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Olivocochlear Changes Associated With Aging Predominantly Affect the Medial Olivocochlear System
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Age-related hearing loss (ARHL) is a public health problem that has been associated with negative health outcomes ranging from increased frailty to an elevated risk of developing dementia. Significant gaps remain in our knowledge of the underlying central neural mechanisms, especially those related to the efferent auditory pathways. Thus, the aim of this study was to quantify and compare age-related alterations in the cholinergic olivocochlear efferent auditory neurons. We assessed, in young-adult and aged CBA mice, the number of cholinergic olivocochlear neurons, auditory brainstem response (ABR) thresholds in silence and in presence of background noise, and the expression of excitatory and inhibitory proteins in the ventral nucleus of the trapezoid body (VNTB) and in the lateral superior olive (LSO). In association with aging, we found a significant decrease in the number of medial olivocochlear (MOC) cholinergic neurons together with changes in the ratio of excitatory and inhibitory proteins in the VNTB. Furthermore, in old mice we identified a correlation between the number of MOC neurons and ABR thresholds in the presence of background noise. In contrast, the alterations observed in the lateral olivocochlear (LOC) system were less significant. The decrease in the number of LOC cells associated with aging was 2.7-fold lower than in MOC and in the absence of changes in the expression of excitatory and inhibitory proteins in the LSO. These differences suggest that aging alters the medial and lateral olivocochlear efferent pathways in a differential manner and that the changes observed may account for some of the symptoms seen in ARHL.
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INTRODUCTION

As social animals, any circumstance that disrupts our ability to communicate can have profound consequences on our health. Age-related hearing loss (ARHL) is the most common sensory impairment among the elderly and is the third leading health condition overall in older adults (Collins, 1997). ARHL is defined as a progressive loss of hearing ability that is most pronounced at high frequencies (Bowl and Dawson, 2019). Notably, it is also characterized by the deterioration of sound localization ability and a reduction in speech recognition, especially in noisy environments (Dubno et al., 1984; Stuart and Phillips, 1996; Frisina and Frisina, 1997; Gordon-Salant, 2005; Shojaei et al., 2016). About half of people over 70 years of age have hearing impairments severe enough to reduce their communication abilities (Agrawal et al., 2008; Yamasoba et al., 2013), which is associated with social isolation, depression, accelerated cognitive decline, and increased risk of dementia (Lin, 2011; Livingston et al., 2017; Loughrey et al., 2018; Rutherford et al., 2018). Despite its prevalence and the negative health outcomes associated with ARHL, our understanding of the biological mechanisms and processes that explain this condition is still incomplete, particularly with respect to our knowledge of how the central auditory pathways are altered and the role they play in aging. These gaps in our knowledge of ARHL are even more prominent with respect to the efferent auditory pathways, which are not usually the focus of aging research.

In mammals, the auditory efferent pathways form a network composed of feedback loops that includes the auditory cortex and subcortical nuclei such as the thalamus, inferior colliculus, superior olivary complex and cochlear nucleus (Malmierca and Ryugo, 2011). Although recent results have presented evidence of direct projections to the cochlea from the ventral nucleus of the lateral lemniscus (Suthakar and Ryugo, 2021), virtually all efferent projections from the central nervous system to the cochlea leave from the superior olive. Thus, the final component of this efferent system that reaches the cochlea is known as the olivocochlear (OC) system, which originates in the superior olivary complex (SOC) (Rasmussen, 1946). The OC system is comprised of two neuronal groups: (i) the medial olivocochlear neurons (MOC) and (ii) the lateral olivocochlear neurons (LOC) (Warr and Guinan, 1979). Large MOC neurons are located in the medial periolivary region, predominantly in the ventral nucleus of the trapezoid body (VNTB) in rodents and send myelinated projections that make axo-somatic synapses with the outer hair cells of the cochlea (OHC) (Guinan et al., 1983; Brown, 2011; Fuchs and Lauer, 2018). Synapses are organized tonotopically, with greater density in the middle regions of the cochlea in most species (Guinan, 1996; Maison et al., 2003). LOC neurons are smaller than their MOC counterparts and originate in the lateral superior olive (LSO) (Guinan et al., 1983; Brown, 2011). They send unmyelinated fibers to the cochlea that make axo-axonal synapses with auditory nerve type I fibers near the inner hair cells (Guinan, 1996; Simmons, 2002). They also display a tonotopic organization, with slightly more innervation in the apical half of the cochlea (Guinan et al., 1984; Robertson et al., 1987; Liberman et al., 1990). Both MOC and LOC neuron populations release acetylcholine as their main synaptic transmitter (Bobbin and Konishi, 1971; Vetter et al., 1991; Eybalin, 1993; Blanchet et al., 1996). LOC neurons express a greater diversity of neurotransmitters than MOCs, including dopamine (DA), calcitonin gene-related peptide (CGRP), GABA, and opioid peptides such as enkephalin (Eybalin, 1993; Ciuman, 2010; Reijntjes and Pyott, 2016; Wu et al., 2020).

Activation of the MOC pathway produces a reduction in cochlear sensitivity (Mountain, 1980; Murugasu and Russell, 1996; Cooper and Guinan, 2006). Functionally, the MOC pathway has been shown to facilitate stimulus discrimination in noise, enhance auditory selective attention, and protect against damage from noise exposure (Winslow and Sachs, 1987; Kawase and Liberman, 1993; May et al., 2004; Terreros et al., 2016; Lauer et al., 2021). Less is known about the function of the LOC system, with current evidence being limited and sometimes contradictory. However, evidence suggests that LOC neurons can modulate the activity of type I auditory nerve fibers (Felix and Ehrenberger, 1992; Groff and Liberman, 2003; Wu et al., 2020). The efferent activity of the LOC potentially protects IHC and nerve fibers from acoustic overexposure (Wu et al., 2020) or could be modulating the set point of auditory nerve fibers, thus contributing to the generation a range of spontaneous firing rates (Le Prell et al., 2003; Ciuman, 2010; Wu et al., 2020).

Most of the available evidence for the role of OC pathways in ARHL comes from physiological assessments of the OC system and studies of inner ear structures. Rodent models have shown that age-related changes in the MOC system plays a role in the progression of ARHL (Jacobson et al., 2003; Zettel et al., 2007; Zhu et al., 2007; Boero et al., 2020). Also, experimental lesions of the olivocochlear bundle suggest that efferent feedback contributes to slowing cochlear aging (Liberman et al., 2014). In addition to this, there is evidence that OC pathways are weakened in aging humans (Parthasarathy, 2001; Kim et al., 2002). Furthermore, changes in cochlear efferent innervation have been observed in aging mice and humans (Lauer et al., 2012; Zachary and Fuchs, 2015; Liberman and Liberman, 2019; Jeng et al., 2020; Kobrina et al., 2020).

There is remarkably little work focused on alterations at the central level of the aging olivocochlear system (Radtke-Schuller et al., 2015). In the present work, we studied age-associated changes in the brainstem regions of the olivocochlear auditory efferent system of mice. We quantified the number of cholinergic OC neurons at different ages and compared them with auditory brainstem response (ABR) measurements in quiet and noise conditions. In addition, markers of excitatory [vesicular glutamate transporter 1 (VGLUT1)] and inhibitory [glutamic acid decarboxylase 65-kilodalton isoform (GAD65)] synapses were also assessed. These results were compared with age-related cell loss in the vestibular efferent and trigeminal motor nucleus to determine if age-related degeneration is specific to the auditory efferents.



MATERIALS AND METHODS


Animals

The experiments were performed using a total of 65 adult CBA/CaJ mice (30 males and 35 females). The original breeding pairs were obtained from The Jackson Laboratory (strain #000654). Mice were bred and housed in a quiet, low-traffic vivarium at Johns Hopkins University (Wu et al., 2020). The mice were housed in groups with ad libitum water and food and under a 12–12-h night/day cycle. This strain was selected because CBA/CaJ mice show a hearing loss and cochlear damage trajectory across the lifespan that is similar to humans (Sergeyenko et al., 2013; Kobrina and Dent, 2020; Kobrina et al., 2020). The subjects ranged from 1 to 30 months old. Mice in the range of 1–8 months (n = 33; 18 males and 15 females) were considered young adults and those in the range of 18–30 months were considered old (n = 32; 12 males and 20 females). All procedures were approved by the Johns Hopkins University Institutional Animal Care and Use Committee and followed NIH guidelines for the care and use of laboratory animals.



Auditory Brainstem Response (ABR)

To evaluate hearing status, ABRs were recorded in quiet and noise backgrounds. Mice were anesthetized with an i.p. injection of 100 mg/kg ketamine and 20 mg/kg xylazine. To prevent corneal damage, an ophthalmic ointment was applied to the eyes. Once anesthetized, mice were placed inside a sound-attenuating chamber 10 cm from a speaker (MF1, TDT), measured from the pinnae. Mice were placed on a heating pad to maintain a temperature of 37°C ± 1°C. Subdermal platinum needle electrodes were placed at the vertex of the skull (+electrode), over the left bulla (−electrode) and in the muscle of the ipsilateral hind leg (ground electrode).

The ABR signal recorded by the electrodes was sent to a head stage (Medusa4Z, TDT) and then transferred to a pre-amplifier (RA4PA, TDT) with 20-fold amplification. The signals were acquired with a sampling rate of 12 kHz and bandpass filtered (highpass 0.3 kHz and lowpass 5 kHz), notched at 50 Hz, and averaged over 512 presentations. Off-line and prior to analysis, the signal was filtered again at 0.3–3 KHz.

