1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Hear Res. 2008 February ; 236(1-2): 11-21.

The impact of mitochondrial energetic dysfunction on apoptosis
in outer hair cells of the cochlea following exposure to intense

noise

Bo Hua Hul:*, Donald Hendersonz, and Wei Ping Yang3

1Center for Hearing and Deafness, Sate University of New York at Buffalo, 137 Cary Hall, 3435 Main Street,
Buffalo, NY 14214, USA, Email: bhu@acsu.buffalo.edu

2Center for Hearing and Deafness, Sate University of New York at Buffalo, 137 Cary Hall, 3435 Main Street,
Buffalo, NY 14214, USA, Email: donaldhe@acsu.buffalo.edu

3Ingtitute of Otolaryngology, PLA General Hospital, 28 Fuxing Rd., Beijing, 1000853, China, Email:
yangwp2002@yahoo.com

Abstract

Previous studies have shown that exposure to intense noise causes outer hair cells (OHCs) to die,
primarily through the process of apoptotic degeneration. The current study was designed to examine
the regulatory role of mitochondrial bioenergetic function in controlling the initiation and execution
of the apoptotic process of OHCs. Chinchilla cochleae were treated with 3-nitropropionic acid (3-
NP, 20 mM, or 50 mM), an irreversible inhibitor of succinate dehydrogenase (SDH), to inhibit the
mitochondrial energy production before and after exposure to 75 pairs of impulses at 155 dB pSPL.
Comparison of the noise-exposed cochleae treated with and without 3-NP revealed that the inhibition
of SDH activity delayed nuclear degradation in apoptotic OHCs. However, the initiation of apoptosis
appeared to be undeterred. There was no major shift of cell death pathways from apoptosis to necrosis,
although a small portion of OHCs showed signs of secondary necrosis. Collectively, the results of
the study suggest that, while the mitochondrial energetic function plays an important role in
regulating the apoptotic process, its dysfunction has a limited influence on the suppression of
apoptotic induction in OHCs following exposure to intense noise.
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1. Introduction

In the past few years, several studies have revealed that apoptosis is involved in outer hair cell
(OHC) demise after exposure to an intense noise (Bohne et al., 2007; Hu et al., 2000; Nicotera
etal., 2001; Niuetal., 2003; Shizuki et al., 2002; Wang et al., 2002; Yang et al., 2004; Y likoski
et al., 2002). Apoptosis has been found to be the primary cell death pathway leading to rapid
expansion of the HC lesion after exposure to intense noise (Hu et al., 2002). Inspection of

*Corresponding author: Bo Hua Hu, Center for Hearing and Deafness, State University of New York at Buffalo, 137 Cary Hall, 3435
Main Street, Buffalo, NY 14214, USA, Phone: (716) 829-2001-(18), Fax: (716) 829-2980, Email: bhu@acsu.buffalo.edu

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al.

Page 2

noise-damaged cochleae has also revealed the presence of necrotic death of OHCs (Hamernik
etal., 1974; Kellerhals, 1972 Yang et al., 2004).

Several factors that influence the ratio of the apoptotic and necrotic generation have been
identified. Hu et al. (2000) reported that the intensity of the noise is a factor affecting the trend
in apoptotic and necrotic incidence. When the cochleae were exposed to a high level noise (120
dB SPL), OHCs appeared to die primarily through apoptosis. In contrast, when the cochleae
received a relatively lower level of noise exposure (105 dB SPL), necrosis appeared to be the
dominant type of cell death. Another factor that affects the ratio of apoptosis and necrosis is
the post-exposure time at which the cochleae are examined. Hu et al. (2002) reported that
apoptosis was the major driving force behind the rapid expansion of the cochlear lesion during
the first two days of post-exposure pathogenesis. Yang et al. (2004) reported that apoptosis
and necrosis contributed equally to the continuous generation of dying OHCs at the late phase
of cochlear pathogenesis. Although the coexistence of apoptotic and necrotic OHCs has been
observed for some time, the cellular mechanisms that regulate cell death propensity toward
apoptosis or necrosis are still not known.

Apoptosis is an active death process, requiring an adequate energy supply to fuel the apoptotic
machinery at the early phase of the death process (Majno et al., 1995). There is increasing
evidence showing that the intracellular energy status plays a pivotal role in determining whether
a cell dies by apoptosis or necrosis (Eguchi et al., 1997; Leist et al., 1997; Nicotera et al.,
1998). When the cellular ATP level is maintained above a threshold level, a cell dies by
apoptosis. However, if the cellular ATP level falls below the threshold level, the cell dies by
necrosis (Sokolova et al., 2004).

