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In CBA/CaJ mice, confocal analysis has shown that acoustic overexposure can immediately destroy synapses between auditory-nerve fibers (ANFs) and their peripheral targets, the inner hair cells (IHCs), and that years later, a corresponding number of ANF cell bodies degenerate. In guinea pig, post-exposure disappearance of pre-synaptic ribbons can be equally dramatic, however, post-exposure recovery to near-baseline counts has been reported. Since confocal counts are confounded by thresholding issues, the fall and rise of synaptic ribbon counts could represent “regeneration,” i.e., terminal retraction, re-extension and synaptogenesis, or “recovery,” i.e., down- and subsequent up-regulation of synaptic markers. To clarify, we counted pre-synaptic ribbons, assessed their juxtaposition with post-synaptic receptors, measured the extension of ANF terminals, and quantified the spatial organization and size gradients of these synaptic elements around the hair cell. Present results in guinea pigs exposed as adults (14 months), along with prior results in juveniles (1 month), suggest there is post-exposure neural regeneration in the guinea pig, but not the CBA/CaJ mouse, and that this regenerative capacity extends into adulthood. The results also show, for the first time, that the acute synaptic loss is concentrated on the modiolar side of IHCs, consistent with a selective loss of the high-threshold ANFs with low spontaneous rates. The morphological similarities between the post-exposure neurite extension and synaptogenesis, seen spontaneously in the guinea pig, and in CBA/CaJ only with forced overexpression of neurotrophins, suggest that the key difference may be in the degree of sustained or injury-induced expression of these signaling molecules in the cochlea.
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INTRODUCTION

Most hearing impairment among adult humans, including noise-induced hearing loss, involves damage to either cochlear hair cells or their afferent innervation, the auditory nerve fibers (ANFs). Ultrastructural work in cat and guinea pig in the early 1980’s (Liberman and Mulroy, 1982; Robertson, 1983) showed swelling and rupture of ANF terminals at their synaptic connections with inner hair cells (IHCs) when examined within 24 h of acoustic overexposure. This neural damage could be mimicked in guinea pigs by perfusing the cochlea with glutamate agonists, and it could be partially blocked by perfusion with glutamate antagonists, suggesting neural excitotoxicity at this highly active, glutamatergic synapse (Puel et al., 1998; Ruel et al., 2007). Furthermore, mice with genetic or pharmacologic blockade of glutamatergic neurotransmission showed reduced susceptibility to noise-induced synaptopathy (Kim et al., 2019; Hu et al., 2020).

This acute noise-induced damage was seen after exposures that were completely reversible with respect to cochlear thresholds in animals with longer post-exposure survival. Furthermore, swollen ANF terminals in cats were no longer seen a few days after overexposure, and the synaptic ultrastructure on surviving IHCs appeared normal (Liberman and Mulroy, 1982). These observations suggested that the myelinated peripheral axons of these bipolar neurons (as well as their cell bodies and central axons) survive the loss of their unmyelinated peripheral terminals and can extend new neurites to re-establish synaptic connections with their IHC targets (Ruel et al., 2007).

However, the ultrastructural studies of acute and chronic acoustic injury did not count ANF terminals and/or synapses. Thirty years later, studies in noise-damaged mice used immunostaining for pre- and post-synaptic markers along with confocal imaging to count synapses in large numbers of IHCs before and after noise exposures causing large acute, but ultimately reversible, threshold shifts (Kujawa and Liberman, 2009; Fernandez et al., 2015; Liberman L. D. et al., 2015). These confocal studies showed immediate loss of up to 50% of the synapses between IHCs and ANFs. The loss remained stable from 1 day to 8 weeks post exposure, and when animals survived for 2 years post exposure, loss of ANF cell bodies closely approached the 50% value of synaptic loss seen at day 1 (Kujawa and Liberman, 2009).

The apparent discrepancy between ultrastructural studies in guinea pig and confocal studies in CBA/CaJ mice could be explained as follows: (1) a 50% synaptic loss could have been undetected in random-section ultrastructural studies, and (2) silencing 50% of ANFs would not elevate cochlear electrophysiological thresholds by more than 10 dB (Lobarinas et al., 2013; Bourien et al., 2014), because activity spreads so rapidly along the cochlear spiral as sound pressure is increased. Thus, the acute noise-induced threshold shifts were dominated by outer hair cell (OHC) dysfunction (Darrow et al., 2007), and thresholds recovered because hair cell function recovered. Although the ANF synaptic damage was irreversible, cochlear threshold measures were insensitive to this primary neural degeneration.

Despite this reasonable resolution, a subsequent confocal study suggested that noise-damaged ANF terminals actually do regenerate in guinea pig (Shi et al., 2013). After an exposure that produces massive loss of pre-synaptic ribbons at 1 day post-exposure, ribbon counts return to near-normal levels within a few weeks. Although counting immunostained ribbons is a powerful way to sample large numbers of hair cells, the disappearance and reappearance of immunofluorescent puncta could reflect down- and up-regulation of the pre-synaptic immunomarker rather than degeneration and regeneration of ANF terminal dendrites followed by synaptogenesis. The distinction is critical, especially in the context of designing therapies to elicit neurite extension and synaptogenesis in humans, where the ANF peripheral axon has degenerated although the IHC targets survive (Liu et al., 2015; Wu et al., 2020).

We addressed this with a confocal study of noise-induced synaptopathy in guinea pig by adding immunomarkers for post-synaptic receptors and ANF terminals, and by analyzing the locations and sizes of synaptic complexes around the IHC (Hickman et al., 2020). By showing that the post-exposure repopulation of IHCs with pre-synaptic puncta is accompanied by the appearance of neurites and post-synaptic receptor patches far from their normal locations, we provided evidence for synaptic plasticity as well as post-exposure neurite extension and synaptogenesis in this noise damage model.

However, several key questions remained, including the role of age-at-exposure. Noise vulnerability in mice decreases as animals mature from pre- to post-pubescent (Bock and Saunders, 1977; Henry, 1983; Kujawa and Liberman, 2006), and cochlear regenerative capacity decreases with postnatal age, at least within the first few weeks (Martinez-Monedero et al., 2007; Cox et al., 2014). These age-at-exposure differences can be dramatic: e.g., 40 dB more permanent threshold shift in animals exposed at 6 weeks vs. 16 weeks (Kujawa and Liberman, 2006). Prior guinea pig studies by our group (Hickman et al., 2020) and others (Shi et al., 2013), noise-exposed animals as juveniles, around the onset of puberty, whereas the original mouse work on cochlear synaptopathy (Kujawa and Liberman, 2009) exposed mice as mature post-pubescents (∼16 weeks). The mouse data is further complicated by inter-strain differences. The original work (showing no regenerative capacity) was done in CBA/CaJ, whereas more recent studies in C57BL/6 mice report substantial recovery of ribbon counts in animals exposed at 5–6 weeks (Shi et al., 2015; Kaur et al., 2019) and more limited recovery in ear exposed at 8–12 weeks (Kim et al., 2019). Intriguingly, one of the C57BL/6 studies reports that, while ribbons recovered from an exposure at 6 weeks, they do not after a second exposure at 10 weeks (Luo et al., 2020). Although the role of age vs. repeat-exposure in generating this difference was not explored, the results emphasize the need to clarify the effects of age-at-exposure on the regenerative capacity of the inner ear, which was one aim of the present study.

Another aim was to resolve the discrepancy between physiological and morphological evidence as to the differential vulnerability among ANF functional subgroups. Our 2013 neurophysiological study of single ANFs in synaptopathic guinea pigs (Furman et al., 2013) suggested that ANFs silenced by synaptic loss were predominately those with high thresholds and low spontaneous rates (SRs). However, low-SR ANFs make synaptic contacts exclusively on the “modiolar” side of the IHC (Liberman, 1982), and our prior neurophysiological study of synaptopathic guinea pigs saw no difference in the number of ribbons lost from the two sides of the IHC (Furman et al., 2013). However, both the neurophysiological and histopathological analyses of these noise-exposed guinea pigs were carried out at 3 – 5 wks post exposure and therefore must have been complicated by the ongoing synaptic re-organization during this active regenerative phase. Thus, the present study also evaluated the synaptic architecture acutely post-exposure to look for more clear-cut differences between the damage on the two sides of the IHCs.



MATERIALS AND METHODS


Subjects and Groups

Female Hartley guinea pigs, received from the animal supplier (Elm-Hill Labs) at ages of either 1 month (juveniles) or 14 months (mature), were used in this study. Data from the juveniles included a mix of new subjects and subjects from a prior report (Hickman et al., 2020). After an acclimation of 2 weeks to the animal care facility, animals were placed awake and unrestrained in a wire-mesh cage on a rotating platform within a reverberant chamber and exposed to noise (4–8 kHz, 106 dB SPL, 2 h), designed to induce large threshold shifts with minimal hair cell loss. Animals were allowed to recover for 1 day (mature and juvenile); 1, 4, or 8 weeks (juvenile); or 6 weeks (mature) before cochlear function tests, i.e., CAPs (compound action potentials) and DPOAEs (distortion product otoacoustic emissions), immediately followed by tissue harvest. Mice from the CBA/CaJ strain were exposed awake and unrestrained for 2 h to an octave-band noise (8–16 kHz) at either 8 or 16 weeks of age, at 98 or 100 dB SPL, respectively, and allowed to recover for varying periods before cochlear function tests (DPOAEs and either CAPs or ABRs) immediately followed by tissue harvest.