The SigGenRZ software (TDT) was used to program the stimulus protocols for click and tones and generated using the TDT BioSigRZ platform. The stimuli consisted of clicks (0.1 ms square wave pulse of alternating polarity) and 5 ms tone pulses of 8, 12, 16, and 24 kHz (0.5 ms onset/offset), played at a rate of 21 repetitions/s. We decided not to evaluate the 32 KHz frequency because, in our experience, it was unlikely to find an ABR response at this frequency in old animals (Kobrina et al., 2020). All stimuli were presented at descending levels in 10 dB increments, starting at 90 to 0 dB. Stimuli were calibrated using a 1/4″ free-field microphone (Bruel & Kjaer) placed at the location where the mouse head would normally be during testing, using the BioSigRZ software (TDT). For the experiment in which the ABR stimuli were masked with background noise, a second speaker (MF1, TDT) was used, which was positioned 15 cm from the animal’s right ear and at 90° with respect to the stimulus presentation (ABR) speaker. Through this speaker, and during the entire presentation of the ABR stimuli, a broadband noise of 40 dB SPL was presented. This intensity was measured at the level of the right pinna of the mouse.

Testing lasted between 70 and 90 min. After the recording was finished mice were placed in an individual cage over a heating pad and monitored until recovered. Once fully awake, they were returned to their home cages.

Auditory brainstem response recordings were analyzed offline using BioSigRZ and MATLAB (vR2019a; MathWorks). The amplitudes and latencies of waves 1 to 3 (click responses at 90 dB SPL) were measured offline manually by two independent examiners blinded to the animals’ condition. Wave 4 and 5 were not reliably detected in the recording with background noise, so we did not quantify them. The ABR threshold was calculated automatically, using a custom MATLAB script. The threshold was defined as the sound intensity level at which the peak-to-trough amplitude of the ABR wave was at least two standard deviations above the mean baseline amplitude estimated from the last 5 ms in the recording when no sound stimulus was present (Lina and Lauer, 2013; McGuire et al., 2015; Lauer, 2017; Schrode et al., 2018). A value of 95 dB SPL was used as a threshold for cases where one could not be found.



Brainstem Sectioning

Mice were deeply anesthetized with sodium pentobarbital (i.p., 150 mg/kg) followed by an intracardiac injection of heparin (0.7 ml/kg). Immediately, the mice were transcardially perfused with 60 ml of a 4% paraformaldehyde solution. The brain tissue was removed and postfixed in 4% paraformaldehyde at 4°C for a minimum of three and up to 18 h. To perform the brain sections, the frontal portion of the cerebrum was removed (1 mm rostral from the confluence of the sinuses) allowing the regions of interest (ROI) to sit in their coronal plane. This remaining portion of the brain was embedded in a solution containing 5 ml of albumin gel mixed with 0.4 ml of 5% glutaraldehyde and 1 ml of 37% paraformaldehyde. The brain was mounted on a LeicaVT1200S vibratome and sectioned in the coronal plane in 50 μm slices. Serial sections through the auditory brainstem were placed in Tris-NaCl buffer (TBS).



Immunostaining

The brain sections were first incubated in a permeabilizing solution (TBS with 0.5% Triton X-100) for 15 min and blocking buffer (TBS with 10% normal rabbit serum) for 1 hr. The sections were incubated with the primary antibody for choline acetyltransferase (CHAT) diluted in TBS (1:400; Millipore AB144P) and 0.5% of Triton X-100 for 20 h at room temperature on a shaker. Afterward, the brain sections were incubated with secondary antibodies diluted in TBS (1:200 Biotinylated Rabbit Anti-Goat; Vector Labs BA-5000), for 1 h at room temperature on a shaker. Then, they were incubated with ABC reagent for 1 h at room temperature (ABC kit PK-6100) on a shaker. Finally, sections were treated for 5 ± 1 min with a solution containing 0.05% DAB, 0.4% nickel ammonium sulfate, and 0.01% hydrogen peroxide. In order to dilute and wash the reagents, the sections were rinsed with TBS three times between each of the steps described above.

In the case of the GAD65 and the VGLUT1 antibodies the procedures were similar, except for the primary (anti-GAD65 1:1000; Abcam ab26113 and anti-VGLUT1 1:1000; Thermo Fisher Scientific 48-2400) and secondary antibodies (1:200 Biotinylated goat anti-mouse; Vector Labs BA-9200 and 1:200 Biotinylated goat anti-rabbit; Vector Labs BA-1000 for GAD65 and VGLUT1, respectively). For more details, see Schrode et al. (2018).

To have negative controls, in each brain we omitted the primary antibody in one section and the secondary antibody in an additional section. Finally, the stained sections were mounted on glass slides, air-dried, mounted with Permount (Fisher Scientific), and coverslipped.



Cell and Area Quantification in Regions of Interest

Sections including the LSO, VNTB, vestibular efferent nuclei, and trigeminal motor nuclei were photographed at 40× on a microscope (Labophot; Nikon) with a mounted CCD camera (Progres; Jenoptik). To include both the LSO and VNTB in the same image, overlapping photographs were taken and merged using Fiji (Rueden et al., 2017). This procedure was also performed to combine the images of the trigeminal nuclei. The ROI were identified manually using a graphics tablet and stylus (Cintiq 22HD; Wacom). An automatic threshold algorithm was used in Fiji to identify the immunoreactive areas for CHAT, VGLUT1, and GAD65 antibodies. To determine the best suitable algorithm, all available automatic threshold algorithms in Fiji were evaluated against manual results from a blind observer in a reduced data set. It was determined that of the algorithms tested, Default, RenjiEntropy and Triangle algorithm was the best at identifying immunoreactive zones for CHAT, VGLUT1, and GAD65, respectively. To correct for illumination or staining intensity irregularities, we applied a leveling adjustment to each section, so that the mean pixel intensity within each ROI was equivalent across all sections of each animal (Schrode et al., 2018). To identify positive immunolabeling, we made a histogram of pixel intensity based on all pixels within the ROIs across all slices (Schrode et al., 2018). Label density was quantified as the fraction between the total number of thresholded pixels and the total number of pixels within each ROI.

In each of the sections, the number of positive CHAT cells per region of interest was determined using the Fiji cell counting plugin. The cell numbers shown correspond to the values of each ROI from one hemisphere. Cell counting was done by an observer who was blind to the age and hearing status of the animals. To reduce the possibility of double counting, cell count estimates were corrected using the Abercrombie method (Abercrombie, 1946). A second independent observer counted a fraction of the samples (25% of the total). No significant differences were found between the two observers.



Statistical Analysis

For our comparisons between young and old mice we determined that animals between 2 and 8 months of age qualified as part of the young adult group, while those older than 18 months qualified as old mice. This criterion was based on previous aging brackets determined in mice (Flurkey et al., 2007).

Statistical analyses were performed with MATLAB or GraphPad prism. Statistical test information and sample numbers are specified in the Figure Legends and in the Results. The error bars correspond to the standard error of the mean (SEM). For comparisons between two different groups (such as the number of cells between young and old mice) we used an unpaired t test with Welch’s correction. For cases in which we evaluated how a response (such as ABR threshold) was affected by two factors (age and presence of background noise) we used a two-way ANOVA or a mixed effect analysis, both with a Sidak’s multiple comparisons test. Statistical significance was defined as: p > 0.05 not significant (n.s.), p < 0.05 (∗), p < 0.001 (∗∗), and p < 0.0001 (∗∗∗).




RESULTS


Olivocochlear Cell Count

We assessed the number of CHAT-immunoreactive cells in the SOC in 23 young mice (1–8 months of age) and in 20 old mice (18–30 months of age). In the SOC we identified two large populations of neurons that had dark staining, one located in the VNTB and the other in the LSO (Figure 1). In the VNTB we found larger cells that we classified as neurons of the MOC system, whereas those found in the LSO were classified as part of the LOC system (Brown and Levine, 2008; Radtke-Schuller et al., 2015). The number of total OC cells and their respective MOC and LOC subdivisions for the different ages are shown in Figure 2. We evaluated potential differences in cell number between male and female mice. We found no significant differences between sexes, so we pooled together the male and female data. The number of cells counted in young animals were within the range previously described in mice (Brown and Levine, 2008), 378.3 ± 69.10 for total OC cells, 139.6 ± 26.26 for MOC and 238.1 ± 54.92 for LOC. When comparing young and old animals, significant decreases in the total number of OC cells were observed in the aged animals (Figures 2A,B). We found a significant correlation between the age of the animals and the number of OC neurons (Figure 2A, R-square = 0.3344, F = 20.60, DFn = 1, DFd = 41, p < 0.0001), with aging associated with decreased number of cells. When comparing the young and old mouse groups, we found a 21% significant decrease in the average number of CHAT-positive neurons in the aged mice (Figure 2B, p < 0.0001, t = 4.433, df = 39.96). When performing these comparisons between young and old animals for the two subdivisions of the OC system, we found that both cell populations showed significant age-associated decreases (Figures 2C–F). However, the magnitude of this reduction was not uniform. There was a significant correlation between increasing age and a decrease in number of MOC cells (Figure 2C, R-square = 0.5809, F = 56.84, DFn = 1, DFd = 41, p < 0.0001), with a 36% average decrease in old mice (Figure 2D, p < 0.0001, t = 7.611, df = 37.99). The reduction in the number of LOC cells as a function of age was less pronounced (Figure 2E, R-square = 0.1101, F = 5.074, DFn = 1, DFd = 41, p < 0.0297), with an average reduction of 13% in the number of LOC cells in the old mice (Figure 2F, p = 0.0409, t = 2.112, df = 40.59). Thus, these results indicate that the reduction of total number of OC cells during normal aging is mainly driven by a decrease in the number of MOC neurons.
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FIGURE 1. Examples of acetylcholinesterase-stained sections of the SOC of a young and aged mouse. The image shows two photomicrographs (20×) of a cross section through the left side of the mouse brainstem. The image in panel (A) corresponds to a 2-month-old male mouse and panel (B) to a 26-month-old male mouse section. The somas of MOC neurons are located in the VNTB and LOC neurons can be seen in the LSO. 100 μm scale bar. LOC, lateral olivocochlear system; LSO, lateral superior olive; MOC, medial olivocochlear system; SOC, superior olivary complex; VNTB, ventral nucleus of the trapezoid body.
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FIGURE 2. Aging-associated decrease in number of OC cells predominantly affects MOC cells. The image shows the comparisons in the number of CHAT-immunoreactive cells observed in the SOC of young (n = 23) and aged (n = 20) animals. The figures in the left column show the number of cells for each of the animals, where each black symbol represents an individual animal and the dotted line the fitted line. The total number of OC cells is shown in panel (A), while in panel (C) is the total number of MOC cells counted in the VNTB and in panel (E) the number of LOC cells in the LSO is shown. Linear regressions in panels (A,C,E) showed statistical significance (A: R-square = 0.3344, F = 20.60, DFn = 1, DFd = 41, p < 0.0001; C: R-square = 0.5809, F = 56.84, DFn = 1, DFd = 41, p < 0.0001; E: R-square = 0.1101, F = 5.074, DFn = 1, DFd = 41, p < 0.0297). The figures in the right column show boxplots comparing the numbers of CHAT-positive cells between young and aged animals. Panel (B) shows the comparison for all OC cells, (D) for MOC and (F) LOC cells. A significant decrease in cell numbers was found in aged animals for OC cells (B) MOC (D) and LOC cells (F) (Unpaired t test with Welch’s correction, B: p < 0.0001, t = 4.433, df = 39.96; D: p < 0.0001, t = 7.611, df = 37.99; F: p = 0.0409, t = 2.112, df = 40.59). CHAT, choline acetyltransferase; LOC, lateral olivocochlear system; LSO, lateral superior olive; MOC, Medial olivocochlear system; OC, olivocochlear system; SOC, superior olivary complex; VNTB, ventral nucleus of the trapezoid body. The p-values are defined as: *p < 0.05 and ***p < 0.0001.


