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Free radical and calcium buffering mechanisms are implicated in cochlear cell 

damage that has been induced by sound trauma.  Thus in this study we evaluated 

the therapeutic effect of a novel dual inhibitor of calpains and of lipid peroxidation 

(BN 82270) on the permanent hearing and hair cell loss induced by sound trauma. 

Perfusion of BN 82270 into the scala tympani of the guinea pig cochlea prevented 

the formation of calpain-cleaved fodrin, translocation of cytochrome c, DNA 

fragmentation and hair cell degeneration caused by sound trauma. This was 

confirmed by functional tests in vivo, showing a clear dose-dependent reduction of 

permanent hearing loss (ED50 = 4.07 µM) with almost complete protection at 100 µM. 

Furthermore, BN82270 still remained effective even when applied onto the round 

window membrane after sound trauma had occurred, within a therapeutic window of 24 

hours. This indicates that BN 82270 may be of potential therapeutic value in treating 

the cochlea after sound trauma. 
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ABSTRACT 

 

Free radical and calcium buffering mechanisms are implicated in cochlear cell 

damage that has been induced by sound trauma.  Thus in this study we evaluated the 

therapeutic effect of a novel dual inhibitor of calpains and of lipid peroxidation (BN 

82270) on the permanent hearing and hair cell loss induced by sound trauma. Perfusion 

of BN 82270 into the scala tympani of the guinea pig cochlea prevented the formation of 

calpain-cleaved fodrin, translocation of cytochrome c, DNA fragmentation and hair cell 

degeneration caused by sound trauma. This was confirmed by functional tests in vivo, 

showing a clear dose-dependent reduction of permanent hearing loss (ED50 = 4.07 µM) 

with almost complete protection at 100 µM. Furthermore, BN82270 still remained 

effective even when applied onto the round window membrane after sound trauma had 

occurred, within a therapeutic window of 24 hours. This indicates that BN 82270 may be of 

potential therapeutic value in treating the cochlea after sound trauma. 

 

Key words: sound trauma, necrosis, apoptosis, calpains, inhibitor, free radical, organ of 

Corti 
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INTRODUCTION 

 

Hearing deficits induced by exposure to intense sound have been extensively 

documented.  They are primarily due to the loss of hair cells leading to degeneration of 

auditory neurons (Nordmann et al., 2000). Apoptosis, also known as programmed cell 

death, involves chromatin and cytoplasmic condensation, progressive contraction of cell 

volume, and preservation of the integrity of membrane-bound particles (Allen et al., 

1997; Wyllie and Kerr 1980).  Necrosis is generally characterized by early swelling of the 

cytoplasm and disintegration of cellular structures, which ultimately culminate in cell lysis 

and subsequent release of cellular debris into the extracellular space (Searle et al., 

1982; Dive et al., 1992).  Although both apoptotic and necrotic processes seem to be 

involved in noise-induced cochlear cell death, characteristic features of the damaged 

cell nuclei attest that apoptosis is the primary and the predominant mode of hair cell 

death following noise trauma (Hu et al., 2000; Nicotera et al., 2003). However, the 

detailed mechanism of noise-induced apoptotic sensory cell death pathway is still under 

investigation. 

 

 Experimental observations support the importance of reactive oxygen species 

in noise-induced hearing loss (for reviews, see Henderson et al., 1999; Kopke et al., 

1999; Le Prell et al., 2003). Noise exposure increased levels of 8-isoprostane in the 

organ of Corti (Ohinata et al., 2000), hydroxyl radicals in cochlear fluids (Ohlemiller et 

al., 1999) and superoxide anion radicals in the stria vascularis (Yamane et al., 1995; 

Yamasoba et al., 1998). Reactive oxygen species (ROS) and lipid peroxidation play an 

important role in noise- and ototoxic-induced hearing loss (Henderson et al., 2006; So et 
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al., 2005).  Increased levels of reactive oxygen species (ROS) can also trigger the 

cochlear cell death signaling pathways (Lee et al., 2004).  It has been reported that lipid 

peroxidation inhibitors such as U-74006F, BN 82270 and tirilazad mesylate protect a 

variety cell lines and tissues (facial neuronal cell, glial cell and brain) against trophic 

deprivation-, toxic drug- and ischaemic reperfusion-induced insults by a combination of 

radical scavenging and membrane stabilizing properties (Hall et al., 1996; Auvin et al., 

2004; Hall 1996). In the cochlea, antioxidant drugs can also prevent ototoxic drug- 

(Rybak and Whitworth, 2005) and noise- (Henderson et al., 2006) induced hearing loss. 

 

 In a variety of cell lines, free radical damage can be accompanied by c-Jun-N-

terminal kinase (JNK) and caspase-3 activation (Salh et al., 2000). In the cochlea, both 

the JNK pathway (Pirvola et al., 2000; Wang et al., 2003), and activation of caspase-3 

(Nicotera et al., 2003; Shi and Nuttall 2003) are involved in hair cell loss induced by 

noise trauma. A caspase-independent pathway involving endoG translocation to the 

nucleus after noise trauma has also been reported (Yamashita et al., 2004). Finally, 

intracellular calcium and calcium buffering mechanisms are implicated in noise-induced 

cochlear cell damage.  Calcium influx can activate calpains, a family of calcium-

activated proteases, which promote the breakdown of proteins, kinases, phophatases 

and transcription factors and receptors (Chan and Mattson, 1999; Sorimachi et al., 

1996).  Studies have shown that sound overstimulation increases intracellular calcium in 

hair cells in vitro (Fridberger et al., 1998) and causes an increase in calpain 

immunoreactivity in vivo (Wang et al., 1999).  Consistent with this, when the calpain 

inhibitor leupeptin is perfused into the basal turn of the chinchilla cochlea, it reduces the 

amount of hair cell loss induced by sound overstimulation (Wang et al., 1999).  

H
A

L author m
anuscript    inserm

-00145385, version 1



 

 

5 

5 

Investigation of the production of specific breakdown products (FBDP) of 

substrates specific to calpain proteolysis has proved useful in detecting calpain activity 

in nervous and sensory tissues (Siman et al., 1984; Saido et al., 1993, 1994; Blomgren 

et al., 1995; Shields et al., 1999; Rajgopal and Vemuri, 2002; Ladrech et al., 2004 

among others). Among these substrates, fodrin, the neuronal form of spectrin, is a 

specific actin cross-linking protein that is cleaved by calpain to a greater extent than 

other substrates. In the normal cochlea the presence of fodrin has been demonstrated in 

,different cell types (Hafidi et al., 1990; Ylikoski et al., 1990; Slepecky and Ulfendahl, 

1992; Nishida et al., 1993; Attanasio et al., 1994; Raphael et al., 1994; Kuhn and Vater, 

1995; Mahendrasingam et al., 1998). In hair cells, fodrin is expressed in the cuticular 

plate (Pack and Slepecky, 1995) and along the lateral cell membrane (Holley and 

Ashmore, 1990). In this study, we used an antibody that specifically recognizes the 150-

kDa breakdown products of the fodrin-subunit specifically cleaved by calpain (see Saido 

et al., 1993, 1994, for review) to detect calpain activity in sound damaged cochlea. 

 

The aim of our present study was thus to evaluate the therapeutic value of a 

novel dual inhibitor of calpains and lipid peroxidation (BN 82270, Auvin et al., 2006) on 

permanent hearing loss and hair cell loss induced by sound trauma.  The dipeptide BN 

82270 was perfused into the perilymphatic fluids through a hole made in the scala 

tympani of the basal turn, using an osmotic minipump.  We show that BN 82270 

prevents translocation of cytochrome c from the mitochondria to the cytoplasm, DNA 

fragmentation, hair cell degeneration and permanent hearing loss.  We have further 

shown that BN 82270 not only prevented the damage from occurring, but also rescued 

the cochlea when applied onto the round window membrane after sound trauma. 
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MATERIALS AND METHODS 

The care and use of animals followed the animal welfare guidelines of the 

« Institut National de la Santé et de la Recherche Medicale » (INSERM), under the 

approval of the French « Ministère de l’Agriculture et de la Forêt ». Experiments were 

conducted on female guinea pigs (250 to 300 g, l’Arbresle, France). 

