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Abstract  25 

Prevention of auditory hair cell death offers therapeutic potential to rescue hearing. 26 

Pharmacological blockade of JNK/c-Jun signaling attenuates injury-induced hair cell loss, but with 27 

unsolved mechanisms. We have characterized the c-Jun stress response in the mouse cochlea 28 

challenged with acoustic overstimulation and ototoxins, by studying the dynamics of c-Jun N-29 

terminal phosphorylation. It occurred acutely in glial-like supporting cells, inner hair cells and in the 30 

cells of the cochlear ion trafficking route, and was rapidly downregulated after exposures. Notably, 31 

death-prone outer hair cells lacked c-Jun phosphorylation. As phosphorylation was triggered also 32 

by non-traumatic noise levels and as none of the cells showing this activation were lost, c-Jun 33 

phosphorylation is a biomarker for cochlear stress rather than an indicator of a death-prone fate of 34 

hair cells. Preconditioning with a mild noise exposure before a stronger traumatizing noise 35 

exposure attenuated the cochlear c-Jun stress response, suggesting that the known protective 36 

effect of sound preconditioning on hearing is linked to suppression of c-Jun activation. Finally, mice 37 

with mutations in the c-Jun N-terminal phosphoacceptor sites showed partial, but significant hair 38 

cell protection. These data identify the c-Jun stress response as a paracrine mechanism that 39 

mediates outer hair cell death. 40 

 41 

Significance Statement 42 

The current study reveals a detailed time course and cellular pattern of the c-Jun stress response 43 

in the cochlea following traumas. It identifies N-terminal phosphorylation of c-Jun as a biomarker 44 

for acute cellular stress. Obtained results suggest a novel function for c-Jun phosphorylation in the 45 

adult cochlea, not as an intrinsic mediator of cell death, but as a part of a paracrine response that 46 

regulates hair cell death following traumas. These results are important for the development of 47 

protective therapies against hair cell loss.  48 
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Introduction 49 

Cells undergo a wide range of molecular changes in response to stress. Stress signaling pathways 50 

enable cells to make adaptive responses to maintain tissue homeostasis and to promote cell 51 

survival. Upon intolerable levels of stressors, activated stress signaling fuels into pro-apoptotic 52 

cascades, either cell-autonomously or via paracrine mechanisms (Fulda et al., 2010). The stress-53 

activated c-Jun N-terminal kinase (JNK)/c-Jun pathway mediates cell death and inflammation in a 54 

context-dependent fashion. In addition to pathophysiological processes, JNK/c-Jun activation 55 

regulates developmental events, particularly programmed cell death. It is a sequential kinase-56 

signaling pathway where mixed lineage kinases (MLKs) activate JNKs by phosphorylation. 57 

Activated JNKs in turn phosphorylate their cytoplasmic and nuclear targets. A predominant nuclear 58 

JNK substrate is c-Jun, a transcription factor of the activator protein 1 (AP1) complex (Raivich, 59 

2008; Coffey, 2014). Phosphorylation of c-Jun N-terminal serines 63 and 73 by JNKs is linked to 60 

traumas and apoptotic death and, therefore antibodies detecting this phosphorylation have been 61 

widely used as an indicator of stress-induced JNK/c-Jun signaling (Yang et al., 1997; Herdegen et 62 

al., 1998; Behrens et al., 1999; Besirli et al., 2005; Brecht et al., 2005). 63 

 64 

Acoustic overstimulation and ototoxic drugs cause hearing loss. Primary targets of these stressors 65 

are the mechanosensory hair cells of the auditory sensory epithelium, the organ of Corti of the 66 

cochlea. Of the two types of hair cells, outer hair cells (OHCs) are most sensitive to stressors, 67 

while inner hair cells (IHCs) are typically killed only by severe insults. The cochlear stress response 68 

is manifold. Stressors kill hair cells not only by direct actions. They can also impair cochlear ion 69 

homeostasis and in this way indirectly cause hair cell death. Local homeostasis in the organ of 70 

Corti is maintained by glial-like supporting cells. These cells scavenge potassium ions that upon 71 

sound stimulation enter the sensory epithelium via hair cells from the endolymph. Potassium is 72 

then transported back to the endolymph through a recycling route extending from the non-sensory 73 

cells of the organ of Corti to the cochlear lateral wall (Kikuchi et al., 2000). Stressors can impair 74 

potassium trafficking at different sites along this path (Wang et al., 2002; Wangemann, 2006; 75 
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Yamaguchi et al., 2014). Supporting cells have also other important supportive functions. 76 

Supporting cells around IHCs take up the neurotransmitter glutamate to prevent excitotoxic 77 

damage to afferent nerve endings. Additionally, upon hair cell loss, supporting cells are critical in 78 

healing the sensory epithelial surface, thereby preventing detrimental leakage of the endolymph 79 

into the epithelium (Monzack and Cunningham, 2013; Anttonen et al., 2014). 80 

 81 

In the injured cochlea, the potential of modulating different stress signaling pathways to prevent 82 

hair cell death has been widely studied. JNK/c-Jun signaling is one of the therapeutically promising 83 

targets, based on the findings that pharmacological blockade of MLK or JNK activation confers 84 

protection against hair cell death (Pirvola et al., 2000; Ylikoski et al., 2002; Wang et al., 2003). Still, 85 

the role and basic mechanism of JNK/c-Jun signaling in the cochlea remains unsolved. Herein, we 86 

have examined the pattern and function of this signaling in the noise- and ototoxin-exposed adult 87 

cochlea and in the developing cochlea. With expression data and genetic evidence, we present 88 

novel insights of the mechanisms of JNK/c-Jun signaling. The results underscore the importance of 89 

understanding the pleiotropic mechanisms of this signaling if its pharmacological modulation for 90 

therapeutic purposes is realized. 91 

 92 

Materials and Methods 93 

Mice 94 

Seven-to-eight-week old CBA/Ca mice (Harlan Laboratories) of both sexes were used to study c-95 

Jun expression and N-terminal phosphorylation in non-exposed and noise- and ototoxic-drug 96 

exposed cochleas, including acoustic preconditioning experiments. CBA/Ca mice at postnatal day 97 

0 (P0), P6 and P12 were used for immunostainings of the immature cochlea. Gfi1GFP/GFP knock-in 98 

mice and control littermates were analyzed at P0 and at 4 weeks of age. Generation and 99 

genotyping of these mutant mice have been previously described (Yücel et al., 2004). JunAA/AA 100 

mutant mice and control littermates had a mixed genetic background (C57BL/6,129/S6, CBA/Ca) 101 
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(Behrens et al., 1999). All mice were bred from in-house breeding pairs. All animal work was 102 

conducted according to relevant national and international guidelines. Approval for animal 103 

experiments was obtained from the National Animal Experiment Board. Cochleas from at least 3 104 

mice per age and per genotype were used for immunohistochemistry. In addition, cochleas from 3 105 

individuals of both Gfi1GFP/GFP and control Gfi1GFP/+ genotypes at P0 were prepared for whole mount 106 

specimens. 107 

 108 

Ototoxic Trauma 109 

Hair cell loss was induced by a single s.c. injection of 1 mg/g kanamycin (Sigma) followed by a 110 

single i.p. injection of 0.4 mg/g furosemide (Fresenius Kabi) according to an established protocol 111 

(Oesterle et al., 2008; Taylor et al., 2008). The interval between the injections was 30 min. Animals 112 

were sacrificed 2, 8, 20 and 60 h after the ototoxic challenge. Cochleas of a minimum of 3 mice per 113 

post-exposure time point were processed for immunohistochemistry. 114 

 115 

Noise exposures and sound preconditioning 116 

Mice were exposed for 1 or 4 h or to 15 min octave-band noise centered to 8-16 kHz at 85, 91 or 117 

106 dB SPL. Cochleas were evaluated immediately, 6 h, 20 h and 7 d post-exposure. Sound 118 

preconditioning was performed for 1 h at 91 dB SPL and, after an interval of 12 h, mice were 119 

exposed for 1 or 4 h to 106 dB SPL, and evaluated immediately thereafter. Exposures were 120 

performed in a ventilated, self-built sound chamber (40 x 44 x 82 cm). Sound was produced with 121 

two active speakers (8130A Digital Bi-Amplifier Monitoring System, Genelec) mounted side by side 122 

