative to unexposed rats (A), the morphology and distribution of Iba1-stained cells in the spiral ligament was similar across animal groups (D,G,J). However, microglia displayed a dystrophic morphology, with fragmented and retracted processes in the spiral ganglia of E6 (* in E,F), NE16 (* in H,I), and particularly E16 (* in K,L) rats relative to unexposed rats (B,C). Elevated levels of Il-1β in type IV fibrocytes, outer sulcus/root cells (dashed ovals in D,G,J) and the spiral ganglia (C,F,H,I,L) were detected in E6, NE16, and E16 groups, and these increases were confirmed via densitometric analysis using ANOVA (M–P). Arrows in (D,G,J) indicate increased cytokine expression in blood capillaries in the stria vascularis. White asterisks in (J) indicate fibrocyte loss whereas yellow asterisks in (C,F,I,L) indicate Iba1-stained cells. Cell nuclei (blue) were counterstained with DAPI.CN, cochlear nerve; IHC, inner hair cell; OHC, outer hair cells; SL, spiral ligament; SG, spiral ganglion; Sl, spiral limbus; SV, stria vascularis. *p < 0.05; **p < 0.01; ***p < 0.001. Scales bars: 100 μm in (J,K); 20 μm in (L). n = 4 for each animal group.


The levels of IL-1β, a key regulator of inflammation and angiogenesis (Fahey and Doyle, 2019), were also assessed. The expression levels of IL-1β, indicative of cochlear inflammation, were higher in the cochlear lateral wall and spiral ganglion of rats in the E6, NE16, and E16 groups than in those of non-exposed (NE6) animals (Figure 8). Although this pro-inflammatory cytokine was widely distributed throughout the spiral ligament, the highest expression was detected in type IV fibrocytes and outer sulcus cells/root cells area in E6 (dashed oval in Figure 8D), NE16 (dashed oval in Figure 8G), and E16 (dashed oval in Figure 8J) rats. Notably, in the latter group, there was a reduction in the number of IL-1β-stained fibrocytes, possibly due to the combined effect of aging and noise exposure on these cells (asterisks in Figure 8J). Increased IL-1β-expressing cells were also observed in the spiral ganglion of E6 (Figures 8E,F), NE16 (Figures 8H,I), and E16 (Figures 8K,L) rats compared with the non-exposed group (Figures 8B,C). A marked increase in IL-1β expression was seen in neurons and vasculature, which was particularly evident in the oldest animals (NE16 and E16; Figures 8I–L).

ANOVA showed a significant effect of the interaction between age and noise on IL-1β immunostaining levels in both the spiral ligament [F(4, 23) = 17.11, p < 0.001] and the spiral ganglion [F(4, 21) = 8.60, p < 0.001]. Scheffé’s post hoc test showed that the mean gray values for IL-1β in the spiral ligament in the E6, NE16, and E16 groups were significantly increased (+ 69.16%, + 51.50%, and + 64.22%, respectively) relative to those of both the CTR and NE6 groups (Figures 8M,N). Similarly, in the spiral ganglion, the mean gray values for IL-1β in the E6, NE16, and E16 groups were significantly increased (+ 55.48%, + 43.35%, and + 48.01%, respectively) compared to the CTR and NE6 groups (Figures 8O,P).




DISCUSSION

The present results demonstrate that exposure to repetitive long-term short-duration noise overstimulation in young Wistar rats, starting at the age of 3 months, aggravates age-dependent hearing deterioration, as seen in significantly higher thresholds and larger threshold shifts in aged, 16-month-old, noise-exposed animals (E16), compared with age-matched, non-exposed animals (NE16). In response to NAP protocol, significant increases in auditory threshold and decreases in waves amplitudes, relative to unexposed 3-month-old, were already observed in E6 rats. In correlation with such threshold shifts, rats in the E6 group exhibited early SV alterations and loss of spiral limbus fibrocytes relative to unexposed rats. On the other hand, NE16 rats showed age-related loss of type IV fibrocytes in the spiral ligament and loss of spiral ganglion cells that, when combined with noise exposure (E16), resulted in increased vulnerability of lateral wall fibrocytes, and also degeneration of SGN. Additionally, the effect of NAP on adult (E6) and aged (E16) animals resulted in increased NKA-immunostaining in the SV, decreased levels of CTGF-stained type IV fibrocytes, increased expression of 4-HNE, and prolonged cochlear inflammatory response.