 

BN 82270 delivery and electrophysiological recordings 

 All efforts were made to limit the number of animals used and their 

suffering. Animals were anesthetized with an intraperitonal (i.p.) injection of a 6% 

solution of sodium pentobarbital (Sanofi, Montpellier, France; 0.3 ml/kg) and each bulla 

was exposed via a post-auricular approach.  A recording electrode of insulated platinum 

wire was placed on the bone of the round window niche of both the left and right 

cochleae, and a reference electrode of non-insulated platinum wire was placed in a neck 

muscle. 

 

- Intracochlear delivery via an osmotic minipump - 

Prior to surgery, the Alzet 2001 minipump (DURECT Corp., Cupertino, CA) was 

filled with 200 µl of artificial perilymph (AP) containing either 0.1, 1, 3.3, 10, 33, or 

100 µM of BN 82270 under sterile conditions (n=6 for each concentration tested, i.e., 36 

animals).  The tip of a glass perfusion pipette (attached by polyethylene tubing to the 

minipump) was inserted into a 0.2 mm hole that had been drilled close to the round 

window in the basal turn of the right cochlea.  The minipump flow rate was 1µL/h, over a 

period of 7 days. 
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- RWM delivery via an osmotic minipump - 

We also evaluated the ability of BN 82270 to rescue cochlear function from 

sound-induced hearing loss, when perfused onto the round window membrane (RWM) 

after the initial exposure to the sound trauma.  Here, the minipump containing 300 µM 

BN 82270 were implanted 48 before, or 1 h, 3 h, 6 h, 12 h, 24 h or 48 h after the initial 

exposure to the sound trauma (n=6 for each time point, i.e., 42 animals). Particular 

attention was taken to avoid any interference with the electrode placed on the bone of 

the round window niche. The round window niche was perfused with 300 µM of BN 

82270 over 7 days. 

 

- Functional assessment - 

Compound action potentials (CAPs) of the auditory nerve were elicited by tone 

bursts (2, 4, 6, 8, 10, 12, 16, 20, 26 kHz) of alternating polarity (1 ms rise/fall, 8 ms 

duration) and applied to the ear at a rate of 10/sec from 0 to 100 dB SPL in 5 dB steps in 

a free field via a JBL 075 earphone. Cochlear responses were amplified (gain 2000), 

averaged (128 samples) and stored on a Pentium PC computer operating at 100 

megahertz (Dell Dimension, USA).  CAP thresholds were recorded before and 20 

minutes, 1, 3, 5, 10, 15 and 30 days after sound trauma.  CAPs were measured peak-to-

peak, between the negative depression N1 and the subsequent positive wave P1.  The 

threshold of the CAP was defined as the intensity in dB SPL needed to elicit a 

measurable response (≥ 5 µV). 
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Sound trauma 

A continuous pure tone of 6 kHz generated by a waveform synthesiser (Hewlett-

Packard 8904A) was used to induce sound trauma.  The guinea pigs were 

anaesthetized with an intraperitoneal injection of a 6% solution of sodium pentobarbital 

(Sanofi, Montpellier, France; dose-0.3 ml/kg) and exposed to 120 dB SPL for 30 

minutes, which was routed through a programmable attenuator and presented to the 

ears in free field via a JBL O75 earphone positioned 10 cm directly in front of the 

animal’s head, which was immobilized in a non-invasive head holder.  The sound level 

was measured using a calibrated ½" Bruel and Kjaer microphone (model 4314) and a 

Bruel and Kjaer calibrating amplifier (model 2606). 

 

Scanning electron microscopy assessment 

After the electrophysiological session (30 days following the sound trauma), 6 

animals (100µM BN82270 perfused sound-exposed cochleae and contralateral 

unperfused sound-exposed cochleae, 6 cochleae per group) were re-anaesthetized, 

decapitated and both cochleae were immediately removed. The cochleae were fixed, 

and prepared for scanning electron microscopy as described elsewhere (Wang et al., 

2002).  Quantitative evaluation of sensory hair cell loss was performed by counting 

missing hair cells from the apex to the base of the cochleae according a method 

previously used in different pathological conditions including acoustic trauma (Hunter-

Duvar, 1977) and ototoxicity (Aran et al., 1982). In normal conditions, the guinea pig 

cochlea is around 20 mm long (Engström et al., 1966) and contains approximately 2000 

inner hair cells (IHCs) and 2500 x 3 outer hair cells (OHCs). For cell counts, the whole 

cochlear duct was assessed in segments each 1mm in length, which would contain an 
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expected number of 100 IHCs and 125 x 3 OHCs in each segment (100%). The number 

of missing IHCs and OHCs was counted in each 1mm segment.  Hair cells were counted 

as absent if the stereociliary bundle and the cuticular plate were absent. When the 

stereociliary bundle was present, the cell was considered as present even if a few 

stereocilia were fused. Cytocochleograms represent the percentage of remaining hair 

cells in each row of hair cells (IHCs, OHCs1, 2, 3) over the whole length of the cochlea.  

 

Transmission Electron Microscopy 

 Two additional animals (4 sound-exposed cochleae) were decapitated during 

deep anesthesia at 30 days after noise exposure, and their cochleae were removed and 

prepared using our standard protocol for epoxy resin embedding (Puel et al., 1994). 

Then, the cochleae were processed as flat epoxy preparations (Spoendlin and Brun, 

1973). In each samples, transverse ultrathin sections of the organ of Corti were cut from 

the area of maximal damage (at around 14 mm from the apex) and from more apical 

regions, tonotopically corresponding to frequencies comprised between 4 kHz and 2 kHz 

(between 11 mm and 9 mm from the apex). The sections were stained with uranyl 

acetate and lead citrate and observed using a Hitachi 7100 electron microscope 

(Hitachi, Tokyo, Japan) at Centre de Ressources d’Imagerie Cellulaire de Montpellier.  

 

Immunocytochemistry. 

The mechanism of cochlear hair cell death and any protective effect of BN 82270 

against sound trauma were tested using immunocytochemistry.  BN 82270 was 

perfused into the cochleae via an osmotic minipump for 7 days, and the animals were 

implanted with this minipump 2 days prior to sound exposure. 
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In this series of experiments, Terminal TdT-mediated dUTP-biotin nick end 

labelling (the TUNEL method) was performed on non-exposed animals (n=2) and 1, 6, 

24, 48 and 72 hours after sound exposed on the perfused (100 µM BN 82270) and 

unperfused cochleae of each animal (n=2 for each time point).  Cleavage of fodrin by 

calpains was studied using immunostaining in perfused cochleae 24 hours after sound 

trauma (100 µM BN 82270, n=3) and in unperfused cochleae prior to and 1, 6, 24, 48 

and 72 hours (n=2 for each time point) after sound trauma.  Cytochrome c was studied 

using immunocytochemistry in non-exposed animals (n=3) and one hour after sound 

trauma in animals’ perfused (100 µM BN 82270, n=3) and unperfused cochleae (n=3). 

 

The cochleae were quickly removed and fixed with 4% paraformaldehyde in 0.1M 

- pH 7.2 phosphate buffered saline (PBS), then immersed in the same fixative for two 

hours.  Cochleae were rinsed in 0.1 M PBS. The surface preparation of the organ of 

Corti was exposed by removing the otic capsule, the stria vascularis and the tectorial 

and Reissner's membranes.  10 µm thicknesses of cochlea cryostat sections were 

prepared after micro dissection. 