At the time of cochlear function testing, roughly half of the mature guinea pigs, both control and exposed, showed abnormally high CAP thresholds at frequencies ≤2 kHz, and DPOAE thresholds at such high levels that the responses were indistinguishable from system distortion (Figure 1). Because such a pattern was never observed in the juveniles, and because this pattern strongly suggested the presence of conductive hearing loss, the high-threshold animals were removed from the study. In the final mature dataset, the number of ears were seven controls, 10 at 1-day post exposure, and four at 6-week post exposure. In the final juvenile dataset, the number of ears was 13 in the control group and 6 each in the 1-day, 1-week, 4-week, and 8-week groups, respectively. Unexposed controls were housed with exposed animals of the same age. All procedures were approved by the IACUC of the Massachusetts Eye and Ear and were performed in accordance with the “Guide for Care and Use of Laboratory Animals.”
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FIGURE 1. Animals with exceptionally high DPOAE thresholds at low frequencies were excluded from the study. Thresholds for CAPs (A) and DPOAEs (B) for all the animals tested are coded for experimental group, as indicated in the key, and separated into two non-overlapping groups (dashed vs. solid curves) according to their DPOAE thresholds near 2 kHz. DPOAE thresholds at and above 75 dB SPL are indicated as “system distortion,” because DPOAEs were generated in a passive coupler when the intensity of the primaries reached this level. Group sizes before case exclusion were: control n = 14 ears of 7 animals, 1 day n = 14 ears of 7 animals, 6 weeks n = 8 ears of 4 animals.




Cochlear Function

Cochlear function tests were carried out in an electrically shielded and sound-attenuating chamber, maintained at 32°C. Animals were deeply anesthetized with ketamine (100 mg/kg) and xylazine (8 mg/kg). Acoustic stimuli were delivered through a closed acoustic system, consisting of two sound sources (CDMG15008- 03A, CUI) and an electret condenser microphone (FG-23329-PO7, Knowles) as an in-dwelling probe microphone. Stimuli for CAPs were 4-msec tone pips (0.5 ms rise-fall, 19/s repetition rate). CAP responses were recorded with a silver-ball electrode on the round window, referred to a ground in the neck muscle near the vertex. Threshold was defined as the sound level, at each frequency, required to produce a response of 10 μV peak to peak, as determined by a computer-driven algorithm. DPOAEs were recorded in response to a pair of pure tones (f1 and f2), in a frequency ratio (f2/f1) of 1.2, and a level separation of 10 dB (f1 level > f2 level). DPOAE threshold was defined as the level of f2 required to produce a distortion product in the ear canal of 0 dB SPL, as determined by interpolation between 5 dB level steps at each f2 frequency.



Tissue Fixation, Immunostaining and Image Acquisition

Animals were deeply anesthetized with fatal-plus solution (300 mg/kg pentobarbital sodium), and then tissues were fixed by intravascular perfusion of 4% paraformaldehyde following a saline wash-out; cochleae were flushed through the scalae with the same fix and then post-fixed for 2 h, decalcified for 2–3 weeks in 0.12 M EDTA, and dissected into pieces, each containing a fraction of the sensory epithelium. Tissue was permeabilized by freezing on dry ice in 30% sucrose and blocked for 1 h at 22°C in PBS with 1% Triton X + 5% normal horse serum. Tissue was then incubated overnight at 37°C in the following primary antibodies, diluted in 1% normal horse serum and 1% Triton X in PBS: (1) mouse isotype IgG1 anti-C-terminal binding protein 2 (CtBP2, 1:50, BD Transduction Laboratories #612044), (2) mouse isotype IgG2a anti-glutamate receptor 2 (GluA2, 1:1000, Millipore #MAB397), (3) rabbit anti-myosin VIIa (Myo7a, 1:100, Proteus BioSciences #25–6790), and (4) mouse anti-neurofilament H (NFH, 1:500, Millipore #AB5539). After washing in PBS, the tissue was incubated twice for 1 h each in the following secondaries, diluted in 1% normal horse serum and 1% Triton X in PBS: (1) Alexa Fluor 568 goat anti-mouse IgG1 (1:1000, Thermo Fisher #A21124), (2) Alexa Fluor 488 goat anti-mouse IgG2a (1:500, Thermo Fisher #A21131), (3) Pacific Blue goat anti-rabbit (1:200, Thermo Fisher P10994), and (4) Alexa Fluor 647 goat anti-chicken (1:200, Thermo Fisher #A21449).

Low-power images of the myosin channel in each microdissected piece were obtained with a 10x objective (N.A. 0.4) on a Leica DM5500 epifluorescence microscope at sufficient magnification to count hair cells. Cytocochleograms were constructed from these images by tracing the cochlear spiral and superimposing hash marks at each 2% length increment using a custom ImageJ plugin (Hickman et al., 2018). Frequency correlates were assigned based on the cochlear frequency map for guinea pig (Tsuji and Liberman, 1997) or mouse (Taberner and Liberman, 2005), and the organ of Corti was imaged at half- to one-octave intervals with a Leica confocal microscope using a 63× glycerol immersion objective (N.A. 1.3). At each of the desired locations (11 cochlear regions at log-spaced intervals from 0.5 to 45.2 kHz for guinea pig, and 8 cochlear regions from 5.6 to 64 kHz in mouse), in each case, two adjacent microscopic fields (∼10 IHCs per field) were imaged with a 4-channel z-stack spanning the height of the hair cells to faithfully capture all synaptic puncta in that region of interest (1024 pixels × 512 pixels in x and y, at roughly 80 nm per pixel with z- spacing at 0.33 μm per slice).



Image Analysis

The numbers and volumes of ribbons were analyzed with Amira software (v 6.4, Visage Imaging) using the connected components feature to automate the identification of puncta in three-dimensional space, and the notation of their locations, sizes and numbers. The pairing of pre-synaptic ribbons with post-synaptic receptors and/or auditory nerve terminals was assessed with custom C++ software that re-projected the voxel space immediately around each ribbon (i.e., within 1 micron) as an array of thumbnail images, from which an observer can evaluate the post-synaptic staining around each ribbon: see Figure 3 in a prior report (Liberman et al., 2011) for further details. The x-, y-, z- coordinates of ribbons in each z-stack were transformed into a coordinate system based on the modiolar-pillar polarity of the IHCs, using a custom LabVIEW program. This program required user input only to define the line bisecting the subnuclear portion of the IHCs into pillar vs. modiolar halves, as seen in the maximum zy projection of each z-stack. This bisector became the transformed y-axis; an x-axis was created perpendicular to it, and was placed such that the ribbons farthest from the cuticular plate were at y = 0. This manual operation was performed by an observer blinded to the exposure-group/survival-time information on each ear.



Statistics

Statistical analyses were made using Graphpad Prism v8. Each animal was considered a replicate for statistical purposes. For intergroup comparisons of metrics obtained at multiple frequencies or cochlear regions, 2-way ANOVAs were adjusted for missing values with Prism’s mixed-effects-model that calculates a compound symmetry covariance matrix, fitted using restricted maximum likelihood. This method accounts for rare, random missing values. Within the mixed-effects-model, fixed effects were defined as frequency and recovery time, while random effects were defined as subjects (animals) and residuals. The Geisser–Greenhouse correction method was used to account for unequal variance between repeated measures, and D’Agostino–Pearson’s omnibus K2 normality tests were used to verify the normality of the data. 2-way ANOVA post hoc multiple comparisons were calculated using the Holm–Sidak multiple comparisons method. When comparing across three groups, a Brown–Forsythe and Welch ANOVA test was performed without assuming equal standard deviations, and post hoc multiple comparisons were made using Dunnett’s T3 multiple comparisons test. A non-parametric two-tailed Mann-Whitney test was used to calculate pairwise comparisons.



Data Availability

The datasets generated and analyzed in this study are available from the corresponding author on request.




