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Abstract

Paraquat, a superoxide generator, can damage the cochlea causing an ototoxic hearing loss. The
purpose of the study was to determine if deletion of Bak, a pro-apoptotic gene, would reduce
paraquat ototoxicity or if deletion of Sirt3, which delays age-related hearing loss under caloric
restriction, would increase paraquat ototoxicity. We tested these two hypotheses by treating
postnatal day 3 cochlear cultures from Bak™~, Bak "=, Sirt3"~, Sirt3!~ and WT mice with
paraquat and compared the results to a standard rat model of paraquat ototoxicity. Paraquat
damaged nerve fibers and dose-dependently destroyed rat outer hair cells (OHCs) and inner hair
cells (IHCs). Rat hair cell loss began in the base of the cochlea with a 10 pM dose and as the dose
increased from 50 to 500 pM, the hair cell loss increased near the base of the cochlea and spread
towards the apex of the cochlea. Rat OHC losses were consistently greater than IHC losses.
Unexpectedly, in all mouse genotypes, paraquat-induced hair cell lesions were maximal near the
apex of the cochlea and minimal near the base. This unusual damage gradient is opposite to that
seen in paraquat-treated rats and in mice and rats treated with other ototoxic drugs. However,
paraquat always induced greater OHC loss than IHC loss in all mouse strains. Contrary to our
hypothesis, Bak deficient mice were more vulnerable to paraquat ototoxicity than WT mice (Bak
~I=>Bak*'=>WT), suggesting that Bak plays a protective role against hair cell stress. Also,
contrary to expectation, Sirt3 deficient mice did not differ significantly from WT mice, possibly
due to the fact that Sirt3was not experimentally upregulated in S/rt3-expressing mice prior to
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paraquat treatment. Our results show for the first time a gradient of ototoxic damage in mice that is
greater in the apex than the base of the cochlea.

Keywords
superoxide; ototoxicity; hair cells; auditory nerve; paraquat

1 Introduction

Hearing losses resulting from intense noise, ototoxic drugs and aging are believed to
converge on a final common pathway linked to oxidative stress caused by the formation of
excessive levels of highly toxic reactive oxygen species (ROS) such as the superoxide
radical, hydroxyl radical, hydrogen peroxide as well as other peroxides (Chen et al., 2020,
Kopke et al., 1999, McFadden et al., 2001, Schacht et al., 2012, Someya and Prolla, 2010).
ROS levels are normally kept in check by a well-orchestrated panoply of antioxidant
enzymes that reduce and eliminate most of these toxic molecules. However, when ROS
levels exceed the body’s antioxidant defense systems these highly reactive compounds can
damage virtually all cellular components including proteins, DNA and lipids. The
superoxide radical, generated as a normal byproduct of oxygen metabolism, is one of the
first molecules produced in a chain reaction that leads to the production of the highly toxic
hydroxyl radical and hydrogen peroxide (McCord and Day, 1978). To prevent the buildup of
superoxide, mammalian cells possess a family of superoxide dismutases, catalytic enzymes
that convert superoxide into ordinary oxygen and hydrogen peroxide, which is subsequently
converted by catalase into water.

Genetic studies have helped elucidate the biological importance of various members of the
SOD antioxidant family. SOD1 (Cu/Zn SOD) knockout mice developed on a 129/CD-
background suffer from significantly greater age-related hearing loss and noise-induced
hearing loss than WT mice (Keithley et al., 2005, McFadden et al., 1999, Ohlemiller et al.,
1999). The negative effects of SODI deficiency are more severe in mice that have the Cah23
age-related hearing loss (a//) mutation indicative of a digenic interaction (Johnson et al.,
2010). Mn-SOD, expressed in mitochondria, also plays an important role in eliminating
O,(-). Because deletion of both copies of the Mn-SOD gene is lethal (Li et al., 1995), the
functional significance of Mn-SOD gene deletion has only been studied in heterozygous
mice that express half the normal amount of Mn-SOD. In heterozygous Mn-SOD mice, the
hearing loss and cochlear damage caused by intense noise exposure is more severe than in
WT mice indicating that this mitochondrial enzyme protects against noise-induced oxidative
stress (Tuerdi et al., 2017). Mitochondrial oxidative stress induced by superoxide is
counteracted by Mn-SOD (Huang et al., 2016).