 

- Cleavage of fodrin -   

Calpains specifically cleave the 240-kD fodrin subunit in repeat 11, between 

residues Y1176 and G1177, to produce a 150-kD fodrin breakdown product (FBDP).  In 

the present study, we used a polyclonal antibody specific to the 150-kD FBDP 

developed by Saido et al. (1993) on surface preparations taken from the 4 cochlear 

turns, i.e., basal  turn (from the round window to 8 mm), middle1 (8 to 13mm); middle 2  

(13 to 17mm) and the apical turn from 17 to 20mm.  Antibodies (1:400) against FBDP 
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cleaved by calpains were employed in double-labeling assays together with an anti-

calbindin antibody (1:600, mouse monoclonal, C9848, Sigma, St. Louis, MO).  Labeling 

of calbindin enabled us to identify the hair cells (Dechesne and Thomasset, 1988; Pack 

and Slepecky, 1995).  Cleavage products of fodrin were detected using a Tyramide 

Signal Amplification (TSA Fluorescence System kit, NEN Life Science Products, Boston, 

MA), according to the manufacturer directions.  Secondary antibodies were a 

biotynilated anti-rabbit antibody (1:300, P.A.R.I.S, Compiègne, France) together with a 

Cy3-conjugated goat anti-mouse IgG antibody (1:500, Jackson ImmunoResearch Labs, 

West Grove, PA).  The fluorescent tags were visualized with confocal microscopy (Bio-

Rad, Hercules, CA, USA).  In control specimens in which the primary antibodies were 

omitted, neither FITC nor CY3 fluorescent tags were observed. 

 

- Release of cytochrome c -   

 The cryostat sections were immunostained with a mouse anti-cytochrome c 

monoclonal antibody (1:200; Pharmingen International, San Jose, CA, USA).  

Secondary antibody was a FITC-conjugated goat anti-mouse IgG antibody (1:200, 

B13113C, Biosys, Compiegre, France).  The FITC fluorescence tag was visualized 

using a confocal microscope (Bio-Rad, Hercules, CA, USA).   

 

Apoptotic assessment 

 The surface preparations from the 4 cochlear turns were stained to detect DNA 

fragmentation in the nuclei of apoptotic cells using the TUNEL technique (an ApopTag™ 

in situ apoptosis detection kit and fluorescein, Intergen, Purchase, NY, USA).  Briefly, 

residues of digoxigenin-deoxyribonucleotide triphosphate were added catalytically to the 
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3’-OH ends of DNA using TdT on surface preparations.  The incorporated digoxigenin-

nucleotides were then immunostained with a FITC-conjugated anti-digoxigenin antibody 

from the TUNEL kit.  The tissues were counterstained with propidium iodide (PI).  The 

FITC and PI fluorescent signals were observed with a MRC 1024 laser scanning 

confocal microscope equipped with a 15 mW krypton/argon laser (Bio-Rad, Hercules, 

CA, USA). 

 

Statistics 

All quantitative results are expressed as means ± SEM.  All statistics were 

calculated using Sigma plot 2000 for Windows (version 6.1).  All comparisons between 

means were performed using Student’s paired two-tail t tests or a nonparametric 

Wilcoxon rank test. 

 

 

RESULTS 

 

Functional  and morphology assessments 

The study was designed to evaluate any therapeutic effect BN 82270 may have 

on permanent threshold shift (PTS) and hair cell loss induced by sound trauma. 

94 female pigmented guinea pigs were exposed to intense sound (6 kHz, 120 dB SPL 

for 30 min.) under anesthesia. Although differences between ears in individual animals 

might exist, we minimised the risk of working on animals which presented spontaneous 

recovery to normal thresholds by using the contralateral ear as an internal control.  

Based on these criteria, 13 animals were excluded from the study because the control 
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contralateral cochlea spontaneously recovered normal auditory thresholds within the 5 

days following sound trauma. Consequently, 81 animals demonstrating PTS were used 

in this study.  

 

- Effect of sound exposure alone - 

 The average hearing loss (means ± SEM) measured 20 min after sound exposure 

in 81 sound-exposed, contralateral unperfused cochleae reached 11.6±1.6, 23.6±2.7, 

39.6±2.5, 53.3±2, 60.7±1.2, 58.8±1.6, 54.3±1.8, 51.8±1.7, 42.6±2 dB at 2, 4, 6, 8, 10, 

12, 16, 20 and 26 kHz respectively, with a maximum temporary hearing loss achieved 

between the frequencies of 8 and 16 kHz.  Over 48 hour after sound trauma, CAP 

thresholds partially recovered, No further significant improvement in hearing threshold 

levels occurred over the remaining month of the experiment. When CAP threshold 

measured at 48 hours were compared with CAP thresholds measured 30 days after 

sound trauma, no differences were seen across frequency (p>.05). CAP thresholds 

measured at 30 days were  5.1±1.1, 14.3±1.7, 26.4±2.1, 37.2±1.7, 36.4±1.5, 28±1.7, 

14.9±2.1, 6.3±1.3 and 4.6±0.8 dB at 2, 4, 6, 8, 10, 12, 16, 20 and 26 kHz, respectively, 

with the maximum PTS occurring between 8 and 12 kHz. 

 

 - BN82270 prevents noise-induced hearing loss - 

 When the cochleae were perfused with BN82270 at a concentration of 100 µM, the 

immediate elevation of hearing thresholds induced by sound trauma was similar (i.e., 50 

to 60 dB between 8 and 16 kHz) in both ears. Two days after sound exposure, threshold 

shift in the perfused ears was significantly lower than in the control contralateral ears. In 

addition, no subsequent deterioration in thresholds was observed in the perfused ears 
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over the next 28 days (Fig. 1A). Since maximal PTS was seen at 10 kHz, analysis data 

were then performed at 10 kHz 30 days after sound trauma. When compared with pre-

exposure threshold from the same ear, significant improvements were seen in the CAP 

thresholds for all concentrations of BN82270 above 1 µM (Fig. 1B). There was a 5.8±5 

dB hearing loss in response to treatment with 10 µM of BN82270, and 0.8±3.2 dB and 

6.6±3.3 dB hearing loss at the highest concentration of 33 and 100 microM respectively 

(Fig. 1B). The concentrations of BN82270 in the scala tympani required to prevent 50% 

of the permanent threshold shift caused by exposure to the sound trauma paradigm 

were 4.69, 5.05, 4,07 and 5.29 µM for 6, 8, 10 and 12 kHz respectively. Same results 

were obtained when hearing loss in the perfused ear were compared with those in the 

contralataral ear for 10 kHz [3.3µM: (t = -4.671, df=5, p=0.005); 10µM: (t = -7.269, df =5, 

p=0.0007); 33µM (t= -7.682, df=5, p=0.0005); 100µM (t= -10.849, df=5, p=0.0001)].  

 

 - BN 82270 prevents noise-induced hair cell loss - 

Scanning electron microscopic observation of the surface morphology of each 

organ of Corti was performed at the end of the physiological survey of hearing 

thresholds, i.e., 30 days after sound trauma.  In the noise-exposed, unperfused 

contralateral cochleae, a loss of both IHCs and OHCs was found in the area located 13 

to 16 mm from the apex with a maximum of the HCs loss situated between 14 and 15 

mm from the apex (Fig. 1C).  This area corresponds to the position in the cochlear duct 

that code for frequencies between 8 to 12 kHz.  Counting outer and inner hair cells 

present over the entire length of the cochlear duct allowed us to construct cochleograms 

for each type of hair cell in both contralateral sound-exposed, unperfused cochleae and 

the sound-exposed cochleae perfused with 100 µM of BN82270.  In the contralateral 
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sound-exposed, unperfused cochleae most of the hair cell losses were found in the 

single row of IHCs and in the first row of OHCs, and to a lesser extent in the second and 

third rows of the OHCs (Fig. 1E).  In this group 90.9% of the IHCs, 82.8% of the OHCs1, 

41.4% of the OHCs2 and 36.4% of the OHCs3 were lost in the maximally damaged area 

(14 mm from the apex) by 30 days after the initial sound trauma. 

 

Transmission electron microscopy assessment was also performed 30 days after 

sound exposure.  When compared with the non-exposed control organ of Corti 

(Fig. 2A), the sound damaged organs of Corti (Fig. 2B) appeared to lack all hair cells in 

the narrow region of maximal damage (around 14 mm from the apex).  In this region, 

the outer hair cells were replaced by apical expansions of the Deiters cells, the spaces 

of Nuels were reduced and the inner hair cell was replaced by hypertrophied inner 

supporting cells, the phalangeal and the first border cells (Fig. 2B). In more apical 

regions (between 11 and 9 mm from apex) which grossly correspond to the area of 

reception comprised between 4 kHz and 2 kHz (Eldredge, 1974; Rydmarker and Horner 

1991), the sound induced damage was less pronounced. The outer hair cells had 

apparently normal stereocilia, but they showed lateral membrane invaginations (Fig. 2C) 

with typical disorganization of the cistern lamellae (Fig. 2D). In addition, abnormally dark 

medial efferent endings were seen at their basal pole (Fig. 2E). The shape of the inner 

hair cell (Fig. 2F) was generally normal although some of them showed a vacuolated 

cytoplasm. Afferent synapses were present at their basal pole (insert in Fig. 2F).  