To investigate whether cell losses were restricted to specific regions along the rostro-caudal axis, or if there were group differences that could not be appreciated only by considering the total number of cells per specimen, we compared the distribution of MOC and LOC cells along the rostro-caudal axis in young and old animals. Figure 3 shows the number of MOC (Figure 3A) and LOC (Figure 3B) cells as a function of the rostro-caudal axis. For both neuronal populations we found no significant age-associated changes in the pattern of cell distribution in the rostro-caudal axis (Mixed-effects analysis with no significant interaction between age and distribution). In the case of MOC cells, a Sidak’s multiple comparisons test between young and old mice yielded significant differences in all observed slides (Figure 3A, with p values between 0.04 and <0.0001), indicating that there was a uniform loss of neurons from old animals along the entire axis. In contrast, significant differences were only found in one section of the rostro-caudal LOC axes (Figure 3B, slide number 4, Sidak’s multiple comparisons test p = 0.0063). These results reinforce the observation that age-related OC neuronal loss is dominated by MOC cells.
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FIGURE 3. The image shows the number of CHAT-immunoreactive cells found as a function of rostro-caudal localization in the SOC in young (n = 23) and old (n = 20) animals. In panel (A) is pictured the distribution of MOC cells, where the empty circles represent the young mice, and the gray circles represent the old animals. The image in panel (B) shows the distribution for the LOC cells, where the empty rhombus represents the young mice, and the gray rhombus represent the old ones. A mixed effect analysis found significant differences in the distribution of MOC cells of young vs. old mice (p = < 0.0001, F (1, 41) = 116.0) and the subsequent Sidak multiple comparisons test found significant differences in all the slides. In the case of LOC cells, a mixed effect analysis found significant differences in the distribution of MOC cells of young vs. old mice (p = < 0.0456, F (1, 41) = 4.251) and a Sidak multiple comparisons test found significant differences in slide number 4 (p = 0.0063). Individual points show the mean value, and the error bars indicate the standard error of the mean. Each slide had a width of 50 μm. CHAT, choline acetyltransferase; LOC, lateral olivocochlear system; MOC, medial olivocochlear system; SOC, superior olivary complex. The p-values are defined as: *p < 0.05, **p < 0.001 and ***p < 0.0001.




Auditory Brainstem Response

In addition to quantifying age-related changes in OC cell number, we also evaluated the auditory responses of young (n = 8, 3 months) and old animals (n = 20, 18–30 months) with ABRs in quiet conditions and in the presence of background noise (BBN of 40 dB SPL, Figures 4, 5). The ABR waveforms (Figures 4A,B) and thresholds measured in our animals tested in silence (Figure 5A) were consistent with what is expected for CBA/CaJ mice of those ages (Kobrina et al., 2020). Regarding the wave amplitudes, we found significant reduction in the peak to trough amplitude of the ABR waves 1–3 in presence of a masking noise compared to quiet background, both for young (Figure 4C; two-way ANOVA p < 0.0001, F (1, 42) = 98.91; Sidak’s multiple comparisons p < 0.0001) and old mice (Figure 4D bottom; two-way ANOVA p < 0.0001, F (1, 114) = 60.84; Sidak’s multiple comparisons p < 0.0001). In terms of the ABR wave peak latencies, in young animals we found an increase in the latencies for waves 2 and 3 in the presence of noise compared to quiet (Figure 4E bottom; two-way ANOVA p = 0.0013, F (1, 42) = 11.94; Sidak’s multiple comparisons p = 0.0443 for wave 2 and p = 0.0039 for wave 3). In the case of the old animals, we found no significant differences in wave 1–3 latencies between the quiet and noise conditions.
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FIGURE 4. Auditory brainstem response (ABR) waves for young (3 months, n = 8) and old mice between (18–30 months, n = 20) under conditions of silence and background noise. The average ABR waveforms recorded at a 90 dB SPL click for young mice is shown in panel (A) and in panel (B) for old mice. Blue lines represent the mean values in μV under quiet conditions and the red lines the mean in the presence of 40 dB SPL background noise. Panels (C,D) shows box and whiskers plots representing the amplitude for ABR waves 1–3 for young (C) and old (D) mice. The box and whiskers graph in panels (E,F) represent the latency for the peak of ABR waves 1–3 for young and old mice, respectively. Blue boxes show the results in quiet conditions and the red ones under noise (40 dB SPL). Asterisks signal the presence of significant differences between quiet and noise (two-way ANOVA, with a Sidak’s multiple comparisons test). The p-values are defined as: *p < 0.05, **p < 0.001 and ***p < 0.0001.
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FIGURE 5. Auditory brainstem response (ABR) thresholds for young (3 months, n = 8) and old mice between (18–30 months, n = 20) under conditions of silence and background noise. Panels (A,B) shows the ABR thresholds for young and old mice in quiet and noise conditions, respectively. In panel (C) the threshold shift between quiet and noise for young and old mice is shown. The pink circles represent the average threshold value for young animals and the gray circles the average threshold value for the old mice. The error bars show the standard error of the mean. Asterisks signal the presence of significant differences between the young and old animal groups (two-way ANOVA, with a Sidak’s multiple comparisons test). The p-values are defined as: *p < 0.05, **p < 0.001 and ***p < 0.0001.


Auditory brainstem response thresholds for the young animals ranged between 20.0 ± 5.3 dB SPL for clicks to 27.5 ± 7.1 dB SPL for 8 kHz stimuli (Figure 5A pink circles). The threshold values for the old animals were distributed in a range from 36.5 ± 9.3 dB SPL for click stimuli to 60.0 ± 15.4 dB SPL for 24 kHz stimuli (Figure 5A gray circles). We found significant differences between young and old animals in thresholds in silence for all stimuli (Figure 5A; two-way ANOVA p < 0.0001, F (1, 26) = 49.49; Sidak’s multiple comparisons test with all values of p < 0.0001). When considering ABRs in the noise conditions (Figure 5B) we observed that in young mice thresholds ranged between 42.5 ± 7.1 dB SPL for clicks to 58.75 ± 5.2 dB SPL for 12 kHz stimuli (Figure 5B pink circles). In addition, when compared to the silent condition, this increase in threshold was significant (two-way ANOVA p < 0.0001, F (1, 14) = 125.1; Sidak’s multiple comparisons test with all values of p < 0.0001). In the case of the old mice, the noise thresholds ranged from 58.0 ± 9.8 dB SPL for click stimuli to 80.5 ± 10.0 dB SPL for 24 kHz stimuli (Figure 5B gray circles). This increase in threshold was also statistically significant when compared to the silent condition (two-way ANOVA p < 0.0001, F (1, 38) = 67.95; Sidak’s multiple comparisons test with all values of p < 0.0001). Furthermore, when contrasting the thresholds of young and old animals in the presence of noise, we found that for all stimuli, old animals presented significantly higher thresholds than young animals (Figure 5B; two-way ANOVA p < 0.0001, F (1, 26) = 51.99; Sidak’s multiple comparisons with values between p = 0.0181 and p < 0.0001). It is interesting to highlight that the magnitude of the change in thresholds between quiet and noise was not the same for young and old animals (Figure 5C). In the presence of noise, the ABR thresholds for young animals had an average increase of 32.25 ± 7.5 dB SPL, whereas in old animals the average increase was 23.40 ± 2.4 dB SPL. We found significant differences between the silence-to-noise threshold shift between the young and old mice group, observing a greater shift in threshold for young animals at the 12 and 16 KHz stimuli (Figure 5C; two-way ANOVA p = 0.0291, F (1, 26) = 5.337; Sidak’s multiple comparisons test p = 0.0181 for 12 KHz and p = 0.0481 for 16 KHz).

