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Abstract 15 

Exposure to damaging levels of noise is the most common cause of hearing loss and 16 

impairs high frequency hearing in more than 15 % of adult Americans. Using mice exposed 17 

to increasing levels of noise in combination with quantitative proteomics, we tested how 18 

noise insults remodel the cochlear proteome both acutely and after a two-week recovery 19 

period. We used ABR & DPOAE recordings to define the intensity of noise exposure 20 

necessary to produce temporary or permanent threshold shifts (TTS, PTS) in young adult 21 

mice and found noise at 94 and 105 dB SPL levels for 30 minutes elicits TTS and PTS, 22 

respectively. We quantified thousands of proteins and found that noise insults cause a rapid 23 

increase rather than a decrease in the levels of many proteins involved with protein 24 

homeostasis, myelin, cytoskeletal structures, and cell junctions such as the synapse. The 25 

vast majority of proteins with increased levels immediately after noise exposure showed 26 

normal levels after two weeks of recovery. However, several proteins involved in oxidative 27 

stress and neuroprotection had significantly increased levels only after the recovery period 28 

suggesting they play in important role in regeneration. Interestingly, a small panel of 29 

mitochondrial proteins were significantly altered only in PTS conditions suggesting potential 30 

discrete protein mechanisms. Our discovery-based proteomic analysis extends the recent 31 

description of noise-induced cochlear synaptopathy and shows that noise insults drive a 32 

robust proteostasis response. These data provide a new understanding of noise sensitive 33 
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proteins and may inform the development of effective preventiative strategies or therapies 34 

for NIHL. 35 

 36 

Introduction 37 

Noise-induced hearing loss (NIHL) is a major health problem affecting hundreds of 38 

millions of people. Exposure to damaging levels of noise occurs through occupational, 39 

residential, and recreational activities (1, 2). The major cellular substrates of NIHL are the 40 

mechanoreceptive cochlear sensory epithelial hair cells (HCs) within the organ of Corti and 41 

their associated auditory afferent fibers (ANF). Intense noise at 115-125 dB SPL causes a 42 

direct mechanical destruction of HCs in part by damaging their mechano-sensory 43 

stereociliary bundles and physically impairing their ability to transduce auditory information 44 

(3, 4). Alternatively, lower levels of injurious noise at 85 - 115 dB SPL induces metabolic 45 

changes that damage HCs and ANFs. This is because constant stimulation of the auditory 46 

system places excess metabolic stress leading to an increase in oxygen consumption, free 47 

radical production, and excitotoxicity (4-6).  48 

Noise-induced damage is categorized based on the duration of hearing impairment. 49 

Recovery of normal hearing after acoustic trauma depends on the intensity and duration of 50 

the exposure (7). Hearing thresholds elevate immediately after noise exposure and may fully 51 

or partially recover after days or weeks. Moderate noise exposure results in a transient 52 

attenuation of hearing sensitivity, referred to as a TTS, which decreases auditory sensitivity 53 

for a period of days to weeks. PTS are caused by more severe insults and result in 54 

irreversible sensorineural hearing loss. In laboratory settings TTS conditions recover after 55 

two to four weeks, and any residual threshold elevation after this period are considered 56 

permanent (7, 8). The molecular mechanisms and protein networks responsible for threshold 57 

elevation and the recovery process observed in TTS are poorly understood. 58 

Intense noise exposure alters synaptic connections between HCs, and ANFs or 59 

olivocochlear efferent nerve fibers (9, 10). ANF terminals dramatically swell immediately 60 

after noxious noise exposures as a result of glutamatergic excitotoxicity, which can result in 61 
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decoupling of the pre- and postsynaptic membranes (11). Interestingly, swelling subsides 62 

within a few days of exposure and ANFs morphologically recover or regenerate on a similar 63 

timeline as auditory thresholds (12). The recovery of the terminals with only minimal ANF 64 

death suggests that some neural damage is reversible via regeneration mechanisms in 65 

purely TTS conditions (10, 13). However, in TTS conditions, up to half of inner HC ribbon 66 

synapses are permanently lost (10, 14). In PTS conditions, the pathological consequences 67 

of excessive noise are more severe in nature. This ranges from outer and inner HC death 68 

with secondary degeneration of ANFs, to mechanical disruption of the HC mechano-69 

transduction machinery (15). Metabolic changes induced by HC overexposure and 70 

excitotoxicity can trigger metabolic decompensation resulting in the swelling of nuclei and 71 

mitochondria, as well as cytoplasmic vesiculation (16). Activation of cell stress pathways 72 

may lead to apoptosis (17). Acute exposures to noise above 130 dB SPL can cause 73 

mechanical destruction leading to the disruption of cell junctions and cell rupture, resulting in 74 

the mixing of endolymph and perilymph and potassium toxicity to nearby cells (18, 19).  75 