 

In contrast to the site of extensive focal damage documented in these unprotected 

cochleae, perfusion of 100 µM of BN 82270 for 2 days prior to and for 5 days following 
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sound trauma exposure provided a significant level of protection to OHCs and IHCs 

present in that area that was maximally stimulated by the sound trauma exposure 

paradigm (Fig. 1D).  Scala tympani perfusion with 100 µM BN 82270 for 2 days prior to, 

during and for 5 days after sound exposure clearly resulted in a protective effect on both 

the IHCs and OHCs from the permanent effects of sound trauma.  In this group, only 

9.6% of the IHCs and 7% of OHCs1, 9.1% of OHCs2  and 7% of OHCs3 were missing 

in the area of the sound-induced lesion (Fig. 1F), which is consistent with the 

physiological data that showed almost no PTS. 

 

Immunocytochemical evaluations 

In this series of experiments, the immunocytochemical and TUNEL methods were 

used to determine the mechanism of cochlear hair cell death and any protective effect 

of BN 82270 against sound trauma. 

 

 - BN82270 prevents - Cleavage of fodrin by calpains - 

  Fodrin is a major component of the cuticular plate of auditory hair cells and a 

known substrate for effector caspases and calpains.  Using an antibody specific for the 

150 kDa N-terminal large fragment of fodrin cleaved by calpains, we looked for its 

presence in sound-exposed cochleae.  Calpain-cleaved fodrin was never detected in the 

cochlear cells in control, non-sound exposed cochleae (data not shown), or in apical 

regions of the sound exposed cochleae (Fig. 3A).  In contrast, in the acoustically 

traumatised animals, observed between 6 and 48 hours after sound exposure, there 

was marked immunostaining for cleaved fodrin in the region of the cuticular plates of 

some OHCs and a few IHCs located in the area of maximal cochlear damage (Fig. 3B).  
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Perilymphatic perfusion of BN 82270 at 100 µM concentration prevented this cleavage 

of fodrin in hair cells in guinea pigs exposed to sound trauma (Fig. 3C), suggesting that 

calpains have been activated by sound trauma. 

 

- BN82270 prevents release of cytochrome c - 

To determine the downstream targets of calpain activation, we then investigated 

localisation of cytochrome c in sound trauma damaged cells by immunostaining. In the 

control non-sound-exposed cochleae, immunolabeling for cytochrome c showed an 

unequal distribution of reaction product within the cytoplasm of the hair cells in a 

punctated pattern, which is consistent with the mitochondrial localisation of cytochrome 

c (data not shown).  One hour after sound trauma, the same pattern of immunostaining 

for cytochrome c was seen in the apical regions from the contralateral sound exposed, 

unperfused cochleae (Fig. 3D). By contrast, the pattern of both inner and outer hair cell 

cytoplasm immunostaining for cyt. c changed from punctated to a diffuse and very weak 

pattern of immunostaining in the basal, sound damaged regions from the contralateral 

sound exposed, unperfused cochleae (Fig. 3E).  When compared with non-sound 

exposed control cochleae, the intensity of the staining was very weak, sometimes barely 

above background level.  This suggests that cytochrome c had been released from the 

mitochondria into the cytoplasm of the sound damaged hair cells.  Perilymphatic 

perfusion of 100 µM BN 82270 prevented this dispersion of cytochrome c from the 

mitochondria to the cytoplasm in guinea pig hair cells following sound trauma (Fig. 3F). 
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 - BN82270 prevents DNA fragmentation - 

  To determine the nature of cell death, we performed TUNEL labeling in control 

non-sound-exposed cochleae, contralateral sound-exposed cochleae and sound-

exposed cochleae perfused with 100µM of BN82270.  No TUNEL-positive cells were 

observed in any of the cochleae obtained from non-sound-exposed cochleae of the 

control animals (data not shown). Similarly, no positive cells were seen in apical regions 

of contralateral cochleae exposed to sound trauma (Fig. 3G).  Basal regions of 

contralateral cochleae exposed to sound trauma (but not perfused with BN 82270) 

displayed TUNEL-labeled cell nuclei in the upper focal planes of the organ of Corti (i.e., 

the superficial regions of the surface preparation of the organ of Corti) as early as 1 hour 

after sound trauma, continuing up to 72 hours after the trauma (Fig. 3H).  It is thus likely 

that these labeled nuclei belong to hair cells rather than supporting cells, which are 

located in the deeper regions.  The majority of these labeled nuclei were located in the 

area of maximal damage.  In the cochleae that received perilymphatic perfusion of 100 

µM BN 82270, no TUNEL-labeled nuclei were observed during the examination period 

between 1 and 72 hours after sound trauma (Fig. 3I). 

 

Therapeutic window of BN 82270 

We also wished to determine whether BN 82270 was able to rescue the cochlea 

when sound trauma had occurred. Consequently, we applied 300 µM BN82270 onto the 

round window membrane using an osmotic minipump starting 48 h before or 1, 3, 6, 12, 

24 or 48 hours after sound trauma and continuing over 7 days. Our results 

demonstrated that BN 82270 enhanced functional recovery in a time-dependent 

manner. No significant difference (p >0.05, nonparametric Wilcoxon rank test) in the 
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protective effect of BN 82270 was found whether the treatment started 48 hours before 

or 1 hour after the sound trauma (10±1.8 dB and 5±2.3 dB PTS respectively).  The 

protective effect progressively diminished as the time interval between sound trauma 

and start of treatment increased (Fig. 4A).  In our model of sound trauma, a functional 

recovery of 50% was observed when BN 82270 was applied 6.19 hours after sound 

trauma. When applied 24 hours after sound trauma, the efficacy of BN 82270 

decreased, leading to 38.3±2.7 dB hearing loss. Finally, administration of BN 82270 

48 hours after sound trauma had no effect (39.1±4.7 dB versus 40±2.5 dB hearing loss 

in perfused and unperfused sound exposed cochlea). These functional results were 

confirmed by quantitative analysis of the number of remaining hair cells (Fig. 4B). 

 

DISCUSSION 

 

 When perfused into the cochlear perilymph, the dual inhibitor of calpains and lipid 

peroxidation BN 82270 prevents the formation of calpain-cleaved fodrin, translocation of 

cytochrome c and DNA fragmentation caused by sound trauma.  Although it did not 

reduced temporary threshold shift, BN 82270 perfusion improved recovery of thresholds 

with almost no PTS at 48 h after sound trauma.  Cytocochleograms prepared one 

month after sound trauma showed that perilymphatic perfusion of BN 82270 protected 

90% of IHCs and OHCs destined to die.   

 

Pattern of structural and functional damage 

 Noise trauma is known to induce hair cell loss mainly in the first row of OHCs 

followed by the row of IHCs and finally in the two outer rows of OHCs. In this study, the 
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greatest hair cell losses were actually noted in the first row of OHCs and relatively few 

IHCs were missing when the cochleae were observed within 48h of the noise trauma. 