2 cm above a laboratory animal cage for rodents. Speakers were connected with NuForce icon 123 

µDAC2 to a laptop playing the sound continuously. The cage was subdivided into 4 smaller cages 124 

(9 x 16 x 9 cm) for each individual. In these cages, restraint stress was avoided, as mice were able 125 

to turn and move. A minimum of 3 mice per SPL, per noise exposure duration and per post-126 

exposure time point were used to perform immunohistochemistry on cochlear sections. Eight 127 

noise-exposed mice were used for immunocytochemistry on whole mount specimens. Four adult 128 

individuals of both Gfi1GFP/GFP and Gfi1GFP/+ knock-in mice were exposed to noise and their cochleas 129 
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were prepared for immunohistochemistry. Eight mice were used for preconditioning experiments, 130 

half of them for the shorter and the other half for the longer traumatizing noise exposure. In most of 131 

these cases, both cochleas of each animal were histologically analyzed. Concerning JunAA/AA 132 

and control littermates, eight mice of both genotypes were exposed for 6 h to 110 and 115 dB SPL 133 

each, and analyzed 16 d post-exposure. One cochlea per animal was processed for resin-134 

embedded specimens. 135 

 136 

Immunohistochemistry and Apoptag staining 137 

Cochleas were perilymphatically fixed with 4% paraformaldehyde (PFA) in PBS and immersed in 138 

the fixative overnight at +4oC. P6, P12 and adult cochleas were decalcified in 0.5 M EDTA, pH 7.5. 139 

Cochleas were embedded into paraffin (Historesin IM, ThermoScientific). Five-μm-thick sections 140 

were cut in midmodiolar plane through cochleas. After deparaffinization, epitopes were unmasked 141 

by microwave heating (900 W) in 10 mM citrate buffer, pH 6.0, for 10 min of boiling. Sections were 142 

blocked for 30 min with 10% goat serum (Jackson ImmunoResearch) in PBS containing 0.25% 143 

Triton-X-100 (PBS-T). Incubation with primary antibodies diluted in PBS-T was performed for 48 h 144 

at +4°C. Following primary antibodies were used: c-Jun, phospho-c-Jun Serine 73, phospho-c-Jun 145 

Serine 63, cleaved caspase-3 (all rabbit monoclonals, Cell Signaling Technology) and myosin 7a 146 

(rabbit polyclonal, Proteus Biosciences). Detection was done with Vectastain Elite ABC kit and 147 

diaminobenzidine substrate (DAB Detection kit, both from Vector Laboratories). Apoptag 148 

Peroxidase In Situ Apoptosis Detection Kit (Millipore) was used to detect DNA single- and double-149 

stranded breaks associated with late stages of apoptosis. Sections were counterstained with 3% 150 

methyl green and mounted in Permount (Fisher Scientific). A part of consecutive sections were 151 

stained with hematoxylin (Shandon Instant Hematoxylin, ThermoScientific). 152 

 153 

Whole mount specimens 154 

Cochleas fixed with PFA and decalcified with EDTA were cut in midmodiolar plane in half, such 155 

that the coiled organ of Corti was separated into four pieces. These pieces were dissected clean 156 
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from the surrounding tissue and the tectorial membrane was removed. For immunofluorescence, 157 

whole mounts were blocked for 30 min with 10% donkey serum in PBS-T, followed by a 48-h-long 158 

incubation at +4°C with appropriate primary antibodies in PBS-T. Following primary antibodies 159 

were used: Sox2 (goat polyclonal, Santa Cruz Biotechnology) and phospho-c-Jun Serine 73. 160 

Secondary antibodies conjugated to Alexa 568, 594 or 647 were used for detection. After antibody 161 

incubations, F-actin filaments were visualized using Oregon Green 514-conjugated phalloidin 162 

(1:400 in PBS-T). Nuclei were stained with DAPI. ProLong Gold anti-fade reagent was used for 163 

mounting (all from Molecular Probes/Invitrogen). 164 

 165 

Light microscopy 166 

Sections were analyzed with bright-field and differential interference contrast (DIC) optics under 167 

BX61 microscope equipped with UPlanApo 10x, 20x and 60x objectives. Images were acquired 168 

through DP73 CCD color camera and CellSens software (all from Olympus). Confocal images 169 

were acquired using a Leica TCS SP5 laser scanning microscope with Plan Apochromat 10x/0.40 170 

NA and with 63×/1.3 NA glycerol objective. The acquisition software was Leica LAS AF. ImageJ 171 

was utilized for creation of z-projections.  172 

 173 

Cochlear frequency mapping in whole mounts 174 

Cochlear frequency mapping in whole mount specimens was done with the Measure_Line.class 175 

ImageJ plugin (available with a manual from Eaton--Peabody Laboratories Histology Resources) 176 

that is based on calculations done by Müller et al. (2005). 177 

 178 

Graphical reconstruction of the cochlea from paraffin sections and cytocochleograms 179 

A graphical model map for quantification of c-Jun S73 and c-Jun immunoreactivities and hair cell 180 

losses was built from a non-treated adult cochlea that was cut to 5-μm-thick paraffin sections in 181 

midmodiolar plane and stained with hematoxylin. Every eighth consecutive section was imaged. 182 

Section images were stacked, arranged and spatially adjusted such that 3D segmentation was 183 
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possible. The organ of Corti was manually segmented from the image stack and visualized with 184 

Amira (FEI). Percentual distances from the base of the organ of Corti were measured to every 185 

originally sectioned plane of the organ of Corti and corresponding frequency values were mapped 186 

with the Measure_Line imageJ plugin (see above). With these data, a 2D map of the coiled organ 187 

of Corti was drawn where each sectioned area of this organ was displayed with the corresponding 188 

frequency value together with a grid, each square representing a certain hair cell or supporting cell 189 

type. After completing each map, the gained data was redrawn into a linear cytocochleogram for 190 

visualization purposes. In the cytocochleograms, light and dark blue squares represent weak and 191 

intense immunoreactivities, respectively, shown in examples of c-Jun S73-stained nuclei (Fig. 7). 192 

Black squares represent lost hair cells. One representative cochlea of each condition is shown as a 193 

cytocochleogram. 194 

 195 

Resin-embedded cytocochleograms  196 

Sixteen days after noise exposure (6 h at 110 or 115 dB SPL), cochleas of JunAA/AA and Junwt/wt 197 

mice were embedded in epoxy resin and processed for surface preparations. These specimens 198 

were analyzed under Olympus BX61 microscope equipped with DIC optics. Hair cells were 199 

characterized as missing if no cuticular plate and stereocilia in the normal apical location was 200 

observed (replaced by supporting cells scars) and if the respective hair cell nucleus was absent. A 201 

60x objective was used for cell counting. Missing hair cells per cochlea were counted in non-202 

exposed (where the amount of OHCs averaged 2300) and in noise-exposed mutant and wildtype 203 

mice. 204 

 205 

Image analysis and editing 206 

Image analysis and Z-projection-images were done with the public domain image processing 207 

program ImageJ (National Institutes of Health) equipped with Bio-Formats Importer plugin (Open 208 

Microscopy Environment). Image editing was done with Adobe Photoshop CS6. 209 

 210 
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Statistical analysis  211 

The normality of the JunAA data set was tested with the Saphiro-Wilk normality test. P-values were 212 

obtained with two-tailed two-sample t-test and p-values under 0.05 were considered significant. 213 

Statistical analysis was conducted with Origin Pro 8.6. 214 

 215 

Results 216 

c-Jun is phosphorylated in the developing cochlea 217 

We first studied whether c-Jun is expressed and phosphorylated in the cochlea undergoing 218 

postnatal development (Fig. 1). Paraffin sections were stained with antibodies against total c-Jun 219 

and against its N-terminal serine 73 phosphorylated form (c-Jun S73). A few studies have shown 220 

that the c-Jun S73 antibody recognizes other nuclear JNK substrates besides c-Jun (Besirli et al., 221 