RESULTS


Threshold Shifts and Hair Cell Loss

Cochlear function was assessed by recording CAPs via a round-window electrode and DPOAEs via an ear-canal sound-pressure monitor. As summarized in Figure 2, the absolute thresholds in control ears showed the expected U-shaped pattern, with maximum sensitivity between 8 and 22.6 kHz, depending on group and test. Both DPOAE and/or CAP threshold functions showed small (mean ≤ 10 dB), but significant threshold elevations in the mature ears (aged 1.3 years), at low (≤4 kHz, CAP: group p = 0.0055, DPOAE group: p = 0.0003) and high (>4 kHz, CAP group: p = 0.040, DPOAE group p = 0.34) frequencies, compared to similar measures from juveniles (aged ∼1 month).
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FIGURE 2. Pre-exposure thresholds were slightly higher in mature animals than in juveniles (A–D), but IHC synaptic counts were statistically indistinguishable (E,F; group p = 0.48). Threshold data are shown for CAPs (A,B) and for DPOAEs (C,D). Each metric is plotted for individual animals (B,D,F) and as group means ± SEMs (A,C,E). Group sizes for (A–D) were: mature control n = 7 ears of 4 animals, juvenile control n = 8 ears of 4 animals. Group sizes for (E–F) were: mature control n = 7 ears of 4 animals, juvenile control n = 13 ears of 7 animals. Juvenile synapse data (E–F) are from a prior study (Hickman et al., 2020).


As in prior studies, the noise exposure we used to induce cochlear synaptopathy was designed to produce a severe, but ultimately reversible, elevation of cochlear thresholds in the basal half of the cochlea. When measured 1 day post exposure, this 4–8 kHz octave-band noise produced peak threshold elevations near 22.6 kHz ranging, across animals, from 18 to 49 dB, by CAP, and from 8 to 35 dB when measured by DPOAEs (Figure 3). The interanimal differences in severity of threshold elevation scaled similarly in both CAP and DPOAE measures (data not shown).
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FIGURE 3. Acute threshold shifts, measured 1 day post exposure, were smaller in mature guinea pigs than in the juvenile animals from a prior report (Hickman et al., 2020). Threshold shifts are measured re mean control data for the same age group (see Figure 2). Data are shown for CAPs (A,B) and for DPOAEs (C,D), and each metric is plotted for individual animals (B,D) and as group means ± SEMs (A,C). The gray bar indicates the passband of the noise exposure used to create synaptopathy. Group sizes were: mature control n = 7 ears of 4 animals, juvenile control n = 14 ears of 7 animals, mature 1 day n = 10 ears of 5 animals, juvenile 1 day n = 5 ears of 3 animals.


The magnitude of the acute threshold elevations was significantly smaller in the mature animals than those seen after identical exposures in juveniles (Figure 3; CAP group: p = 0.0018, group × frequency: p < 0.0001; DPOAE group: p = 0.0006, group × frequency: p < 0.0001). The threshold shifts in the juveniles peaked at a lower frequency (16 vs. 22 kHz) and signs of acute damage spread to significantly lower frequency regions (2 kHz vs. 8 kHz). Enhanced noise vulnerability in immature animals has also been reported in mice (Kujawa and Liberman, 2006).

When mature animals were allowed to survive for 6 weeks post exposure, thresholds had returned to control values at all frequencies (Figure 4), even at 22.6 kHz where the acute threshold shifts were maximal. The apparent improvement of low-frequency thresholds arises because each exposed group is compared to its age-matched controls. In fact, the mean low-frequency thresholds (1–8 kHz) in the exposed-recovered mature animals are nearly identical to those in juvenile controls (mean difference = 1 dB). We suspect that this reflects a subtle manifestation of the low-frequency threshold issues we encountered in these mature ears (Figure 1).
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FIGURE 4. Chronic threshold shifts, measured 6 weeks post exposure, were smaller in the mature guinea pigs than in juveniles from a prior report (Hickman et al., 2020). Threshold shifts are measured re the mean control data for the same age group (see Figure 2). Data are shown for CAPs (A,B) and for DPOAEs (C,D), and each metric is plotted for individual animals (B,D) and as group means ± SEMs (A,C). The gray bar indicates the passband of the noise exposure used to create synaptopathy. Group sizes were: mature control n = 7 ears of 4 animals, juvenile control n = 14 ears of 7 animals, mature 6 weeks n = 4 ears of 2 animals, juvenile 8 weeks n = 6 ears of 3 animals.


As expected, based on the complete threshold recovery in the affected high-frequency cochlear regions, there was no significant loss of either IHCs or OHCs in the exposed ears (Figure 5). This differs from the noise-induced hair cell loss in the juvenile animals, where 25% (3/12) of the ears showed focal losses >48% of IHCs and ≥70% OHCs in the high-frequency regions, a phenomenon never observed in unexposed controls (Figure 5). Unexpectedly, there was a small (4.1%) but significant (Mann–Whitney p = 0.0006) increase in OHC loss in the apical half of the cochlea in the unexposed mature ears re the juvenile controls, even though our mature animals, at 1.3 years, had only aged to 25% of the 5-year mean lifespan for the laboratory guinea pig (Quesenberry and Donnelly, 2005).
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FIGURE 5. Mature controls show more baseline OHC loss than juveniles in the apical cochlea (B), but, in the mature ears, noise exposure did not cause any further loss of either IHCs (A) or OHCs (B). Data are shown both as mean values (±SEMs; thick lines), and individual cases (thin lines): both are binned in 2% increments of cochlear location. Data from juvenile animals are from a prior study (Hickman et al., 2020). Group sizes were: mature control n = 5 ears of 4 animals, juvenile control n = 6 ears of 5 animals, mature 6 weeks n = 4 ears of 2 animals, juvenile 1 weeks n = 6 ears of 5 animals, juvenile 4 weeks n = 6 ears of 3 animals.




Loss and Recovery of IHC Synapses

Each auditory nerve fiber (ANF) contacts a single IHC via a single terminal swelling, forming a single synaptic plaque consisting of apposed pre- and post-synaptic active zones along with one, or (rarely) two closely spaced pre-synaptic ribbon(s) (Liberman, 1980, 1982; Liberman et al., 1990, 2011). Thus, accurate counts of the number of ANFs contacting each IHC can be obtained by immunostaining for CtBP2, a major protein in the pre-synaptic ribbon (Schmitz, 2009), and GluA2, a major AMPA receptor subunit in the post-synaptic active zone (Matsubara et al., 1996).

The CtBP2 staining is typically robust enough (Figure 6) that ribbon counts can be mostly automated. The assessment of pairing between pre- and post-synaptic puncta is then facilitated by post-processing software that re-projects the 3D voxel space around each ribbon (e.g., insets to Figures 6A,B) and displays the ribbon set from each confocal stack as a thumbnail array, that can be ordered, for example, according to the overall intensity of the signal in the GluA2 channel (Liberman et al., 2011). Visual inspection of these thumbnails reveals any “orphan” ribbons, i.e., those unpaired with post-synaptic puncta: compare insets in Figures 6A,B.
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FIGURE 6. Confocal projections show the loss and recovery of synaptic ribbons after noise exposure. (A,B) Maximum projections from the 22.6 Hz area of nine adjacent IHCs from a control ear (A) and an exposed ear at 1 day post noise (B). Only the CtBP2 and myosin 7a channels are shown, for clarity. Insets in each panel show nine selected ribbons from the respective z-stack, with only CtBP2 and GluA2 channels visible: arrowheads in (B) show tiny remnants of GluA2 signal in the 1-day post-exposure ear. (C–E) Reprojections of the z-stacks into the zy plane. Panels (C,D) are reprojections of (A,B), respectively; (E) is from an ear 6 weeks post noise. Panel (D) also shows the axis transformation used to superimpose data on ribbon position and size across multiple cases (see Figure 8). Scale bar in (B) also applies to (A); axis scales in (D) are in microns and also apply to (C,E).


In the normal guinea pig cochlea, the number of synapses, i.e., closely paired CtBP2/GluA2-positive puncta, varies between 10 and 20 per IHC, depending on cochlear location, peaking at the region tuned to 11.3 kHz (Figures 2E,F). When examined 1 day after noise exposure, there is dramatic loss of synapses in the basal half of the cochlea. Normalizing to the control counts shows that the synapse loss peaks, on average, in the region between the 22.6 and 32-kHz loci (Figure 7A). Examination of the individual-case traces shows that the loss is sometimes restricted to regions close to the 22.6-kHz place, whereas in other cases the loss extends as far apical as the 4-kHz place, i.e., to the low-frequency edge of the exposure band (Figure 7B). The acute loss of ribbons is less than the loss of synapses, because 1 day post exposure there are numerous orphan ribbons (Figures 7C,D), a phenomenon that is extremely uncommon in juvenile or mature control ears. For example, in the case illustrated in Figures 6B,D, none of the surviving ribbons was paired with robust GluA2 immunoreactivity, and the set of ribbons selected for the inset comprises those with the strongest GluA2 signal.
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FIGURE 7. Post-exposure synapse loss and recovery are similar in juvenile and mature ears, although the acute loss is smaller in the mature cases. Panels (A,B) show loss of synapses, i.e., closely apposed CtBP2/GluA2 puncta, expressed re mean values from the appropriate unexposed control group. Panels (C,D) show orphan ribbon counts per IHC, i.e., CtBP2 puncta unpaired with a post-synaptic GluA2 patch. Data are shown for individual animals (B,D) and as group means ± SEMs (A,C). Data from juvenile animals are from a prior study (Hickman et al., 2020). Group sizes were: mature control, n = 7 ears of 4 animals; juvenile control, n = 13 ears of 7 animals; mature 1 day, n = 8 ears of 5 animals; juvenile 1 day, n = 6 ears of 3 animals; mature 6 week, n = 4 ears of 2 animals; and juvenile 8 weeks, n = 6 ears of 3 animals. The inset to (B) shows the synaptic loss for each z-stack sampled in each mature ear at its region of peak loss. ****p < 0.0001 and **p = 0.003 by Dunnett’s T3 multiple comparisons test, comparing peak synaptopathy per animal.