Excessive oxidative stress upregulates the expression of Bak, a mitochondrial pro-apoptotic
gene (Fei et al., 2008). Blocking the expression of Bak with a small-interfering RNA reduces
cell death induced by oxidative stress (Wilson et al., 2005). Mice lacking the mitochondrial
pro-apoptotic Bak gene are also resistant to age-related hearing loss and exhibit less age-
related loss of cochlear hair cells and spiral ganglion neurons than normal controls (Someya
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et al., 2009). In contrast, nutritional supplements, that upregulate mitochondrial antioxidant
enzymes, suppress Bak expression and slow the progression of age-related hearing loss and
hair cell loss (Someya et al., 2009). Caloric restriction, which decreases the expression of
Bak, also slows the progression of age-related hearing loss and cochlear degeneration
(Someya et al., 2007).

Sirtuins, a family of NAD* dependent deacetylases, have been reported to slow the
progression of many age-related diseases (Bell and Guarente, 2011). Caloric restriction,
which increases the expression of Sirt3, reduces oxidative stress and slows the progression
of age-related hearing loss and cochlear degeneration in WT mice, but failed to do so in
Sirt3 deficient mice (Hallows et al., 2011, Han and Someya, 2013, Someya et al., 2007,
Someya et al., 2010, Sweet et al., 1988). Sirt3appears to mediate this protective effect by
enhancing glutathione antioxidant defenses under starving conditions (Han and Someya,
2013).

These results suggest that Bak™/~ mice lacking the pro-apoptotic Bak protein would exhibit
enhanced resistance to oxidative stress-induced cell death. Similarly, Sirt3/~ mice deficient
in the mitochondrial deacetylase sirtuin3 would be expected to be more vulnerable to
oxidative stress and/or starvation. To test these two hypotheses, we treated postnatal day 3
(P3) cochlear cultures from Bak™'~ and Sirt3'~ mice with paraquat, a potent superoxide
generator that destroys cochlear hair cells in the rat cochlea beginning in the base and
progressing towards the apex with increasing drug dose (Nicotera et al., 2004, Zhang et al.,
2018) consistent with other ototoxic drugs (Forge and Schacht, 2000). This base to apex
ototoxic gradient is believed to arise from the fact that antioxidant enzyme levels are lower
in the base than the apex (Sha et al., 2001, Ying and Balaban, 2009). Therefore, we predicted
that paraquat would cause the greatest hair cell loss in the basal turn of Bak™'~ and Sirt37/~
mice.

2 Methods
2.1 Subjects:

To gauge the relative toxicity of different doses of paraquat on cochlear hair cell, we first
conducted a dose-response study in Sprague-Dawley rats in which we quantified the degree
of outer hair cell (OHC) and inner hair cell (IHC) damage along the length of the cochlea
using paraquat doses ranging from 0 (Control) to 500 pM. Using the dose-response data as a
guide, we compared the relative amount of hair cell damage that 50 pM of paraquat would
produce in wild type (WT), heterozygous and homozygous Bak mice and Sirt3mice. The
paraquat dose-response study was carried out using 36 cochlear explants from postnatal
day-3 (P3) Sprague-Dawley rat pups (Charles Rivers). The paraquat doses were 0 (Control),
10, 50, 100, 250 and 500 uM (n=6/per dose). Thirty-six P3 cochlear explants from 10 Sirt3
WT, 10 Sirt3”~ homozygous and 10 Sirt3*/~ heterozygous mice were used to compare the
ototoxic effects of 50 UM paraquat on the three Sirt3 genotypes. Another 24 cochlear
explants from 8 BakWT, 8 Bak™~and 8 Bak™~ mice were used to compare the ototoxic
effects of 50 UM paraquat on the three Bak genotypes.
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Male and female Bak/~mice, developed on the C57BL/6 background, were purchased from
the Jackson Laboratory. Because C57BL/6 mice develop hearing loss as early as 3-months
of age, the Bak™~ mice were backcrossed in the Prolla lab at the University of Wisconsin for
five or more generations on to B6.CAST-Cah23"* mice (Jackson Laboratory). The
B6.CAST-Cah232"* mice carry the wild type allele of Cah23and retain normal hearing;
therefore, backcrossing the Bak™~ mice with this strain produced offspring did not develop
early age-related hearing loss. Breed pairs of Bak*'~ mice, on the B6.CAST-Cah25h!*
background, were shipped to the Salvi lab at the University of Buffalo and used to generate
postnatal day 3 (P3) pups (males; females) that were used to prepare cochlear organotypic
cultures. Cochlear organotypic cultures were prepared from P3 Bak™/~; B6.CAST-Cah23hl*
(n=10), Bak*'=; B6.CAST-Cdh23"*(n=10) and Bak™*; B6.CAST-Cah23*(n=10) mice..
Tissue samples obtained from each P3 pup in the culture study was used for genotyping
(described below) to identity cultures from Bak*'*, Bak*'~ and Bak™'~ mice.