2005; Brecht et al., 2005). We found that cochlear cells with c-Jun S73 phosphorylation invariably 222 

expressed also c-Jun. Also, antibodies against c-Jun S73 and c-Jun S63 (data not shown) 223 

produced comparable staining patterns. Thus, these results suggest that the c-Jun S73 224 

immunoreactivity obtained in our experiments is specific to c-Jun.  225 

 226 

In the cochlea at P0 and P6, Schwann cells of the cochlear nerve, epithelial cells of the Reissner’s 227 

membrane and the mesenchymal tympanic border cells beneath the organ of Corti showed c-Jun 228 

expression, but not c-Jun S73 phosphorylation. Cells of the organ of Corti were negative for both 229 

signals (Fig. 1a-c). The greater epithelial ridge (GER), located medially to the organ of Corti, 230 

regresses through apoptosis at the end of the first postnatal week. At P6, abrupt induction of both 231 

c-Jun and its S73 phosphorylation were seen in the GER, together with apoptotic debris (Fig. 1b-232 

c’). These findings in the GER are consistent with prior studies showing the involvement of 233 

phosphorylated c-Jun in apoptosis of developing tissues (Sun et al., 2005). In the P0 inner ear, in 234 

addition to the cochlea, strong c-Jun and c-Jun S73 immunoreactivities were localized to the 235 

developing annular ligament of stapes, located at the future oval window at the base of the 236 

cochlea. These mesenchymal cells did not show signs of apoptosis, demonstrating that c-Jun N-237 
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terminal phosphorylation can have functions other than cell death regulation, consistent with the 238 

data on bone and joint development during embryogenesis (Fig. 1d,d’) (Kan and Tabin, 2013).  239 

 240 

c-Jun is expressed in the juvenile and adult organ of Corti and lateral wall 241 

To find out whether c-Jun is expressed and phosphorylated at the time of onset of hearing in mice, 242 

analysis was performed at P12. Compared to P6, c-Jun was upregulated in two types of supporting 243 

cells of the organ of Corti, the Deiters’ and pillar cells. In the lateral wall, scattered epithelial and 244 

mesenchymal cells expressed c-Jun (Fig. 1e,e’). This expression pattern of basal c-Jun was 245 

maintained at adulthood (Fig. 3a). Supporting cells of the lower half of the cochlea showed more 246 

prominent c-Jun expression compared to those of the upper half of the cochlea (data not shown). 247 

Concerning c-Jun S73 staining, it was found both at P12 and adulthood only in a small number of 248 

cells, located in a scattered manner within the supporting cell population of the organ of Corti and 249 

in the lateral wall (Fig. 3b). Thus, c-Jun is not significantly phosphorylated under normal 250 

physiological conditions in these structures. 251 

 252 

c-Jun is phosphorylated in developing hair cells upon disturbed differentiation  253 

During cochlear development, hair cells die if their differentiation program is disturbed. To find out 254 

if c-Jun signaling regulates this apoptotic death, mice depleted for Gfi1 (Growth factor independent 255 

1) were analyzed. The transcription factor Gfi1 is expressed in the developing cochlear hair cells 256 

and is critical for their differentiation, evidenced in Gfi1-inactivated mice by massive hair cell 257 

apoptosis around birth, shortly after the onset of differentiation of these cells (Wallis et al., 2003; 258 

Kirjavainen et al., 2008). At P0, the organ of Corti of the Gfi1GFP/GFP knock-in mice (Yücel et al., 259 

2004) showed disorganized rows of hair cells, marked by myosin 7a, compared to wildtype and 260 

Gfi1GFP/+ mice (Fig. 2a,b). This cellular disorganization was accompanied by c-Jun expression and 261 

S73 phosphorylation, as opposed to control littermates (Fig. 2a’,c,d). Also co-labeling experiments 262 

in whole mount surface specimens demonstrated the absence of c-Jun and c-Jun S73 signals in 263 

the organ of Corti of control mice (Fig. 2e-g). In the Gfi1GFP/GFP mutant mice, these signals were 264 
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localized to GFP-positive hair cells, while Sox2-positive supporting cells were negative (Fig. 2h-j, 265 

data not shown). Thus, c-Jun signaling is not involved in hair cell differentiation around birth. 266 

Rather, induction of c-Jun expression and phosphorylation appears to regulate apoptosis of hair 267 

cells stressed by cell-intrinsic genetic perturbations (Fig. 2d,d’). 268 

 269 

Acoustic overstimulation triggers c-Jun phosphorylation in the organ of Corti and lateral 270 

wall  271 

Knowledge on the c-Jun N-terminal phosphorylation pattern in the acoustically injured cochlea 272 

might provide insights to the mechanisms of stress-induced JNK/c-Jun signaling. Thus, CBA/Ca 273 

mice were exposed for 1 or 4 h to 8-16 kHz octave-band noise at 106 decibel sound pressure level 274 

(dB SPL). We focused histological analysis on the 45 to 50 kHz region, located in the upper basal 275 

turn of the cochlea (Figs. 3 and 4). This region is more sensitive to environmental stressors than 276 

apical turns. Immediately after both 1 h- and 4 h-long noise exposures, the 45 to 50 kHz region 277 

showed partial OHC loss and several of existing OHCs had morphological signs of degeneration 278 

(Figs. 4a’,b’,c’). IHCs appeared histologically intact. Light microscopic analysis did not show 279 

obvious morphological changes in hair cells located at upper levels of the cochlea (data not 280 

shown).  281 

 282 

Immediately after a 106 dB SPL exposure for 1 h, c-Jun expression and c-Jun S73 phosphorylation 283 

were induced in the organ of Corti and in the root cell area of the lateral wall (Fig. 3c-d’). After 4 h 284 

of continuous noise, c-Jun S73 had disappeared from the root cell area, but had proceeded to 285 

upper areas of the lateral wall, namely to fibrocytes and the innermost cell layer of stria vascularis 286 

(Fig. 3e,e’). This phosphorylation in the lateral wall disappeared by 22 h post-exposure (Fig. 3f-g’). 287 

In the 45 to 50 kHz region, the outermost cell layer of stria vascularis, responsible for potassium 288 

secretion into the endolymph, was only weakly positive for c-Jun S73. In contrast, this strial cell 289 

layer showed strong c-Jun S73 phosphorylation in the basalmost, most strongly affected region of 290 

the cochlea (compare Fig. 3e’,e’’). Thus, upon noise exposure, c-Jun is acutely upregulated and 291 
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phosphorylated in the potassium recycling route that extends from the non-sensory cells of the 292 

organ of Corti to the lateral wall (Fig. 3h). This temporal sequence of c-Jun activation correlates 293 

with the known sequence of potassium ion transport along this recycling route (Kikuchi et al., 294 

2000), suggesting that these processes might be interconnected. 295 

 296 

To investigate whether functional hair cells, that are the principal entry site of potassium into the 297 

organ of Corti, are needed for c-Jun activation in supporting cells and in the cells of the lateral wall, 298 

adult Gfi1-depleted mice, that lack most of hair cells, were analyzed. After exposure for 1 h to 106 299 

dB SPL, cochleas were immediately prepared for analysis. Upregulation of c-Jun expression and 300 

phosphorylation were absent from the organ of Corti and lateral wall of these mutant animals, 301 

showing that stress-induced c-Jun activation depends on the presence of OHCs (Fig. 3i,j). 302 

 303 

We next compared the dynamics c-Jun S73 phosphorylation and OHC loss in the noise-exposed 304 

organ of Corti. Deiters’ cells, of which a large part showed constitutive c-Jun expression in 305 

unexposed cochleas (Fig. 3a), showed acute and robust c-Jun S73 induction in response to a 106 306 

dB exposure for 1 h (Fig. 4b). This phosphorylation occurred concomitantly with upregulation of 307 

basal c-Jun expression. c-Jun S73 induction was also seen in pillar cells, in a part of IHCs and in 308 

the supporting cells that surround IHCs (termed here collectively as inner border cells) (Fig. 4a,b). 309 

After 4 h of continuous noise and analysis immediately thereafter, c-Jun S73 phosphorylation was 310 

maintained in Deiters’ and pillar cells and IHCs, but was downregulated in inner border cells (Fig. 311 