Mitochondria are the primary sites of cellular energy production. A recent study has shown
the maintenance of mitochondrial energy production during the period of apoptotic initiation
in the OHC (Hu, 2007). However, whether the mitochondrial energy production is a crucial
factor that controls the cell’s decision to die by apoptosis or necrosis is not known, nor is the
role of mitochondrial energy production in regulating the apoptotic process, once the process
isinitiated. To address these issues, we used an established model of mitochondrial dysfunction
induced by local application of 3-nitropropionic acid (3-NP), an irreversible inhibitor of
succinate dehydrogenase (SDH), to produce mitochondrial dysfunction (Alston et al.,
1977;Coles et al., 1979;Ludolph et al., 1992), and investigated the effects of the mitochondrial
energetic deficiency on the generation of apoptosis and necrosis following exposure to intense
noise. Specifically, the following questions were addressed: In the noise-damaged cochlea, did
reduction of the mitochondrial energy production: (1) prevent the induction of apoptosis; (2)
shift OHC death from apoptosis to necrosis; (3) disrupt the execution of the apoptotic process?

2. Materials and Methods

2.1. Subjects and noise exposure

Fifty-eight adult chinchillas (450-650 g) were used in the study. Among these animals, 37
animals were exposed to noise and the remaining 21 animals without exposure to noise served
as normal controls. All procedures involving use and care of the animals were reviewed and
approved by the State University of New York at Buffalo Institutional Animal Care and Use
Committee.

An impulse noise was used to generate acoustic trauma. The impulse noise consisted of a series
of 75 pairs of impulses (1 second between each pair) generated by a D/A converter on a signal
processing board (Loughborough TMS 32020). The level of impulses was calibrated with a
0.25 inch condenser microphone (Larson Davis, 2520) and microphone amplifier (Larson
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Davis 824A) and the output displayed on an oscilloscope (Tectronix TDS1002). The peak level
of the noise was 155 dB peak sound pressure level (pSPL).

We selected a high level of noise for the current study for several reasons. First, exposure to a
high level of noise is a common health hazard seen in industrial, recreation and military
activities. Therefore, the study on the cell death resulting from exposure to such high level of
noise has both biological and clinical significances. Second, the same level of noise has been
used in our previous studies (Harris et al., 2005; Hu et al., 2006). We have a wealth of data on
the magnitudes of hearing loss and hair cell loss resulting from the noise exposure. By using
a consistent noise level in our current study, we could compare the results of the current study
with those from our previous studies. Finally, compared with the exposure to a low level of
noise, exposure to a high level of noise produces a greater number of damaged (dying) hair
cells in the cochlea, which facilitates the observation of the patterns of cell death.

2.2. Disruption of the mitochondrial energetic function

SDH was selected as a target enzyme for inhibition of the mitochondrial energy production
because hair cells contain strong SDH activity (Chen et al., 2000) and SDH activity is preserved
during the major course of OHC apoptosis following exposure to intense noise (Hu, 2007).
SDH is a respiratory enzyme in the Krebs cycle, converting succinic acid to fumaric acid. SDH
also forms a part of complex Il in the electron transport chain that is the primary source of ATP
production within mitochondria.

SDH activity was inhibited by 3-NP, an irreversible SDH inhibitor produced on moldy crops
by the fungus Arthrinium sp. 3-NP (Sigma, USA) was dissolved in a normal artificial perilymph
(142 mM NaCl, 5.37 mM KClI, 1.47 mM MgCl,, 2 mM CaCls,, and 10 mM HEPES) to generate
a stock solution (400 mM). The stock solution was stored at a temperature of -20 °C for less
than one month. Before each application, the stock solution was diluted with the artificial
perilymph to produce a working concentration (20 or 50 mM).

3-NP was locally applied to the cochleae at either one of two time points: 16 hrs before or
immediately after exposure to an intense impulse noise. Application of 3-NP before the noise
exposure allowed us to assess the effect of mitochondrial inhibition on the initiation of
apoptosis, whereas the post-noise application enabled us to investigate the effect of
mitochondrial dysfunction on the execution phase of apoptosis. When 3-NP was applied before
the noise exposure, the compound was applied on the round window, so that the structural
integrity of the inner ear was preserved. When applied after the noise exposure, the compound
was perfused directly into the cochlea to enhance a fast diffusion of the compound into OHCs.

* Round window application of 3-NP—The 3-NP solution was applied 16 hrs before
exposure to the noise to allow a thorough diffusion of the compound into the cochlea. The
chinchilla was anesthetized with a mixture of ketamine (35 mg/kg) and acepromazine (0.5 mg/
kg). Both left and right bullae were exposed through a posterior approach. A small hole was
made in the posterior surface of the bulla to visualize the round window. Approximately 15
ul of the 3-NP solution (either 20 or 50 mM) was dropped onto the right round window using
a micro-syringe and an equal volume of the artificial perilymph solution was dropped onto the
left round window, serving as a control. The hole on the bulla was sealed with dental cement
and the skin incision was sutured. Sixteen hours after the compound application, the animals
were exposed to the impulse noise.

» Cochlear perfusion with 3-NP—The 3-NP solution was applied within 30 min after the
noise exposure. The animal was anesthetized with a mixture of ketamine (35 mg/kg) and
acepromazine (0.5 mg/kg) immediately after the noise exposure. Both the left and right
cochleae were surgically exposed through a conventional ventral approach. Two small
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openings were drilled in the bony shell over the scala vestibuli and the scala tympani in the
basal turn of the cochlea. Approximately 20 pl of either the 3-NP solution (20 mM) or the
control artificial perilymph was gently perfused into the cochlea through the hole on the scala
tympani within a period of 3 min. The infused solution was allowed efflux through the hole
on the scala vestibuli. After the cochlear perfusion, the openings on the bony shell of the cochlea
were sealed with a tissue adhesive (Vetbond Tissue Adhesive 3M, USA). The contralateral
cochlea received the same treatment, but with an alternative solution (either 3-NP or artificial
perilymph solution), which differed from that used for the first cochlea.