Male and female S/t~ mice were purchased from the Jackson Laboratory and
backcrossed in the Someya lab at the University of Florida for more than five generations
onto CBA/CaJ mice (Jackson Laboratory) that do not carry the early onset hearing loss
susceptibility allele (Cah23). Breeding pairs of Sirt3*/~ mice on the CBA/CaJ background
were shipped to the Salvi lab at the University of Buffalo and used to generate postnatal day
3 (P3) pups (males; females) that were used to prepare cochlear organotypic cultures.
Cochlear organotypic cultures were prepared from postnatal day 3 (P3) Sirt3/~; CBA/CaJ
(n=10), Sirt3*'~; CBA/Cal (n=10), and Sirt3*/*; CBA/Cal (n=10) mice to determine if
reducing the sirtuin3 mitochondrial deacetylase would make the cochlea more vulnerable to
paraquat-induced oxidative stress. A tail snip obtained from each P3 mouse used in the
culture studies was used to genotype the WT, Sirt3/~ and Sirt3*/~ mice.

2.2 Cochlear organotypic cultures:

Our procedures for preparing mouse and rat cochlear organotypic cultures have been
described previously (Ding et al., 2002, McFadden et al., 2003, Prakash Krishnan Muthaiah
etal., 2017, Zhang et al., 2018). Briefly, a mixture of rat-tail collagen (9:1:1 ratio of Type 1
collagen, BD Biosciences, #4236, Bedford, MA), 10X basal medium eagle (Sigma B9638)
and 2% sodium carbonate) was prepared and 10 pl of the mixture placed in the center of a
35 mm diameter culture dish (Falcon 1008, Becton Dickinson) for 30 minutes until the
solution had gelled. Then 1.3 ml of serum-free medium [2 g bovine serum albumin (BSA,
Sigma A-4919), 2 ml Serum-Free Supplement (Sigma 1-1884), 4.8 ml of 20% glucose
(Sigma G-2020), 0.4 ml penicillin G (Sigma P-3414), 2 ml of 200 mM glutamine (Sigma
G-6392), and 190.8 ml of 1xBME (Sigma B-1522)] was added to the culture dish. The P3
mouse and rat pups were decapitated, the temporal bones removed and the entire cochlear
basilar membrane carefully dissected out in Hank’s Balanced Salt Solution and placed on
the surface of collagen gel in the culture dish. Both ears from each rat pup were used, but a
different condition was applied to the genetically identical ear-pairs (e.g., 0 UM paraquat
control vs. 200 uM paraquat). Each experiment was repeated with ears from different litters
of mouse and rat pups. Afterwards, the samples were placed in an incubator (Forma
Scientific, #3029) and maintained at 37 °C in 5% CO, for 1 h after which an additional 0.7
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ml of serum-free medium was added to the culture dish sufficient to cover the cochlear
explants. Samples were maintained in the incubator overnight

2.3 Mouse genotyping:

A tail snip was obtained from each mouse used to prepare a cochlear culture and the tissue
was used to identify the Sirt3 or Bak genotype. DNA was isolated from the tissue using
QIAGEN DNeasy (Cat no: 69506, Blood/Tissue isolation kit) and 1 pl of purified DNA was
used to perform the PCR assay using Choice-Tag™ DNA Polymerase (Cat no: CB4050-2,
Denville Scientific Inc.). The PCR amplification conditions for Bak mice were: first cycle of
3 min at 94 °C, 35 cycles of 30 s each at 94 °C, 1 min at 65 °C, 1 min at 72 °C and a final
cycle of 2 min at 72 °C with primers (Thermo Fisher Scientific) S1(5 GGC TCT TCA CCC
CTTACATCAG?3’),S2 (5" GTT TAG CGG GCC TGG CAA CG 3’) and S3 (5’ GCA
GCG CAT CGC CTT CTA TC 3’) for the amplification. Amplified fragments were resolved
in 2% agarose gel. A gel with a single band at 540-bp was considered a WT, one with two
bands, one at 540-bp and the other at 400-bp, was classified as Bak*'~ and a gel with one
band at 400-bp was labeled as Bak™'~.