4c). Six hours after this noise exposure, c-Jun phosphorylation in Deiters’ and pillar cells and IHCs 312 

had further decreased (Fig. 4d), and at 22 h post-exposure it was absent (Fig. 3g). Notably, while a 313 

part of IHCs showed acute c-Jun upregulation and phosphorylation, degenerating OHCs were 314 

negative for c-Jun and c-Jun S73 at each time point studied (Fig. 4a-c). Apoptag-staining on 315 

paraffin sections revealed dying OHCs, whereas IHCs did not show this staining and lacked 316 

morphological signs of degeneration (Fig. 4e). This positive staining in OHCs suggests that their 317 

death has features of apoptosis. The results on c-Jun S73 immunoreactivity obtained in paraffin 318 
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sections were confirmed in whole mount specimens. Whole mounts showed stress-induced, acute 319 

c-Jun S73 phosphorylation in IHCs, inner border cells (Fig. 4f-g) and pillar and Deiters’ cells, but 320 

not in OHCs (Fig. 4h-k). Together, these results suggest that c-Jun phosphorylation is not part of 321 

an intrinsic apoptotic process in adult OHCs and, on the other hand, that c-Jun phosphorylation in 322 

IHCs does not direct these cells to death. 323 

 324 

As c-Jun phosphorylation was not detected in OHCs after 1- and 4-h-long noise exposures, we 325 

studied if these cells anyway phosphorylate c-Jun in a very abrupt fashion. Mice were exposed for 326 

15 min to 106 dB SPL and cochleas were prepared for analysis immediately thereafter. OHCs did 327 

not show c-Jun S73 or c-Jun S63 immunostaining after this short exposure, arguing against 328 

momentary c-Jun activation in response to noise stress (data not shown).  329 

 330 

In addition to histological analysis from the 45 to 50 kHz region (Figs. 3 and 4), cytocochleograms 331 

were generated to reveal the longitudinal pattern of OHC loss and c-Jun phosphorylation in the 332 

organ of Corti of the cochlea (Fig. 7a-d). Cytocochleograms demonstrate OHC loss in the basal 333 

part of the cochlea and that c-Jun S73 phosphorylation is concentrated to this area, yet to cells 334 

other than OHCs. Cytocochleograms reveal not only rapid induction, but also rapid downregulation 335 

of this phosphorylation after noise exposure. 336 

 337 

Ototoxic stress triggers c-Jun phosphorylation in the organ of Corti and lateral wall  338 

To study the impact of ototoxic drugs on c-Jun activation, mice were exposed to the 339 

aminoglycoside antibiotic kanamycin and the loop-diuretic furosemide whose synergistic effect 340 

triggers rapid and widespread OHC loss (Oesterle et al., 2008; Taylor et al., 2008; Anttonen et al., 341 

2012, 2014) This effect is based on aminoglycoside’s direct damaging effect on hair cells and on 342 

loop-diuretic’s disruptive effect on potassium secretion from stria vascularis into endolymph. 343 

Already 2 h after drug injections, extensive OHC loss was found at the 45 to 50 kHz level of the 344 
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cochlear duct. Correspondingly, the organ of Corti and lateral wall at this level displayed robust c-345 

Jun upregulation and phosphorylation (Fig. 5a). In the organ of Corti, c-Jun activation was seen in 346 

IHCs and supporting cells prior, during and after OHC degeneration. OHCs themselves were 347 

negative for c-Jun and c-Jun S73 at each stage (Fig. 5b,c). Ototoxins triggered widespread c-Jun 348 

activation in stria vascularis and fibrocytes of the lateral wall and in other regions of the epithelial 349 

lining of the endolymphatic space (Fig. 5a). These observations link c-Jun phosphorylation to 350 

impaired ion homeostasis in the ototoxically lesioned cochlea. Similarly as in the case of noise 351 

exposure, OHCs showed Apoptag-labeling following kanamycin-furosemide exposure, suggesting 352 

that the death of these cells has features of apoptosis (data not shown). 353 

 354 

Cytocochleograms prepared from ototoxin-challenged cochleas (Fig. 9) show that c-Jun 355 

phosphorylation was not restricted to the vulnerable basal portion of the cochlea, but was seen in 356 

its upper portion as well, reflecting severity of the insult. Based on histological views and 357 

cytocochleograms (Figs. 5d-f and 9), broad c-Jun S73 immunoreactivity was still maintained at 20 358 

h post-exposure, but was for the most part abolished by 60 h post-exposure. These dynamics of c-359 

Jun phosphorylation follow the time course reported for aminoglycoside accumulation into the 360 

different compartments of the cochlea after systemic drug application (Imamura and Adams, 2003). 361 

Together, both trauma models applied trigger an acute c-Jun stress response in the non-sensory 362 

cells and IHCs of the organ of Corti and in the cells of the lateral wall. Interestingly, these cells of 363 

the organ of Corti are not killed by the traumas, as opposed to OHCs lacking the c-Jun stress 364 

response. 365 

 366 

c-Jun phosphorylation is a biomarker for harmful noise levels 367 

If c-Jun N-terminal phosphorylation reflects a cellular stress response, the magnitude of the 368 

response might differ between damaging and non-damaging insults. To test this, mice were noise-369 

exposed for 1 h to 85 or 91 dB SPL, and cochleas were analyzed immediately thereafter. In 370 

addition to histological sections (Fig. 6a), cytocochleograms along the length of the cochlear duct 371 

were used for analysis (Fig. 7e-g). Prior data have shown that 85 and 91 dB SPL exposures trigger 372 
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neither hair cell loss nor the loss of ribbon synapses between IHCs and afferent nerve fibers, 373 

although they cause temporary hearing threshold shifts (Fernandez et al., 2015; Housley et al., 374 

2013). Consistent with these data, we did not find OHC loss after these exposures 375 

(cytocochleograms: Fig. 7e-g). 91 dB SPL was strong enough to trigger c-Jun expression and 376 

phosphorylation in the organ of Corti and lateral wall (Fig. 6a, data not shown). Both 377 

immunoreactivities had largely comparable pattern and intensity as seen after 106 dB SPL 378 

exposures (compare cytocochleograms: Fig. 7b to 7f; compare histological views: Figs. 6a to 4b). 379 

In contrast, as demonstrated in cytocochleograms (Fig. 7), c-Jun phosphorylation was minimal 380 

after the 85 dB SPL exposure. Following this low-level noise, weakly c-Jun S73-positive cells were 381 

located in a scattered manner rather than being accumulated to a damage area as seen upon 382 

louder noise exposures (compare cytocochleograms: Fig. 7b and e). Thus, in addition to SPLs 383 

causing permanent structural damage, c-Jun is phosphorylated upon noise levels that leave the 384 

cochlea light microscopically intact, but cause a transient decrease in hearing sensitivity. 385 

Therefore, c-Jun phosphorylation is a biomarker for cellular-stress-evoking noise levels. 386 

 387 

Acoustic preconditioning modulates stress-induced c-Jun phosphorylation in the organ of 388 

Corti  389 

Preconditioning with low-to-moderate noise levels protects hearing against a subsequent, more 390 

intense insult, provided that the interval between the exposures is less than about 24 h (Yoshida 391 

and Liberman, 2000). The mechanism behind this “toughening” event is unresolved. As our results 392 

revealed that c-Jun S73 phosphorylation is not only an acute, but also a transient response to 393 

noise stimulation, we hypothesized that the mechanisms directing rapid c-Jun silencing might still 394 

be active when a second insult is applied. To study this, mice were preconditioned for 1 h at 91 dB 395 

SPL. After 12 h, they were exposed for 1 or 4 h to 106 dB SPL, and cochleas were immediately 396 

thereafter prepared for analysis. Preconditioning resulted in a clear attenuation of the extent and 397 

intensity of c-Jun S73 phosphorylation, particularly in Deiters’ cells of the organ of Corti, shown in 398 

histological views from the 45 to 50 kHz region (compare Figs. 6b to 4b) and in cytocochleograms 399 
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(compare Fig. 7b to f-h). Thus, sound preconditioning limits stress-induced c-Jun phosphorylation 400 

in supporting cells that surround the death-prone OHCs, suggesting that dampening of the c-Jun 401 

stress response is part of the protective mechanism of acoustic preconditioning.  402 