2.3. Auditory evoked potential measurement

Inferior colliculus potentials were examined in six animals to determine the functional impact
of the 3-NP treatment. The animals were treated with the 3-NP solution (20 mM) on the round
window of one ear and the control solution in the contralateral ear. The testing was performed
before and 15 hrs after the 3-NP treatment. The inferior colliculus potentials were elicited by
tone pips at octave intervals from 1-8 kHz with a method that has been previously reported in
detail (Hu et al., 1997b). The threshold of the inferior colliculus potential was defined as the

mid-point between the lowest level at which a clear response was seen and the next lower level
where no response was seen.

2.4. Pathological examination

All the noise-exposed animals were sacrificed at 2 hrs after the noise exposure. The normal
control animals (without exposure to the noise) were sacrificed with the same time schedule
used for the noise-exposed animals. The cochleae were collected for pathological
examinations. A series of dependent variables were examined. Tables 1 and 2 show the number
of cochleae used for each experimental parameter.

2.4.1. SDH staining and assessment—SDH activity was examined to assess the
effectiveness of the 3-NP treatment. SDH activity was evaluated with a colorimetric assay
using nitroblue tetrazolium (NBT) monosodium salt (Hu, 2007). Briefly, the animals were
sacrificed at the defined time after the noise exposure. Cochleae were quickly removed from
the skull and perfused through the round window with the SDH staining solution. After the
SDH staining, the cochleae were fixed with 10% buffered formalin. After dissection, the organs
of Corti were further stained with propidium iodide (PI) to visualize OHC nuclei.

For each cochlea, the optical density of SDH reaction was measured with image processing
software (ImageJ from NIH). This density was expressed in the form of the mean gray level,
where the mean gray level = sum of gray value / number of pixels measured. Specifically, the
sections of the organ of Corti from the 3-NP treated cochleae and the corresponding sections
from control cochleae treated with the artificial perilymph were photographed with identical
parameters using a digital camera (Nikon, Coolpix 995). The images were transformed into
gray images. The gray level of the image pixels enclosed within the contour of about 30 OHCs
was measured and then averaged. To reduce the influence of systematic errors, the gray level
in the area of selected OHCs was normalized by comparing the OHC value with that measured
in the nearby pillar cell region where no detectable SDH activity could be found. Using this
approach instead of measuring the absolute gray level of SDH staining reduced the influence
of systemic variations, such as microscopic illumination, the thickness of specimens, and
digital camera noises.

2.4.2. Nuclear staining of OHCs with PI—PI (Molecular Probes, Inc.) was used to assess
the membrane permeability and visualize the nuclear morphology. Based on the status of the
membrane integrity and the morphological change of nuclei, the viability of OHCs and modes
of cell death were determined.
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P1 staining solution (5 pg/ml in 10 mM PBS) was gently perfused into the cochleae through
the round window and the perfused solution was allowed efflux through the oval window. After
the perfusion, the PI solution was allowed to remain in the cochleae for 10 min at room
temperature. After the staining, the cochleae were fixed with 10% buffered formalin. In certain
cochleae, PI staining was performed together with another staining method either for SDH or
caspase-3.

The criteria for identification of apoptotic and necrotic OHCs have been reported in previous
publications (Nicotera et al., 2003; Yang et al., 2004). The following is a brief description of
these criteria.

Viable OHCs: Viable OHCs were defined as the OHCs lacking PI fluorescence in the nuclei.
These cells also exhibited the normal shape, size and texture of the nuclei.

Apoptotic OHCs: In PI stained specimens, OHCs showing condensed or fragmented nuclei
were considered apoptotic cells. The nature of apoptosis was further confirmed by caspase
staining.

Necrotic OHCs: The principle criterion for detecting necrotic OHCs was nuclear swelling
with malformed shapes and loss of normal nuclear textures. Necrotic cells also featured a strong
Pl uptake due to membrane disruption.

Secondary necrotic OHCs: The dying OHCs that exhibited both apoptotic (caspase-3 activity)
and necrotic (nuclear swelling) phenotypes were identified as secondary necrotic OHCs.

To illustrate the general extent of cochlear damage, the sizes of the central lesions in the organs
of Corti were measured in the 3-NP-treated and the perilymph-treated control ears following
exposure to the impulse noise. The central lesion was defined as the cochlear section in which
the number of damaged OHCs was equal to or greater than 50% of the total number of OHCs
in that region. Identification of the central lesions was achieved by inspecting PI stained nuclei.
The sizes of the lesions were measured with a reticle placed in an eyepiece of the microscope.
Because the central lesion was composed primarily of apoptotic OHCs, the size of the central
lesion reflected the magnitude of the apoptotic pathology in the organ of Corti.