Next, we evaluated whether there were correlations between ABR thresholds in quiet and noise and the number of OC neurons in old mice (Figure 6). Considering that the MOC system is involved in hearing in noise, and that one of the main symptoms of ARHL is an impairment of this ability, we were particularly interested in observing whether there was a correlation between ABR thresholds in noise and the number of MOC cells. Notably, we found that animals with higher numbers of MOC neurons tended to present lower click ABR thresholds in noise conditions (Figure 6A, R-square = 0.2128, F = 4.896, DFn = 1, DFd = 18, p = 0.0401). In contrast, we found no significant trends with the number of MOC cells for ABRs in silence, nor in any condition analyzed as a function of LOC cell number (Figures 6C,D). We also performed these same analyses in young mice (n = 8, 3 months), where we found no correlation between ABR threshold values (in quiet and noise) and the number of olivocochlear cells (MOC and LOC).


[image: image]

FIGURE 6. Association between click ABR thresholds in noise and the number of MOC cells in old animals. The figure shows the values of click ABR thresholds in the presence of noise (red) and in silence (blue) as a function of the number of MOC (A,C, circles) and LOC cells (B,D, rhombuses). The dotted lines correspond to the fitting curve. A significant correlation was found between the number of MOC cells and ABR thresholds in the presence of background noise [(A) R-square = 0.2138, F = 4.896, DFn = 1, DFd = 18, p = 0.0401]. LOC, lateral olivocochlear system; MOC, medial olivocochlear system.


In addition to this, we also evaluated the potential associations between ABR wave amplitude (wave 1–3) in quiet and noise conditions with the number of OC neurons. For the old animal group, waves 1 and 2 showed no correlations with MOC cells. But, for wave 3, we found that mice with higher numbers of MOC cells also had higher ABR wave 3 amplitudes in background noise conditions (Figure 7A R-square = 0.2577, F = 6.248, DFn = 1, DFd = 18, p = 0.0223) but not in quiet (Figure 7C). In contrast, we found no significant correlation for the case of LOC cells (Figures 7B,D). For the case of young animals (n = 8, 3 months) we found no correlations in any condition.
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FIGURE 7. Association between Wave 3 amplitude in noise and the number of MOC cells in old animals. The figure shows ABR wave 3 amplitude in the presence of noise (red) and in silence (blue) as a function of the number of MOC (A,C, circles) and LOC cells (B,D, rhombuses). The dotted lines correspond to the fitting curve. A significant correlation was found between the number of MOC cells and wave 3 amplitude in the presence of background noise [(A) R-square = 0.2577, F = 6.248, DFn = 1, DFd = 18, p = 0.0223]. LOC, lateral olivocochlear system; MOC, medial olivocochlear system.




Alterations in Synaptic Markers

Complementary to the previous observations, we studied potential age-associated changes in the VNTB and LSO of two synaptic markers: (i) one GABAergic (GAD65) and (ii) one glutamatergic (VGLUT1) (Figure 8). We decided to use GAD65 because, under our previous experience, this antibody strongly labels synaptic terminals (Schrode et al., 2018). We quantified the fraction of the area in our ROI that was stained with VGLUT1 or GAD65 in 10 young animals (2–3 months) and 12 old animals (18–28 months). It is important to clarify that this was a separate group from the CHAT-processed animals and, furthermore, that the immunolabeling was not performed on the same mice (five young and six old were used for each condition). These specimens were part of our laboratory archives, obtained from mice used in ABR and cochlear anatomy experiments reported in Kobrina et al. (2020). The first column of Figure 8 shows the results obtained for VNTB (Figures 8A,C,E) while the second column shows the values for LSO (Figures 8B,D,F). Within the VNTB we found a significant age-associated decrease in the labeled area for GAD65 (Figure 8A, p = 0.0081, t = 3.401, df = 8.850). We did not find significant changes in the labeled area for GAD65 in the LSO (Figure 8B), nor for any of the regions with VGLUT1 (Figures 8C,D).
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FIGURE 8. Age-associated changes of inhibitory and excitatory synaptic markers. The first row shows boxplots representing the fraction of GAD65-immunoreactive area of young (n = 5) and old mice (n = 6, gray-filled boxes) in the VNTB (A) and LSO (B). For the VNTB in (A), a significant difference was found between young and old mice (unpaired t test with Welch’s correction, p = 0.0081, t = 3.401, df = 8.850). The images on the right correspond to an example of GAD65 staining at 10x in a young male mouse (top, 3 m.o.) and an old male mouse (bottom, 26 m.o.). The second row is showing boxplots that represent the fraction of VGLUT1-immunoreactive area of young (n = 5) and old mice (n = 6, gray-filled boxes) in the VNTB (C) and LSO (D). On the right, there are two examples of staining of VGLUT1 at 10x for a young female mouse (top, 2 m.o.) and an old female mouse (bottom, 28 m.o.). The last row shows a comparison of the GAD65/VGLUT1 ratio between young and old animals, where (E) represents the VNTB and (F) the LSO, and the error bars indicate the standard error of the mean. In the case of VNTB (E), a significant difference was found between the two groups (unpaired t test with Welch’s correction, p = 0.0192, t = 2.881, df = 8.507). GAD65, glutamic acid decarboxylase 65-kilodalton isoform; LSO, lateral superior olive; VGLUT1, vesicular glutamate transporter 1; VNTB, ventral nucleus of the trapezoid body. The p-values are defined as: *p < 0.05 and **p < 0.001.


To estimate age-associated changes in the relative amount of excitatory to inhibitory markers in our ROI, we calculated the ratio between the GAD65- and VGLUT1-labeled area for young and adult animals (Figures 8E,F). In the case of the VNTB we found a significant decrease in the GAD65/VGLUT1 ratio in old mice (Figure 8E, p = 0.0192, t = 2.881, df = 8.507). In the case of the LSO, we did not find any significant differences. This evidence suggests that during aging, in addition to a loss in neuronal number, the VNTB and the MOC system undergo alterations in the balance of inhibitory and excitatory signals.



Comparison With Other Brainstem Efferent Nuclei

To evaluate whether the observed changes were specific to OC neurons or reflect degeneration of cholinergic neurons in brainstem more generally, we quantified the differences in the number of CHAT-immunoreactive cells in young (n = 10) and old (n = 10) mice in two other brainstem efferent regions: (i) the trigeminal motor nucleus and (ii) the vestibular efferent nucleus (Figures 9A,B, respectively). Although both regions showed slight decreases in the average number of stained cells in old animals (8% for the trigeminal and 7% for the vestibular efferent), we did not find significant differences between the number of cells in young and old animals in either region. This again reinforces the idea that the MOC system could be showing a distinct and significantly greater reduction in cell numbers than other brainstem efferent regions.
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FIGURE 9. Comparison of trigeminal and vestibular efferent cell numbers in young (n = 10) and aged mice (n = 10). The figure shows boxplots comparing the number of CHAT-positive cells between young and aged animals for the trigeminal motor nucleus (A) and the vestibular efferent nucleus (B). The images on the right of each boxplot correspond to photomicrographs examples of trigeminal (A) and vestibular efferent (B) sections stained with acetylcholinesterase for young and old mice. We found no significant differences between young and old mice in neither of the two cases. CHAT, choline acetyltransferase.





DISCUSSION

In this study, we quantified the loss of mouse olivocochlear neurons as a function of age, coupled with ABR measurements in silence and noise. Additionally, we quantified age-associated changes in one GABAergic and one glutamatergic synaptic marker in the LSO and VNTB. We found significant age-associated alterations specific to the MOC system, including (i) a 36% decrease in the number of CHAT-labeled MOC neurons, (ii) a correlation between MOC cell number and ABR threshold in noise, and (iii) a decrease in the GAD65/VGLUT1 ratio in the VNTB. In contrast, the changes we found in LOC were of a smaller extent. We found a lesser decrease in the number of LOC cells (12%) which was not associated with changes in the ABR response. In addition, we also did not find significant changes in the number of CHAT-labeled cells in the vestibular efferent and trigeminal motor nucleus neurons. These observations indicate differential vulnerability to aging of MOC cells and provide evidence for their role in ARHL.

The results we obtained regarding the number of OC, trigeminal, and vestibular cells in young animals were within the expected ranges for mice (Sturrock, 1987; Campbell and Henson, 1988; Brown and Levine, 2008; Mathews et al., 2015). In old animals, the loss of OC neurons was dominated by MOC loss (Figures 2D, 3A) being on average 2.7 times greater than the loss of LOC cells. This decline in neuronal number was symmetrical between both hemispheres and along the rostro-caudal axis, with little inter-subject variability and no significant differences between male and female mice. Such differential reduction led to changes in the ratio of LOC to MOC cells in the OC system, from an average of 1.7:1 LOC per MOC in young mice to 2.3:1 in old mice.

These findings are congruent with previous evidence observed in studies that have explored age-related OC alterations in mice and humans. Age-associated decreases in contralateral suppression of distortion product otoacoustic emission levels have been observed in humans and CBA mice (Jacobson et al., 2003). Considering that this response is mediated by the MOC system, even if middle ear muscles contribute to the effect (Xu et al., 2017; Valero et al., 2018), this is consistent with age-related MOC dysfunction. Moreover, anatomical research in mice and humans also supports these differential changes. There is a loss in the density of cochlear MOC neurons as a function of age, while the density of LOC innervation does not decrease overall (Liberman and Liberman, 2019; Jeng et al., 2020; Kobrina et al., 2020). However, other age-associated changes in LOC synapses have been identified. There is a synaptic rearrangement involving an increase in efferent innervation of IHCs in mice with accelerated ARHL, in which the aging cochlea recovers some features of postnatal development with the re-emergence of efferent inhibition of the IHCs (Lauer et al., 2012; Zachary and Fuchs, 2015). All this evidence points to a loss of MOC neurons and synapses with the OHC, accompanied by changes in LOC synaptic organization without substantial loss of neuronal cell bodies.