While there is considerable data regarding the morphological effects of noise 76 

damage, we have only a limited molecular understanding of TTS and PTS, and know very 77 

little about the protein networks involved in mitigating temporary vs permanent damages in 78 

the cochlea. A deep biological understanding of the protein alterations responsible for TTS 79 

and PTS, and the recovery mechanisms in TTS conditions may provide new insight towards 80 

the therapeutic protection and treatment of NIHL. Mass spectrometry (MS)-based 81 

proteomics provides an opportunity to investigate complex biological phenomena by 82 

identifying and quantitating thousands of proteins. Previous proteomic studies of the auditory 83 

system have provided draft HC and organ of Corti proteomes, and identified protein 84 

substrates of chemically induced hearing loss (20-24). Transcriptomic analysis has also 85 

been informative and revealed a panel of genes acutely regulated in response to very high 86 

noise levels (25). To generate a global analysis of noise effects on cochlear proteins, we 87 

applied multiple quantitative proteomic strategies to characterize acute proteome remodeling 88 

in PTS and TTS conditions. We found direct and compensatory changes in the levels of 89 
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discrete proteins. The level of hundreds of non-synaptic proteins are acutely affected by 90 

noise exposure and, many proteins had increased levels. In particular, noise exposure 91 

triggers a robust increase of many proteostasis proteins including nearly the entire 92 

proteasome and many heat shock chaperones. We used orthogonal proteomic experiments 93 

to validate 2,281 and 1,831 quantified significant altered proteins in PTS and TTS, 94 

respectively. Finally, we performed proteomic measurements two weeks after noise 95 

exposure. These experiments identified a small panel of proteins exclusively elevated at this 96 

post-exposure time point. The hope is that by identifying protein networks with altered levels 97 

after noise exposure we can highlight new targets for future prevention or treatment of NIHL. 98 

 99 

Significance  100 

Multiple quantitative proteomic strategies have determined how damaging auditory 101 

stimulation alters the cochlear proteome. Our findings show that moderate and high levels of 102 

noise causing temporary and permanent hearing loss drive robust and dose-dependent 103 

proteome remodeling. We identified cochlear proteins involved with protein degradation and 104 

folding with increased levels after noise exposure suggesting that the proteostasis network 105 

plays a key role in NIHL. Defining the changes in the cochlear proteome immediately after 106 

noise exposure and during the recovery period has provided a new understanding of the 107 

protein networks acutely affected by noise and those involved in the recovery process. 108 

Altogether, our findings provide many important protein targets for potential future 109 

therapeutic targeting, to prevention or treat NIHL. 110 

 111 

Results 112 

Hearing loss induced by short-term noise exposure 113 

We set out to identify the protein mechanisms associated with NIHL. To minimize the 114 

contribution of age-associated factors we perform our analysis using young adult FVB mice 115 

(P50-60). We exposed individual mice to 6-18 kHz octave band noise, at 70, 94, 100, and 116 

105 dB SPL intensities for 30 minutes. ABR tone and click, as well as DPOAE hearing 117 
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measurements were performed before, in addition to 1, 7, and 14 days after noise exposure. 118 

We found that 70 dB SPL exposures represented non-traumatic activation (NTA) of the 119 

cochlea and resulted in only a slight increase in click and tone ABR thresholds one day post 120 

noise exposure (SI Appendix, Fig.S1A-B and S2A,). DPOAE analysis confirmed that OHC 121 

function also recovered to normal levels after one week (SI Appendix, Fig.S1C). Wave I 122 

amplitude, which indicates strength of synaptic transmission primarily between IHCs and 123 

ANFs, was unaffected after 70 dB SPL (SI Appendix, Fig.S1D). Acoustic overstimulation at 124 

94 dB SPL had similar recovery profiles after seven or 14 days and we observed a near-125 

complete recovery of hearing thresholds after two weeks (SI Appendix, Fig.S1E-H and 126 