Although noise is an important risk factor for the onset and/or progression of presbycusis, the exact nature of their interrelation, and its impact on vulnerable cochlear structures and auditory processing are not clearly understood (Bielefeld et al., 2010; Fetoni et al., 2011). Previous research on animal models of NIHL and ARHL have shown that these degenerative diseases are driven by similar pathogenic events involved in decline of cochlear function, including inflammation, increased oxidative stress, and degenerative changes in cochlear vasculature (Fetoni et al., 2011, 2013; Alvarado et al., 2015, 2018, 2020; Tavanai and Mohammadkhani, 2017). Therefore, the coexistence of these common etiopathogenic mechanisms underlying hearing loss would have a significant impact on cochlear tissue damage, inducing premature presbycusis. Physiological studies leading to accelerated long-term decline of auditory function in response to noise exposure have demonstrated that either single or repeated overstimulation with subtraumatic or traumatic sound levels (higher than 85dB SPL) has a deleterious impact on hearing during aging, accelerating and/or aggravating presbycusis (Gates and Mills, 2005; Kujawa and Liberman, 2006; Campo et al., 2011; Fernandez et al., 2015; Alvarado et al., 2019). Consistent with these observations, our findings demonstrate that repeated daily exposure for 1 h to 110 dB SPL noise induces statistically significant increases in auditory threshold and threshold shifts in young adult rats. These include reduction in amplitude and alterations in morphology of ABR waves similar to that observed in presbycusic aged rats. However, it should be highlighted that there is a critical age period (Kujawa and Liberman, 2006; Alvarado et al., 2015), that for Wistar rats is between 3 and 6 months of age, during which the effects of the interaction between noise and age are stronger, and prolonged noise exposure each day for even a short period of time is sufficient to induce NAP.

Studies in animal models of ARHL mimicking aspects of the human clinical condition have shown that this sensory disability, which is characterized by metabolic, sensory, and neural phenotypes, results from pathological changes in the function and structure of vulnerable cochlear regions that collectively impact hearing loss progression (Kalinec et al., 2017; Watson et al., 2017). Previous studies in CBA/J and CBA/CaJ mice have demonstrated that different inbred mouse strains exhibit different aspects of presbycusis. For instance, whereas CBA/J mice show sensorineural presbycusis characterized by delayed high-frequency hearing loss along with loss of outer hair cells and degeneration of the spiral ganglion, CBA/CaJ mice show aspects of strial presbycusis including accelerated hearing loss, strial degeneration, declined endocochlear potential, and loss of outer sulcus/root cells (Sha et al., 2008; Ohlemiller, 2009; Ohlemiller et al., 2010). C57BL/6J (B6) mice show early progressive high-frequency hearing loss and degeneration of the lateral wall, sensory receptors, and SGN (Li and Borg, 1991; Di Girolamo et al., 2001; Ohlemiller, 2009; Carraro and Harrison, 2016). Fisher 344 albino rats show strial pathology and outer hair cell loss correlated with progressive hearing loss by 12 months of age (Buckiova et al., 2007; Bielefeld et al., 2008; Syka, 2010; Balogová et al., 2018). Consistent with these studies, our results demonstrate that aging Wistar rats (NE16) display SV dystrophy, loss of type IV fibrocytes in the lateral wall, and loss of fibrocytes in the spiral limbus, suggesting that fibrocyte degeneration contributes to metabolic/strial presbycusis in this animal model. Similar degenerative cellular patterns in cochlear fibrocytes coupled with hearing dysfunction have been reported in aged 129S6/SvEv and C57BL/6 mice (Zheng et al., 1999; Yoshida et al., 2000; Hequembourg and Liberman, 2001; Ohlemiller and Gagnon, 2004). Because the accelerated presbycusic 6-month-old rats presented physiological characteristics similar to those observed in unexposed old rats (NE16), it would be logical to expect that they also present early pathogenic features like those observed in the unexposed group. Consistent with previous studies in noise-exposed mice (Wang et al., 2002; Shin et al., 2019), our data confirm that E6 rats shared the alterations observed in older unexposed animals, including initial strial pathology and fibrocytes loss in the spiral limbus. Our results also show that when ARHL and NIHL coexist, as in E16 animals, further structural damage occurs including loss of type IV fibrocytes and SGN, suggesting accelerated onset and/or progression of hearing loss.