 403 

As described above, c-Jun expression was absent from OHCs challenged with a single 1 h 106 dB 404 

SPL exposure (Figs. 4a and 8b). Unexpectedly, c-Jun expression was upregulated in a part of 405 

OHCs of acoustically preconditioned cochleas. This c-Jun upregulation was found after 406 

preconditioning for 1 h at 91 dB SPL, followed by a recovery of 12 h, and then exposure for 1 h at 407 

106 dB SPL (Fig. 6c,d) or 4 h (data not shown). Analysis was done immediately after noise 408 

exposures. Notably, along the length of the cochlear duct, c-Jun was upregulated in the 16 to 45 409 

kHz region, i.e. above the level where OHCs were lost, as shown in cytocochleograms (Fig. 8b,c). 410 

In this region, approximately 25% of OHCs expressed c-Jun. Only a minor fraction of these cells 411 

showed c-Jun S73 phosphorylation (Fig. 7h). Notably, this 16 to 45 kHz region did not show OHC 412 

loss and the c-Jun expressing OHCs lacked morphological signs of degeneration (Fig. 6d). 413 

Therefore, an apoptotic fate for these cells cannot be suggested. We conclude that c-Jun 414 

expression can be upregulated in OHCs upon recurrent acoustic stress. It might be connected with 415 

stress-induced metabolic alterations in these cells. As this c-Jun upregulation in OHCs was only 416 

minimally associated with N-terminal phosphorylation, its function might be JNK-independent. 417 

Whether this intriguing event after preconditioning is beneficial or harmful for OHC function 418 

remains unanswered.  419 

 420 

Genetic blockade of c-Jun phosphorylation partially protects outer hair cells from acoustic 421 

trauma 422 

To find out whether the blockade of c-Jun N-terminal phosphorylation confers OHC protection from 423 

an acoustic insult, we studied the JunAA/AA knock-in mice in which the N-terminal serines 63 and 424 
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73 have been replaced by alanines (Behrens et al., 1999). Thus, in these animals, stress-induced 425 

JNKs cannot trigger c-Jun N-terminal phosphorylation 426 

 427 

JunAA/AA and Junwt/wt mice were noise-exposed for 6 h at 110 or 115 dB SPL to achieve OHC 428 

loss large enough for quantification purposes. This genetic intervention led to partial, but significant 429 

OHC protection, evidenced 16 days after exposure by counting OHC numbers in resin-embedded 430 

wholemount specimens (Fig. 10a-d’). These specimens also showed that the JunAA/AA mutation 431 

does not affect supporting cell’s scar formation ability at the epithelial surface (Fig. 10c-d’). Whole 432 

mount specimens and paraffin sections (Fig. 10e) did neither reveal loss of supporting cells, 433 

indicating that trauma-induced c-Jun N-terminal phosphorylation does not promote their survival. In 434 

contrast to noise-exposed control cochleas, induction of c-Jun S73 immunostaining was 435 

insignificant in noise-exposed JunAA/AA cochleas, demonstrating specificity of the antibody used 436 

(Fig. 10f). Together, these results suggest that JNK/c-Jun activation mediates at least part of the 437 

detrimental effects of loud noise that causes OHC loss. A hypothetical model of how c-Jun 438 

phosphorylation mediates OHC loss acutely after noise and ototoxic drug exposures is presented 439 

in Fig. 11.  440 

 441 

Discussion  442 

Activation of the JNK/c-Jun pathway connects cellular stress with various physiological outcomes. 443 

Apoptotic outcome has been emphasized in a wide range of pathological conditions, particularly in 444 

neurons and other sensory cells. Nevertheless, the JNK/c-Jun stress response is not simply linked 445 

to cell death, as shown, for example, in the injured brain where only a fraction of neurons with this 446 

stress response die (Yang et al., 1997; Herdegen et al., 1998; Brecht et al., 2005). In glial cells, 447 

JNK/c-Jun activation triggers neurotoxic inflammation (Hidding et al., 2002; Lund et al., 2005; 448 

Waetzig et al., 2005; Eggert et al., 2010). In the cochlea, JNK/c-Jun signaling has been linked to 449 

hair cell-intrinsic death following traumas (Pirvola et al., 2000; Ylikoski et al., 2002; Wang et al., 450 

2003). Contrary to this somewhat restricted view, the present study suggests that the mode of 451 
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action of JNK/c-Jun signaling in the traumatized cochlea is not as straightforward as previously 452 

believed. Furthermore, although pharmacological inhibition of this signaling has been shown to 453 

confer protection against hair cell and hearing loss, direct genetic evidence is lacking. We have 454 

addressed these issues in the current study and used N-terminally phosphorylated c-Jun as an 455 

indicator of stress-induced nuclear JNK/c-Jun activation. We refer this as the c-Jun stress 456 

response in the discussion below. 457 

 458 

The c-Jun stress response during cochlear development 459 

c-Jun N-terminal phosphorylation was induced in the GER of the developing cochlea at the stage 460 

when this structure is disappearing by apoptosis, highlighting the involvement of JNK/c-Jun 461 

activation in “classical” programmed cell death (Sun et al., 2005). During development, c-Jun 462 

phosphorylation was also induced in Gfi1-depleted, degenerating cochlear hair cells, 463 

demonstrating that the c-Jun stress response can be induced cell-intrinsically in differentiating hair 464 

cells by withdrawal of a survival factor. This is also consistent with the known role of JNK/c-Jun 465 

signaling in immature neurons deprived of trophic factors (Watson et al., 1998). 466 

 467 

c-Jun N-terminal phosphorylation is a biomarker for cellular stress and altered ion 468 

homeostasis in the adult cochlea  469 

Upon exposure to environmental stressors, tissue homeostasis is in danger and the cellular stress 470 

response is activated. If stressful stimulus does not exceed a certain threshold, cells can cope with 471 

it by mounting appropriate protective processes. If stressful agent is too strong, activated stress 472 

signaling is integrated into cell death pathways. Our results show that c-Jun N-terminal 473 

phosphorylation is an excellent biomarker for cellular stress in the traumatized adult cochlea, 474 

irrespective of the final cellular fate. First, upon noise exposure, c-Jun phosphorylation extended 475 

from the 8 to 16 kHz noise band down to the base of the cochlea, but the strongest and most 476 

homogenous phosphorylation was localized to the region of morphological damage. Second, 477 

based on experiments with various noise intensities, c-Jun became phosphorylated also at lower 478 
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noise levels that leave the cochlea light microscopically intact. This is what one would expect from 479 

a stress response factor, as also these “non-damaging” noise levels are known to cause temporary 480 

impairment in hearing function and fine-grained structural defects in hair cell stereociliary bundles, 481 

not examined in our study (Liberman and Dodds, 1987; Wang et al., 2002). Third, connected to the 482 

fact that acoustic overstimulation modulates potassium trafficking from the organ of Corti to the 483 

lateral wall (Wangemann, 2006), c-Jun was dynamically phosphorylated after noise exposure 484 

along this ion trafficking route. This suggestion that c-Jun N-terminal phosphorylation indicates 485 

imbalances in ion homeostasis was even more clearly evidenced in ototoxin-exposed cochleas. 486 

Furosemide, one of the ototoxic compounds used, blocks potassium secretion into the endolymph. 487 

This was reflected as a c-Jun stress response throughout the epithelial lining of the endolymphatic 488 

space.  489 

 490 

The c-Jun stress response in death-resistant cells of the adult cochlea 491 

Upon exposure to noise and ototoxic drugs, the adult organ of Corti displayed an unexpected 492 

pattern of c-Jun N-terminal phosphorylation. It was absent from the vulnerable OHCs, but was 493 

induced in the death-resistant IHCs and supporting cells. Thus, the function of the c-Jun stress 494 

response is something else than regulation of cell-intrinsic apoptosis. In adult mice, c-Jun was 495 

phosphorylated in all supporting cell types, but most prominently in Deiters’ cells. This robust c-Jun 496 

induction appears to be linked with the constitutive c-Jun expression in these cells. Although OHCs 497 

lacked the c-Jun stress response, OHC presence was, nevertheless, required for c-Jun activation 498 

in adjacent supporting cells, evidenced in the adult, Gfi1-depleted mice. They lacked cochlear hair 499 

cells and did not phosphorylate c-Jun in Deiters’ cells after noise exposure. This absence of the c-500 