S2B). Exposure to 100 dB SPL resulted acutely in highly elevated levels of ABR and 127 

DPOAE thresholds as compared to 94 dB SPL. However, after 7 and 14 days of recovery, 128 

ABR thresholds recovered almost fully to baseline levels (SI Appendix, Fig. S1I-K and 129 

S2C). Exposure to 100 dB SPL was the lowest exposure level tested to show permanent 130 

reduction in Wave I amplitudes (SI Appendix, Fig. S1L). Noise exposure to 105 dB SPL 131 

caused severe elevations in threshold levels by DPOAE and ABR to click and tone stimuli. 132 

Wave I amplitudes were also significantly reduced, and there was minimal recovery of 133 

amplitudes and thresholds after two weeks, indicative of permanent damage (SI Appendix, 134 

Fig. S1M-P and S2D). In summary, our findings indicate that 30-minute exposures at 70 dB 135 

SPL cause minimal hearing impairments, 94 and 100 dB SPL exposures cause 136 

predominantly TTS, while exposure to 105 dB SPL results in a predominantly PTS response.  137 

 138 

Noise exposure alters the level of many cochlear proteins 139 

 To investigate how excess noise affects the cochlear proteome in TTS and PTS 140 

conditions, we developed a quantitative proteomic strategy using 15N-metabolically “heavy” 141 

labeled mice. The pooled proteins from multiple 15N cochleae facilitate accurate 142 

quantification of unlabeled proteins from experimental cochleae, by serving as an internal 143 

standard for global proteome quantitation (26). In this way, mice exposed to increasing 144 

levels of noise causing NTA, TTS, and PTS remain 14N and contain “light” proteins, while 145 
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unexposed cochleae contain “heavy” proteins. We mixed light and heavy cochlea extracts 146 

1:1, digested the proteins to peptides, and performed multi-dimensional chromatograph 147 

with tandem mass spectrometry (MS/MS)-based proteomic analysis (27). To control for 148 

potential quantification errors, we used a ratio of ratios analysis paradigm (28), and related 149 

each noise exposure condition relative to a group of mice placed in a sound chamber 150 

without acoustic exposure (i.e. 0 dB SPL) (Fig. 1A). We first focused our attention on 151 

proteins with Benjamini-Hochberg adjusted p-values < 0.05 (B.H. p-value). We performed 152 

regression analysis and determined threshold log2 fold differences (TLFD) from six control 153 

mice comparisons that provided the lowest correlation. The threshold levels of log2 fold cut 154 

offs were determined at 1.24 and -1.35 for up- and down-regulated fold difference, 155 

respectively (Fig. 1B). Using this strategy, we determined the number of significantly 156 

regulated proteins that increased or decreased in a noise level dependent manner. Overall, 157 

many more proteins with increased levels rather than decreased across all levels of noise 158 

exposure for 30 minutes. Specifically, we found 21, 115, 226 proteins with significantly 159 

increased levels in datasets for NTA, TTS, and PTS, respectively (Fig. 1C, SI Appendix 160 

and Table S1).  161 

 To visualize global trends in cochlear proteome remodeling after increasing levels of 162 

noise exposure we graphed our results using volcano plots (Fig. 1D-F). In total, our 163 

proteomic analysis provided relative quantitation for > 2,800 proteins in each analysis. 164 

Interestingly, a panel of proteins (e.g. Psmc5, Uba2) had a noise-dose-dependent increase 165 

in their levels after auditory stimulation. A smaller number of proteins (e.g. Col9A1) had 166 

noise-dose-dependent decrease in their levels. In total, we identified 668, 1,225 and 1,715 167 

significantly (B.H. p-value < 0.05) altered proteins in all three NTA, TTS, and PTS conditions, 168 

respectively (Fig. 1G). Many proteins were significantly altered in multiple conditions and 169 

356 were significantly altered in all three conditions. To investigate proteome remodeling 170 

under less damaging conditions, we performed parallel experiments that limited the duration 171 

of noise exposure to 15 min. We again found more proteins with significantly increased 172 

levels compared to those with decreased levels (SI Appendix, Fig. S3A-C and Table S2).  173 
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 174 