In other animals allowed to survive for 6 weeks post exposure, there is a dramatic recovery in the synapse counts, e.g., from a mean loss at 32 kHz of 73% on day 1 to a mean loss of only 13% at 6 weeks. The pattern and, to a lesser extent, degree of the synaptic loss and recovery in the present study of mature guinea pigs is similar to that seen in our prior study of juveniles (Hickman et al., 2020), as can be seen in Figure 7.

Whereas, in the juveniles, the acute synaptic loss was similar (80–90%) across basal-turn sampling regions from 11.3 to 32 kHz, the loss in mature ears was patchy: each ear showed peak loss near 90%, but the peaks were at different basal-turn locations. The peak values from each case are plotted, by group, in the inset to Figure 7B: the differences between control and acute (1 day) and between acute and chronic (6 weeks) are each highly significant (p < 0.0001 and p = 0.0028, respectively, by Dunnett’s T3 multiple comparisons test), whereas the differences between control and chronic are not (p = 0.14), indicating virtually full recovery of synaptic counts.



Noise-Induced Changes in Synaptic Morphology and Spatial Organization

Single-fiber labeling experiments showed, decades ago, that ANF synapses are morphologically polarized around the IHC circumference such that most fibers with low thresholds and high spontaneous rates (SRs) are found on the side of the IHC closer to the pillar cells, whereas most of those with low SR and high thresholds are found opposite, on the modiolar side (Liberman, 1982; Tsuji and Liberman, 1997). This morphological polarization is easily seen in yz projections of confocal z-stacks (e.g., Figures 6C,E), because the pre-synaptic ribbons associated with low-SR (modiolar) synapses are larger than high-SR pillar-side synapses (Merchan-Perez and Liberman, 1996). The ribbon-size gradient is also obvious in the quantitative analyses in Figure 8, where we have pooled ribbon-size data from a large number of cases by defining a coordinate system aligned to the IHC row in each z-stack (Figure 6D). The synaptic puncta in the control ears are almost exclusively restricted to the basalmost 1/4 of the flask-shaped IHCs, and there is a clear gradient at all CF regions wherein larger ribbons are found on the modiolar side and smaller ribbons toward the pillar side of the IHCs.
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FIGURE 8. The normal ribbon-size gradient in IHCs is severely disrupted 1 day post noise, but has largely recovered 6 weeks later. Panels are organized into columns by cochlear frequency, and into rows by post-exposure time, as indicated. The locations of synaptic ribbons are shown along hair-cell-relative axes (see Figure 6D and dashed outline of 16 kHz controls for orientation): ribbon size is indicated by color and symbol size, as indicated in the key: size is normalized to the median value in each confocal z-stack. Each panel includes data from 2 image stacks (averaging 9.7 IHCs per stack – see Figures 6A,B) at each cochlear location from each ear. Data from 4 ears from 4 animals in control and 1-day group, and 4 ears from 2 animals in the 6-weeks-post-exposure group.


The pooled data in Figure 8 also show the noise-induced disruption of the spatial organization of the ribbons and of the ribbon-size gradient at 1 day post exposure, especially at 22.6 kHz, the peak damage region, and the re-establishment of normal ribbon locations and a more normal gradient 6 weeks later. One day post exposure, many pre-synaptic puncta appear farther from the basolateral tip of the IHCs than in normal ears. As suggested by the confocal images in Figure 6, and as shown more rigorously in Figure 9, many of those migrated ribbons are orphans, i.e., no longer paired with post-synaptic GluA2 patches. This migration reverses, and the post-synaptic puncta reappear as the ear recovers. These patterns are similar to those seen in juvenile guinea pigs (Hickman et al., 2020).


[image: image]

FIGURE 9. At 1 day post-exposure, many of the ribbons abnormally distant from the IHC habenular pole are unpaired with post-synaptic GluA2 patches, especially on the modiolar side of the IHC. Insets in each panel show the mean percentage of synapses (±SEMs) on the pillar vs. modiolar sides of the IHCs across all cases from the relevant group. Data are from 4 ears from 4 animals in control and 1-day groups, and 4 ears from 2 animals in the 6-weeks group. Two ears in the 1 day post exposure group that showed little synaptopathy at 22 kHz were identified as outliers (ROUT method Q = 1%), and were not included in this figure, but were included in all other figures displaying 1-day data.


The synaptic disruption is more intense on the modiolar side of the IHC (Figure 9), as expected if the noise-induced damage is biased toward ANFs with low SRs (Furman et al., 2013). Although the percentage of ribbons on modiolar vs. pillar sides is unaffected by exposure at either 1 day or 6 weeks post (Figure 10A), the percentage of modiolar synapses is reduced at 1 day post exposure, as seen in the histogram insets to each panel in Figure 9. These differences in modiolar-pillar synapse distributions between both control and 6 weeks post exposure vs. 1 day post exposure are each statistically significant (p ≤ 0.046 by Dunnett’s T3 multiple comparisons test), whereas those between control and 6 weeks post are not (p = 0.83). The changes are consistent with the idea that the synaptopathy is focused primarily on post-synaptic elements, and particularly on the terminals of low-SR ANFs.


[image: image]

FIGURE 10. The modiolar-pillar ratio of ribbon counts is unaffected by noise exposure (A), but the ribbon gradient is reduced 6 weeks after noise exposure (B). Data are means (±SEMs) as extracted from the following group sizes: control n = 7 ears of 4 animals, 1 day n = 8 ears of 5 animals, 6 weeks n = 4 ears of 2 animals.


The decreasing percentage of modiolar ribbons with increasing cochlear frequency in all groups (Figure 10A) reflects the “clockwise” migration of the synaptic-contact cloud around the IHC basolateral pole, visible in the frequency-based progression of ensemble zy projections in Figure 8. Alterations in ribbon sizes (Figure 10B) suggest there are synaptic pathologies at locations apical to the regions with obvious ribbon loss. At 6 weeks post exposure, mean size is reduced by 15% on the modiolar side for frequencies ≤5.6 kHz (group p = 0.21). The size increase at high frequencies on the pillar side further weakens the normal modiolar-pillar size gradient in the frankly synaptopathic region (>8 kHz) and shows that morphological recovery of synapses is incomplete at 6 weeks. At 1 day post exposure, ribbons show a frequency-dependent size reduction (apex) and elevation (base) on both sides of the IHCs (Figure 10B, frequency × group p ≤ 0.0047).




DISCUSSION


Synaptic Loss and Recovery in Different Mammalian Models

The phenomenon of cochlear synaptopathy, i.e., the degeneration of ANF synaptic contacts on surviving IHCs, has now been documented in numerous mammalian species, including mouse (Kujawa and Liberman, 2009; Liberman L. D. et al., 2015), rat (Bauer et al., 2007), guinea pig (Lin et al., 2011; Shi et al., 2013; Hickman et al., 2020), chinchilla (Hickox et al., 2017), gerbil (Gleich et al., 2016), rhesus monkey (Valero et al., 2017), and human (Viana et al., 2015; Wu et al., 2020). This primary neural degeneration has been observed in response to continuous noise exposures (Kujawa and Liberman, 2009), impulse noise exposures in chinchillas (Hickman et al., 2018), certain ototoxic drugs in humans and mice (Hinojosa and Lerner, 1987; Ruan et al., 2014) and simple aging of the ear in mice, gerbils, and humans (Sergeyenko et al., 2013; Gleich et al., 2016; Wu et al., 2020). In humans, it may be exacerbated by conditions such as Ménière’s disease (Nadol, 1988), and in mouse it can be brought on by chronic conductive hearing loss (Liberman M. C. et al., 2015). Noise-induced synaptic loss can be dramatic, e.g., as much as 50% in mouse (Kujawa and Liberman, 2009), even in cases where there has been no loss of hair cells, and no permanent threshold elevations. In rhesus macaques it can be even greater, with peak synapse losses averaging 75% in cases where the noise damage is severe enough to cause massive OHC loss and thus a significant permanent threshold shift (Valero et al., 2017). In the normal-aging human, the loss of ANF peripheral axons, which can occur subsequent to loss of the synaptic terminals in the organ of Corti, can also be dramatic, e.g., as great as 70% in aged individuals despite survival of virtually all the IHCs (Wu et al., 2019).