However, when cochleae were observed at one month after trauma, the pattern of hair 

cell loss had changed. The number of missing IHCs was slightly greater than the 

number of missing OHCs in row 1 which itself was greater than the number of missing 

OHCs in row 2 and row 3.  A similar pattern of hair cell damage after acoustic trauma 

has previously been described in the rabbit cochlea (Engström, 1983; Engström et al., 

1983) but it appears quite unusual in the guinea pig where OHC losses are generally 

greater than IHC loss. The reasons for such a discrepancy are not clear. They may be 

related to our experimental method that used a high frequency pure tone (6 kHz) for 

inducing the acoustic trauma whereas most other studies have used band noises 

generally centred upon 4 kHz (among others: Attanasio et al., 2001; Shizuki et al., 2002;  

Pourbakht and Yamasoba, 2003). The damage following a 6 kHz traumatic sound occur 

more basally along the cochlear spiral than those resulting from a 4 kHz band noise. It is 

possible that in the basal cochlear region, the IHCs’ sensitivity to noise trauma could be 

exacerbated due to specific functional or structural properties. In fact, in the guinea pig 

cochlea, the IHCs have been shown to respond to the movement of the basilar 

membrane for high frequency tones whereas they respond to velocity for the low 

frequencies (Patuzzi and Yates, 1986, 1987). In addition, the mode of coupling of the 

IHC stereocilia with the tectorial membrane may be different between the basal region 

and the more apical one. For instance, in rats (Ross, 1974 and Lenoir et al., 1987) and 

cats (Hoshino, 1976), the IHC stereocilia are firmly attached to the under surface of the 

tectorial membrane while they are free in the middle and apical turn. If the same 

structural characteristics exist in the guinea pig cochlea, it would be expected that the 
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IHCs of the basal cochlear regions would present a similar sensitivity to mechanical 

trauma as the OHCs in the first row. 

 

 The maximal structural damage observed in the traumatized cochleae was 

located in the segment lying 14-15 mm from the apex. Functionally, this region of the 

cochlear spiral corresponds to the location of frequencies between 8 and 12 kHz when 

referring to the guinea pig frequency-place map established by Eldredge (1974) and 

Rydmarker and Horner (1991). This frequency range fits well with the expected location 

of damage produced by a 6 kHz pure tone over-stimulation, as it would actually induce 

maximal hair cell loss around the 9 kHz location, i.e., about half an octave higher than 

the frequency of the traumatic sound. In addition, this frequency range corresponds to 

the peak threshold shift exhibited by our sound traumatized guinea pigs that takes place 

between 8 kHz and 12 kHz. In areas adjacent to the maximally damaged area, we report 

inner and outer hair cells with normal stereocilia and cuticular plates but showing 

distorted cell bodies, invagination of their lateral wall and occasional vacuolated 

cytoplasm. In addition, some efferent endings under the OHCs displayed a very high 

density of vesicles. Together, these changes may explain the slight hearing losses 

present at 2 kHz (5.1±1.1 dB PTS) and 4 kHz (14.3±1.7 dB PTS). This underlies the 

limitation of SEM to evaluate hair cell loss, and the necessity of using TEM to fully 

document the effect of sound trauma.  

 

Mechanisms of calpain-induced hair cell death. 

Calpains, a family of Ca2+-dependent cytoplasmic cysteine proteases are 

activated through an increase in intracellular Ca2+ (Molinari and Carafoli, 1997). The two 
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major calpain isoforms, m- and µ-, differ in the amount of Ca2+ required for activation.  

Calpain is considered to be primarily responsible for both apoptosis (Nath et al., 1996) 

and necrosis (Wang et al., 1996), probably as a consequence of a loss of Ca2+ 

homeostasis (Squier et al., 1994).  Previous studies have shown that acoustic 

overstimulation causes damage to cellular organelles such as the endoplasmic reticulum 

(Anichin et al., 1985; Lim and Melnick 1971), which then leads to Ca2+ release from 

those intracellular Ca2+ stores.  Ca2+ ions can also enter through the transducer channels 

of hair cells during maintained deflections of the stereociliary bundle (Ohmori 1988; 

Denk et al., 1995; Lumpkin and Hudspeth 1995).  Ikeda et al. (1988) found that acoustic 

trauma caused a 50-fold increase of Ca2+ in the endolymph. The sustained increase in 

intracellular Ca2+ is toxic to cells through activation of numerous calcium-dependent 

enzymes such as calpains. There are reports indicating that  m-calpain can also be 

phosphorylated and activated by  ERK, one of three major mammalian MAPK 

subfamilies [ERK 1 and 2, the c-Jun NH2-terminal kinases (JNK), and the p38 kinases] 

at Ser50 both in vitro and in vivo even in the absence of millimolar concentration of Ca2+ 

(Glading et al., 2004). Calpains have been shown to act upstream (McCollum et al., 

2002), or downstream of caspase activation and to contribute to the degradation phase 

of apoptotic cell death in HL-60 cells (Wood and Newcomb, 1999; Wood et al., 1998).  

Furthermore, a ‘‘calpain-cathepsin cascade’’ has been reported, in which activated 

calpains induce release of lysosomal cathepsins and subsequent cell death 

(Yamashima et al., 1998 ; Yamashima 2004). 

 

Ladrech et al. (2004) have shown the presence of fodrin cleaved by calpains in 

hair cells damaged by amikacin, by using an antibody that specifically recognizes the 
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150-kDa breakdown products of the fodrin α-subunit cleaved by calpains (Saido et al. 

1993). In the present study, the demonstration that calpain-cleaved fodrin accumulates 

in hair cells damaged by sound trauma naturally suggests an involvement of calpains in 

the degeneration of hair cells induced by sound trauma.  

 

As previously reported (Wang et al., 2002), we found that sound trauma provoked 

release of cytochrome c from the inner matrix of damaged mitochondria into the 

cytoplasm of the hair cells located in the areas maximally stimulated by the sound 

trauma. Perilymphatic perfusion of 100 µM BN 82270 prevented this dispersion of 

cytochrome c from the mitochondria to the cytoplasm in guinea pig hair cells following 

sound trauma.  Together, these results suggest that calpains initiate the activation of the 

mitochondrial cell death signaling pathway. 

 

The TUNEL method is a classic marker of apoptosis (Riss, 2001; Pavlovsky and 

Vagunda, 2003). Because positive TUNEL-labeled hair cell nuclei have been reported 

after sound trauma, several authors have proposed that the apoptotic process is the 

primary mechanism of hair cell degeneration induced by sound trauma (Wang et al., 

2002; Hu et al., 2002; Cheng et al., 2005). However, detected DNA breaks can also be 

caused by cellular necrosis and autolysis (Gold et al., 1994; Grasl-Kraupp et al., 1995). 

Accordingly, we have previously reported that sound trauma exposure results in different 

phenotypes of cell degeneration such as apoptosis, autolysis and, to a lesser extent, 

necrosis. However, whatever the phenotypes, a common feature of sound damage to 

hair cells is mitochondrial alteration (Wang et al., 2002). 
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BN 82270 prevents sound-induced hearing and hair cell loss  

Our data shows that the BN 82270, a dipeptide which has well cell penetration 

(Pignol et al., 2006), is a potent agent (ED50 = 4.07µM) in protecting hair cells from 

acoustic trauma.  Leupeptin, a prototypic aldehyde inhibitor exhibits low cell permeability 

and also inhibits other cysteine proteases and the proteasome (Mehdi 1991; Sorimachi 

et al., 1997).  In vitro, leupeptin protects cochlear and vestibular hair cells from 

gentamicin ototoxicity with a range of efficacy between 0.1 to 3 mM (Ding et al., 2002).  

In vivo, 1 mg/ml leupeptin perfused into the scala tympani of the basal turn of chinchilla 

cochleae using an osmotic pump over 14 days, reduced OHC loss following a 105 dB 

SPL exposure by 60% (Wang et al., 1999). 

 

Calpain inhibitor I and calpain inhibitor II are synthetic inhibitors with increased 

cell permeability. They possess a greater degree of specificity although at higher 

concentrations (e.g., mM levels) also inhibit other cysteine proteases (Mehdi 1991; 

Sorimachi et al., 1997).  Calpain inhibitor I seems slightly more potent (1.25µM), 

complete protection was obtained on neurotrophin-withdrawn dissociated spiral ganglion 

neurons in culture with 1mM leupeptin and 25µM calpain inhibitor II (Cheng et al., 1999). 