Noise-increased proteins identify distinct functional processes 175 

 To investigate if the significantly altered proteins in the 30 minute datasets (B.H. p-176 

value < 0.05) localize to common cellular components or have shared molecular functions 177 

we performed ontology cell component (GO: CC) and molecular function (GO:MF) within the 178 

PANTHER classification system (29). Proteins altered exclusively in the PTS condition are 179 

associated with the GO:CC terms neuronal projections, synapses, cell junctions, among 180 

other structures (Fig. 1H). Proteins significantly altered in both TTS and PTS conditions, 181 

were significantly (Fisher's Exact adjusted FDR < 0.05) enriched for the terms cytoskeleton, 182 

cell projection, endopeptidase, and proteasome. These findings support previous evidence 183 

that excess noise alters cochlear cell junctions and synapses (10). It is important to note that 184 

all GO:CC terms significantly enriched in the NTA dataset (e.g. myelin and cytoskeletal fiber) 185 

were also enriched in the TTS and PTS conditions supporting previous findings that TTS 186 

and PTS conditions do not simply represent states of enhanced stress but rather distinct 187 

biological phenomena (SI Appendix, Table S3). Interestingly all of the significantly enriched 188 

GO:MF terms are involved with ‘binding’, suggesting that noise exposure even at NTA levels 189 

impair many protein-protein interactions (Fig. 1H, SI Appendix, Table S3).  190 

 191 

Protein alterations across noise exposure intensities 192 

 To investigate our datasets further, we homed in on the individual proteins 193 

significantly (B.H. p-value < 0.05) altered in multiple datasets. Overall, the majority of 194 

proteins quantified in more than one condition, had dose dependent increases in abundance 195 

with increasing levels of noise (SI Appendix, Table S4). Among these noise sensitive 196 

proteins, 356 were significantly altered in all three levels of noise exposure, and 603 proteins 197 

were significantly altered in both the TTS and PTS datasets. Far fewer proteins were 198 

significantly altered in both the NTA and TTS or NTA and PTS conditions (Fig. 1G). Out of 199 

the 398 significant proteins altered in all three conditions, 163 proteins had higher levels in 200 

conditions with more intense levels of noise exposure (i.e. PTS > TTS > NTA) (Fig. 2A). 201 
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Similarly, 315 out of the 582 significantly altered proteins quantified in the TTS and PTS 202 

conditions had higher levels after exposure to more intense noise (PTS > TTS) (Fig. 2B). 203 

We also observed a similar pattern of increased protein levels among proteins quantified in 204 

the PTS and NTA groups, 79 out of 125 were increased with higher levels of noise (PTS > 205 

NTA) (Fig. 2C). Finally, we found a similar trend for those proteins significantly altered in the 206 

NTA and TTS conditions, 28 out of 53 had higher levels (TTS > NTA). A much smaller panel 207 

of proteins had increased reduced levels after intense noise as well (SI Appendix, Fig. 208 

S3A-B).  209 

 Based on our findings that proteasome proteins are significantly enriched in the TTS 210 

and PTS but not NTA datasets based on GO:CC analysis (Fig. 1H), we searched for 211 

proteasome subunits in our datasets of proteins measured in all three levels of noise 212 

exposure. Indeed, among those proteins significantly altered in multiple noise exposure 213 

conditions, we identified 22 proteasomal proteins, 35 proteins associated with proteolysis 214 

and 20 protein-folding factors (based on GO:BP) (Fig. 2). To investigate the possibility that 215 

the significantly altered proteins physically interact, we subjected the datasets to STRING 216 

analysis. Interestingly, we found additional protein-protein interaction networks and 217 

interacting proteins that were significantly increased across noise exposure level (PTS > 218 

TTS > NTA). The major protein hubs identified were associated with the proteasome and 219 

protein folding (heat shock proteins), suggesting that noise exposure drives a robust 220 

proteostasis response (Fig. 3A). Noise may drive a protein expression program to delete or 221 

refold damaged proteins that could impair cellular functions. Heat shock proteins are 222 

involved in various aspects of signal transduction, protein folding, and degradation, 223 

apoptosis, and inflammation (30). Two major protein networks were identified in TTS and 224 

PTS but not NTA conditions, Arp2/3 complex and the Ubiquinol-Cytochrome C reductase 225 

complex (Fig. 3B). NADH-Ubiquinone Oxidoreductase (Complex I) was the predominant 226 

protein network exclusively altered in the PTS condition which suggests it may contribute 227 

specifically to PTS (Fig. 3C). 228 

 229 
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Confirmation of 15N-based quantitative proteomic results 230 