The data from older humans, gerbils and mice show that, at least in the “normal-aging” ear, synaptopathy is, to some extent, irreversible (Sergeyenko et al., 2013; Gleich et al., 2016; Wu et al., 2019), although there may be an ongoing balance between synaptic degeneration and regeneration. Likewise, in the noise-exposed rhesus ear, massive IHC synaptic loss has been observed as long as 8 months post exposure (Valero et al., 2017), thus whatever balance exists between ongoing degeneration and regeneration, it must bias toward degeneration.

Guinea pig studies from the Wang laboratory were the first to suggest, based on ribbon counts, that there might be significant post-exposure regeneration of noise-damaged synapses, by 1 month post exposure (Shi et al., 2013). In prior mouse work, we studied the development and possible recovery from noise-induced synaptopathy over an extended time course. We used CBA/CaJ mice, since this inbred strain shows minimal age-related threshold shift until late in life (Zheng et al., 1999; Sergeyenko et al., 2013). We varied age-at-exposure, since mice show larger noise-induced threshold shifts (and hair cell damage) when exposed as juveniles vs. adults (Henry, 1983; Kujawa and Liberman, 2006), and in vitro studies show a reduction of cochlear neural regeneration with increasing age after drug-induced synaptic destruction (Green et al., 2012). Specifically, we studied (1) animals exposed at 6–8 wks and then followed from 0 h to 16 months post exposure (Jensen et al., 2015; Liberman L. D. et al., 2015) and (2) animals exposed at 16 weeks and followed for up to 2 years post exposure (Kujawa and Liberman, 2009; Fernandez et al., 2015). Neither group showed appreciable recovery of the noise-induced synaptic loss (Figure 11A). The synaptopathy was fully manifest immediately after the termination of the 2-h noise exposure (Liberman L. D. et al., 2015). There was no recovery of synaptic counts at longer post-exposure times, and, at the longest post-exposure survival times, the fractional loss of spiral ganglion cells, the cell bodies of the ANFs, closely approaches the fractional loss of synapses observed immediately post exposure (Kujawa and Liberman, 2009). The simplest interpretation of this close correspondence is that there is no ongoing regenerative process in this mouse model.
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FIGURE 11. Noise-induced synaptic loss is effectively irreversible in CBA/CaJ mouse (A), whereas there is significant post-exposure recovery in both juvenile and mature guinea pigs (B). Data in (A) are replotted from prior publications in which mice were exposed for 2 h at either 8 weeks (juvenile) or 16 weeks (mature) to the octave-band noise at either 98 or 100 dB, respectively (Kujawa and Liberman, 2009; Fernandez et al., 2015; Liberman L. D. et al., 2015). Data from juvenile guinea pigs are from a prior report (Hickman et al., 2020). Data from mature guinea pigs are from the present report.


In contrast, other mouse studies (Shi et al., 2015; Kaur et al., 2019) have reported significant post-exposure synaptic recovery in C57BL/6, an inbred strain often used because of the availability targeted genetic manipulations or because wildtype animals show an early-onset, age-related hearing loss (Henry and Chole, 1980). However, the ears in these C57BL/6 synaptopathy studies were exposed as juveniles (5–6 weeks), as were the guinea pigs in the first report of synaptic regeneration (Shi et al., 2013) and in our prior study (Figure 11B; Hickman et al., 2020). Intriguingly, a third study of noise-induced synaptopathy in C57BL/6 mice reports almost complete recovery of synaptic counts after a noise exposure at 6 weeks of age, but virtually no recovery in mice exposed once at 6 weeks and then again at 10 weeks (Luo et al., 2020). Although the authors attribute the difference to the effects of repeated exposure, the confound of age-at-exposure was unresolved.

Uncovering the reason(s) for the differences in post-exposure synaptic recovery is important to our understanding of the mechanisms underlying the generation and progression of cochlear synaptopathy, and to the possible development of therapeutic approaches to prevent or reverse it in humans (e.g., Suzuki et al., 2016). Thus, a major aim of the present study was to compare synaptic regeneration in juvenile vs. mature animals. The present results suggest that differences in regenerative capacity are not directly attributable to a difference in age-at-exposure.



Degeneration and Regeneration vs. Down- and Up-Regulation of Synaptic Proteins

Although examining the role of age does not exhaust the list of possible reasons for the discrepant outcomes re post-exposure synaptic recovery, it strengthens the suggestion that there are important interspecies or interstrain differences in the inherent regenerative capacity of cochlear neurons, even in adult ears. However, there is a fundamental confound in the interpretation of confocal images that also needs to be considered. Disappearance and reappearance of immunostaining, e.g., for pre- and post-synaptic puncta, is not unambiguous evidence for degeneration and regeneration of synapses or synaptic terminals. As illustrated in the high-power insets to Figure 6, careful examination of noise-exposed tissue commonly reveals extremely faint synaptic puncta that would be missed at lower power or with immunostaining protocols that produce lower signal-to-noise ratios. These images suggest downregulation of GluA2 protein expression at many synapses, rather than a frank loss of post-synaptic terminals. Such an inference is consistent with prior reports, using totally different methodology, suggesting that glutamate receptors at the ANF/IHC synapse are transiently internalized during an acoustic overexposure (Chen et al., 2007). The further observation that orphan ribbons are rare both in controls and by 4–6 weeks post exposure (Figure 7C; Hickman et al., 2020) suggests that many orphan ribbons at 1 day post exposure could reflect intact synaptic contacts that express extremely low numbers of glutamate receptors. The same caveat applies to the ribbon counts. CtBP2 expression is reduced post exposure such that mean ribbon volume falls even outside the main synaptopathic zone (Figure 10B). Thus, within the damage focus, CtBP2 expression in smaller ribbons could fall below the threshold for detection, depending entirely on the robustness of the immunostaining protocols.

Thus, the reduction and subsequent recovery of synaptic counts from ≤1 day to several weeks following exposure, per se, is not evidence for degeneration/regeneration of synaptic terminals and true synaptogenesis. There is a fundamental distinction between a scenario where terminals die back, resprout and reform synapses with the IHCs vs. an alternate scenario in which there is simply down- and subsequent up-regulation of synaptic proteins. This distinction is critical in the context of designing therapies for cochlear synaptopathy. To address this inherent limitation of confocal imaging, we supplemented our ribbon counts with (1) analysis of the pairing between pre- and post-synaptic puncta, and (2) a mapping procedure to reveal the spatial distribution of these orphaned and paired puncta around the IHC soma. These analyses clearly showed the synaptic machinery to be dynamic, even in the fully developed ear. In both juvenile and mature ears, ribbons and synaptic complexes must either migrate to, or regenerate at, locations quite distant from their normal mature positions lining the basolateral pole of the IHC (Figure 8).

To gain further insight into the nature of the recovery process occurring after synaptopathic noise, in our prior study of juvenile guinea pigs, we added a fourth immunomarker, i.e., for neurofilament, to assess the loss and/or recovery of ANF terminals in close apposition to the pre- and post-synaptic puncta at various positions around the IHC basolateral surface. As illustrated by the confocal projections in Figure 12, many of the “displaced” synaptic puncta at positions close to the IHC cuticular plate are close to NF-positive terminals that extend much higher up the IHC membrane than in the normal ear. Furthermore, these putative ANF extensions contain significantly more neurofilament immunoreactivity, a possible marker of outgrowing neurites. Such thickened and elongated ANF terminals do not appear spontaneously in the noise-exposed CBA/CaJ mouse (Figure 12E), which also shows minimal recovery of synaptic counts post exposure, but are present in great numbers in mice pre-treated with a virus that elicits overexpression of the neurotrophin NT3 in IHCs (Figure 12F) and enhances synaptic recovery post exposure (Hashimoto et al., 2019).


[image: image]

FIGURE 12. The neurite extension seen spontaneously in the noise-exposed guinea pig (B) has a similar morphology to the neurite extension seen in mouse ears treated with virally mediated NT3 overexpression, both exposed (F) and unexposed (not shown). Panels (A–C) are from the 22.6 kHz region and are taken from a prior study of noise-induced synaptopathy in juvenile guinea pigs (Hickman et al., 2020). Panels (D–F) are from the 32 kHz region and are taken from a prior study of noise-induced synaptopathy in CBA/CaJ mice pre-treated with AAV virus particles carrying an NT3 gene sequence (Hashimoto et al., 2019). Panels (A,D) are from unexposed controls; panels (B,C,E,F) are from exposed animals at the survival times indicated. All images are zy projections of confocal z-stacks, all very similar in xy field of view to the projections shown in Figures 6A,B.


Neurotrophins such as NT3 and BDNF are key to neuronal survival in the adult inner ear (Stankovic et al., 2004). NT3, which is especially critical for ANFs, is expressed by neonatal IHCs and their surrounding supporting cells, and its expression levels fall steadily from apex to base and with increasing age (Sugawara et al., 2007). Endogenous neurotrophin expression in adulthood or post injury could be a key determinant of the degree of synaptic recovery after noise, and there could be important differences between guinea pig and mouse, and/or between CBA/CaJ and C57BL/6 mice. If the slow age-related NT3 decline seen in CBA/CaJ is recapitulated in humans, it could be a major driver of the slow age-related decline in ANF survival observed in the absence of significant IHC loss (Wu et al., 2019).