 

To date, the most potent compounds in protecting hair cells are the inhibitors of 

the MAPK/JNK pathway. For example, subcutaneous injection of CEP-1347, an agent 

that blocks the c-Jun-N-terminal kinase pathway at the level of the mixed lineage 

kinases (Harris et al, 2002), 2 hours before acoustic trauma resulted in a 20 dB 

permanent threshold shift elevation (as opposed to a 40 dB PTS in unperfused animals) 

and reduced hair cell loss by 60% (Pirvola et al., 2000).  Intracochlear perfusion of D-
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JNKI-1, another inhibitor of JNK kinase, which selectively blocks access of MAPK/JNK 

to their substrates within the nucleus (Bonny et al., 2001), 48 hours before sound 

trauma resulted in a maximum permanent hearing loss of 12 dB at 8 kHz (as opposed 

to a 48 dB PTS in the contralateral, unperfused cochleae) and prevented more than 88 

% of the IHC and OHC losses (Wang et al., 2003). 

In this study, local delivery of BN 82270 prevented acoustic trauma-induced 

permanent hearing loss in a dose-dependent manner (ED50 = 4.07 µM).  The application 

of 100 µM BN82270 resulted in protection of the hair cells from the effects of the noise 

trauma.  Less than 10% of the hair cells were missing from the area of maximum noise-

induced damage (Fig. 1F), which is consistent with our physiological data which showed 

almost no permanent loss of hearing (less than 7 dB of PTS at all frequencies tested).  

Although we did not compared the protective effect of BN 82270 with an antioxydant and 

a specific calpain inhibor alone, the high potency of this compound may be explain by 

the dual action on calpains and lipid peroxidation acting in a synergistic manner (Auvin 

et al., 2006; Pignol et al., 2006). 

 

In conclusion, this report shows that local application of BN 82270 is compatible 

with clinical practice (i.e., round window membrane delivery), it improves the functional 

recovery of the cochlea after sound trauma, and it abolishes the cytological stigmata of 

damaged cochlear hair cells when given within a therapeutic window of 24 hours after the 

sound trauma. This suggests that BN 82270 may be an interesting molecule to treat inner 

ear injuries using a system of local application, because this route is efficient and avoids 

potential side effects after systemic application. 
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LEGENDS TO FIGURES 

 

Figure 1.  BN 82270 prevented permanent hearing loss and hair cell loss. A: 

Intracochlear perfusion of 100 µM of BN 82270 on cochlear functional recovery 

measured 30 days after sound trauma.  Shown are hearing loss from contralateral 

unperfused, sound-exposed, left cochleae (open circles) and the sound-exposed right 

cochleae perfused with a 100 µM solution of BN 82270  (filled circles) from the same 

animals (n = 6).  Contralateral unperfused (control) cochleae displayed a permanent 

hearing loss. In contrast, a significant improvement in recovery of hearing function was 

seen in those cochleae perfused with 100 µM of BN 82270, leading to almost normal 

thresholds.  B: Dose-dependent effects of BN 82270 30 days after sound trauma.  

Hearing loss at 10 kHz was calculated as the difference in hearing thresholds measured 

before and 30 days after sound exposure, within the same perfused ear. Each point is 

expressed as means ± SEM from 6 animals. Dose-response data were then fitted to a 

curve using a non-linear least-square logistic equation.  The Boltzman equation was 

used for fitting sigmoid curves. The ED50 was calculated as 4.07 µM.  C and D: 

Scanning electron micrographs of areas of sound trauma damage (14-15 mm from 

apex) in cochleae from the same sound-exposed animal. Note that direct delivery of 100 

µM of BN 82270 into the scala tympani effectively prevented sound trauma-induced hair 

cell loss (in D).  E and F: Quantitative analysis of hair cell damage consisted of counting 

all hair cells along the entire length of the cochlear ducts.  Cochleograms represent the 

mean survival of hair cells as the function of the distance from the apex (in mm) in 

contralateral unperfused cochleae (n=6) and in the 100 µM BN 82270-perfused 

cochleae (n=6) of the same animals. Sound exposure caused a narrow band of hair cell 
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trauma in the cochleae located 13-16 mm from the apex.  In the damaged area of the 

contralateral unperfused cochleae, the most severe damage was observed in IHCs (I) 

and the first row of OHCs (O) with a gradation of damage in the second and the third 

rows of OHCs (in E).  In contrast, less than 10% of the hair cells loss were seen in the 

maximally damaged area from the cochleae that were treated with a local application of 

a 100 µM solution of BN 82270 (in F). In E and F, all points represent mean ± SEM 

values calculated from the 6 animals. p: pillar cells.  Scale bars: C and D = 20 µm. 

 

Figure 2 : Intense sound induced ultrastructural changes in the organ of Corti. 

A: Normal aspect of the organ of Corti in a control non-sound-exposed cochlea (light 

microscopy).  The three outer hair cells (O1, O2, O3) are surrounded by the spaces of 

Nuels.  Both outer hair cells and inner hair cell (I) are separated by the tunnel of Corti 

(tC).  Arrows show the stereocilia of the inner and outer hair cells. (D: Deiters cells; bm: 

basilar membrane).  B: Ultrastructural changes (transmission electron microscopy) in the 

sound traumatized area (around 14 mm from the apex) of organ of Corti observed one 

month after sound exposure.  Both the outer and inner hair cells are absent.  The outer 

hair cells are replaced by apical expansions of their supporting cells, the Deiters cells. 

The spaces of Nuels are greatly reduced.  The inner hair cell is replaced by its two 

supporting cells, the phalangeal cell (p) and the first border cell (b).  C-F: Ultrastructural 

changes in a more apical region (around 10 mm from the apex) of the sound damaged 

organ of Corti. C: In this micrograph, outer hair cell from the first row is missing and the 

two remaining outer hair cells (O2 and O3) show distorted cells bodies and lateral 

membrane invagination (asterisks). Note the normal appearance of the stereocilia 

(arrows) on the remaining outer hair cells (O2 and O3). D: Higher magnification of the 
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apical pole of the outer hair cell from the third row (O3) shown in C. The lateral 

membrane is invaginated (asterisk) and the underlying cistern lamellae are disorganised 

(arrowheads). E: Higher magnification of the basal pole of the outer hair cell from the 

second row (O2) shown in C. The cell is contacted by two large efferents (e1, e2) and 

one afferent ending (a). Both efferents have numerous mitochondria. One efferent (e2) 

is abnormally dark due to vesicles accumulation. F: The inner hair cell is essentially well 

shaped, has normal stereocilia (arrow) and its basal pole is contacted by nerve endings 

The arrowhead in the basal pole of the inner hair cell points out a synaptic body at the 

level of an IHC-afferent synapse (arrowhead). An enlargement of the synapse is shown 

in the insert. Note the presence of the synaptic body (arrowhead) within the inner hair 

cell (I), facing the afferent ending (a). Scale bars: A, B, C, F = 10 µm; D, E= 5 µm. 

 
Figure 3. BN 82270 prevented calpain-cleaved fodrin, translocation of 

cytochrome c and DNA fragmentation. A to C: Immunolabeling of fodrin cleaved by 

calpains on whole-mount surface preparations at 24 h post-sound trauma.  In A, the 

apical turn from a sound-exposed animal, almost all hair cells are visible and labeled for 

calbindin (red), and no immunoreactivity for the anti-fodrin cleaved by calpain (green) is 

seen.  In B, the basal turn from a sound-exposed animal, numerous OHCs have already 

disappeared in the three rows of OHCs. All the remaining hair cells are labeled for 

calbindin (red) and six OHCs are double-labeled for fodrin cleaved by calpains (green).  