 To confirm our 15N-based proteomic measurements we repeated our analysis using 231 

10plex isobaric Tandem mass tags (TMT) which facilitate accurate proteome-wide 232 

quantitation (31, 32). Our experimental design consisted of ten animals in three groups: 105 233 

dB SPL (PTS), 94 dB SPL (TTS), and combined 0 and 70 dB SPL (NTA) (SI Appendix, Fig. 234 

S5A). Overall, greater than 70% of proteins quantified with the 15N workflow were measured 235 

with TMT; 2,179 proteins across both TTS analyses, and 2,401 proteins in both PTS 236 

analyses (SI Appendix, Fig. S5B-C). Next, we extracted those proteins in both datasets and 237 

compared their levels. In this way, we confirmed protein trends: 757 and 662 up-regulated 238 

proteins, and 553 and 556 down-regulated proteins in TTS and PTS conditions, respectively. 239 

TMT also confirmed many significant proteins: 90 and 70 proteins with increased levels and 240 

201 and 28 proteins with reduced levels in TTS and PTS conditions (Fig. S5D). We also 241 

confirmed increased levels of many chaperones in the PTS condition including Bag1, 6, 242 

Cct2, 4, 5, 6a, 7 and Clu (SI Appendix, Table S5). A representative panel of noise-sensitive 243 

proteins show consistent trends of both increased- and decreased-levels across the intensity 244 

of noise exposure levels (SI Appendix, Fig. S5E, Table S6). The panel of proteins with 245 

increased levels included cytoskeletal proteins (Sptan1, Myo6, Tubb4a), a component of the 246 

autophagy system (Atg3), nucleopore protein (Nup98), and signaling proteins (Hcls1). 247 

Interestingly, Gephyrin (Gphn) levels were significantly increased in the PTS conditions of 248 

both TMT and 14/15N datasets. Gphn is a scaffolding molecule that anchors inhibitory 249 

neurotransmitter receptors to the postsynaptic cytoskeleton and may reflect an increase in 250 

compensatory inhibitory synaptic transmission. Col1a1 had reduced levels presumably due 251 

to structural deterioration. Overall, this analysis confirmed the global trend of noise-induced 252 

proteome remodeling and many individual protein measurements obtained from the 15N 253 

quantitative proteomics (SI Appendix, Fig. S5F).  254 

 255 

Long-term effects of noise exposure 256 
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 We then explored whether cochlear proteome remodeling was present after a two-257 

week recovery period. Our experimental design consisted of ten animals in three groups 105 258 

(PTS), 94 (TTS), and 70 dB SPL (NTA). Mice were subjected to noise for 30 minutes as 259 

previously performed but rather than quantify their proteomes acutely, they were allowed to 260 

recover for 14 days, and their cochlear proteome was quantified with TMT-based 261 

quantitative proteomics (Fig. 4A). More than 76% (n = 1,950) of the proteins measured in 262 

the PTS or TTS datasets with 14N / 15N and over 90% (n = 2,340) from the acute TMT 263 

analysis were also measured in the recovery TMT experiment (Fig. 4B). We identified a 264 

similar number of proteins with altered levels in PTS and TTS conditions in the acute 14N / 265 

15N or TMT and recovery analyses (Fig. 4C). Comparison of the 14N / 15N acute exposure 266 

dataset with the recovery TMT analysis revealed 168 and 109 protein with significantly 267 

increased levels,153 and 88 proteins with reduced abundances in PTS and TTS conditions, 268 

respectively. Comparisons of the proteins with significantly increased levels between the 269 

TMT acute and recovery analyses revealed 17 and 59 proteins in PTS and TTS conditions, 270 

respectively. In a similar way, we identified 70 and 250 proteins with significantly reduced 271 

levels compared to the PTS and TTS conditions, respectively. Next, we extracted the 114 272 

proteins with significantly altered levels from the acute and recovery TMT analysis. The 273 

protein fold change measured in all biological replicates were calculated and represented in 274 

heat map (Fig. 4D, SI Appendix, Table S7). Interestingly, we observed a dramatic change 275 

in the protein abundances acutely and after recovery. Hierarchical clustering found 72 and 276 