Selective Low-SR Fiber Loss and the Modiolar/Pillar Gradients in Synaptic Morphology

In a prior study of juvenile guinea pigs studied 3–6 weeks after an identical acoustic overexposure to that used here, ANF responses of surviving ANFs were normal in threshold, tuning, and a variety of suprathreshold response measures (Furman et al., 2013). Sampling statistics suggested a selective loss of fibers with low SRs and high thresholds. Since these low-SR fibers are particularly important in extending the dynamic range of the auditory periphery and in maintaining AN response to signals in the presence of masking noise (Costalupes et al., 1984), the idea that acoustic trauma selectively eliminates the low-SR fibers would help explain why many with noise-induced hearing loss have particular problems understanding speech in difficult listening environments (Gordon-Salant and Cole, 2016).

In prior studies, the morphological analyses of synaptopathy failed to find damage patterns consistent with the selective loss of low-SR fibers (Furman et al., 2013; Hickman et al., 2020). Single-fiber labeling studies have shown that low-SR fibers preferentially contact the modiolar side of the IHCs, where they form synapses with larger pre-synaptic ribbons than those opposite the high-SR fibers on the pillar side of the IHC (Merchan-Perez and Liberman, 1996; Tsuji and Liberman, 1997). Thus, the distinction between modiolar- and pillar-side synapses as well as the normal ribbon-size gradient in confocal zy projections (e.g., Figures 6C,E) are robust morphological markers of this important functional distinction among ANFs. Prior studies reported reduced synaptic counts, but restricted their spatial analyses of modiolar-pillar distinctions to consideration of ribbon counts and sizes. With respect to these pre-synaptic elements, prior studies agree that ribbons become larger in the synaptopathic region, as shown here in Figure 10 for both modiolar -and pillar-side ribbons, however, there was no compelling evidence that the noise-induced loss was greater on the modiolar side. The spatial analysis of synaptic puncta before and after exposure presented here, and the preferential reduction in the numbers of modiolar-side synapses it revealed (Figure 9) represents the most definitive morphological corroboration to date of the idea that noise exposure chiefly targets ANFs with low-SRs and high thresholds. One key insight appears to be that the post-synaptic disruption is more extensive than the pre-synaptic disruption. The second is the revelation that synapses are migrating and reforming in first few weeks post exposure. This can explain why the initial single-fiber study failed to find clear-cut morphological evidence for a polarization of damage around the IHC circumference, given that all the histopathology was performed at least 3 weeks post exposure.

Other morphological characteristics of the low-SR fibers include their smaller caliber and lower mitochondrial content (Liberman, 1980); the latter may contribute to their vulnerability to noise, given that the noise-induced synaptopathy is thought to arise from glutamate excitotoxicity and the excess Ca2+ entry it allows (Hu et al., 2020), and mitochondria are a key source of intracellular Ca2+ buffering (Szydlowska and Tymianski, 2010). The lack of complete morphological recovery of the architecture of surviving synapses, as seen in the confocal data extracted from thousands of synaptic puncta (Figure 10B), suggests that more careful physiological analysis of larger numbers of ANF might reveal subtler pathophysiologies in the neurons surviving after these severe, but ultimately reversible noise-induced threshold shifts.




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 IACUC of the Massachusetts Eye and Ear.



AUTHOR CONTRIBUTIONS

TH and MCL designed the experiments. TH and KH acquired the physiological data. LL designed and performed the immunostaining protocols. TH, KH, and MCL acquired the confocal data. All authors participated in the data analysis. MCL and TH wrote the manuscript, and all other authors edited it.



FUNDING

Research supported by grants from the NIDCD (R01 DC 00188), from the Novo Nordisk Foundation, and with a generous gift from Tom and Helene Lauer.



REFERENCES

Bauer, C. A., Brozoski, T. J., and Myers, K. (2007). Primary afferent dendrite degeneration as a cause of tinnitus. J. Neurosci. Res. 85, 1489–1498. doi: 10.1002/jnr.21259

Bock, G. R., and Saunders, J. C. (1977). A critical period for acoustic trauma in the hamster and its relation to cochlear development. Science 197, 396–398. doi: 10.1126/science.877565

Bourien, J., Tang, Y., Batrel, C., Huet, A., Lenoir, M., Ladrech, S., et al. (2014). Contribution of auditory nerve fibers to compound action potential of the auditory nerve. J. Neurophysiol. 112, 1025–1039. doi: 10.1152/jn.00738.2013

Chen, Z., Kujawa, S. G., and Sewell, W. F. (2007). Auditory sensitivity regulation via rapid changes in expression of surface AMPA receptors. Nat. Neurosci. 10, 1238–1240. doi: 10.1038/nn1974

Costalupes, J. A., Young, E. D., and Gibson, D. J. (1984). Effects of continuous noise backgrounds on rate response of auditory nerve fibers in cat. J. Neurophysiol. 51, 1326–1344. doi: 10.1152/jn.1984.51.6.1326

Cox, B. C., Chai, R., Lenoir, A., Liu, Z., Zhang, L., Nguyen, D. H., et al. (2014). Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo. Development 141, 816–829. doi: 10.1242/dev.103036

Darrow, K. N., Maison, S. F., and Liberman, M. C. (2007). Selective removal of lateral olivocochlear efferents increases vulnerability to acute acoustic injury. J. Neurophysiol. 97, 1775–1785. doi: 10.1152/jn.00955.2006

Fernandez, K. A., Jeffers, P. W., Lall, K., Liberman, M. C., and Kujawa, S. G. (2015). Aging after noise exposure: acceleration of cochlear synaptopathy in "recovered" ears. J. Neurosci. 35, 7509–7520. doi: 10.1523/jneurosci.5138-14.2015

Furman, A. C., Kujawa, S. G., and Liberman, M. C. (2013). Noise-induced cochlear neuropathy is selective for fibers with low spontaneous rates. J. Neurophysiol. 110, 577–586. doi: 10.1152/jn.00164.2013

Gleich, O., Semmler, P., and Strutz, J. (2016). Behavioral auditory thresholds and loss of ribbon synapses at inner hair cells in aged gerbils. Exp. Gerontol. 84, 61–70. doi: 10.1016/j.exger.2016.08.011

Gordon-Salant, S., and Cole, S. S. (2016). Effects of age and working memory capacity on speech recognition performance in noise among listeners with normal hearing. Ear Hear. 37, 593–602. doi: 10.1097/aud.0000000000000316

Green, S. H., Bailey, E., Wang, Q., and Davis, R. L. (2012). The Trk A, B, C’s of neurotrophins in the cochlea. Anat. Rec. (Hoboken) 295, 1877–1895. doi: 10.1002/ar.22587

Hashimoto, K., Hickman, T. T., Suzuki, J., Ji, L., Kohrman, D. C., Corfas, G., et al. (2019). Protection from noise-induced cochlear synaptopathy by virally mediated overexpression of NT3. Sci. Rep. 9:15362.

Henry, K. R. (1983). Lifelong susceptibility to acoustic trauma: changing patterns of cochlear damage over the life span of the mouse. Audiology 22, 372–383. doi: 10.3109/00206098309072797

Henry, K., and Chole, R. (1980). Genotypic differences in behavioral, physiological and anatomical expression of age-related hearing loss in the laboratory mouse. Audiology 19, 369–383. doi: 10.3109/00206098009070071

Hickman, T. T., Hashimoto, K., Liberman, L. D., and Liberman, M. C. (2020). Synaptic migration and reorganization after noise exposure suggests regeneration in a mature mammalian cochlea. Sci. Rep. 10:19945.

Hickman, T. T., Smalt, C., Bobrow, J., Quatieri, T., and Liberman, M. C. (2018). Blast-induced cochlear synaptopathy in chinchillas. Sci. Rep. 8:10740.