The PCR amplification conditions for Sirt3 mice were: first cycle of 5 min at 94 °C, 33
cycles of 30 sat 94 °C, 30 s at 60 °C, 45 s at 72 °C and a final cycle of 7 min at 72 °C with
primers (Thermo Fisher Scientific) S1(5’- CAG AGC ATC ATG GCG CTA A-3’), S2 (5’-
TGT TCC TTG GGA GGG TCT -3’), S3 (5’- GCT AGC TTG CCA AAC CTACA -3’)
and S4 (5’- AGG CTG TCT ACT GAG AAT TTG TG -3’) for the amplification. Amplified
fragments were resolved in 1.5 % agarose gel. A gel with a single band at 404-bp was
considered a WT, a gel with three bands, one at 404-bp, a second at 291-bp and a third at
207-bp, was classified as Sir3 */~ and a gel with two bands, one at 291-bp and the other at
207-bp was considered as Sirt3".

2.4 Paraquat Treatments:

A paraquat dose-response function was first established for rat cochlear explants by
culturing the specimens for 24 h in serum-free medium containing 0, 10, 50, 100, 200, or
500 uM of paraquat (n = 6/concentration). Based on these results, a moderate 50 UM dose of
paraquat was applied to cochlear organotypic cultures from Bak™~, Bak*'~ and WT mice
and Sirt3!=, Sirt3*/~ and WT mice (n=6/group). Some Control cochlear cultures (0 pM)
were evaluated from Bak™'~, Bak™'~ and WT mice (n=2/group) and Sirt3"~, Sirt3*/~and
WT mice (n=4/group).

2.5 Labeling of hair cells and nerve fibers:

Some cochlear explants from P3 rat and mouse pups were single-labeled with fluorescently
labeled phalloidin to visualize the hair cells. After fixation with 10% formalin, specimens
were rinsed with PBS, rinsed three times in PBS, and stained with Alexa Fluor 488
conjugated phalloidin (Invitrogen A12379) for 30 min. After rinsing with PBS, specimens
were mounted on glass slides as surface preparations in Fluromount and examined with a
confocal microscope (Zeiss LSM-510) using appropriate filters.
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Other explants from rat and mouse pups were double-labeled with fluorescently labeled
phalloidin to visualize the hair cells and a neurofilament antibody to label the nerve fibers
(NFs) (Ding et al., 2013, Ding et al., 2020). After fixation with 10% formalin, specimens
were rinsed with PBS, and then immersed overnight (4 °C) in a solution containing 20 pl of
mouse anti-neurofilament 200 antibody (Sigma p1951, 1:100) dissolved in a solution
containing 20 pl Triton X-100 (10%), 6 pl normal goat serum, 154 pl of 0.1 M PBS. After
rinsing, the specimen was immersed in a solution containing 20 ul of TRITC-labeled
secondary antibody (goat anti-mouse 1gG, Sigma T5393) in 12 pl normal goat serum, 40 pl
Triton X-100 (10%) and 328 pl of 0.1 M PBS. Specimens were rinsed three times in PBS,
and then stained with Alexa Fluor 488 conjugated phalloidin (Invitrogen A12379) for 30
min. After rinsing with PBS, specimens were mounted on glass slides as surface
preparations in Fluromount and examined with a confocal microscope (Zeiss LSM-510)
using appropriate filters. Confocal images were processed using Zeiss LSM image Examiner
and Adobe Photoshop 5.5 software as described previously (Ding et al., 2011, Ding et al.,
2018, Ding et al., 2013, Ding et al., 2020). Using the Zeiss LSM Image Examiner software,
a single horizontal x-y image plane was derived by merging multiple horizontal images into
a single plane.