Moreover, the absence of observed changes in the number of CHAT-labeled cells in the trigeminal motor nucleus, vestibular efferents, and LOC also is in line with the changes expected in the aging brain, where we would not anticipate seeing large reductions overall in the number of neurons, except in specific regions (Morrison and Hof, 1997; Pannese, 2011). There are interesting similarities between our results and findings from research conducted in aging gerbils that also quantified the number of OC, trigeminal and vestibular efferent cell bodies (Radtke-Schuller et al., 2015). This study also found that the decrease in cell number was restricted to the OC system, with no alterations in other efferent pathways. This suggests a greater vulnerability to aging of the OC system compared to other efferent regions of the brainstem. However, for gerbils the OC decrease was distributed in both MOC and LOC subpopulations, without changes in the ratio of MOC and LOC cells in old animals. This species difference in the vulnerability to OC neurons could be related to the particular susceptibility of gerbils to auditory brainstem degeneration from exposure to environmental noise over the course of a lifetime (Statler et al., 1990; McGinn and Faddis, 1994, 1998; Gleich and Strutz, 2002).

The mechanisms underlying the vulnerability of the OC system and, especially the MOC, cannot be directly concluded from our results, but there are at least three factors that could be contributing: (i) differential alterations in the brainstem regions, (ii) a specific vulnerability of MOC cells, or (iii) differential alterations in peripheral synapses.

For the first factor, our data describing the age-dependent changes in the fraction of GAD65 and VGLUT1 suggest that VNTB shows alterations that are not observed in LSO (Figure 8). The decrease in the fraction of GAD65 and consequently the GAD65/VGLUT1 ratio could be reflecting a decline in the proportion of inhibitory inputs in the region. These results are also in line with previous publications reporting an age-related decrease in GABA and GAD levels in other central regions of the auditory system (Caspary et al., 1990; Burianova et al., 2009; Ibrahim and Llano, 2019). In addition to the functional effects that may result from the decrease in GABA-mediated inhibition (Caspary et al., 2008), there is also the possibility that it may be contributing to the vulnerability of VNTB, potentially through excitotoxicity effects.

On the other hand, the absence of observed changes in the LSO is consistent with previous results in gerbils, where no age-related effects on GABAergic and glycinergic markers were found (Gleich et al., 2004). However, our data has several caveats that limit our interpretation. The GAD65 and VGLUT1 measurements did not come from the same animals, although the animals were raised and aged in the same environment during the same time periods, and the specimens were prepared by the same experimenter. Also, we did not capture all the excitatory and inhibitory inputs, for instance those that are positive for VGLUT2 instead of VGLUT1. It is also unclear if the GAD65 only represents GABAergic or also GAD-positive glycinergic inputs. Future experiments will tease apart the contributions of different sources of inputs to OC neurons to the observed age-related effects.

Regarding the specific vulnerability of MOC neurons, changes in somatic expression levels of the Kv3.1 channel have been observed in MOC cells of aged mice (Zettel et al., 2007), suggesting a higher vulnerability than their LOC counterparts. Complementary to this, extracellular recordings from the LSO in rats have shown that neuronal populations do not significantly change their responses with age, supporting the idea of their resistance to degeneration (Finlayson and Caspary, 1993). Another notable difference between MOC, LOC and vestibular efferent cells is the presence of myelin sheath in MOCs. While intuition suggests that myelin should be a protective factor in the face of trauma and aging (Ceballos et al., 1999; Reeves et al., 2005), there are situations where it has been observed to be more vulnerable (Fujimura et al., 1991; Tang et al., 1997). It is also possible that the loss of MOC neurons is related to other factors such as a higher energy demand, which the sole presence of myelin is not necessarily a good predictor (Harris and Attwell, 2012).

There is evidence supporting the idea that changes at the level of the cochlea may be contributing to the observed differences in loss of LOC and MOC neuron cell bodies. For example, the modifications in the number of MOC efferent neurons could be explained by degeneration and decrease in the number of OHCs, whereas IHCs remain much more intact with age (Jeng et al., 2020; Kobrina et al., 2020; Wu et al., 2020). In addition, aged OHCs manifest morphological alterations, such as a reduction in size, that precede the decrease in the number of MOC efferent fibers (Jeng et al., 2020). In contrast, IHC numbers do not decrease with age to the same extent as OHCs do with age (Spongr et al., 1997; Sergeyenko et al., 2013; Kobrina et al., 2020). Rather, there is a subpopulation of IHCs that reverts into an immature-like biophysical and morphological profile (Corns et al., 2018), which are possibly be the ones that are re-innervated by inhibitory cholinergic efferents (Lauer et al., 2012; Corns et al., 2018).

Regarding our ABR results, the thresholds we identified in young and old animals were within the expected ranges, as were the wave 1–3 latencies and amplitudes (Henry, 1979; Schrode et al., 2018; Kobrina et al., 2020). In this context, the observed decrease in ABR amplitude in old mice compared to young mice indicates the existence of a reduced physiological response to sound. The absolute increase in the ABR threshold in quiet condition is also a reflection of this (Figure 5). When looking at our results from shifts in thresholds between the quiet and noise it is noticeable that older animals had smaller shifts than the young adults. This result is consistent with previous findings in mice and may be reflecting OHC damage or ceiling effects due to the already increased thresholds (Ehret, 1979). However, inferring the exact cause of these findings would be extremely challenging. Previous evidence shows that the changes associated with ARHL in these mice are multifactorial, which makes it difficult to attribute a single main cause of ARHL to a particular type of cell degeneration. For example, Kobrina et al. (2020) showed that multiple alterations at the cochlear level, including loss of hair cells, synaptic ribbons, and changes in the stria vascularis are related to ARHL.

One of the most remarkable findings was the correlation between the number of MOC cells in old animals with the ABR thresholds (Figure 6A) and with the wave 3 amplitudes (Figure 7A) in noise conditions. These correlations were not found in young animals. There is previous evidence showing that the MOC system can suppress the cochlear response to continuous noise and, thereby, it can help unmask transient tone stimuli, making them more detectable (Winslow and Sachs, 1988; Liberman and Guinan, 1998). Therefore, it is reasonable to have found that a higher number of MOC cells correlated with lower ABR thresholds in noise. It is also worthy of note that the superior olive is directly related with wave 3 (Buchwald and Huang, 1975; Henry, 1979; Melcher et al., 1996) and, that P3 and N3 are lost with the application of local anesthetic into the trapezoid body (Wada and Starr, 1983). Given that this manipulation results in non-specific effects in the trapezoidal body, the precise contribution of MOC neurons is unknown. However, it does show that diminished function in the vicinity of the MOC cell bodies reduces this ABR component, which supports the idea that this region is altered in aging. On the other hand, it is also reasonable that no correlations were observed with waves 1 and 2 of the ABR. The amplitude of wave 1 is dominated by age-related cochlear degeneration that is well documented in this strain, including in our laboratory (Kobrina et al., 2020). In addition, age-related increases in olivocochlear innervation of inner hair cells may further reduce the auditory nerve activity that generates ABR wave 1 (Lauer et al., 2012; Zachary and Fuchs, 2015; Kobrina et al., 2020). Therefore, it is difficult to infer how the loss of MOC inputs would independently contribute to the already diminished wave 1. Centrally generated ABR waves often show non-linear changes in response to peripheral damage and diminished ABR wave 1 (for instance, as shown by our lab in Schrode et al., 2018).

The absence of this correlation with wave 3 in young animals was also reasonably expected. This is due to the fact that the ABR thresholds and the number of neurons were distributed across narrower ranges in young animals. In an aged and impaired system, it is more probable that the decrease in the number of MOC cells has an observable impact on signal processing in noise since redundant mechanisms for hearing in noise may be diminished by age-related cochlear and central degeneration. Other functions such as protection against acoustic trauma and selective attention could also be affected by the decrease in MOC numbers and may contribute to further deterioration of auditory pathway and cognitive functions. Further experiments are needed in order to explore these questions.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Johns Hopkins University Institutional Animal Care and Use Committee.



AUTHOR CONTRIBUTIONS

AL: original idea, project administration and supervision, and funding acquisition. AL and SV-J: experimental conceptualization and data analysis. SV-J: experimental development and manuscript writing. SV-J and MW: tissue processing. SV-J and GB-M: image processing. AL, SV-J, and GB-M: manuscript editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by NIDCD grant R01 DC017620.



ACKNOWLEDGMENTS

We thank Miguel Concha-Miranda and Fernando C Ortiz for their valuable feedback and suggestions on the manuscript and Ryan Rigel for his technical assistance.