42 proteins with acutely increased and decreased levels respectively.  277 

 Many proteins with increased levels after noise had reduced levels after recovery. 278 

Between the enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and 279 

Gene Ontology (GO) molecular function associated with this dataset (SI Appendix, Fig. S3), 280 

a majority of the acutely altered proteins were associated with metabolism (FDR = 1.16 x 10-
281 

7), catalytic activity (FDR = 2.2 x 10-5) and oxidoreductase activity (FDR = 3.02 x 10-6). More 282 

interestingly, the group of proteins with increased levels after the recovery period are 283 

involved with several biological process such as oxidation-reduction (FDR = 1.87 x 10-4), 284 
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negative regulation of cell death (FDR = 2.69 x 10-3), and negative regulation of hydrogen 285 

peroxide-induced cell death (FDR = 2.84 x 10-3). Among the significantly altered protein in all 286 

four conditions at both time points were Gstp1 and Gstp2 acutely and Hcls1, Park7, and 287 

Gatm after recovery. Gstp1 and Gstp2 are involved with detoxification via glutathione 288 

reduction (33). Hcls1 functions in the positive regulation on cell proliferation based on GO 289 

biological process (34). Park7 is a redox-sensitive chaperone, a sensor for oxidative stress, 290 

and protects neurons against oxidative stress (35). Gatm regulates cellular energy buffering 291 

and transport via creatine synthesis (36). Altogether, we identified a robust long-term 292 

cochlear proteostasis program in response to damaging levels of noise, which emphasizes 293 

protective cellular processes.  294 

 295 

Discussion  296 

Nearly all previous attempts to determine the molecular mechanisms responsible for 297 

NIHL have been candidate-based approaches or have focused on changes at the mRNA 298 

level (37-39). These gene expression studies have provided important information regarding 299 

the underlying mechanisms of NIHL. We measured the level of more than 2,800 proteins in 300 

each noise exposure condition and revealed that the acute cochlear proteomic responses 301 

differ among three levels of noise intensity. Overall, the number of significant proteins 302 

identified increased with the intensity of noise. Although, our exposure levels were not 303 

expected to physically disrupt or damage individual polypeptides, we detected a large 304 

number of cytoskeletal proteins with consistently increased levels across higher noise 305 

intensities. Cytoskeletal proteins enriched in HCs have been widely studied in hearing 306 

research predominantly due to their important functions in HC stereocilia structure, 307 

cytoskeletal networks, and contractility of outer HCs (40-42). Increased levels of these 308 

proteins may suggest moderate to high levels of noise disrupt protein-protein interactions or 309 

drive a rapid reorganization of cytoskeletal protein complexes especially F-actin and myosin 310 

that were previously shown to have prompt responses within 10 min after calcium 311 

deprivation in cochlea (43). However, the degree of structural protein alterations may 312 
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depend on multiple factors including the level and duration of exposure, for example, 313 

extended noise exposure induces actin depolymerization (44). Tubulin proteins are highly 314 

abundant in neurons and had increased levels after noise exposure. Presumably, due to 315 

ANFs swelling or other structural perturbations (45, 46). We also observed an increase in 316 

the levels of neurofilament proteins, which adds further support to our appreciation of ANFs 317 

as key noise substrates. Additional support for ANFs involvement comes from our GO 318 

analysis that identified several neuronal structures (synapse, neuron projection) especially at 319 

noise levels causing PTS. Interestingly, myelin associated proteins were enriched at all 320 

levels which supports previous reports that noise exposure may cause a loss of Schwann 321 

cells and contribute to permanent auditory deficits in NIHL (47). Septins, are actin and 322 

microtubule associated GTP binding proteins expressed by pillar and Deiter’s cells, and also 323 

efferent nerve terminals (48). Septins regulate in dendritic spine dynamics (49, 50), and 324 

collateral branching of axons (51). Sept 2,6,7,8,9 were significantly altered by all three levels 325 

of noise but Sept11 and Sept5, localize to cochlear efferent nerve synaptic vesicles were 326 

only significantly altered in TTS and PTS conditions (48). Septins have never been reported 327 

to be involved with NIHL. Increased levels of many cytoskeletal proteins immediately after 328 

noise exposure may reflect structural impairments or rapid reorganization and turnover.  329 