Aging and noise-exposure also impacted CTGF levels. In this regard, unexposed aged rats (NE16) and NAP-exposed rats (E6 and E16) showed decreased CTGF staining and increased cytotoxic levels of 4-HNE in type IV fibrocytes, relative to the NE6 group. These results are supported by previous studies showing that CTGF-stained type IV fibrocytes in CBA/CaJ mice are extremely vulnerable to noise trauma (6 h post-exposure at 8–16 kHz and to 95 dB) (Wang et al., 2002; Adams, 2009), implying that deteriorated and dysfunctional fibrocytes contribute to gradual hearing loss. However, despite that the progression of age-related functional disability differs both across and within species, the prevailing view is that metabolic presbycusis is predominant in ARHL, with the consequent alteration of endocochlear potential indispensable for proper auditory receptor function (Fetoni et al., 2011; Keithley, 2019; Ohlemiller, 2019).

The ubiquitous enzyme complex NKA, located in cell plasma membranes in the SV and the spiral ligament, is critical for maintenance of the electrochemical composition of the endolymph in the inner ear (Schulte and Adams, 1989; Cate et al., 1994; Nakazawa et al., 1995; Erichsen, 1996; Gratton et al., 1996; Delprat et al., 2007; Patuzzi, 2011; Liu et al., 2017). Accumulating evidence suggests that dysfunction of lateral wall structures (spiral ligament and SV) leading to disruption of the endocochlear potential affects hearing ability. Aged gerbils, mice, and rats display atrophy of the cochlear lateral wall, which correlates with decreased NKA activity and immunostaining (Schulte and Schmiedt, 1992; Gratton et al., 1995, 1997; Spicer and Schulte, 2002; Buckiova et al., 2007; Ding et al., 2018). Our findings in 16-month-old unexposed cochleae show age-related decreases in immunostaining of NKA-expressing type II fibrocytes, which are essential for regulating potassium homeostasis. This provides evidence of lateral wall pathology and ATPase-dysregulation, leading to declined endocochlear potential and contributing to ARHL. In the present study, adult (E6) and aged (E16) rats exposed to NAP showed decreased NKA-immunostaining in the spiral ligament and the spiral ganglion relative to unexposed rats, however, staining in the SV was significantly increased relative to that in the NE6 group. Noise-exposure associated perturbations in NKA levels in the cochlear spiral ligament have been described previously (Hsu et al., 2000; Yamaguchi et al., 2014). In mice, in vivo acoustic noise stimulation (1 h–8 kHz octave band noise at 110 dB SPL) results in decreased mRNA levels of Na +, K + -ATPase in spiral ligament fibrocytes 2 h post-exposure which remains until day seven (Yamaguchi et al., 2014). However, white noise exposure (10 min or 40 h at 105 dB) in adult guinea pigs leads to a significant decline in NKA activity 7 days post-exposure in lateral wall structures and followed by a return to basal levels on days 10 and 28 (Hsu et al., 2000, 2002). In these studies, Na +, K + -ATPase activity was evaluated using different noise parameters (duration, intensity, and noise paradigm) and at shorter survival times. The noise-induced increases in NKA in the SV of E6 and E16 cochleae observed in the present study may reflect an ion homeostatic response to chronic daily and short-duration noise stimulation as an attempt to preserving cochlear function.

Another cellular hallmark in the pathogenesis of ARHL and NIHL is the imbalance of redox homeostasis in the injured cochlea. Studies in chinchillas, mice, and rats have shown that aging and noise trauma in vivo increase oxidative stress biomarkers such as 4-HNE in lateral cochlear wall structures, organs of Corti, and spiral ganglion, and this correlates with hearing loss (Henderson et al., 2006; Jiang et al., 2007; Du et al., 2011; Yamaguchi et al., 2014; Fetoni et al., 2015a,2019; Wang et al., 2019). Increased antioxidant defenses to minimize oxidative stress damage have been reported in the injured cochlea (Fetoni et al., 2019). Upregulation of Cat expression by 10 days and Gpx1 expression between 1 and 10 days after exposure to broadband noise (118 dB SPL for 4 h a day for 4 consecutive days) suggests that Gpx1 plays a key role in early cochlear enzyme-mediated antioxidation responses to NIHL (Alvarado et al., 2020). In addition, our present findings show that NAP significantly increases Cat, Gpx1, Sod1, and Sod2 in E6 rats relative to unexposed rats (NE6) and unexposed and noise-exposed aging animals (NE16 and E16), suggesting that early noise exposure increases cochlear susceptibility to aging. We also report that the transcription levels of all four antioxidant enzymes evaluated decreased significantly in both unexposed (NE16) and exposed (E16) aged animals, suggesting that antioxidant capacity is depleted in these animals. Accumulation of free radical damage and decline in the expression of major antioxidant enzymes in cochlear tissue accelerates age-related oxidative damage (Staecker and Zheng, 2001; Jiang et al., 2007; Menardo et al., 2012).