REFERENCES

Abercrombie (1946). Estimation of nuclear population from microtome sections. Anat. Rec. 94, 239–247. doi: 10.1002/ar.1090940210

Agrawal, Y., Platz, E. A., and Niparko, J. K. (2008). Prevalence of hearing loss and differences by demographic characteristics among us adults: data from the National Health and Nutrition Examination Survey, 1999-2004. Arch. Intern. Med. 168, 1522–1530. doi: 10.1001/archinte.168.14.1522

Blanchet, C., Erostegui, C., Sugasawa, M., and Dulon, D. (1996). Acetylcholine-induced potassium current of guinea pig outer hair cells: its dependence on a calcium influx through nicotinic-like receptors. J. Neurosci. 16, 2574–2584. doi: 10.1523/JNEUROSCI.16-08-02574.1996

Bobbin, R. P., and Konishi, T. (1971). Acetylcholine mimics crossed olivocochlear bundle stimulation. Nat. New Biol. 231, 222–223. doi: 10.1038/newbio231222a0

Boero, L. E., Castagna, V. C., Terreros, G., Moglie, M. J., Silva, S., Maass, J. C., et al. (2020). Preventing presbycusis in mice with enhanced medial olivocochlear feedback. Proc. Natl. Acad. Sci.U.S.A. 117, 11811–11819. doi: 10.1073/pnas.2000760117

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

Brown, M. C. (2011). “Anatomy of olivocochlear neurons,” in Auditory and Vestibular Efferents, eds D. K. Ryugo and R. R. Fay (New York, NY: Springer New York), 17–37. doi: 10.1007/978-1-4419-7070-1_2

Brown, M. C., and Levine, J. L. (2008). Dendrites of medial olivocochlear neurons in mouse. Neuroscience 154, 147–159. doi: 10.1016/j.neuroscience.2007.12.045

Buchwald, J. S., and Huang, C. (1975). Far-field acoustic response: origins in the cat. Science 189, 382L–384. doi: 10.1126/science.1145206

Burianova, J., Ouda, L., Profant, O., and Syka, J. (2009). Age-related changes in GAD levels in the central auditory system of the rat. Exp. Gerontol. 44, 161–169. doi: 10.1016/j.exger.2008.09.012

Campbell, J. P., and Henson, M. M. (1988). Olivocochlear neurons in the brainstem of the mouse. Hear. Res. 35, 271–274. doi: 10.1016/0378-5955(88)90124-4

Caspary, D. M., Ling, L., Turner, J. G., and Hughes, L. F. (2008). Inhibitory neurotransmission, plasticity and aging in the mammalian central auditory system. J. Exp. Biol. 211, 1781–1791. doi: 10.1242/jeb.013581

Caspary, D. M., Raza, A., Lawhorn Armour, B. A., Pippin, J., and Arneric, S. P. (1990). Immunocytochemical and neurochemical evidence for age-related loss of GABA in the inferior colliculus: implications for neural presbycusis. J. Neurosci. 10, 2363–2372. doi: 10.1523/JNEUROSCI.10-07-02363.1990

Ceballos, D., Cuadras, J., Verdú, E., and Navarro, X. (1999). Morphometric and ultrastructural changes with ageing in mouse peripheral nerve. J. Anat. 195, 563–576. doi: 10.1046/j.1469-7580.1999.19540563.x

Ciuman, R. R. (2010). The efferent system or olivocochlear function bundle - fine regulator and protector of hearing perception. Int. J. Biomed. Sci. 6, 276–288.

Collins, J. G. (1997). Prevalence of selected chronic conditions: United States, 1990-1992. Vital Health Stat. 10, 1–89.

Cooper, N. P., and Guinan, J. J. Jr. (2006). Efferent-mediated control of basilar membrane motion. J. Physiol. 576, 49–54. doi: 10.1113/jphysiol.2006.114991

Corns, L. F., Johnson, S. L., Roberts, T., Ranatunga, K. M., Hendry, A., Ceriani, F., et al. (2018). Mechanotransduction is required for establishing and maintaining mature inner hair cells and regulating efferent innervation. Nat. Commun. 9:4015. doi: 10.1038/s41467-018-06307-w

Dubno, J. R., Dirks, D. D., and Morgan, D. E. (1984). Effects of age and mild hearing loss on speech recognition in noise. J. Acoust. Soc. Am. 76, 87–96. doi: 10.1121/1.391011

Ehret, G. (1979). Correlations between cochlear hair cell loss and shifts of masked and absolute behavioral auditory thresholds in the house mouse. Acta Otolaryngol. 87, 28–38. doi: 10.3109/00016487909126384

Eybalin, M. (1993). Neurotransmitters and neuromodulators of the mammalian cochlea. Physiol. Rev. 73, 309–373. doi: 10.1152/physrev.1993.73.2.309

Felix, D., and Ehrenberger, K. (1992). The efferent modulation of mammalian inner hair cell afferents. Hear. Res. 64, 1–5. doi: 10.1016/0378-5955(92)90163-H

Finlayson, P. G., and Caspary, D. M. (1993). Response properties in young and old Fischer-344 rat lateral superior olive neurons: a quantitative approach. Neurobiol. Aging 14, 127–139. doi: 10.1016/0197-4580(93)90088-S

Flurkey, K., Currer, J. M., and Harrison, D. E. (2007). “The mouse in Aging research,” in The Mouse in Biomedical Research, eds J. G. Fox, S. W. Barthold, M. T. Davisson, C. E. Newcomer, F. W. Quimby, and A. L. Smith (Burlington, MA: Elsevier Inc), 637–672.

Frisina, D. R., and Frisina, R. D. (1997). Speech recognition in noise and presbycusis: relations to possible neural mechanisms. Hear. Res. 106, 95–104. doi: 10.1016/s0378-5955(97)00006-3

Fuchs, P. A., and Lauer, A. M. (2018). Efferent Inhibition of the Cochlea. Cold Spring Harb. Perspect. Med. 9:a033530. doi: 10.1101/cshperspect.a033530

Fujimura, H., Lacroix, C., and Said, G. (1991). Vulnerability of nerve fibres to ischaemia: a quantitative light and electron microscope study. Brain 114, 1929–1942. doi: 10.1093/brain/114.4.1929

Gleich, O., and Strutz, J. (2002). Age dependent changes in the medial nucleus of the trapezoid body in gerbils. Hear. Res. 164, 166–178. doi: 10.1016/S0378-5955(01)00430-0

Gleich, O., Weiss, M., and Strutz, J. (2004). Age-dependent changes in the lateral superior olive of the gerbil (Meriones unguiculatus). Hear. Res. 194, 47–59. doi: 10.1016/j.heares.2004.03.016

Gordon-Salant, S. (2005). Hearing loss and aging: new research findings and clinical implications. J. Rehabil. Res. Dev. 42, 9–24. doi: 10.1682/jrrd.2005.01.0006

Groff, J. A., and Liberman, M. C. (2003). Modulation of cochlear afferent response by the lateral olivocochlear system: activation via electrical stimulation of the inferior Colliculus. J. Neurophysiol. 90, 3178–3200. doi: 10.1152/jn.00537.2003

Guinan et al., J. J., Warr, W. B., and Norris, B. E. (1983). Differential olivocochlear projections from lateral versus medial zones of the superior olivary complex. J. Comp. Neurol. 221, 358–370. doi: 10.1002/cne.902210310

Guinan et al., J. J., Warr, W. B., and Norris, B. E. (1984). Topographic organization of the olivocochlear projections from the lateral and medial zones of the superior olivary complex. J. Comp. Neurol. 226, 21–27. doi: 10.1002/cne.902260103

Guinan, J. J. (1996). “Physiology of olivocochlear efferents,” in The Cochlea, eds P. Dallos, A. N. Popper, and R. R. Fay (New York, NY: Springer New York), 435–502. doi: 10.1007/978-1-4612-0757-3_8

Harris, J. J., and Attwell, D. (2012). The Energetics of CNS White Matter. J. Neurosci. 32, 356–371. doi: 10.1523/JNEUROSCI.3430-11.2012

Henry, K. R. (1979). Auditory brainstem volume-conducted responses: origins in the laboratory mouse. J. Am. Aud. Soc. 4, 173–178.

Ibrahim, B. A., and Llano, D. A. (2019). Aging and central auditory disinhibition: is it a reflection of homeostatic downregulation or metabolic vulnerability? Brain Sci. 9:351. doi: 10.3390/brainsci9120351

Jacobson, M., Kim, S., Romney, J., Zhu, X., and Frisina, R. D. (2003). Contralateral suppression of distortion-product otoacoustic emissions declines with age: a comparison of findings in CBA mice with human listeners. Laryngoscope 113, 1707–1713. doi: 10.1097/00005537-200310000-00009

Jeng, J.-Y., Johnson, S. L., Carlton, A. J., De Tomasi, L., Goodyear, R. J., De Faveri, F., et al. (2020). Age-related changes in the biophysical and morphological characteristics of mouse cochlear outer hair cells. J. Physiol. 598, 3891–3910. doi: 10.1113/JP279795

Kawase, T., and Liberman, M. C. (1993). Antimasking effects of the olivocochlear reflex. I. Enhancement of compound action potentials to masked tones. J. Neurophysiol. 70, 2519–2532. doi: 10.1152/jn.1993.70.6.2519

Kim, S. H., Frisina, D. R., and Frisina, R. D. (2002). Effects of age on contralateral suppression of distortion product otoacoustic emissions in human listeners with normal hearing. Audiol. Neurotol. 7, 348–357. doi: 10.1159/000066159

Kobrina, A., and Dent, M. L. (2020). The effects of age and sex on the detection of pure tones by adult CBA/CaJ mice (Mus musculus). J. Neurosci. Res. 98, 1731–1744. doi: 10.1002/jnr.24496

Kobrina, A., Schrode, K. M., Screven, L. A., Javaid, H., Weinberg, M. M., Brown, G., et al. (2020). Linking anatomical and physiological markers of auditory system degeneration with behavioral hearing assessments in a mouse (Mus musculus) model of age-related hearing loss. Neurobiol. Aging 96, 87–103. doi: 10.1016/j.neurobiolaging.2020.08.012

Lauer, A. M. (2017). Minimal effects of age and exposure to a noisy environment on hearing in alpha9 nicotinic receptor knockout mice. Front. Neurosci. 11:1–10. doi: 10.3389/fnins.2017.00304

Lauer, A. M., Fuchs, P. A., Ryugo, D. K., and Francis, H. W. (2012). Efferent synapses return to inner hair cells in the aging cochlea. Neurobiol. Aging 33, 2892–2902. doi: 10.1016/j.neurobiolaging.2012.02.007

Lauer, A. M., Jimenez, S. V., and Delano, P. H. (2021). Olivocochlear efferent effects on perception and behavior. Hear. Res. 108207. doi: 10.1016/j.heares.2021.108207 [Epub ahead of print].