Jun stress response in the Gfi1 mutant mice is consistent with the fact that hair cells are the 501 

primary sensors of acoustic signals and the entry site for potassium into the organ of Corti. As the 502 

Gfi1 mutant mice lacked c-Jun phosphorylation in the lateral wall as well, activation of the stress 503 

response in this site may be a consequence of homeostatic imbalances originating from the organ 504 

of Corti. 505 
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 506 

What is the role of the c-Jun stress response in non-sensory cells of the cochlea? We cannot 507 

exclude the possibility that after mild traumas and in the more resistant upper portion of the 508 

cochlea, it has beneficial effects by striving for homeostatic balance. However, c-Jun 509 

phosphorylation was concentrated to the lower portion of the cochlea that showed morphological 510 

damage, suggesting that the stress response has harmful effects there, at least after a certain 511 

stimulus threshold has been exceeded. In this affected region, JNK/c-Jun activation in non-sensory 512 

cells might mediate OHC degeneration, perhaps in an integrative manner with hair cell-intrinsic 513 

mechanisms, such as oxidative stress. The findings of c-Jun phosphorylation in supporting cells 514 

prior to and during OHC degeneration support this suggestion. Accumulating data highlight the 515 

intimate cross-talk between hair cells and supporting cells (May et al., 2013; Monzack and 516 

Cunningham, 2013). The current results support these data and are consistent with the proposed 517 

role of JNK/c-Jun signaling in glial cell-neuron interactions in the central nervous system (Hidding 518 

et al., 2002; Lund et al., 2005; Waetzig et al., 2005; Eggert et al., 2010). 519 

 520 

In addition to supporting cells, c-Jun was phosphorylated in a part of IHCs, both upon noise and 521 

ototoxic challenges. Similar to supporting cells, this c-Jun activation was not associated with a 522 

death-prone cellular fate. One possibility is that c-Jun phosphorylation in IHCs mediates stress on 523 

ribbon synapses that connect these cells to the afferent nerve fibers. This possibility is relevant 524 

taking into account that both the c-Jun stress response (current results) and ribbon synapse 525 

damage (Kujawa and Liberman, 2009; Liberman et al., 2015) are triggered rapidly following noise 526 

exposure. Further, the most transient c-Jun phosphorylation in the supporting cell population below 527 

IHCs, comprising the inner border cells, is of high interest. As these cells are responsible for 528 

glutamate uptake from the synaptic region, the c-Jun stress response might be involved in 529 

mediating trauma-induced excitotoxicity. Together, ribbon synapse damage, which occurs already 530 

at moderate noise levels, might be linked to c-Jun phosphorylation that is a spatiotemporally 531 

comparable event.  532 

 533 
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Mechanisms of the c-Jun stress response in the adult cochlea  534 

We did not detect c-Jun upregulation or N-terminal phosphorylation in the vulnerable OHCs of 535 

injured adult cochleas. How does then pharmacological MLK or JNK blockade attenuate OHC 536 

loss? One possibility is the one suggested above that JNK/c-Jun activation in cochlear non-537 

sensory cells mediates OHC death. Another possibility is that, in OHCs, cytoplasmic JNKs promote 538 

apoptosis in a c-Jun-independent manner by directly acting on mitochondrial pro-apoptotic factors 539 

(Dhanasekaran and Reddy, 2008). In OHC nuclei, JNKs could also use other nuclear substrates 540 

than c-Jun, although c-Jun is the best-known JNK substrate in promoting transcription-dependent 541 

apoptosis (Besirli et al., 2005; Björkblom et al., 2008). Due to the lack of reliable phospho-JNK 542 

antibodies that work in immunohistochemistry, we were unable to exclude a possible c-Jun-543 

independent role of JNKs in OHCs. Our results suggest that the c-Jun stress response in non-544 

sensory cells of the adult cochlea has a detrimental potential on OHCs. In support of this 545 

suggestion, JunAA/AA mice with mutated c-Jun N-terminal phosphoacceptor sites showed partial, 546 

but significant attenuation of OHC loss following noise exposure. With this first genetic evidence of 547 

OHC protective potential of JNK/c-Jun inhibition, we provide a novel insight that the c-Jun stress 548 

response mediates, in part, the death of OHCs in a paracrine fashion.  549 

 550 

The c-Jun stress response as part of the acoustic preconditioning process 551 

Several studies have shown that preconditioning by sound or restraint stress protects against 552 

hearing loss triggered by subsequent, more intense trauma. Decreased hair cell loss has also been 553 

shown after preconditioning (Roy et al., 2013). The underlying molecular mechanisms are, 554 

however, elusive. It has been suggested that preconditioning triggers protective responses, such 555 

as upregulation of heat shock proteins (HSPs) (Yoshida et al., 1999). Consistent with the fact that 556 

HSPs silence JNK/c-Jun signaling in several cellular models (Mosser et al., 1997), 557 

pharmacological HSP upregulation antagonizes JNK phosphorylation in aminoglycoside-treated 558 

cultures of vestibular organs of the inner ear (Francis et al., 2011). However, the vestibular cell 559 

type where JNK activation occurred was not shown in that study. The current study shows that 560 
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sound preconditioning attenuates the c-Jun stress response in supporting cells of the cochlea. 561 

Thus, while our study does not reveal possible interactions between JNK/c-Jun signaling and 562 

HSPs, our results together with prior data (Roy et al., 2013) suggest that one mechanism of 563 

preconditioning-conferred hearing protection is attenuation of hair cell death via suppression of the 564 

c-Jun stress response.  565 

 566 

Towards therapeutic auditory hair cell protection through inhibition of the c-Jun stress 567 

response 568 

Understanding the mode of action of JNK/c-Jun signaling in the injured cochlea is important taken 569 

into account the current aim to develop a pharmacological therapy against hearing loss by 570 

inhibiting the interaction between JNKs and their targets (Borsello et al., 2003; Suckfuell et al., 571 

2014). JNKs and c-Jun have pleiotropic actions both under physiological and pathophysiological 572 

conditions; harmful in mediating stress-induced cell death and undesirable inflammation, and 573 

beneficial, for example, in promoting neuronal repair after peripheral axotomy (Raivich, 2008). As 574 

widespread JNK/c-Jun activation is known to occur in the stressed nervous system, future studies 575 

focusing on this activation in the whole stressed auditory pathway, together with functional 576 

measurements, is an important future step to be taken. The current study shows that the c-Jun 577 

stress response is activated acutely and transiently in the cochlea, suggesting that the time window 578 

for therapeutic actions is limited, consistent with the fact that most significant OHC loss occurs 579 

within one day after trauma. Our results also suggest that JNK/c-Jun activation is part of a 580 

generalized cellular stress response (Fig. 11) and that targeting its beneficial components, such as 581 

HSPs, could be one alternative way to modulate JNK/c-Jun activation and confer hair cell 582 

protection. Finally, the current study shows that the c-Jun stress response arises in cell types 583 

responsible for cochlear homeostasis and that genetic blockade of c-Jun N-terminal 584 

phosphorylation in these cells confers partial, but significant protection of vulnerable OHCs.  585 

 586 
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Figure legends 701 

Figure 1. c-Jun expression and S73 phosphorylation during development  702 

(a) At P0, tympanic border cells and scattered cells of the lateral wall and Reissner’s membrane 703 

express c-Jun. (a’) This expression is not linked with c-Jun S73 phosphorylation, shown in the 704 

tympanic border cell region. (b) At P6, c-Jun is expressed in the greater epithelial ridge and in 705 

Schwann cells of the cochlear nerve (arrow). (b’) Schematic representation of the organ of Corti at 706 

P6: greater epithelial ridge (red), inner hair cell (blue), outer hair cells (cyan), inner pillar cell 707 