 Our observation that nearly the entire proteasome has increased levels after noise 330 

highlights the complex stress response triggered by noise exposure. We exposed mice for 331 

15 or 30 minutes. These time frames are sufficient for rapid protein translation of existing 332 

mRNAs (52). Consistently, we identified many abundant proteins with elevated levels after 333 

noise. These proteins may be prominent in our datasets due to the fact that their mRNAs are 334 

highly abundant and selectively translated as part of the stress response (53). Gene 335 

transcription and posttranscriptional mechanisms could increase protein levels but it is 336 

unlikely since they likely require longer periods. Selective protein degradation by 337 

proteosomes, autophagosomes, and lysosomes are most likely to reduce the levels of 338 

distinct proteins. Extracellular proteins are likely to be degraded by additional proteases (SI 339 

Appendix). 340 
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STRING analysis revealed several important protein homeostasis regulatory 341 

networks that increased with higher levels of noise stimulation. For example, a large 342 

collection of proteasomal endopeptidases had increased levels after noise exposure 343 

intensities. As far as we are aware, there is no previous evidence that the proteasome is 344 

involved with NIHL. The proteasome is the major cellular degradation machine of the 345 

ubiquitin-proteasome system (54), is responsible for the bulk degradation of misfolded and 346 

damaged proteins (55), and is essential for cells to withstand and recover from various 347 

environmental stresses (56). Heat shock proteins (HSP) are also major noise sensitive 348 

substrates. Cells in the cochlea express HSPs after noise exposure and play protective roles 349 

(57, 58). Our results support and extend these findings, Hspa1a (Hsp72), Hspa1b (Hsp70) 350 

and the HSPs Hsp90aa1 and Hsp90ab1 had significantly increased levels both in TTS and 351 

PTS conditions. The third group of proteins with significantly increased according to noise 352 

stimulation are proteins that are involved in the mitochondrial electron transport chain (59). 353 

The complex I related protein, NADH: ubiquinone oxidoreductase or NADH dehydrogenase 354 

(Nduf) and complex III related protein, ubiquinol-cytochrome C reductase (Uqcr) had 355 

significantly increased levels in PTS and suggests it is a candidate for superoxide 356 

generation.  357 

We used two different quantitative MS based methods to investigate changes in 358 

protein levels after TTS and PTS acoustic overexposure. Metabolic stable isotope labelling 359 

provides a very accurate and precise quantitative method both in vitro (60) and in vivo (61). 360 

Isobaric peptide labeling strategies are also powerful since up to twelve or more samples 361 

can be multiplexed and analyzed in the same MS analysis run (62). We used the TMT 362 

isobaric tags to confirm altered levels of hundreds of proteins from our metabolic labeling-363 

based results. We did not reproduce the precise proteins and levels between the multiple 364 

datasets but the overall patterns and trends between the two strategies are in agreement. 365 

Similar to any other high throughput analysis method, MS has intrinsic technical challenges 366 

and biases. Confounding factors include biological sources such as animal to animal 367 

variation, experimental variations during sample processing, technical differences (63), and 368 
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differences in the bioinformatic analysis. Altogether, these factors complicate our ability to 369 

directly compare global proteomic datasets. 370 

We focused on noise exposures that induce “auditory neuropathy” which has been 371 

reported to deteriorate IHC synaptic compartments and produce functional decline based on 372 

ABR and DPOAE analyses (64). The criteria for synaptopathy-inducing TTS in a noise 373 

overstimulation model has been described in young adult mice (16 week, male CBA/CaJ) 374 

exposed to noise (8–16 kHz octave-band) at 100 dB SPL for 2 hours (10). However the 375 

pattern of hearing loss varies depending on differences in the age, sex, and strain of the 376 

mice (65, 66). While it is difficult to compare noise exposure between labs, due to variations 377 

according in the noise exposure chamber and loud speaker conditions, we show that 378 

neuropathy is also induced by shorter noise exposures and delineate conditions under which 379 

it occurs. More importantly, elucidation of the early protein biomarkers and substrates of 380 

different levels of noise exposure potentially provide new evidence regarding the molecular 381 

substrates of ANF afferent synapse damage. 382 

We provide a pioneering proteomic description of both the acute response and 383 

recovery program after noise exposure causing TTS and PTS. More than 90% of the 384 

proteins quantified in the 15N datasets were also measured with TMT. The number of 385 