Le Prell, C. G., Shore, S. E., Hughes, L. F., and Bledsoe, S. C. (2003). Disruption of Lateral Efferent Pathways: Functional Changes in Auditory Evoked Responses. J. Assoc. Res. Otolaryngol. 4, 276–290. doi: 10.1007/s10162-002-3018-6

Liberman, L. D., and Liberman, M. C. (2019). Cochlear Efferent Innervation Is Sparse in Humans and Decreases with Age. J. Neurosci 39, 9560L–9569. doi: 10.1523/JNEUROSCI.3004-18.2019

Liberman, M. C., Dodds, L. W., and Pierce, S. (1990). Afferent and efferent innervation of the cat cochlea: quantitative analysis with light and electron microscopy. J. Comp. Neurol. 301, 443–460. doi: 10.1002/cne.903010309

Liberman, M. C., and Guinan, J. J. (1998). “Feedback control of the auditory periphery: anti-masking effects of middle ear muscles vs. olivocochlear efferents. J. Commun. Disord. 31, 471–482 quiz 483; 553. doi: 10.1016/s0021-9924(98)00019-7 quiz 483; 553.

Liberman, M. C., Liberman, L. D., and Maison, S. F. (2014). Efferent feedback slows cochlear Aging. J. Neurosci. 34, 4599L–4607. doi: 10.1523/JNEUROSCI.4923-13.2014

Lin, F. R. (2011). Hearing loss and cognition among older adults in the United States. J. Gerontol. A Biol. Sci. Med. Sci. 66, 1131–1136. doi: 10.1093/gerona/glr115

Lina, I. A., and Lauer, A. M. (2013). Rapid measurement of auditory filter shape in mice using the auditory brainstem response and notched noise. Hear. Res. 298, 73–79. doi: 10.1016/j.heares.2013.01.002

Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S. G., Huntley, J., Ames, D., et al. (2017). Dementia prevention, intervention, and care. Lancet 390, 2673–2734. doi: 10.1016/S0140-6736(17)31363-6

Loughrey, D. G., Kelly, M. E., Kelley, G. A., Brennan, S., and Lawlor, B. A. (2018). Association of age-related hearing loss with cognitive function, cognitive impairment, and dementia: a systematic review and meta-analysis. JAMA Otolaryngol. Head Neck Surg. 144, 115–126. doi: 10.1001/jamaoto.2017.2513

Maison, S. F., Adams, J. C., and Liberman, M. C. (2003). Olivocochlear innervation in the mouse: Immunocytochemical maps, crossed versus uncrossed contributions, and transmitter colocalization. J. Comp. Neurol. 455, 406–416. doi: 10.1002/cne.10490

Malmierca, M., and Ryugo, D. (2011). “Descending connections of auditory cortex to the midbrain and brain stem,” in The Auditory Cortex, eds J. Winer and C. Schreiner (New York, NY: Springer), 189–208.

Mathews, M. A., Murray, A., Wijesinghe, R., Cullen, K., Tung, V. W. K., and Camp, A. J. (2015). Efferent vestibular neurons show homogenous discharge output but heterogeneous synaptic input profile in vitro. PLoS One 10:e0139548. doi: 10.1371/journal.pone.0139548

May, B. J., Budelis, J., and Niparko, J. K. (2004). Behavioral Studies of the olivocochlear efferent system: learning to listen in noise. Arch. Otolaryngol. Neck Surg. 130, 660–664. doi: 10.1001/archotol.130.5.660

McGinn, M. D., and Faddis, B. T. (1994). Exposure to low frequency noise during rearing induces spongiform lesions in gerbil cochlear nucleus: high frequency exposure does not. Hear. Res. 81, 57–65. doi: 10.1016/0378-5955(94)90153-8

McGinn, M. D., and Faddis, B. T. (1998). Neuronal degeneration in the gerbil brainstem is associated with spongiform lesions. Microsci. Res. Tech. 41, 187–204. doi: 10.1002/(SICI)1097-0029(19980501)41:3<187::AID-JEMT3<3.0.CO;2-R

McGuire, B., Fiorillo, B., Ryugo, D. K., and Lauer, A. M. (2015). Auditory nerve synapses persist in ventral cochlear nucleus long after loss of acoustic input in mice with early-onset progressive hearing loss. Brain Res. 1605, 22–30. doi: 10.1016/j.brainres.2015.02.012

Melcher, J. R., Guinan, J. J., Knudson, I. M., and Kiang, N. Y. S. (1996). Generators of the brainstem auditory evoked potential in cat. II. Correlating lesion sites with waveform changes. Hear. Res. 93, 28–51. doi: 10.1016/0378-5955(95)00179-4

Morrison, J. H., and Hof, P. R. (1997). Life and death of neurons in the aging brain. Science 278, 412–419. doi: 10.1126/science.278.5337.412

Mountain, D. C. (1980). Changes in endolymphatic potential and crossed olivocochlear bundle stimulation alter cochlear mechanics. Science 210, 71–72. doi: 10.1126/science.7414321

Murugasu, E., and Russell, I. J. (1996). The effect of efferent stimulation on basilar membrane displacement in the basal turn of the guinea pig cochlea. J. Neurosci. 16, 325–332. doi: 10.1523/JNEUROSCI.16-01-00325.1996

Pannese, E. (2011). Morphological changes in nerve cells during normal aging. Brain Struct. Funct. 216, 85–89. doi: 10.1007/s00429-011-0308-y

Parthasarathy, T. K. (2001). Aging and contralateral suppression effects on transient evoked otoacoustic emissions. J. Am. Acad. Audiol. 12, 80–85.

Radtke-Schuller, S., Seeler, S., and Grothe, B. (2015). Restricted loss of olivocochlear but not vestibular efferent neurons in the senescent gerbil (Meriones unguiculatus). Front. Aging Neurosci. 7:4. doi: 10.3389/fnagi.2015.00004

Rasmussen, G. L. (1946). The olivary peduncle and other fiber projections of the superior olivary complex. J. Comp. Neurol. 84, 141–219. doi: 10.1002/cne.900840204

Reeves, T. M., Phillips, L. L., and Povlishock, J. T. (2005). Myelinated and unmyelinated axons of the corpus callosum differ in vulnerability and functional recovery following traumatic brain injury. Exp. Neurol. 196, 126–137. doi: 10.1016/j.expneurol.2005.07.014

Reijntjes, D. O. J., and Pyott, S. J. (2016). The afferent signaling complex: regulation of type I spiral ganglion neuron responses in the auditory periphery. Hear. Res. 336, 1–16. doi: 10.1016/j.heares.2016.03.011

Robertson, D., Anderson, C.-J., and Cole, K. S. (1987). Segregation of efferent projections to different turns of the guinea pig cochlea. Hear. Res. 25, 69–76. doi: 10.1016/0378-5955(87)90080-3

Rueden, C. T., Schindelin, J., Hiner, M. C., DeZonia, B. E., Walter, A. E., Arena, E. T., et al. (2017). ImageJ2: ImageJ for the next generation of scientific image data. BMC Bioinform. 18:529. doi: 10.1186/s12859-017-1934-z

Rutherford, B. R., Brewster, K., Golub, J. S., Kim, A. H., and Roose, S. P. (2018). Sensation and psychiatry: linking age-related hearing loss to late-life depression and cognitive decline. Am. J. Psychiatry 175, 215–224. doi: 10.1176/appi.ajp.2017.17040423

Schrode, K. M., Muniak, M. A., Kim, Y.-H., and Lauer, A. M. (2018). Central compensation in auditory brainstem after damaging noise exposure. eNeuro 5:ENEURO.250–ENEURO.218. doi: 10.1523/ENEURO.0250-18.2018

Sergeyenko, Y., Lall, K., Liberman, M. C., and Kujawa, S. G. (2013). Age-related cochlear synaptopathy: an early-onset contributor to auditory functional decline. J. Neurosci. 33, 13686–13694. doi: 10.1523/JNEUROSCI.1783-13.2013

Shojaei, E., Ashayeri, H., Jafari, Z., Zarrin Dast, M. R., and Kamali, K. (2016). Effect of signal to noise ratio on the speech perception ability of older adults. Med. J. Islam. Repub. Iran 30:342.

Simmons, D. D. (2002). Development of the inner ear efferent system across vertebrate species. J. Neurobiol. 53, 228–250. doi: 10.1002/neu.10130

Spongr, V. P., Flood, D. G., Frisina, R. D., and Salvi, R. J. (1997). Quantitative measures of hair cell loss in CBA and C57BL/6 mice throughout their life spans. J. Acoust. Soc. Am. 101, 3546–3553. doi: 10.1121/1.418315

Statler, K. D., Chamberlain, S. C., Slepecky, N. B., and Smith, R. L. (1990). Development of mature microcystic lesions in the cochlear nuclei of the mongolian gerbil. Meriones unguiculatus. Hear. Res. 50, 275–288. doi: 10.1016/0378-5955(90)90051-P

Stuart, A., and Phillips, D. P. (1996). Word recognition in continuous and interrupted broadband noise by young normal-hearing, older normal-hearing, and presbyacusic listeners. Ear Hear. 17, 478–489. doi: 10.1097/00003446-199612000-00004

Sturrock, R. R. (1987). Changes in the number of neurons in the mesencephalic and motor nuclei of the trigeminal nerve in the ageing mouse brain. J. Anat. 151, 15–25.