Hickox, A. E., Larsen, E., Heinz, M. G., Shinobu, L., and Whitton, J. P. (2017). Translational issues in cochlear synaptopathy. Hear. Res. 349, 164–171. doi: 10.1016/j.heares.2016.12.010

Hinojosa, R., and Lerner, S. A. (1987). Cochlear neural degeneration without hair cell loss in two patients with aminoglycoside ototoxicity. J. Infect. Dis. 156, 449–455. doi: 10.1093/infdis/156.3.449

Hu, N., Rutherford, M. A., and Green, S. H. (2020). Protection of cochlear synapses from noise-induced excitotoxic trauma by blockade of Ca(2+)-permeable AMPA receptors. Proc. Natl. Acad. Sci. U.S.A. 117, 3828–3838. doi: 10.1073/pnas.1914247117

Jensen, J. B., Lysaght, A. C., Liberman, M. C., Qvortrup, K., and Stankovic, K. M. (2015). Immediate and delayed cochlear neuropathy after noise exposure in pubescent mice. PLoS One 10:e0125160. doi: 10.1371/journal.pone.0125160

Kaur, T., Clayman, A. C., Nash, A. J., Schrader, A. D., Warchol, M. E., and Ohlemiller, K. K. (2019). Lack of fractalkine receptor on macrophages impairs spontaneous recovery of ribbon synapses after moderate noise trauma in C57BL/6 mice. Front. Neurosci. 13:620. doi: 10.3389/fnins.2019.00620

Kim, K. X., Payne, S., Yang-Hood, A., Li, S. Z., Davis, B., Carlquist, J., et al. (2019). Vesicular glutamatergic transmission in noise-induced loss and repair of cochlear ribbon synapses. J. Neurosci. 39, 4434–4447. doi: 10.1523/jneurosci.2228-18.2019

Kujawa, S. G., and Liberman, M. C. (2006). Acceleration of age-related hearing loss by early noise exposure: evidence of a misspent youth. J. Neurosci. 26, 2115–2123. doi: 10.1523/jneurosci.4985-05.2006

Kujawa, S. G., and Liberman, M. C. (2009). Adding insult to injury: cochlear nerve degeneration after "temporary" noise-induced hearing loss. J. Neurosci. 29, 14077–14085. doi: 10.1523/jneurosci.2845-09.2009

Liberman, L. D., Suzuki, J., and Liberman, M. C. (2015). Dynamics of cochlear synaptopathy after acoustic overexposure. J. Assoc. Res. Otolaryngol. 16, 205–219. doi: 10.1007/s10162-015-0510-3

Liberman, L. D., Wang, H., and Liberman, M. C. (2011). Opposing gradients of ribbon size and AMPA receptor expression underlie sensitivity differences among cochlear-nerve/hair-cell synapses. J. Neurosci. 31, 801–808. doi: 10.1523/jneurosci.3389-10.2011

Liberman, M. C. (1980). Morphological differences among radial afferent fibers in the cat cochlea: an electron-microscopic study of serial sections. Hear. Res. 3, 45–63. doi: 10.1016/0378-5955(80)90007-6

Liberman, M. C. (1982). Single-neuron labeling in the cat auditory nerve. Science 216, 1239–1241. doi: 10.1126/science.7079757

Liberman, M. C., and Mulroy, M. J. (1982). “Acute and chronic effects of acoustic trauma: cochlear pathology and auditory nerve pathophysiology,” in New Perspectives on Noise-Induced Hearing Loss, eds R. P. Hamernik, D. Henderson, and R. Salvi (New York, NY: Raven), 105–136.

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., Liberman, L. D., and Maison, S. F. (2015). Chronic conductive hearing loss leads to cochlear degeneration. PLoS One 10:e0142341. doi: 10.1371/journal.pone.0142341

Lin, H. W., Furman, A. C., Kujawa, S. G., and Liberman, M. C. (2011). Primary neural degeneration in the Guinea pig cochlea after reversible noise-induced threshold shift. J. Assoc. Res. Otolaryngol. 12, 605–616. doi: 10.1007/s10162-011-0277-0

Liu, W., Edin, F., Atturo, F., Rieger, G., Lowenheim, H., Senn, P., et al. (2015). The pre- and post-somatic segments of the human type I spiral ganglion neurons–structural and functional considerations related to cochlear implantation. Neuroscience 284, 470–482. doi: 10.1016/j.neuroscience.2014.09.059

Lobarinas, E., Salvi, R., and Ding, D. (2013). Insensitivity of the audiogram to carboplatin induced inner hair cell loss in chinchillas. Hear. Res. 302, 113–120. doi: 10.1016/j.heares.2013.03.012

Luo, Y., Qu, T., Song, Q., Qi, Y., Yu, S., Gong, S., et al. (2020). Repeated moderate sound exposure causes accumulated trauma to cochlear ribbon synapses in mice. Neuroscience 429, 173–184. doi: 10.1016/j.neuroscience.2019.12.049

Martinez-Monedero, R., Oshima, K., Heller, S., and Edge, A. S. (2007). The potential role of endogenous stem cells in regeneration of the inner ear. Hear. Res. 227, 48–52. doi: 10.1016/j.heares.2006.12.015

Matsubara, A., Laake, J. H., Davanger, S., Usami, S., and Ottersen, O. P. (1996). Organization of AMPA receptor subunits at a glutamate synapse: a quantitative immunogold analysis of hair cell synapses in the rat organ of Corti. J. Neurosci. 16, 4457–4467. doi: 10.1523/jneurosci.16-14-04457.1996

Merchan-Perez, A., and Liberman, M. C. (1996). Ultrastructural differences among afferent synapses on cochlear hair cells: correlations with spontaneous discharge rate. J. Comp. Neurol. 371, 208–221. doi: 10.1002/(sici)1096-9861(19960722)371:2<208::aid-cne2>3.0.co;2-6

Nadol, J. B. Jr. (1988). Application of electron microscopy to human otopathology. Ultrastructural findings in neural presbycusis, Meniere’s disease and Usher’s syndrome. Acta Otolaryngol. 105, 411–419. doi: 10.3109/00016488809119494

Puel, J. L., Ruel, J., Gervais D’aldin, C., and Pujol, R. (1998). Excitotoxicity and repair of cochlear synapses after noise-trauma induced hearing loss. Neuroreport 9, 2109–2114. doi: 10.1097/00001756-199806220-00037

Quesenberry, K. E., and Donnelly, T. M. (2005). The Merck Veterinary Maual. Kenilworth, NJ: Merck & Co. Inc.

Robertson, D. (1983). Functional significance of dendritic swelling after loud sounds in the guinea pig cochlea. Hear. Res. 9, 263–278. doi: 10.1016/0378-5955(83)90031-x

Ruan, Q., Ao, H., He, J., Chen, Z., Yu, Z., Zhang, R., et al. (2014). Topographic and quantitative evaluation of gentamicin-induced damage to peripheral innervation of mouse cochleae. Neurotoxicology 40, 86–96. doi: 10.1016/j.neuro.2013.11.002

Ruel, J., Wang, J., Rebillard, G., Eybalin, M., Lloyd, R., Pujol, R., et al. (2007). Physiology, pharmacology and plasticity at the inner hair cell synaptic complex. Hear. Res. 227, 19–27. doi: 10.1016/j.heares.2006.08.017

Schmitz, F. (2009). The making of synaptic ribbons: how they are built and what they do. Neuroscientist 15, 611–624. doi: 10.1177/1073858409340253

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

Shi, L., Liu, K., Wang, H., Zhang, Y., Hong, Z., Wang, M., et al. (2015). Noise induced reversible changes of cochlear ribbon synapses contribute to temporary hearing loss in mice. Acta Otolaryngol. 135, 1093–1102. doi: 10.3109/00016489.2015.1061699

Shi, L., Liu, L., He, T., Guo, X., Yu, Z., Yin, S., et al. (2013). Ribbon synapse plasticity in the cochleae of Guinea pigs after noise-induced silent damage. PLoS One 8:e81566. doi: 10.1371/journal.pone.0081566

Stankovic, K., Rio, C., Xia, A., Sugawara, M., Adams, J. C., Liberman, M. C., et al. (2004). Survival of adult spiral ganglion neurons requires erbB receptor signaling in the inner ear. J. Neurosci. 24, 8651–8661. doi: 10.1523/jneurosci.0733-04.2004

Sugawara, M., Murtie, J. C., Stankovic, K. M., Liberman, M. C., and Corfas, G. (2007). Dynamic patterns of neurotrophin 3 expression in the postnatal mouse inner ear. J. Comp. Neurol. 501, 30–37. doi: 10.1002/cne.21227

Suzuki, J., Corfas, G., and Liberman, M. C. (2016). Round-window delivery of neurotrophin 3 regenerates cochlear synapses after acoustic overexposure. Sci. Rep. 6:24907.