2.6 Cochleograms:

The cochlea explants were mounted on glass slides in glycerin as flat surface preparations,
cover slipped, and examined with an epifluorescence-equipped microscope (Zeiss Axioskop,
400X) with appropriate filters to visualize the phalloidin-labeled (Alexa 488) hair cells. The
numbers of IHCs and OHCs were counted over 0.24 mm intervals along the entire length of
the cochlea. Hair cells were counted as missing if the stereocilia and cuticular plate were
absent. Counts were entered into a custom computer program that computed a cochleogram
showing the percent missing IHCs and OHCs as function of percent distance from the apex
based lab hair cell norms for SASCO Sprague—-Dawley rats (Ding et al., 2013, Li et al.,
2015). Data from each individual cochleogram were averaged to generate a mean
cochleogram for each experimental condition.

2.7 Statistics:

Data were plotted and analyzed using GraphPad Prism (Mersion 5.01) software as described
in more detail in the Results.

2.8 Animal subject approval:

All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University at Buffalo, University of Wisconsin-Madison and the
University of Florida and conform to the National Institutes of Health guide for the care and
use of Laboratory animals.

3 Results

3.1 Paraquat-induced hair cell and nerve fiber damage in rat cochlear explants:

To estimate the relative ototoxic potential of different doses of paraquat, we carried out a
preliminary dose-response study in our standard Sprague-Dawley rat model that did not

Neurotox Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Page 7

require selective breeding or genotyping. Sprague-Dawley rat cochlear explants were
cultured for 24 h in serum-free medium containing 0 (Control), 10, 50, 100, 200, or 500 uM
of paraquat. Figure 1 shows a series of representative photomicrographs from the low
frequency apical region and high frequency basal region of the rat cochlea in the Control
group (0 uM paraquat) and the group treated with 50 uM of paraquat for 24 h. The OHCs in
the Control cultures are arranged in three orderly parallel rows adjacent to a single row of
IHCs in both the apex (Fig. 1A) and base (Fig. 1B) of the cochlear explant. Thick fascicles
of NFs project out radially towards the IHCs and to a lesser extent the OHCs. In the cultures
treated for 24 h with 50 UM of paraquat, there was little evidence of damage to the OHCs,
IHCs or NFs in the apical region of the cochlea (Fig. 1C). In contrast, many OHCs and IHCs
were missing or severely shrunken in the base of the cochlea and there was a reduced
number of NFs (Fig. 1D).

Mean cochleograms were prepared showing the average loss of OHCs and IHCs for each
paraquat dose. The OHCs and IHCs were largely intact except for a small percentage of
missing OHCs (Fig. 2A) and to lesser extent IHCs (Fig. 2B) near the base of the cochlea
likely the result of preparations artifacts. As the dose of paraquat increased from 10 pM to
500 uM, the OHC and IHC lesions increased in an orderly manner and expanded from the
base towards the apex. There was only a slight increase in the OHC and IHC lesion when the
dose was increased from 0 to 10 pM, but a large increase in the OHC and IHC lesion
occurred when dose was raised from 10 uM to 50 pM. For each dose, the OHC lesion (Fig.
1A) was consistently greater than the IHC lesion. These results are consistent with two well-
known ototoxic trends, namely that hair cell lesions begin in the base of the cochlea and
spread towards the apex with increasing drug dose and that OHCs are more susceptible to
ototoxic drugs than IHCs (Hawkins Jr., 1976, Huang and Schacht, 1989, Rybak and
Ramkumar, 2007).

3.2 Greater paraquat damage in Bak deficient mice:

Paraquat was expected to cause less cochlear damage in Bak-deficient mice because of
reduced levels of apoptosis. To test this hypothesis, P3 cochlear cultures from Bak™~, Bak
*/~ and WT mice were treated with 50 pM of paraquat for 24 h and compared to those from
Controls (0 uM). Representative photomicrograph of cochlear cultures from Bak
homozygous mice in the Control group and the group treated with 50 uM paraquat for 24 h
are shown in Figure 3. The OHCs in Control cultures are arranged in three parallel rows
adjacent to a single row of IHCs as illustrated by the images in the apex (Fig. 3A) and base
of the cochlea (Fig. 3B). Numerous NF fascicles project out radially towards the IHCs in
both the apex and base of the cochlea. When 50 uM of paraquat was applied to cochlear
cultures from Bak™'~ mice, nearly all the OHCs, IHCs and NFs in the apex of the cochlea
were destroyed (Fig. 3C) whereas virtually all the OHCs, IHCs and NFs in the base of the
cochlea were intact (Fig. 3D). Thus, paraquat unexpectedly caused more damage in the apex
of the cochlea than in the base in contrast to the drug’s effects in rat cochlea cultures and
most other ototoxic drugs.