When cultures from murine SL fibrocytes are stimulated by proinflammatory cytokines IL-1β or TNFα, they secrete cellular mediators involved in prolonging inflammation (Yoshida et al., 1999; Ichimiya et al., 2000). Given that these cells may regulate inflammatory-associated events in response to cochlear aging or noise injury, dysfunctional fibrocytes may have a profound impact on hearing function (Fujioka et al., 2014; Okano, 2014; Watson et al., 2017; Peeleman et al., 2020). In the present study, we further demonstrate chronic inflammation characterized by increased IL-1β protein levels primarily in type IV fibrocytes in the spiral ligaments and spiral ganglia of adult NAP-exposed, aged unexposed, and aged NAP-exposed rats. However, our results provide evidence of increased IL-1β and TNFα transcription in noise-exposed cochleae (E6) but not in aged animals (NE16 and E16). Previous studies have also shown noise-induced upregulation of IL-1β and TNFα in cochlear fibrocytes and reactive microglia (Fujioka et al., 2006; Tornabene et al., 2006; Fuentes-Santamaría et al., 2017). Decreased IL-1β and TNFα expression has also been reported in the perilymph of 2-year-old mice relative to younger mice, suggesting that aging and dysfunctional cochlear fibrocytes are not capable of cytokine biosynthesis and/or secretion (Landegger et al., 2019). Our results also showed that macrophages in the spiral ligament were unchanged in E6, NE16, and E16 groups, suggesting that their contribution to the inflamed spiral ligament is primarily regulated by fibrocytes. Macrophages in the spiral ganglia in the same groups switched to an active phenotype, suggesting that microglia also actively contribute to aging and/or noise-induced cochlear inflammation.

In summary, the present findings support the notion that a common pathogenic pathway is involved in NIHL and ARHL genesis. They demonstrate that noise and aging target similar cochlear cell types through similar etiopathogenic mechanisms including inflammation and oxidative stress, and this results in early presbycusis. This implies that the comorbidity between noise and aging, acting in a synergistic and/or redundant manner, leads to premature long-term progressive deterioration of auditory function that accelerates/aggravates presbycusis.
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Cat NM_012520 FW: GAGGAAACGCCTGTGTGAGA RV: 11-13 201 98.8 % 0.9997 0.1 uM
TTGGCAGCTATGTGAGAGCC

Gapdh NM_017008 FW: AGACAGCCGCATCTTCTTGT RV: 1-3 207 90.9 % 0.9975 0.1 uM
CTTGCCGTGGGTAGAGTCAT
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*Primer that match on an exon—exon junction.
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0.5 1 2 4 8 16 32
Threshold shift (2) 3.8 +£3.1 -1.3+38 —1:3£ 8.1 -1.3+£1.3 25+32 38+1.3 38+1.3
(3) 18.8+£5.2 21.3+8.0 225+6.0 23.8+55 27156+£7.2 25.0+54 23.84+4.3
4) 23.8+1.3 288+ 2.4 23.8+ 1.3 31.3+24 36.3+24 33.8+24 31.3+1.3
(5) 275+1.4 33.8 &+ 3.1 36.3+ 1.3 38.8+ 3.8 40.0£20 38.8+1.3 36.3+1.3
F2, 53= 16.4 (™) 20.8 (%) 37.8 (") 741 (") 29.6 (™) 67.8 (™) 228.4 ()

(1) CTR; (2) NE6; (3) NE16; (4) E6; (5) E16; **p < 0.001.
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4-HNE Free HNE-KLH coupled Rabbit HNE11-S 1:100
Ibal C-terminus of Iba1” (N'-PTGPPAKKAISELP-C') Rabbit  019-19741 1:2000
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CTGF Synthetic peptide corresponding to Human CTGF ~ Goat Ab238246 1:200
C-terminus of rat IL-18 Goat SC-1252 1:100

IL-1p

Manufacturer

Alpha Diagnostic, San Antonio, Texas, United States
Wako Pure Chemical Industries, Neuss, Germany
Developmental Studies Hybridoma Bank
Abcam, Cambridge, MA, United States
Santa Cruz, Biotechnology, Inc. Germany
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