Szydlowska, K., and Tymianski, M. (2010). Calcium, ischemia and excitotoxicity. Cell Calcium 47, 122–129. doi: 10.1016/j.ceca.2010.01.003

Taberner, A. M., and Liberman, M. C. (2005). Response properties of single auditory nerve fibers in the mouse. J. Neurophysiol. 93, 557–569. doi: 10.1152/jn.00574.2004

Tsuji, J., and Liberman, M. C. (1997). Intracellular labeling of auditory nerve fibers in guinea pig: central and peripheral projections. J. Comp. Neurol. 381, 188–202. doi: 10.1002/(sici)1096-9861(19970505)381:2<188::aid-cne6>3.0.co;2-#

Valero, M. D., Burton, J. A., Hauser, S. N., Hackett, T. A., Ramachandran, R., and Liberman, M. C. (2017). Noise-induced cochlear synaptopathy in rhesus monkeys (Macaca mulatta). Hear. Res. 353, 213–223. doi: 10.1016/j.heares.2017.07.003

Viana, L. M., O’malley, J. T., Burgess, B. J., Jones, D. D., Oliveira, C. A., Santos, F., et al. (2015). Cochlear neuropathy in human presbycusis: confocal analysis of hidden hearing loss in post-mortem tissue. Hear. Res. 327, 78–88. doi: 10.1016/j.heares.2015.04.014

Wu, P. Z., Liberman, L. D., Bennett, K., De Gruttola, V., O’malley, J. T., and Liberman, M. C. (2019). Primary neural degeneration in the human cochlea: evidence for hidden hearing loss in the aging ear. Neuroscience 407, 8–20. doi: 10.1016/j.neuroscience.2018.07.053

Wu, P. Z., O’malley, J. T., De Gruttola, V., and Liberman, M. C. (2020). Age-Related hearing loss is dominated by damage to inner ear sensory cells, not the cellular battery that powers them. J. Neurosci. 40, 6357–6366. doi: 10.1523/jneurosci.0937-20.2020

Zheng, Q. Y., Johnson, K. R., and Erway, L. C. (1999). Assessment of hearing in 80 inbred strains of mice by ABR threshold analyses. Hear. Res. 130, 94–107. doi: 10.1016/s0378-5955(99)00003-9


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 Hickman, Hashimoto, Liberman and Liberman. 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/fncel-15-684706-g004.jpg
(0))
o

N
o

N
o

o

N
o

CAP Threshold Shift (dB) >

DP Threshold Shift (dB) o

Noise
Band
- Juv Ctrl
Juv 8 wk
— Mat Ctrl
—— Mat 6 wk
= - g == . ‘—-;/1\::
T 1 d
0.5 1 2 4 8 16 32 0.5 1 2 4 8 16 32
D
S . S S S S - M
= T I = r : 3
05 1 % 32 05 1 16 32

2 4 8 2 4 8
Frequency (kHz) Frequency (kHz)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cochlear Synaptic Degeneration and Regeneration After Noise: Effects of Age and Neuronal Subgroup



		INTRODUCTION



		MATERIALS AND METHODS



		Subjects and Groups



		Cochlear Function



		Tissue Fixation, Immunostaining and Image Acquisition



		Image Analysis



		Statistics



		Data Availability









		RESULTS



		Threshold Shifts and Hair Cell Loss



		Loss and Recovery of IHC Synapses



		Noise-Induced Changes in Synaptic Morphology and Spatial Organization









		DISCUSSION



		Synaptic Loss and Recovery in Different Mammalian Models



		Degeneration and Regeneration vs. Down- and Up-Regulation of Synaptic Proteins



		Selective Low-SR Fiber Loss and the Modiolar/Pillar Gradients in Synaptic Morphology









		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fncel-15-684706-g003.jpg
| QN
o
o
M
R m
2\
OGN
s
W)
‘\;ﬁ
Nl - <t
./ c, v
/,v,.f
i
b { ]
G
'/ - N
O\
i
N
| O
o
(a0 (]
| AN
o
-2
- 00
B2
2&
- <
- O\
S0
S35 3
Ow0w
V V A ] Ay
® O |
3SS=s= !
RN m
| 0 |
T T 0 r T ¥ “
o (@) (@) o (@) o o o o (@)
© < N N © < N N

. MUS ploUsaIyl dvd ., IS plousaiyl dq

4 8

2

Frequency (kHz)

4 8

2

Frequency (kHz)

32

16

0.5

32

16

0.5





OPS/images/fncel-15-684706-g006.jpg
A Control
- - L 1
Al 9| #
. | |
-

. | “.-* i > d . : - e : e |
B 1 day s ®ls
‘s | w|'e

. w| s w
i ' I TI—

. g . > ok .

10 um
CtBP2 Myo Vila
C Control D ; E 6 wks

"' '0
[} ’l"’ . ' ! vu"
by d ! by N AL
/) [ , LML '
"JI" 'f"'b’ ;.' .' '
14 ved L 'N)u .J"“






OPS/images/fncel-15-684706-g005.jpg
IHC Survival (%) *

-
o
o

(0)] b N
o o o o

(0]
o
1

Mature Control
Juvenile Exposed

Mature Exposed Noise
Juvenile exposed Band
125 025 05 1 8 16 32

Cochlear Frequency (kHZz)

64

OHC Loss (%)

N
o
L

1N
o

125 025 05 1

2 4 8 16 32

Cochlear Frequency (kHz)

64





OPS/images/fncel-15-684706-g008.jpg
Habenular - Cuticular Axis (um)

2 kHz 4 kHz 16 kHz 22 kHz

4

Control

Volume re Median
- 0.0-0.25
° 0.25-0.5
©05-1.0
010-20
020-40
T y ! i 04.0-8.0
08.0-16.0

1 Day

30 - - e - -
O o
1 1 0o 1 _ooo |
® 5.0
. . ) N i &
n 0% _' °°° oo.o e
O- o
° ) 4
[ %2 o bo 2 6 Weeks
o

. Modiolar Pillar | Modiolar Pillar | Modiolar Pillar
-10 0 10 -10 0 10 -10 0 10 -10

Pillar - Modiolar Axis (um)

Modiolar

10






OPS/images/fncel-15-684706-g007.jpg
>

Synapse Loss (%)

o

)
o
L

(@

Orphan Ribbons / IHC

B .
Noise < .
| —— MatCtrl =100
| = JuvCtrl § i
—— Mat 1 day — 50+
| —— Juv1day 2
4 — Mat 6 wk g 0 -
Juv 8 wk &
{/,“\\-
1 m P
] s | Z2Z=—" ===
) T T T T T T 1 & l T
0.5 1 2 4 8 16 32 64 0.5 1 2 4 8 16 32 64
D —

»\4’;7»"‘
- : /‘/5/4///0";"‘!\ \\

0.5 1 2 4 8 16 32 64 0.5 4 8 16 32 64

2
Cochlear Frequency (kHz) Cochlear Frequency (kHz)





OPS/images/fncel-15-684706-g009.jpg
w
@

N
?

—
?

Control 6 Weeks

S ‘ (O CtBP2 Orphan

@ CtBP2 + GluA2

_ 30 -
® Volume re Median
. . > 0.0-0.25
, o 0.25-0.5
ol O 0.5-1.0
° O 1.0-20
O 2.0-40
o O 4.0-80

() 8o0-16

20_ .-

\S
g
& 5°

\Y

AP

B ° '
N

N %
10 -

\Y
X
© ° . \’b‘ 6\0\
X\

% synapses
% synapses

o

Pillar |  Modiolar
L T L |

Pillar Modiolar Modiolar
! T 1 1 1

Habenular - Cuticular Axis (um)

o
o

© -

10

0 10 10 0 10 -10

Pillar - Modiolar Axis (um)





OPS/images/cover.jpg
frontiers _
in Cellular Neuroscience

Cochlear Synaptic Degeneration
and Regeneration After Noise:
Effects of Age and Neuronal
Subgroup







OPS/images/fncel-15-684706-g011.jpg
Synapses / IHC

25 A

20 -

18-

101 %

Noise Band

> 10
| = MatCtrl — Juv Ctrl ] E 5] = Mat Ctrl - Juv Ctrl
— Mat1day  Juv 1day — Mat 1 day — Juv1day
— Mat8wk  Juv 2wk — Mat6wk — Juv8wk
— Mat 24 wk 0 — Juv Male 4 wk

16 32 64 0.5 1 2 4 8 16 32 64

8
Cochlear Frequency (kHz) Cochlear Frequency (kHz)






OPS/images/fncel-15-684706-g010.jpg
Modiolar Ribbons (%) *>

70 ~

60 -

50 A

40

30 -

—@— Mat Ctrl
Noise —&— Mat 1 day
Band _._ Mat 6 wk
0.5 1 2 4 8 16 32 64

Cochlear Frequency (kHz)

Ribbon Volume (um) ®

o
N

©
w

o
N

©
—_

o
o

1 2 4 8 16 32

Cochlear Frequency (kHz)






OPS/images/fncel-15-684706-g002.jpg
0.5

- Mat Ctrl
= Juv Ctrl

0.5

<

80 -

0 -

(ds ap)
PloYySaly| dvVO

2

32

16

32

16

(1ds gp)
o Rloysaly]l dvO0dd

2 4 g 6 32
Frequency (kHz)

0.5

2 4 8

Frequency (kHz)

0.5

295

I i I : 1 s I
o o o {o}

JH| Jod sasdeuAg

1
(&

4 8 16

2

Cochlear Frequency (kHz)

g 16
Cochlear Frequency (kHz)

4

2

32

1

0.5

32

1

| 19
o





OPS/images/fncel-15-684706-g001.jpg
vy

(dB SPL)

CAP Threshold
DPOAE Threshold

— Included

Rejected

2 4 8
Frequency (kHz)

6 32

| 2 4 | 8 | 1
Frequency (kHz)





OPS/images/fncel-15-684706-g012.jpg
A Control

CtBP2
NFH
Myo Viia

Guinea Pig

10 um

Control

1 mo w/ AAV-NT3

1 wk F






OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