To quantify the effects of paraquat on Bak/~ mice with different genetic backgrounds, we
prepared mean (+/-SEM) cochleograms showing the percent OHC and IHC loss versus
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percent distance from the apex in Bak™'~, Bak™'~ and WT mice in the Control (0 M
paraquat) group (n=2/genotype) and Bak™'~ mice treated for 24 h with 50 pM paraquat (n=6/
genotype). In the Control groups, there was relatively little OHC (Fig. 4A) or IHC loss (Fig.
4B) among the Bak™'~, Bak*'~ and WT genotypes. Thus, differences in Bak gene expression
had essentially no effect on hair cell survival under normal culture conditions. However,
when the cochlear cultures were treated with 50 uM paraquat for 24 h, there was a massive
loss of OHCs (Fig. 4A) and IHCs (Fig. 4D) in the apical half of the cochlea. The peak hair
cell loss occurred ~30% distance from the apex (DFA) and decreased to less than 10% near
the base of the cochlea. Careful inspection reveals clear trends among the three genotypes.
OHC and IHC losses were greatest in Bak™'~ mice, least in WT mice and intermediate in
Bak*'~ mice (Fig. 4A-B). There was a significant difference in OHC loss among the three
Bak genotypes (Two-way repeated measure ANOVA, F (2, 38) =28.06, p <0.0001).
Bonferroni post-hoc analysis revealed a significant difference in OHC loss between WT
mice and Bak*'~ genotypes (p<0.05) and significant difference between Bak*'~ and Bak™'~
genotypes (p<0.05). There was also a significant difference in IHC loss among the three
genotypes (Two-way repeated measure ANOVA, F (2, 38) =38.75, p <0.0001). Bonferroni
post-hoc analysis revealed a significant difference in IHC loss between WT mice and Bak*/'~
genotypes (p<0.05), a significant difference between Bak™'~ and Bak™'~ genotypes (p<0.05)
and a significant difference between WT and Bak™~ genotypes (p<0.05). Thus, eliminating
the Bak gene that codes for the pro-apoptotic Bak protein unexpectedly made mouse P3
cochlear explants more vulnerable to paraquat damage.

3.3 No significant effect of Sirt3 deficiency on paraquat ototoxicity:

The genotype of each cochlear culture used in the paraquat ototoxicity study was determined
from a gel prepared using a tail snip obtained from each Sirt37~ mouse. Sirt3"* mice had a
single band at 404-bp; Sirt3"'~ mice had one band at 404-bp, a second at 291-bp and a third
at 207-bp whereas Sirt3/~ mice had a single band at 207-bp. We hypothesized that Sirt37~
mice deficient in mitochondrial deacetylase sirtuin3 would be more vulnerable to paraquat-
induced oxidative stress. To test this hypothesis, P3 cochlear cultures from Sirt3/~, Sirt3*/~
and WT mice were treated with 50 uM of paraquat for 24 h and compared to those from
Controls (0 uM). Representative photomicrograph of cochlear cultures from Sirt3
homozygous mice in the Control group and the group treated with 50 UM paraquat for 24 h
are shown in Figure 5. OHCs in Controls formed three orderly parallel rows adjacent to a
single row of IHCs in the apex (Fig. 5A) and base (Fig. 5B) of the cochlea. Treatment of the
Sirt3!= cultures with 50 pM of paraquat resulted in massive loss of OHCs and IHCs in the
apex of the cochlea (Fig. 5D), but in contrast, the hair cells in the base of the cochlea were
intact (Fig. 5D). Similar damage was seen in the apex of the cochlea of Sirt3*~and WT
mice (not shown). Thus, paraquat unexpectedly caused maximal hair cell damage in the apex
of the cochlea and minimal damage in the base of all Sirt3 genotypes similar to the Bak
mice. This apex to base damage gradient was opposite of that seen in the rat cochlea
explants.