To assess the incidences of apoptosis and necrosis, the numbers of apoptotic and necrotic cells
were quantified. The number of necrotic cells was directly counted with the criteria described
above. The number of apoptotic cells was estimated by subtracting the sum of the numbers of
necrotic and viable OHCs from the total number of OHCs normally occupying the cochlear
region.

2.4.3. Detection of active Caspase-3—The activity of caspase-3 was detected using the
fluorescent probe, FAM-DEVD-FMK (Intergen Company, USA). The basic labeling
procedure has been previously published (Hu et al., 2002). Briefly, the animal was anesthetized
with a mixture of ketamine (35 mg/kg) and acepromazine (0.5 mg/kg) at the defined time after
the noise exposure. Both the left and right cochleae were surgically exposed through a
conventional ventral approach. Two small openings were drilled in the bony shell over the
scala vestibuli and the scala tympani in the basal turn of the cochlea. Through the opening on
the scala tympani, the cochleae were perfused with approximately 20 pl of the freshly prepared
solution, and the excessive staining solution was allowed efflux through the opening on the
scala vestibuli. The organ of Corti was incubated in the same staining solution for 50 min.
Then, the cochleae were perfused with the PI solution for 10 min. After the staining, the
cochleae were collected for dissection.
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2.4.4. Microscopic observation and image collection—All the specimens were
observed with a microscope with bright field for SDH observation or epifluorescence
illumination for inspection of Pl and caspase-3 labeling. The cochlear regions containing active
dying OHCs (apoptotic and necrotic) were further observed with a confocal microscope (Bio-
Rad, MRC 1024), with a method that has been reported previously (Hu et al., 2002). The ability
of confocal microscopy to conduct a series of optical sections enabled us to separate OHC
nuclei and supporting cell nuclei (Hu et al., 2006). To prevent cross-talk and bleed-through of
two fluorescences, the double labeled specimens were imaged using sequential acquisition of
different fluorophores.

2.5. Statistics

3. Results

The current experimental procedures had two features that improved the clarity of the results.
First, all experiments had appropriate controls. Second, the noise exposure caused HC damage
that was localized to the second cochlear turn. Therefore, there was a within-cochlea control,
i.e., the cochlear tissue at the apex.

The statistical means of threshold shifts of IC potentials between the 3-NP-treated and the
perilymph-treated control ears were compared using a two-way ANOVA, with one factor being
the treatment and the other factor being frequency. All noise-induced threshold shifts were
calculated relative to the thresholds measured before the 3-NP treatment.

The statistical method used for comparison of the numbers of apoptotic and necrotic OHCs
between the 3-NP-treated and the perilymph-treated control ears was the chi-square
distribution. The comparison of the gray levels of SDH activity before and after 3-NP treatment
and among different concentrations was conducted using a one-way ANOVA or t-test. For all
the statistical analyses, the significance value was set at p < .05.

3.1. Effects of the 3-NP treatment in the normal control cochleae without exposure to noise

In the first part of the experiment, we examined the 3-NP effects on three parameters of the
normal cochleae, including SDH activity, HC viability and the auditory function, with two
concentrations of 3-NP (20 mM or 50 mM) and two routes of drug delivery (round window
application or cochlear perfusion).

3.1.1. SDH activity following the round window application of 3-NP—Figs. 1A, 1B,
and 1C show typical examples of SDH staining in the second cochlear turns, corresponding to
the cochlear section where the maximal noise-induced HC damage takes place, from three
cochleae collected at 16 hrs after the application of the artificial perilymph solution and the 3-
NP solution on the round window. Fig. 1A shows a normal control cochlea that received only
the vehicle solution. The dark staining in OHCs indicates strong SDH activity. Fig. 1B shows
a marked reduction of SDH staining in a cochlea treated with 20 mM of 3-NP. Fig. 1C shows
the further reduction of SDH activity as the concentration of the 3-NP solution increases from
20 mM to 50 mM.

The average optical densities of SDH staining were measured in the cochleae treated with the
artificial perilymph, 20 mM, or 50 mM of 3-NP solutions (Fig. 1E). Compared to the artificial
perilymph-treated cochleae, there is a significant reduction in SDH staining (p < .01) in the
cochleae that received the 20 mM or the 50 mM of 3-NP treatment. There is also a significant
difference in the gray levels of SDH staining between the cochleae treated with 20 mM and
with 50 mM of 3-NP (p < .05). This observation indicates that the round window application
of the 3-NP solution effectively suppressed SDH activity in the OHCs.
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3.1.2. SDH activity following the cochlear perfusion of 3-NP—Fig. 1D shows a
typical pattern of SDH activity in a cochlea collected 2 hrs after the cochlear perfusion of the
3-NP solution at 20 mM. SDH staining is substantially reduced to a level similar to that
observed in the cochleae that received the round window application of the 3-NP solution at
50 mM. Fig. 1F shows the comparison of the average optical densities of SDH staining between
the 3-NP perfused ears and the vehicle-perfused control ears. The gray level of the SDH staining
in the 3-NP-treated ears is significantly reduced (p < .01).