(yellow), outer pillar cell (orange), Deiters’ cells (green), Hensen cell (gray). (c) c-Jun S73 is 708 

phosphorylated in the greater epithelial ridge at P6. Arrowheads mark outer hair cells. (c’) An 709 

adjacent, Apoptag-stained section shows apoptotic fragments in the same area. (d) At P0, the 710 

annular ligament of stapes shows c-Jun S73 phosphorylation. (d’) Apoptotic cells are not present 711 

in this structure, evidenced by cleaved caspase-3 staining. (e) At P12, c-Jun is expressed in 712 

Deiters’ cells of the organ of Corti and in the root cell area of the lateral wall. (e’) Schematic 713 

representation of the cytoarchitecture of the mature organ of Corti: Inner border cells (magenta). 714 

Other color codes as in B’. Abbreviations: AL, annular ligament of stapes; apop, Apoptag-staining; 715 

casp, cleaved caspase-3; DC, Deiters’ cell; GER, greater epithelial ridge; IHC, inner hair cell; IP, 716 

inner pillar cell; OC, organ of Corti; OP, outer pillar cell; TBCs, tympanic border cells; RC, root 717 

cells; RM, Reissner’s membrane; S, stapes; SV, stria vascularis. Scale bar (in d’, µm) a,a’,b,d,d’,e 718 

= 40; c,c’ = 10. 719 

 720 

Figure 2. The c-Jun stress response in Gfi1-depleted developing hair cells  721 

(a) Cochlear hair cells of heterozygous Gfi1GFP/+ mice at P0 have normal morphology, revealed by 722 

myosin 7a immunostaining. Arrowheads mark outer hair cells. (a’) c-Jun S73 immunoreactivity is 723 

not detected in the organ of Corti of these control animals. (b) In homozygous Gfi1GFP/GFP mice, 724 

hair cell morphology is severely distorted. (c,d) c-Jun is expressed and phosphorylated in the 725 

organ of Corti of these mutants. Note that tympanic border cells show basal c-Jun expression, but 726 



 

29 
 

its S73 phosphorylation is absent. (d’) Cleaved caspase-3-positive apoptotic fragments in the hair 727 

cell region, shown in an adjacent section. (e) In cochleas of Gfi1GFP/+ mice, the GFP reporter marks 728 

hair cells. Boxed areas indicate the location of images in f and g. (f) In the medial turn of these 729 

control specimens, GFP-positive hair cells (arrowheads) lack c-Jun S73 phosphorylation. (g) Also 730 

in the basal turn, where cellular differentiation is more advanced, GFP-positive hair cells lack the 731 

S73 signal. It is also absent from Sox2-positive supporting cells. (h) In cochleas of Gfi1GFP/GFP 732 

mice, the medial turn shows scattered hair cell loss, while this loss is more severe in the basal turn, 733 

consistent with the basal-to-medial-turn progression of the death of Gfi1-depleted hair cells. Boxed 734 

areas indicate the location of images in i and j. (i) In the medial turn, morphology of GFP-positive 735 

outer hair cells is distorted and c-Jun is phosphorylated in these degenerating cells. GFP-positive 736 

apoptotic fragments (asterisk) can be seen. (j) Only a few GFP-positive hair cells are left in the 737 

basal turn. Note that the GFP-positive hair cells lacking c-Jun S73 phosphorylation (arrows) are 738 

morphologically quite intact. Sox2-expressing supporting cells lack c-Jun S73 immunoreactivity. 739 

Abbreviations: b, basal turn; casp, cleaved caspase-3; GER, greater epithelial ridge; IHC, inner 740 

hair cell; m, medial turn; TBCs, tympanic border cells. Scale bar (in d’, µm) a-d’ = 10; e,h = 385; 741 

f,g,i,j= 15.  742 

 743 

Figure 3. Acoustic overstimulation triggers an acute and transient c-Jun stress response in 744 

the potassium recycling route of the adult cochlea  745 

(a) Scattered pillar and Deiters’ cells of the adult organ of Corti express c-Jun, together with a few 746 

cells in the lateral wall. (b) c-Jun is only sporadically phosphorylated in cells of the non-traumatized 747 

organ of Corti and lateral wall. (c,d) Noise exposure for 1 h at the level of 106 dB SPL triggers 748 

upregulation of c-Jun expression and S73 phosphorylation in the organ of Corti and lateral wall. 749 

(c’,d’) In the lateral wall, c-Jun activation is most prominent in the root cell area. (e) Four hours of 750 

noise at 106 dB SPL shifts S73 phosphorylation in the lateral wall to stria vascularis and underlying 751 

fibrocytes. (e’) Closer examination shows that c-Jun is phosphorylated mainly in basal cells, in 752 

addition to fibrocytes. Strial cell layers are depicted and color coded above the histological image: 753 
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Basal cells (blue); intermediate cells (yellow) together with endothelial cells lining capillaries (red); 754 

border cells (green). (e’’) In the basalmost, most damaged part of the cochlea, also border cells 755 

and intermediate cells of stria vascularis show S73 phosphorylation. (f-g’) Following the acute 756 

induction, the c-Jun stress response largely disappears from the organ of Corti and lateral wall 757 

within 6 and 22 h. (h) Schematic presentation of the potassium recycling route in the cochlea. 758 

Colour codes: outer hair cells (blue); Deiters’, Hensen, Claudius and root cells (green); fibrocytes 759 

(yellow); stria vascularis (red). (i,j) Noise exposure fails to upregulate c-Jun expression and its 760 

phosphorylation in non-sensory cells of Gfi1-depleted cochleas that lack most of hair cells. All 761 

figures except (e’’) are from the 45 to 50 kHz region of the cochlea. Abbreviations: Fi, fibrocytes; 762 

OC, organ of Corti; RC, root cells; SM, scala media; SV, stria vascularis. Scale bar (in j, µm) 763 

a,b,c,d,e,f,g,i,j = 20; c’,d’,e’,e’’,f’,g’ = 45.  764 

 765 

Figure 4. Acoustic overstimulation triggers the c-Jun stress response in the organ of Corti 766 

(a,b,c,d) Dynamics of c-Jun expression and S73 phosphorylation in the organ of Corti after noise 767 

exposure, shown in paraffin sections prepared at various post-exposure time points. Arrowheads 768 

mark outer hair cells. The c-Jun stress response is restricted to non-sensory cells and inner hair 769 

cells, while it is absent in vulnerable outer hair cells. Note the seemingly intact, degenerating or lost 770 

status of outer hair cells at various time points. Dying outer hair cells are visible (asterisks in c). 771 

Note also that c-Jun phosphorylation is particularly transient in inner border cells around inner hair 772 

cells, as these cells are not anymore phosphorylated at the end of the 4-h-long noise exposure. 773 

See Results for details. (a’,b’,c’,d’) Degeneration status of outer hair cells is shown in hematoxylin-774 

stained sections that are consecutive to the sections prepared for immunohistochemistry. Note the 775 

seemingly intact, degenerating or lost status of outer hair cells at various time points. (e) OHCs 776 

show prominent Apoptag-staining immediately after noise exposure. (f,f’,g,g’) Consistent with 777 

paraffin sections, whole mount specimens imaged under confocal microscopy show c-Jun S73 778 

induction in inner hair cells, inner border cells and inner pillar acutely after a 1-h-long noise 779 

exposure (f). Sideview of the corresponding confocal stack. DAPI stains cell nuclei. Phalloidin 780 
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labels the F-actin cytoskeleton of pillar cells (f’). In corresponding views from non-exposed 781 

specimens, c-Jun S73 expression is absent (g,g’). (h) Consistent with paraffin sections, 782 

immediately after a 4-h-long exposure, inner hair cells as well as supporting cell populations except 783 

inner border cells are positive for the c-Jun S73 signal, shown in a side-view. (i,j) Immediately after 784 

a 4-h-long exposure, a surface view from the level of hair cells shows that neither surviving outer 785 

hair cells nor these cells with apoptotic profiles (asterisks) express phosphorylated c-Jun. Note that 786 

nuclear fragmentation is located to the area where the F-actin-rich apical domain of the 787 

corresponding outer hair cell is missing. Inner hair cell do show c-Jun S73 staining. Arrowheads 788 

mark the three outer hair cell rows. (k) Surface view from the supporting cell level of the same 789 

specimen shows c-Jun phosphorylation in Deiters’ and pillar cells, but not anymore in inner border 790 

cells. Abbreviations: DCs, Deiters’ cells; HeC, Hensen’s cell; HC, hair cell; IBC, inner border cell; 791 