Note the cuticular plates are strongly immunoreactive for the anti-fodrin cleaved by 

calpain antibody but the cell bodies are essentially unlabeled. In C, the basal turn from 

sound-exposed cochleae perfused with 100 µM BN 82270. Note that all hair cells are 

visible, and no immunoreactivity for the anti-fodrin cleaved by calpain is seen. D to F: 
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Confocal micrographs of transverse cryostat sections of the apical or basal turns of the 

organ of Corti, stained by immunocytochemistry for cytochrome c, one hour after 

acoustic trauma. In D, the apical turn from a sound-exposed animal shows intense 

punctate staining for cytochrome c.   In E, the basal turn from a sound-exposed animal, 

immunostaining for cytochrome c is diffuse in the cells in the sound-damaged area.  In 

F, a basal turn from sound-exposed cochlea perfused with 100 µM BN 82270 displays 

intense punctate staining for cytochrome c in the hair cells, similar to the control non-

traumatised cochlea. G to I: TUNEL staining of whole mounts of epithelium of organ of 

Corti.  Epithelium harvested 24 hours after sound trauma. DNA strand breaks are 

stained fluorescent green by FITC-labeled dUTP; nuclei are counter-stained red with 

propidium iodide; TUNEL-labeled nuclei appear yellow.  In G, epithelium from an apical 

turn of a sound exposed cochlea.  No TUNEL-labeled nuclei are seen. In H, note the 

presence of TUNEL-labeled nuclei in the OHCs and IHC region from a basal turn of a 

sound-exposed cochlea.  In I, epithelium from the basal turn of a sound-exposed, 

perfused (with 100 µM BN 82270) cochlea.  There are no TUNEL-labeled nuclei in the 

OHC or IHC; the epithelium of the organ of Corti is similar to that of the normal cochlea.  

Scale bars: A to I = 35µm. 

 

Figure 4.  Time-dependent effects of round window perfusion of BN 82270. 

A: Functional recovery 30 days after sound trauma. The treatment commenced 48 hours 

before or 1, 3, 6, 12, 24 or 48 hours after sound trauma.  Hearing loss at 10 kHz was 

calculated as the difference in hearing thresholds measured before and 30 days after 

sound exposure, within the same perfused ear.  Time-response data were then fitted to 

a curve using a non-linear least-square logistic equation.  The Boltzman equation was 
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used for fitting sigmoid curves. Each point is expressed as means ± SEM from 6 

animals.  When applied 6 hours after sound exposure, BN82270 prevents 50% of the 

hearing loss. BN 82270 is ineffective when treatment is started after 12 hours.  

B: Quantitative analysis of hair cell damage from the contralateral unperfused cochleae 

(n=3) and the cochleae perfused with 300µM of BN 82270 perfused through the intact 

round window membrane 1 (n=3), 6 (n=3), 12 (n=3) and 24 hours (n=3) after sound 

trauma. Note that BN 82270 prevents 80% of hair cell loss (both inner and outer hair 

cells) when BN82270 is applied 6 hours after sound trauma. No longer efficiency was 

noticed when applied 24 hours later. All points represent mean ± SEM. values calculated 

from 3 cochleae. 
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Reviewer 
 

Comments to the Authors  
The authors have addressed many of my concerns, and the manuscript has been improved in 
many ways.  For example, the introduction is now more specific and detailed, and the 
methods have been clarified very well.   

Authors’answer: 
We appreciate the positive evaluation of reviewer for the substantial changes we 
provide. 

 
Comments to the Authors  
However, several major issues with this study remain to be addressed.  
1. Hair cell counts showing IHC loss exceeding OHC loss are from only three animals. 
The authors have adequately clarified their hair cell counting procedures, and I am satisfied 
that the unusual results they present are not due to any problem with their preparations or their 
assessment procedures.  In response to my earlier concerns, the authors added details to the 
methods section and discussed possible reasons for the unusual results in the discussion 
section.  These changes are definite improvements in the manuscript. However, the problem 
remains that the cochleogram results are based on an assessment of cochleas from only 3 
animals. 
 

Authors’answer: 
To address this criticism, we have performed hair cell counting in 3 additional 
animals, leading to a total of 6 animals. As done in the previous experiments, the 
sound-exposed, non-perfused cochlea served as control to verify the effect of sound 
trauma, whereas the sound-exposed perfused cochea served to evaluate any 
protective effect of BN82270. Increasing the number of animals did not change the 
observed pattern of hair cell loss. 

 
 See results section (line 3, page 15) and new figure 1E and F. 

“In this group 90.9% of the IHCs, 82.8% of the OHCs1, 41.4% of the OHCs2 and 
36.4% of the OHCs3 were lost in the maximally damaged area (14 mm from the 
apex) by 30 days after the initial sound trauma.” 

 
Comments to the Authors  
The authors suggest that the use of a 6 kHz tone rather than narrow band noise is a likely 
reason why similar results have not been reported previously in guinea pigs.  While the points 
raised concerning differential sensitivity of basal vs. apical IHCs in the discussion are good 
points to make, it seems to me that this is not an adequate explanation because previous 
studies that have used 6.3 kHz tones (e.g., Canlon et al.) have still found greater OHC loss 
than IHC loss in guinea pigs. 

Authors’ answer:  
The reviewer focuses on the greater sensitivity to sound of the IHC versus the OHC. 
In fact, the difference between IHC loss and loss from the first row of OHCs is not 
particularly great (90.9% for IHCs versus 82.8%. for the OHCs1). In addition, it is 
difficult to compare our data with others. The pure tone frequency used by Canlon et 
al. is close (6.3 kHz). However, compared to Canlon’s exposure, the intensity of our 
sound exposure is much higher (120 versus 100 dB SPL) and the duration much 
shorter (30 min. versus 24 h). This may explain the slight difference of pattern of hair 
cell loss, reported herein. 

* Response to Reviewers
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Comments to the Authors  
The main problem is that the results in the current study are based on a VERY small sample 
(only THREE cochleas).  Just how representative were these 3 cochleas of the rest of the 
animals in this study, and of guinea pigs in general?  My main concern is the inadequate 
sample size here, which is a point I raised previously.  The study used 78 guinea pigs.  Only 3 
cochleas were used for the analysis of hair cell loss that formed the basis for several broad 
conclusions regarding protection. If 6 animals were used for physiological measures with this 
dose and at this time point, why weren't all 12 cochleas included in the histological analyses? 
In their response, the authors suggest that this small number (n=3) is adequate because each 
animal provided it's own control.  This position is indefensible from a statistical standpoint.  
Despite the within-subject design, with animals providing both treated and control cochleas, 
an n of 3 is simply inadequate, particularly given the interanimal variability in sensitivity to 
noise that the authors acknowledge.  The number of cochleas examined for hair cell counts 
must be increased to provide an adequate sample in this study. Related to this, the authors 
have added SEM values to the means, but again, this is based on n=3.  Statistically, it is not 
defensible to use such a small sample to represent a variable population and it is not 
appropriate to calculate SEM based on 3 individuals from the population. 

Authors answer: 
Because we agree with the reviewer, we have performed hair cell counting in 3 
additional animals. Therefore, we now provide results from the histological analysis 
of 12 cochleae, or 6 cochleae for each condition: sound-exposed non-perfused and 
sound-exposed BN82270-perfused cochleae (this point has also been addressed in 
point 1). 

 
 
Comments to the Authors  
2. The issue of how to account for hearing loss at frequencies with no hair cell loss was not 
addressed.  Several of my previous comments were aimed at getting the authors to address the 
discrepancy between hair cell loss and hearing loss (PTS).  In other words, what accounts for 
hearing loss at frequencies where there was NO hair cell loss?  The authors adequately 
defended and clarified their use of frequency/place maps in their response.  However, they 
never addressed in the revised discussion how PTS occurred in regions far removed from 
regions with damaged hair cells.  The cochleograms show very clearly defined damage 
patterns, with HCs missing in a narrow range but NONE missing above or below this region, 
even though PTS was observed at frequencies as low as 2 kHz.  The authors should comment 
on the discrepancy between hair cell loss and hearing loss in the discussion. 