Suthakar, K., and Ryugo, D. K. (2021). Projections from the ventral nucleus of the lateral lemniscus to the cochlea in the mouse. J. Comp. Neurol. 529, 2995–3012. doi: 10.1002/cne.25143

Tang, Y., Nyengaard, J. R., Pakkenberg, B., and Gundersen, H. J. G. (1997). Age-induced white matter changes in the human brain: a stereological investigation. Neurobiol. Aging 18, 609–615. doi: 10.1016/S0197-4580(97)00155-3

Terreros, G., Jorratt, P., Aedo, C., Elgoyhen, A. B., and Delano, P. H. (2016). Selective attention to visual stimuli using auditory distractors is altered in alpha-9 nicotinic receptor subunit knock-out mice. J. Neurosci. 36, 7198–7209. doi: 10.1523/JNEUROSCI.4031-15.2016

Valero, M. D., Hancock, K. E., Maison, S. F., and Liberman, M. C. (2018). Effects of cochlear synaptopathy on middle-ear muscle reflexes in unanesthetized mice. Hear. Res. 363, 109–118. doi: 10.1016/j.heares.2018.03.012

Vetter, D. E., Adams, J. C., and Mugnaini, E. (1991). Chemically distinct rat olivocochlear neurons. Synapse 7, 21–43. doi: 10.1002/syn.890070104

Wada, S. I., and Starr, A. (1983). Generation of auditory brain stem responses (ABRs). I. Effects of injection of a local anesthetic (procaine HCI) into the trapezoid body of guinea pigs and cat. Electroencephalogr. Clin. Neurophysiol. 56, 326–339. doi: 10.1016/0013-4694(83)90259-6

Warr, W. B., and Guinan, J. J. (1979). Efferent innervation of the organ of corti: two separate systems. Brain Res. 173, 152–155. doi: 10.1016/0006-8993(79)91104-1

Winslow, R. L., and Sachs, M. B. (1987). Effect of electrical stimulation of the crossed olivocochlear bundle on auditory nerve response to tones in noise. J. Neurophysiol. 57, 1002–1021. doi: 10.1152/jn.1987.57.4.1002

Winslow, R. L., and Sachs, M. B. (1988). Single-tone intensity discrimination based on auditory-nerve rate responses in backgrounds of quiet, noise, and with stimulation of the crossed olivocochlear bundle. Hear. Res. 35, 165–189. doi: 10.1016/0378-5955(88)90116-5

Wu, J. S., Yi, E., Manca, M., Javaid, H., Lauer, A. M., and Glowatzki, E. (2020). Sound exposure dynamically induces dopamine synthesis in cholinergic LOC efferents for feedback to auditory nerve fibers. eLife 9, 1–27. doi: 10.7554/eLife.52419

Xu, Y., Cheatham, M. A., and Siegel, J. H. (2017). Identifying the origin of effects of contralateral noise on transient evoked Otoacoustic emissions in unanesthetized mice. J. Assoc. Res. Otolaryngol. 18, 543–553. doi: 10.1007/s10162-017-0616-x

Yamasoba, T., Lin, F. R., Someya, S., Kashio, A., Sakamoto, T., and Kondo, K. (2013). Current concepts in age-related hearing loss: Epidemiology and mechanistic pathways. Hear. Res. 303, 30–38. doi: 10.1016/j.heares.2013.01.021

Zachary, S. P., and Fuchs, P. A. (2015). Re-emergent inhibition of cochlear inner hair cells in a mouse model of hearing loss. J. Neurosci. 35, 9701–9706. doi: 10.1523/JNEUROSCI.0879-15.2015

Zettel, M. L., Zhu, X., O’Neill, W. E., and Frisina, R. D. (2007). Age-related decline in Kv3.1b expression in the mouse auditory brainstem correlates with functional deficits in the medial olivocochlear efferent system. J. Assoc. Res. Otolaryngol. 8, 280–293. doi: 10.1007/s10162-007-0075-x

Zhu, X., Vasilyeva, O. N., Kim, S., Jacobson, M., Romney, J., Waterman, M. S., et al. (2007). Auditory efferent feedback system deficits precede age-related hearing loss: contralateral suppression of otoacoustic emissions in mice. J. Comp. Neurol. 503, 593–604. doi: 10.1002/cne.21402


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

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

Copyright © 2021 Vicencio-Jimenez, Weinberg, Bucci-Mansilla and Lauer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Olivocochlear Changes Associated With Aging Predominantly Affect the Medial Olivocochlear System



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Auditory Brainstem Response (ABR)



		Brainstem Sectioning



		Immunostaining



		Cell and Area Quantification in Regions of Interest



		Statistical Analysis







		RESULTS



		Olivocochlear Cell Count



		Auditory Brainstem Response



		Alterations in Synaptic Markers



		Comparison With Other Brainstem Efferent Nuclei







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
, frontiers
In Neuroscience







OPS/images/fnins-15-704805-g001.jpg






OPS/images/fnins-15-704805-g002.jpg
N° of cells

N° of cells

N° of cells

6001
A
A
4004 ff“ - L
--------------------------- A
Mo by 4
2004 A
0 J I | I I
| . s % 24 30
Age (months)
2004 e
]
[
150+ !'. ..®
wltd e
LI RS S
[ ] [ ‘
50
0 - ' | I I
| . s % 24 30
Age (months)
400 .
3004 *° ‘
$o *
“"A‘_ ----------- t ----------------- ** *
200{4% 3 ¢ ¢ DA
', * * ¢
*
1004
0 : I i I I
0 - pa . 24 30

Age (months)

N° of cells

N° of cells

N° of cells

600 -
500
400 %
300+
200
100
0 y |
Young old
—
200+
150
1004 E E
50
0 y |
Young old
—
4001
300+ T ’_—L‘
m T B
100
0 y |
Young ol






OPS/images/fnins-15-704805-g003.jpg
N° of cells

N° of cells

O Young

O od
20- * ek k *kk * Kk *kk * % *kk *kk * %k *kk *% *
154 %
I
5 5% 558 ° ,
104
: 58 g 6 8 ¢ @
5 ¢) ) § °
5-
0 . ' . .
0 3 6 9 12
Caudal Slice N* Rostral
45- .
RN
Py b
254 % %
154 i :
? :
. :
0 3 6 9 12
Caudal Slice N° Rostral






OPS/images/fnins-15-704805-g004.jpg
>

Amplitude (uV)

4.00+
3.00
2.00
1.00+
0.00-
-1.00
-2.00
-3.00
-4.00
-5.00-

15+

-
o
1

Amplitude (pV)

Hkk

5

Time (s)

ke

Latency (ms)
N
1

P3

P1

P2

P3

— Silence (3 mo, n=8)
— Noise (3 mo, n=8)

Amplitude (pV)

1.00
0.75
0.50
0.254
0.00
-0.25
-0.50
-0.75
-1.00-

Amplitude (uV)

Hokk

5

Time (s)

Latency (ms)
N
1

P1

==

P2

=l

P3

P1

P2

P3

— Silence (+18 mo, n=20)
— Noise (+18 mo, n=20)





OPS/images/fnins-15-704805-g005.jpg
>

Threshold (dB SPL) Threshold (dB SPL)

Threshold Shift (dB SPL)

90-
*k*k * k% * %k % * %% * k%
75
60 3
* :
45- ¢
®
30 s
s 3 ()
15- s
c 1 L 1 1 1
Click 8 12 16 24
stimuli
90- *% *%k% *%k% * *%
s
75- L . s
60+ ®
¢ s ¢ $
a5
30-
15-
c 1 1 1 1 1
Click 8 12 16 24
Stimuli
50- x *
40 {
¢
- IR ¢
20| ¢ $
10-
O 1 T 1 T

T
Click

12
Stimuli

16

24

e Old (+18 mo, n=20)

e Young (3 mo, n=8)





OPS/images/fnins-15-704805-g006.jpg
Threshold (dB SPL)

Threshold (dB SPL)

90

h e o
o o Y
60— P i,
® ¢ Y Py
1 sene T
30—
(] | : : |
50 75 100 125 150
N° of cells
90
60
o
. o® o °
-0 @ e oo
30
e oo °
0 l : . .
50 75 100 125 150
N° of cells

Threshold (dB SPL)

Threshold (dB SPL)

90
L L *
® 66 o
604 ...
WS- S SER— e.____*
- * L X 4 *
30
0 1 1 1 1 1
100 150 200 250 300 350
N° of cells
90
60
*
- w0 o *
L e L N Jai . el L L 4
30
*0 ¢ L 24
0 1 I I 1 1
100 150 200 250 300 350

N° of cells





OPS/images/fnins-15-704805-g007.jpg
Amplitude (pV)

Amplitude (pV)

1.5-
[ )
1.0-
° o
R
. ° o ) @ o
0.5 S Ty
: o % o
.o
e °
o
o
0.0 — k ; l
A 75 100 125 150
N° of cells
5.0-
4.0
@
| o
3.0 )
o
2.0 °
..... Q:.
1.0- p ’
° " .00 ) ° [
0.0 l ' : I
A 75 100 125 150

N° of cells

1.5
.
2 1.0-
2 . O
23
2 - . i * .
o054 L S
£ . % * .
*
* ¢
% %
*
0.0 1 ? | | 1
100 150 200 250 300 350
N° of cells
5.0
4.0
% 3.0_ *
= -
5. 2.0 &
£ ¢ & Lo
< | - -"‘."’_
1.04 &7 *
¢ o* ., ¢ %
0.0 1 1 1 1 1
100 150 200 250 300 350

N° of cells





OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-15-704805-g008.jpg
VGLUTI - Young

oid

Yodng

80

*%*

o
<

ealy paureis %

all
[}

old

Young

=)
<

ealy pauleis %

Old
1

Young Old

Young

a1y paulels %

L

]

2.0
0.0

onjel LINTOA / S9avO

old
|

Young Old

Yodng

60
40
20

ealy pauleis %

5
0.0

1

2.0

onjel LINTOA / S9avO





OPS/images/fnins-15-704805-g009.jpg
N° of cells

N° of cells

800
600
——
400-
200+
0 T T
Young Old
80-
60-
1
404
204
0 T T
Young Old

Young (4 m.o.)

Old (19 m.o.)