IHC, inner hair cell; IP, inner pillar cell; OP, outer pillar cell; SC, supporting cell. Scale bar (in k, 792 

µm) a-k = 10. 793 

 794 

Figure 5. Ototoxic trauma triggers a robust c-Jun stress response in the cochlea 795 

(a) Two hours after ototoxin injections, widespread c-Jun S73 immunoreactivity is seen throughout 796 

the lining of scala media, in all three layers of stria vascularis and in fibrocytes and root cells of the 797 

lateral wall, in addition to the organ of Corti. (b,c) In the organ of Corti, supporting cells and inner 798 

hair cells show c-Jun S73 immunoreactivity. Degenerating outer hair cells (arrowheads in b) and 799 

their apoptotic remnants (asterisks in c) lack this phosphorylation. (d,e,f) In the lateral wall (d,e) 800 

and in the organ of Corti (f), the c-Jun stress response is downregulated to low levels by 60 h post-801 

exposure. Abbreviations: DCs, Deiters’ cells; Fi, fibrocytes; IBC, inner border cell; IHC, inner hair 802 

cell; IP, inner pillar cell; KAFU, kanamycin and furosemide; OC, organ of Corti; OP, outer pillar cell; 803 

RC, root cells; RM, Reissner’s membrane; SM, scala media; SV, stria vascularis. Scale bar (in f, 804 

µm) a,d-f = 36; b,c = 10. 805 

 806 
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Figure 6. Sound preconditioning attenuates the c-Jun stress response   807 

Immunohistochemical detection of c-Jun expression and S73 phosphorylation in the organ of Corti 808 

after various acoustic overexposure paradigms. The spatial location along the cochlear duct of the 809 

area displayed is shown in an inset in each image. (a) Exposure for 1 h at 91 dB SPL induces c-810 

Jun phosphorylation comparable to exposure to 106 dB (compare to Fig. 4b). (b) Sound 811 

preconditioning (see Results for details) attenuates c-Jun phosphorylation, most clearly in Deiters’ 812 

cells located around the vulnerable outer hair cells. (c) In upper levels of the cochlear duct, 813 

exposure for 1 h at 106 dB upregulates c-Jun in supporting cells, similarly as in lower turns of the 814 

cochlea (compare to Fig. 4a). (d) In upper levels of the cochlear duct, sound preconditioning limits 815 

c-Jun upregulation in supporting cells, similarly as in lower levels (Fig. 6b), but triggers c-Jun 816 

expression in intact-appearing outer hair cells (arrowheads). Abbreviations: DCs, Deiters’ cells; 817 

IBC, inner border cell; IHC, inner hair cell; IP, inner pillar cell; OP, outer pillar cell; Scale bar (in d, 818 

µm) a-d = 10. 819 

 820 

Figure 7. Cytocochleograms displaying c-Jun S73 phosphorylation in the organ of Corti 821 

along the cochlea after various noise paradigms  822 

(a-h) For each noise paradigm, a cytocochleogram generated from one cochlea that represents 823 

average expression pattern is shown. The tonotopic organization of the organ of Corti is displayed 824 

from left to right (from apical to basal turns). The noise band used (8-16 kHz) is shown as a gray 825 

column, similar to the approximate region (45 kHz) from where most histological views of the 826 

current study have been obtained. These sites are also marked in the schematic presentation of 827 

the spiraling organ of Corti. Abbreviations and color codes are listed below the grids. 828 

Representative examples of weak and strong c-Jun S73 immunostaining are shown. See Materials 829 

and Methods for details. 830 

 831 
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Figure 8. Cytocochleograms displaying c-Jun expression in the organ of Corti along the 832 

cochlea after various noise paradigms  833 

(a-c) See Figure legend 7 and Materials and Methods for details. Note that acoustic 834 

preconditioning leads to upregulation of c-Jun expression in outer hair cells, but exclusively at the 835 

level above the trauma area (c).  836 

 837 

Figure 9. Cytocochleograms displaying c-Jun S73 phosphorylation in the organ of Corti 838 

along the cochlea after an ototoxic insult  839 

(a-c) See Figure legend 7 and Materials and Methods for details. (a) Two hours after kanamycin 840 

and furosemide injections, c-Jun is strongly phosphorylated in supporting cells and inner hair cells. 841 

This response is more widespread than the one induced by acoustic trauma (compare to Fig. 7b). 842 

(b) Intensity of c-Jun S73 immunostaining in supporting cells decreases rapidly, despite the 843 

progression of outer hair cell loss towards the apical turn. Inner hair cells still show strong c-Jun 844 

S73 signal at 8 h post-exposure. (c) At 60 h post-exposure, outer hair cell loss has reached the 845 

apical turn. At this time point, c-Jun S73 is found only in scattered cells in the organ of Corti. 846 

 847 

Figure 10. JunAA/AA mice are partially protected from noise-induced outer hair cell loss. 848 

(a,b) Histograms show the mean ± SEM of outer hair cell loss in Junwt/wt (dark gray) and 849 

JunAA/AA (light gray) mice 16 days after a 6-h-long noise exposure at 110 dB or 115 dB SPL. At 850 

both noise levels, JunAA/AA mice show a statistically significant attenuation of outer hair cell 851 

(OHC) loss (110 dB: *p=0.01705; 115 dB: *p=0.02527). Numbers of cochleas used for this analysis 852 

are shown. (a’,b’) OHC loss is shown for each individual cochlea used for the histograms in a,b. 853 

(c-d’) Noise-exposed cochleas from Junwt/wt (c,c’) and JunAA/AA (d,d’) mice embedded in resin 854 

and viewed under DIC optics at the 45 kHz region. Arrowheads point OHCs. The same hair 855 

cells/sites of lost hair cells are viewed at the surface and nuclear levels. In these views, 3 and 12 856 
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OHCs are lost in JunAA/AA and Junwt/wt cochleas, respectively. Note that epithelial wound 857 

healing (scar formation) is comparable in these genotypes. Arrow shows an example of normal 858 

scar formation in JunAA/AA mice. (e) Hematoxylin-stained cross-section from the 45 kHz region of 859 

a noise-exposed JunAA/AA cochlea shows unaltered overall morphology. (f) Noise-exposed 860 

JunAA/AA cochleas show insignificant c-Jun S73 immunostaining, indicating specificity of the 861 

antibody used. Very weak staining is seen in Deiters’ and pillar cells where c-Jun is constitutively 862 

expressed and is strongly upregulated upon traumas. Scale bar (in d’, µm) a-d’ = 10; e,f = 65.   863 

 864 

Fig 11. Hypothetical model of the c-Jun stress response in the traumatized, adult cochlea. 865 

The model is based on the pattern of c-Jun N-terminal phosphorylation upon noise and ototoxic 866 

exposures. These stressors induce direct stress on outer hair cells (OHCs). Supporting cells 867 

(green) are able to perceive this stress, perhaps through factors released by stressed OHCs 868 

(Housley and Gale, 2010), leading to c-Jun phosphorylation in supporting cells. c-Jun is 869 

sequentially phosphorylated in the lateral wall. This temporal sequence follows the known 870 

sequence of potassium ion recycling within the non-sensory cell compartments and fluids of the 871 

cochlea. c-Jun phosphorylation in non-sensory cells induces additional stress (black-to-red arrows) 872 

on OHCs through unknown paracrine mechanisms. Once untolerable levels of cellular stress are 873 

reached, OHC death is executed. By inhibiting c-Jun phosphorylation (JunAA/AA mice), formation 874 

of this additional stress on OHCs can be decreased, leading to increased OHC survival. Besides 875 

local cochlear events, systemic factors, such as stress hormones, may contribute to the induction 876 

of the c-Jun stress response in the cochlea. 877 
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Visual Abstract. See abstract 879 
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