Authors answer: 
The reviewer’s comment is very pertinent. To solve the discrepancy between hair 
cell loss and hearing loss (PTS) at 2 kHz, we performed additional morphological 
investigations using transmission electron microscope in 2 animals (4 cochleae). 
Ultrastructural analysis demonstrates that in areas adjacent to the maximally 
damaged area, inner and outer hair cells can have the appearance of normal 
stereocilia and cuticular plates but show distorted cell bodies, invagination of their 
lateral wall and occasional vacuolated cytoplasm. As indicated in the methods 
section (line 2, page 9): “hair cells were counted as absent if the stereociliary 
bundle and the cuticular plate were absent. When the stereociliary bundle was 
present, the cell was considered as present even if a few stereocilia were fused”.  
This underlies the limitation of SEM to evaluate hair cell loss, and the need of TEM 
to fully document the effect of sound trauma. 
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This point has been also mentioned in the discussion (page 21, line 13).  
“In areas adjacent to the maximally damaged area, we report inner and outer hair 
cells with normal stereocilia and cuticular plates but showing distorted cell bodies, 
invagination of their lateral wall and occasional vacuolated cytoplasm. In addition, 
some efferent endings under the OHCs displayed a very high density of vesicles. 
Together, these changes may explain the slight hearing losses present at 2 kHz 
(5.1±1.1 dB PTS) and 4 kHz (14.3±1.7 dB PTS). This underlies the limitation of 
SEM to evaluate hair cell loss, and the necessity of using TEM to fully document the 
effect of sound trauma. ”  
 
 

Comments to the Authors  
3.  Animals may have been selected in a manner that biases results in favor of finding a 
protective effect of BN82270. The authors state that 13 animals with normal thresholds in the 
CONTROL ear were excluded from the study, in order to "demonstrate more clearly a 
protective effect of BN82270."  In noise exposure studies, it is not uncommon to have 
differences between right and left ears of an exposed animal, and it is not inconceivable that 
treated ears will on occasion have more PTS than control ears.  I question the decision to 
exclude animals from the study unless reasons are clearly justified.  I am wondering how 
many of the animals that were excluded because thresholds in their untreated control ears 
were normal actually had hearing loss in their other ear?  Given the issue of variability in the 
effects of noise exposure, the more defensible approach is to increase power by increasing 
sample size, not to exclude subjects that don't show the effect you want.  If the 13 animals 
with normal thresholds in the control ears ALSO had normal thresholds in the treated ear, 
then the decision to exclude them from analysis MAY be more defensible, but unless this is 
shown and stated, the decision to exclude cases needs more defense. 

Authors answer: 
We excluded the animals with spontaneous threshold recovery to normal because 
“The aim of our present study was thus to evaluate the therapeutic value of a novel 
dual inhibitor of calpains and lipid peroxidation (BN 82270, Auvin et al., 2006) on 
permanent hearing loss and hair cell loss induced by sound trauma” (see line 16, 
page 5). In others words, there is no rationale in developing a therapeutic approach 
for a deafness that fully recovers. Moreover, keeping animals in the study who show 
spontaneous threshold recovery may distort the therapeutic window of BN82270, 
particularly the time efficacy of the drug which would be polluted by any 
spontaneous recovery. 
 
The misunderstanding is probably due to the fact that we state that we exclude 
animals to clearly demonstrate any protective effect of BN82270, which is not true. 
What we wanted to avoid was to work on animals presenting spontaneous recovery 
to normal thresholds. We do not deny that differences between ears in individual 
animals may exist, but the use of the contralateral ear as an internal control to verify 
the effect of trauma allows us to minimise the risk of working on animals who go on 
to recover hearing to normal thresholds. So, we have clarified this point in the first 
paragraph of the results: 
 
Line 18, page 12 

“The study was designed to evaluate any therapeutic effect BN 82270 may have on 
permanent threshold shift (PTS) and hair cell loss induced by sound trauma. 94 female 
pigmented guinea pigs were exposed to intense sound (6 kHz, 120 dB SPL for 30 
min.) under anesthesia. Although differences between ears in individual animals might 
exist, we minimised the risk of working on animals which presented spontaneous 
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recovery to normal thresholds by using the contralateral ear as an internal control.  
Based on these criteria, 13 animals were excluded from the study because the control 
contralateral cochlea spontaneously recovered normal auditory thresholds within the 5 
days following sound trauma. Consequently, 81 animals demonstrating PTS were used 
in this study. ” 

 
Comments to the Authors 
4.  The results are presented as RECOVERY when they are DIFFERENCES between right 
and left ears, not recovery. The authors continue to present results as "improvements" and 
"recovery" when they are showing differences between right and left ears at a given point in 
time.  This is incorrect and misleading. The authors have clarified that "recovery" refers to 
differences between the treated and untreated ears in PTS.  Again, it is not appropriate to refer 
to this between-ear comparison as "recovery," and all references to "recovery" should be 
changed to indicate that they were differences between the two ears, not a change over time in 
one ear 

Authors answer: 
As recommended by the reviewer, we no longer refer to the difference between the 
two ears as functional recovery, calculated in percentage (see the next point). 

 
 
Comments to the Authors 
5.  How was PERCENT RECOVERY calculated?? I had asked for a clarification of how % 
recovery was calculated, and this was not provided.  The authors state that "The percentage of 
recovery was calculated as the difference in PTS at day 30 between the treated and non-
treated cochlea."  A difference in PTS would be expressed in dB, not %, so this does not 
explain how percent recovery was calculated.  How was a dB difference converted to percent 
recovery??  

Authors answer: 
In the submitted version, we expressed the differences between the two ears 
(previously named recovery) in percentage. Generally, presentation as percentage 
allows a normalization of the data. Since we do not need such normalization, we 
have followed the reviewer’s advice. We now describe the results in terms of 
hearing loss in the text and we present the dose- (fig.1B) and the time-efficacy (Fig. 
4A) in terms of hearing loss calculated in dB as a function of the pre-exposure 
threshold from the same ear. This is mentioned in the legends of figs 1 and 4. 
 
See page 42, line 11. 
“Dose-dependent effects of BN 82270 30 days after sound trauma.  Hearing loss at 
10 kHz was calculated as the difference in hearing thresholds measured before and 
30 days after sound exposure, within the same perfused ear.” 
 
And page 45, line 21. 
“Hearing loss at 10 kHz was calculated as the difference in hearing thresholds 
measured before and 30 days after sound exposure, within the same perfused ear.” 
 

Minor concerns:  
 
Comments to the Authors 
1.  p. 12, line 10: are the numbers for variability SD or SEM? 

Authors answer: 
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There are means ± SEM (see page 13, line 5). 
 
 
Comments to the Authors 
2.  p. 12, line 21: The authors state that "In the next few days, PTS in the perfused ears was 
significantly lower…"  This should be TTS?  When does TTS become PTS?  How were the 
differences tested for significance and what were the statistical results? 

Authors answer: 
We answer the question in the result session (line 22, page 13): 
“Two days after sound exposure, threshold shift in the perfused ears was 
significantly lower than in the control contralateral ears. In addition, no subsequent 
deterioration in thresholds was observed in the perfused ears over the next 28 days”. 
 
 

Comments to the Authors 
3.  The authors stated previously that "This led to fewer cases of permanent hearing loss."  
The issue of "number of animals showing less hearing loss" (an issue that can be addressed 
with Chi-square analysis) versus a change in mean hearing loss has not been addressed in the 
response, nor has the statement been changed in the text.   

Authors answer: 
The issue of "number of animals showing less hearing loss" versus a change in mean 
hearing loss has not been statistically addressed because improvement of thresholds 
occurred in all animal  
This is now specified in the discussion (line 16, page 19): 
“Although it did not reduced temporary threshold shift, BN 82270 perfusion 
improved recovery of thresholds with almost no PTS at 48 h after sound trauma” 
 

Comments to the Authors 
4.  Scale bars have been left off of figures in Fig. 1. 

Authors answer: 
Scale bars have been added to Fig. 1. 

 
5.  p. 5, still refers to "sensory cell loss." 

Authors answer: 
"sensory cell loss." has been changed to “hair cell loss”. 

 
Comments to the Authors 
Grammar and Typos: 
1.  p. 12, line 10: change controlateral to contralateral 
2.  p. 6, line 10: change intraperitoneale to I.P.  
3.  p. 6, indicate what AP is artificial perilymph 
4.  p. 7, RWM delivery: sentence states that the minipump was placed on the round window 
membrane. 
5.  p. 10 and elsewhere, place comma after "i.e." 
6.  p. 10, it may be better to refer to "middle" turns rather than "medial" turns 
7.  p. 21, "better cell penetration" -better than what? 
8.  p. 22., top paragraph as 2 incomplete sentences 
9. p. 41, cochleae should be cochlea 

Authors answer: 
All these typos and grammar have been corrected accordingly. 
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