3.1.3. Auditory function following the 3-NP treatment—To evaluate the effect of the
3-NP treatment on the auditory function and to better explain the consequences of the observed
SDH reduction, the auditory thresholds were estimated using the auditory evoked inferior
colliculus potentials measured before and 15 hrs after application of the 3-NP solution (20 mM)
on the round window. Fig. 2A shows the comparisons of threshold shifts between the 3-NP-
treated ears and the control ears. There are no significant threshold shifts in the control ears
following the sham surgery, indicating that the surgery itself did not affect hearing sensitivity.
In the 3-NP-treated ears, there is an average of a 15.5 dB threshold shift at 8 kHz, whereas
there is no threshold shift in other tested frequencies. However, the threshold shift at 8 kHz
was not statistically significant due to large individual variation. The appearance of the
threshold shift at 8 kHz in certain animals was likely caused by the effect of SDH inhibition,
rather than by the middle ear disturbance due to the drug application. If the hearing loss was
caused by middle ear disturbance, we would expect to see a low frequency hearing loss in those
ears. Additionally, the control ears would have shown threshold shifts as well.

3.1.4. Impact of the 3-NP treatment on OHC viability—OHC viability was examined
with PI staining to further assess the effect of the 3-NP treatment on the normal OHCs. In the
normal cochleae without the 3-NP treatment, microscopic observation of the organ of Corti
revealed no PI positive cells (data not shown), indicating no OHC death in normal cochleae.

When the cochleae were treated with 20 mM of 3-NP on the round window, the three rows of
OHCs appeared slightly disarranged in the basal part of the cochlea, suggesting the occurrence
of body swelling of the cells. Additionally, some nuclei became malformed. However, most
of the OHCs excluded P1, except for a few cells (less than 10) in the basal extreme of the
cochlea, which showed a strong uptake of Pl and swollen nuclei, indicating that these cells
were dying. In the cochleae treated with a cochlear perfusion of 20 mM of 3-NP, there was no
sign of cell death in any cochlear turns, possibly due to the fact that these cochleae were
examined at 2 hrs after the drug exposure, whereas the cochleae receiving the round window
3-NP application were examined at 16 hrs after the drug application.

When 50 mM of 3-NP was applied on the round window, malformed nuclei were seen in both
the first and second cochlear turns. In the first turn, about 3-10% of OHCs had a strong PI
fluorescence. Above the first cochlear turn, positively Pl stained cells were barely seen. Fig.
2B shows an example of the basal section of the organ of Corti from a cochlea treated with 50
mM of 3-NP. To illustrate the nuclear morphology in both dying and viable cells, the cochlea
was stained after the cochlear fixation. Therefore, the nuclei of both viable and dying cells are
visible. An arrow shows a condensed nucleus. The neighboring cell nuclei appear slightly
malformed.

Collectively, the observation of the 3-NP treatment in normal cochleae without exposure to
the noise indicates that the application of 3-NP through either the round window approach or
the direct cochlear perfusion could effectively inhibit SDH activity in the cochlear section
where the initial noise-induced damage takes place.
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To examine the effect of the mitochondrial dysfunction on initiation of the noise-induced
apoptosis, the size of the central cochlear lesions and the numbers of apoptotic and necrotic
OHCs was documented in the cochleae that received the 3-NP treatment (either 20 or 50 mM)
on the round window before the noise exposure.

3.2.1. Sizes of the central lesions—The sizes of the central lesions differed considerably
among individual cochleae. However, there was no systematic difference between the cochleae
treated with 20 mM and 50 mM of 3-NP. Therefore, the data obtained from the two conditions
were collectively analyzed. Fig. 3A shows the comparison of the average sizes of the central
lesions between the ears treated with 3-NP and the ears treated with the artificial perilymph on
the round window. There is a trend toward a reduction in the size of the cochlear lesions in the
3-NP-treated ears following exposure to the noise. However, the reduction is not statistically
significant (p >.05). This result indicates that inhibition of the mitochondrial energetic function
did not attenuate noise-induced OHC damage in the early phases of the cochlear pathogenesis.

3.2.2. The numbers of apoptotic and necrotic cells—To determine whether the
inhibition of the mitochondrial function affects the generation of apoptosis, we quantified the
numbers of apoptotic and necrotic cells in the cochlear lesions. Fig. 3B shows the comparison
of the numbers of apoptotic and necrotic nuclear lesions between the ears treated with 3-NP
and the ears treated with the artificial perilymph on the round window. Overall, the cochlear
lesions of both the 3-NP-treated and the perilymph-treated cochleae were dominated by the
apoptotic pathology. Necrotic OHCs accounted for only a small fraction of the overall cell
death. There was no significant increase in the number of necrotic cells after the 3-NP treatment
(p > .05). This result indicates that compromising the mitochondrial energy production does
not suppress the initiation of apoptosis. There was no major shift of apoptosis to necrosis in
the OHCs with the compromised mitochondrial energetic function.