significantly altered proteins at the recovery time point was marginally reduced compared to 386 

the acute response. The majority of quantified significant proteins had increased levels in the 387 

acute response and decreased during the two week recovery period. Exposure to noise 388 

causing TTS causes a less dramatic proteome remodeling compared to PTS. Interestingly, 389 

there are a group of proteins with lowered levels immediately after noise but have increased 390 

levels during recovery. For example, Gstp1 and Gstp2, play an important role in 391 

detoxification by catalyzing the conjugation of hydrophobic and electrophilic biological 392 

molecules. An increase of glutathione related proteins levels correlates well with evidence in 393 

using glutathione to attenuate level of hearing deficit from noise exposure (67, 68). Analysis 394 

of the proteins involved in the recovery process after noise exposure highlighted several 395 

potential mitigators of noise-induced stress such as, Hcls1, Park7 and Gatm (SI Appendix). 396 
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However, the vast majority of the proteins identified in the current investigation have never 397 

before been linked to acoustic injury. Therefore, future studies verifying their functional 398 

involvement in the regulation and prevention of the cochlear response to acoustic 399 

overstimulation are crucially important in providing new insights into the molecular basis of 400 

NIHL which will pave the path of therapeutic discovery in the near future. 401 
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 577 

Fig. 1 Metabolic stable isotope labeling with MS-based proteomic quantification across noise 578 

exposure conditions. (A) Experimental scheme for quantifying proteins in different levels of 579 

noise exposed cochleae by LC MS/MS using 15N labeled cochleae (gray) as an internal 580 

standard. (B) Correlation plots from pairs of the 4 biological replicates in 0 dB condition were 581 

used to verify the level of threshold log fold differences (TLFD) to determine regulated 582 

protein expression. (C) Summary of total number of significantly quantified proteins which 583 

satisfied TLFD criteria. (D-F) Volcano plots of the quantified proteins from acoustic 584 

overexposed cochleae by LC-MS/MS, graphed as Log2 fold change vs. -Log10 P value. 585 
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Proteins that satisfied both the statistical cutoff ( P < 0.05) and TLFD are shown in red or 586 

blue points represent up- or down-regulated proteins, respectively. (G) Venn diagram of the 587 

significantly altered proteins across all three levels of exposure. (H) Enrichment analysis of 588 

significant quantified proteins based on GO:Cellular component and, (I) GO: Molecular 589 

function terms.  590 
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Fig. 2 Noise dependent trends of significantly altered proteins across conditions. (A) 609 

Significant proteins quantified across NTA, TTS and PTS conditions. A majority of these 610 

overlapping proteins had increased levels in a noise intensity dependent manner. This 611 

phenomena was also observed in groups of proteins measured only in two of the conditions 612 

(B) PTS:TTS, (C) PTS:NTA and (D) TTS:NTA. Accumulation of Log2 fold change level are 613 

presented in the graph together with protein name and the protein function based on GO 614 

classification (� = Proteasome complex, � = Protein folding and � = Proteolysis).  615 
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 635 

Fig. 3 Protein-protein interactions analysis by STRING are represented in five major groups 636 

of enzymatic pathways and protein complexes in response to noise stimulation. (A) 637 

Ubiquitin-proteasome system (UPS) and heat shock protein (HSP) chaperons are the most 638 

abundant protein interactions, which also show increased numbers according to the intensity 639 

of noise. (B) Mitochondrial electron transport complex III enzymes and actin cytoskeletal 640 

regulator protein complex ARP2/3 are also shown to increase their ramification in response 641 

to higher noise level at TTS and PTS. (C) Mitochondrial NADH dehydrogenase (complex I) 642 
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proteins typically found only in PTS condition which may indicate potentially distinct protein 643 

mechanisms for permanent hearing loss. 644 
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 671 

Fig. 4 Quantitative analysis of the cochlear proteome after two weeks of recovery. (A) 672 

Experimental scheme for identifying and quantifying proteins in acute (aTTS, aPTS) or 673 

recovery (rTTS, rPTS) time points after 30 min of noise exposure. (B) Venn diagram 674 

showing common proteins measured in TTS and PTS conditions. (C) Number of quantified 675 
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and significant protein verified according to their increase or decrease level of expression. 676 

(D) Heat map of significant protein across TTS and PTS conditions in acute and recovery 677 

time points. 678 
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