To confirm the nature of apoptosis in the OHCs with condensed or fragmented nuclei and to
determine whether some of OHCs with necrotic nuclei possessed certain apoptotic
characteristics, we examined caspase-3 activity in OHCs. In the normal controlled cochleae
without exposure to the noise, there was no caspase-3 activity in OHCs (data not shown).

In the perilymph-treated control cochleae, exposure to the noise caused rapid activation of
caspase-3. Strong caspase-3 activities were observed in the OHCs exhibiting nuclear
condensation or fragmentation (Fig 4B). However, there was no caspase-3 activity in the dying
cells with swollen nuclei (an example indicated by the arrow in 4B).

Examination of the cochleae treated with 3-NP on the round window revealed that the OHCs
with mitochondrial energetic dysfunction continued to exhibit caspase-3 activity in a pattern
similar to that of the noise-exposed cochleae treated with artificial perilymph. All the OHCs
having condensed or fragmented nuclei showed strong caspase-3 activity. However, the OHCs
with necrotic nuclei had diverse patterns of caspase-activity. Over two-thirds of the OHCs
showing necrotic nuclei lacked caspase-3 activity. A small portion of OHCs with necrotic
nuclei showed caspase-3 activity (arrows in Figs. 4C and 4D). This finding of caspase-3 activity
in OHCs having swollen nuclei following the 3-NP treatment suggests that inhibition of
mitochondrial energy production drove a small portion of cells to die through a secondary
necrotic pathway.
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3.3. Effects of the 3-NP treatment on the execution of apoptosis

To investigate the influence of the 3-NP treatment on the process of apoptotic execution, the
progression of nuclear degradation was observed. Overall, the perilymph-treated control ears
exhibited diversity in the extent of nuclear degradation with a large quantity of small nuclear
fragments. In contrast, the formation of small nuclear fragments was less common in the 3-
NP-treated ears. Fig. 5 shows typical examples of nuclear morphologies in a 3-NP-treated
cochlea and a contralateral control ear of the same animal. Notice that in the 3-NP-treated
cochlea (Fig. 5A; see also 5C for a high magnification view), nuclear condensation appears to
be the dominant nuclear pathology. Only a few cells show nuclear fragmentation (arrows). In
contrast, the perilymph-treated control ear exhibits a large quantity of nuclear fragments (Fig.
5B; see also 5D for a high magnification view). To quantify the difference, the average sizes
of nuclei were compared between the 3-NP-treated ears and the perilymph-treated control ears.
The comparison showed that the average size of apoptotic nuclei in the perilymph-treated
control cochleae was significantly smaller than that in the 3-NP-treated cochleae (5.4 + 7.6
um? vs, 11.2 + 12.1 um?2, p < .01). The finding of significantly fewer nuclear fragments in the
3-NP-treated ears suggests the delay of the progression of nuclear degradation following
mitochondrial inhibition because the onset of nuclear condensation precedes the onset of
nuclear fragmentation (Hu et al., 2006).

4. Discussion

In the current study, we used an established method, inhibition of SDH activity with 3-NP, to
reduce mitochondrial ATP production. This approach has been widely used in previous studies
of both in vitro and in vivo subjects to generate an experimental model of mitochondrial
dysfunction (Alston et al., 1977; Coles et al., 1979; Ludolph et al., 1992). Studies have shown
that the resulting level of ATP suppression following a 3-NP treatment is dose- and time-
dependent. For example, Pang, et al. (1997) reported that application of a concentration of 3-
NP (5 mM) reduces the cellular ATP level in cultured rat hippocampal neurons by about 25%
at 2 hrs after the 3-NP treatment. In the current study, we intended to use the highest dose
allowed without causing rapid cell death to generate maximal suppression of SDH activity.
Our pilot study showed that treatment of 3-NP at 100 mM resulted in a widespread OHC death
in the cochlea. Based on this observation, we used the concentration of 50 mM as the maximal
dose. This near-lethal dose of the 3-NP treatment resulted in a small amount of OHC death in
the basal portion of the cochlea. It should be noted that the 3-NP induced cell death should not
be confused with the cell death caused by exposure to the intense noise because the former was
confined primarily in the basal extreme of the cochlea, whereas the noise-induced cell death
started from the second cochlear turn.

In the current study, instead of directly measuring the ATP level in OHCs, we monitored the
3-NP effect by observing SDH activity. With this approach, we were unable to evaluate the
precise level of the ATP alteration in OHCs following the 3-NP treatment. However, based on
the physiological and pathological impacts of the 3-NP treatment, we postulate that the 3-NP
treatment generated a significant reduction in the mitochondrial ATP production. The
experimental evidences supporting this postulation include: (1) SDH staining revealed a
marked reduction of SDH activity in the cochleae treated with the 3-NP; (2) the loss of the
auditory function was observed in certain cochleae treated with 20 mM of 3-NP. It is expected
that the treatment of 50 mM of 3-NP would generate a greater functional impact; (3) the loss
of OHC viability in the basal part of the cochlea was observed when 50 mM of 3-NP was
applied. These findings suggest a significant reduction of the mitochondrial function in the 3-
NP treated cochleae, particularly in those cochleae receiving 50 mM of the 3-NP treatment.
Collectively, the 3-NP treatment used in the current study appeared to generate a near-lethal
mitochondrial dysfunction in OHCs. This level of mitochondrial dysfunction provides us with
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an ideal model to assess the role of mitochondrial dysfunction in the generation of apoptosis
following exposure to intense noise.

4.1. Persistence of apoptotic initiation in the OHCs with suppressed SDH activity following
exposure to intense noise

The first question to be addressed in the current study was the role of the mitochondrial
energetic function in initiation of OHC apoptosis following exposure to intense noise. The
study revealed that the mitochondrial dysfunction induced by the inhibition of SDH activity
did not induce a major shift of cell death from apoptosis to necrosis.

The failure to halt the induction of OHC apoptosis following the 3-NP treatment suggests the
presence of a residual ATP supply to the apoptotic machinery even when the mitochondrial
energetic function is substantially interrupted. The residual energy production may derive from
two sources. The first is the surviving mitochondria. Although the 3-NP treatment could cause
substantial inhibition of SDH activity, a small amount of SDH might still function. The second
source of ATP production is cytosolic glycolysis. In non-cochlear tissues, the role of glycolysis
in the generation of apoptosis has been studied. Atlante et al (2005) reported that complete
suppression of the oxidative phosphorylation by oligomycin caused a decrease of the ATP
content in cells undergoing apoptosis, but cells could still die by apoptosis. When the ATP
level was further decreased by suppressing both oxidative phosphorylation and glycolysis, cell
death shifted to necrosis. Similarly, a study by Volbracht et al. (1999) showed that the
application of ATP-depleting agents prevented apoptotic death. However, repletion of ATP by
enhanced glycolysis restored all apoptotic features. These studies suggest that the continuous
functioning of glycolysis in a cell can generate enough ATP to fuel the apoptotic process.

The current study provides no further evidence showing the separate contributions of residual
mitochondrial oxidative phosphorylation and cytosolic glycolysis to the ATP synthesis in the
apoptotic cells. However, considering the level of SDH inhibition, we think that the
mitochondrial ATP production is not the primary contributor of the residual ATP production
in the current experimental condition. We predict that if ATP production in OHCs were further
reduced by suppression of cytosolic glycolysis on the top of mitochondrial inhibition, the
apoptotic cell death would be completely suppressed. Confirmation of this hypothesis warrants
further studies.

4.2. Disruption of the mitochondrial energy production drives a small portion of OHCs to die
through secondary necrosis

An interesting finding of the current study was that certain dying cells with the necrotic nuclear
morphology simultaneously exhibited caspase-3 activity, a key apoptotic phenotype, indicating
that these cells entered a secondary necrotic pathway. This finding raises an important question
as to why only these cells entered the secondary necrotic pathway, whereas most other OHCs
continued to undergo the classic apoptotic pathway. Here we offer an explanation based on the
consideration of the regulatory role of the cellular energy level in determining the ultimate fate
of cells.

In the current study, the experimental treatments (3-NP and noise exposure) can, presumably,
cause ATP reduction of various extents in individual OHCs. Considering the sources of ATP
production in the OHC (Puschner et al., 1997), we speculate that if mitochondrial oxidative
phosphorylation is substantially compromised, while the cytosolic glycolysis is preserved, the
cell would enter the apoptotic pathway. However, if both oxidative phosphorylation and
glycolysis are compromised, the cell would die by necrosis. If oxidative phosphorylation is
compromised, whereas glycolysis is only partially disrupted, the cell would die by the pathway
of secondary necrosis.
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If the above speculation on the cause of the secondary necrosis is applicable to “naturally”
occurring cochlear damage induced by exposure to intense noise, one would expect to see this
type of the pathology in the perilymph-treated control cochleae because metabolic disruption
following exposure to intense noise could generate variable levels of ATP reduction. However,
so far, we have not seen the presence of individual OHCs possessing both apoptotic and necrotic
phenotypes in the noise-damaged cochlea without the 3-NP treatment. The secondary necrosis
appears to be a unique phenomenon that occurs only in the current experimental condition in
which the cochleae were exposed to both noise and 3-NP. Therefore, it is possible that the
secondary necrosis is regulated by more than one cellular mechanism, which deserves a close
look in future studies.

4.3. Disruption of the mitochondrial energy supply slows the pace of progression of

apoptosis

The current study demonstrated that dysfunction of mitochondrial energetic function delayed
the progression of the nuclear disassembly in apoptotic OHCs. In the perilymph-treated control
ears, small nuclear fragments were commonly seen in the center of the cochlear lesion. The
presence of small nuclear fragments shortly after the noise exposure suggests rapid degradation
of OHC nuclei. In contrast, small nuclear fragments were much less common in the 3-NP-
treated ears. This observation suggests that the pace of progression of nuclear degradation was
reduced following the disruption of the mitochondrial energetic function.

The cellular mechanism responsible for the delay of the apoptotic process following inhibition
of mitochondrial ATP generation is not known. Because the generation of apoptotic
phenotypes, including nuclear degradation, has been found to be related to caspase-3 activity
(Janicke et al., 1998; Woo et al., 1998), the role of caspase-3 activity should be considered.
There is evidence from studies of non-auditory tissues showing the dependence of caspase
activation on the level of cellular ATP during apoptosis (Eguchi et al., 1999; Leist et al.,
1999). These observations suggest that the slowdown of nuclear degradation observed in the
current study is possibly due to an incomplete activation of caspase-3 following the reduction
of the mitochondrial energy production. In the current study, we did not quantify the caspase-3
activity and therefore were unable to assess the precise role of caspase-3 in controlling the
apoptotic execution. Nevertheless, our study did demonstrate caspase-3 activity in the 3-NP-
treated cochleae, which may be responsible for the generation of apoptotic phenotypes of
OHCs. Understanding the involvement of caspase-3 in the delayed apoptotic events requires
further study using quantitative techniques to monitor the status of caspase-3 activity.
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Figure 1.

Comparison of the levels of SDH reduction. A: SDH staining in a normal control cochlea that
received only the artificial perilymph solution. The dark staining in OHCs indicates strong
SDH activity. B: SDH activity following the treatment of 20 mM of 3-NP on the round window.
Notice a significant reduction of SDH staining. C: SDH staining after the treatment of 50 mM
of 3-NP on the round window. SDH activity appears further reduced. D: SDH activity following
cochlear perfusion of the 3-NP solution (20 mM). SDH staining is substantially reduced to a
level similar to that induced by the round window application of 3-NP at 50 mM. E: Comparison
of the average gray levels of SDH staining among the cochleae treated with the artificial
perilymph solution (control), 20 mM or 50 mM of 3-NP solutions on the round window. F:
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The comparison of the gray levels of SDH staining between the 3-NP perfused ears and the

artificial perilymph-perfused control ears. OHC1, OHC2, and OHC3 represent the first, second
and third row of OHCs respectively. * indicates p < .05 and ** indicates p < .01. Bar: 20um.
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Figure 2.

A: The comparison of the threshold shifts of the inferior colliculus potentials between the ears
treated with and without 3-NP. The 3-NP treated ears have an average of 15.5 dB greater
threshold shift at 8 kHz. However, the shift is not statistically significant. B: The morphology
of OHC nuclei stained by Pl in the basal part of a cochlea following application of 50 mM of
3-NP on the round window. The arrow points to a condensed nucleus. OHC1, OHC2, and
OHC3 represent the first, second and third row of OHCs respectively. Bar: 15 pm.
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Figure 3.

A: The comparison of the average sizes of the central lesions between the 3-NP-treated ears
and the ears without the 3-NP treatment following exposure to the impulse noise. B: The
comparison of the numbers of apoptotic and necrotic nuclei in the center of the cochlear lesion
between the 3-NP-treated and the perilymph-treated control cochleae. There is no significant
increase in the number of necrotic cells after the 3-NP treatment (p>0.05).
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Figure 4.

Double staining of Pl and caspase-3 activity in a 3-NP treated ear and a control ear without the
3-NP treatment following exposure to the noise. A: Nuclear morphology of OHCs in the
perilymph-treated control ear. B: The same cochlear section showing both the nuclear
morphology and the caspase-3 fluorescence (green). Notice that strong caspase-3 activity is
observed in the OHCs exhibiting nuclear condensation or fragmentation. However, there is no
caspase-3 activity in the dying cells with swollen nuclei (indicated by an arrow in A and B).
C and D: the PI fluorescence (C) and PI plus caspase-3 (D) in a 3-NP-treated cochlea. Similar
to the perilymph-treated control cochlea (see A and B), the 3-NP treated cochlea shows
caspase-3 activity in all the OHCs having condensed nuclei. However, certain OHCs with
necrotic nuclei also exhibit caspase-3 activity (arrows). The labels of OHC in A and B indicate
the OHC region.
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Figure 5.

Examples of nuclear morphologies in a 3-NP treated cochlea (A) and an artificial perilymph-
treated control ear (B) after the noise exposure. Both cochlear sections show a large number
of apoptotic nuclei. However, the extent of nuclei shrinkage is different. The 3-NP-treated ear
is dominated by nuclear condensation. Only a few cells show nuclear fragmentation (arrows).
In contrast, the perilymph-treated control ear exhibits a large quantity of small nuclear
fragments. C and D show the high-magnification views of the regions indicated by the squares
in A and B, respectively. Bar: 20 um. The labels of OHC in A and B indicate the OHC region.
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Table 1
The number of cochleae used for assessment of the 3-NP effects in the control animals without exposure to the noise
SDH PI
Atrtificial perilymphi 4 4
3-NP RW (20 mM) 6 4
3-NP RW (50 mM) 5 6
3-NP CP (20 mM) 5 6

Note: RW: round window application. CP: Cochlear perfusion
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Table 2
The number of cochlear used for each pathological parameter in noise exposed groups
Pl Cas-3 + Pl
3-NP RW (20 and 50 mM) 19 5
Perilymph RW 19 5
3-NP CP (20 mM) 9 4
Perilymph CP 9 4

Note: RW: Round window application.

CP: Cochlear perfusion

Hear Res. Author manuscript; available in PMC 2009 February 1.