The effects of paraquat on the three Sirt3 genotypes were assessed by preparing mean (+/—
SEM) cochleograms showing the percent OHC and IHC loss versus percent distance from
the apex. In the Control condition (0 uM paraquat, n=4/group), there was little OHC (Fig.
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6A) or IHC loss (Fig. 6B) among the three Sirt3 genotypes. Thus, the differences in Sirt3
expression had no effect on hair cells under normal culture conditions. However, 24 h
treatment of P3 cultures with 50 uM resulted in considerable loss of OHCs (Fig. 6A) and
IHCs (Fig. 6D) in the apex of the cochlea. The peak hair cell loss occurred roughly 15% of
the distance from the apex and rapidly decreased to less than 10% loss over most of the basal
half of the cochlea. Hair cell losses in Sirt3/~ and Sirt3*/~ mice tended to be slightly greater
than WT mice, but none of these differences were statistically significant. Thus, S/irt3mice
deficient in mitochondrial deacetylase sirtuin3 were not significantly more vulnerable to
paraquat ototoxicity than their WT counterparts.

3.4 Bak mice are more vulnerable to paraquat than Sirt3 mice:

Bak deficient mice appeared to be more vulnerable to paraquat ototoxicity than the Sirt3
genotypes. OHC losses in WT mice occurred in a broad peak in the apical 60% of the
cochlea; the maximum OHC loss reached 100% approximately 30% distance from the apex
(Fig. 7A). OHC losses in Sirt3 deficient mice occurred in a narrower peak in the apical 40%
of the cochlea; the maximum OHC loss approached 80% roughly 10% distance from the
apex (Fig. 7A). The IHC lesions in the Bak and Sirt3 mice followed a similar pattern, but
were less severe and less widespread than those for OHCs. The maximum IHC loss occurred
approximately 22.5% distance from the apex in Bak mice versus 12.5% distance from the
apex in Sirt3mice. The IHC lesion in Bak mice extended over most of the apical half of the
cochlea and the peak loss, approached 90%. In contrast, the IHC lesion in Sirt3 mice was
restricted to a narrow range in the apical 30% of the cochlea and the maximum loss
approached 80%. Thus, the hair cells lesions in the Bak deficient mice were broader, more
severe and peaked slightly further from the apex than those in the Sirt3 deficient mice.

4 Discussion

Superoxide is the first free radical in a chain reaction that leads to the generation of other
toxic molecules such as hydrogen peroxide, the hydroxyl radical and peroxides. When
superoxide dismutase antioxidant defenses are overwhelmed, the cascade of ROS and
reactive nitrogen species that are generated can damage the sensory hair cells, supports cells
and neurons along the length of the cochlea (Bielefeld et al., 2005, Harris et al., 2006,
Nicotera et al., 2004, Webber et al., 2005, Zhang et al., 2018).

4.1 Spatial gradient of paraquat ototoxicity is species dependent:

To put the paraquat data into perspective, the results from the Bakand Sirt3 deficient mice
can be compared to data obtained from mouse cochlear cultures treated with other ototoxic
drugs. When C57BL/10J mouse cochlear cultures were treated with gentamicin, we found
that the hair cell lesions were greatest in the base and declined towards the apex of the
cochlea and that OHC lesions were greater than IHC lesions (Hou et al., 2005). Similarly,
when cisplatin ototoxicity was examined in cochlear cultures from 129SV and NMRI mice,
hair cell losses were more severe in the base of the cochlea than in the apex and OHC losses
were greater than IHC losses (Tropitzsch et al., 2014). Paraquat caused extensive damage to
hair cells and nerve fibers in both rats and mice, but the damage occurred at different
location. OHC damage occurred in the most basal region of the rat cochlea with the lowest
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dose of paraquat, 10 uM, and spread towards the apex when the dose was increased to 50
uUM. However, even the highest dose of paraquat, 500 uM, destroyed less than 20% of the
OHC in the apex of the cochlea.

Unlike other ototoxic drugs, the paraquat-induced lesions in all Bakand Sirt3 genotypes
were greatest near the apex of the cochlea. Minimal hair cell loss occurred near the base of
the cochlea even after treatment with the highest dose of paraquat, 500 pM. The location of
maximum hair cell damage, however, was slightly different in the two mouse strains.
Maximum damage occurred ~10% distance from the apex in Sirt3mice, but was located
~30% distance from the apex in Bak mice. We previously investigated paraquat ototoxicity
in cochlear cultures from the middle turn of C57BL/10J mice (Nicotera et al., 2004) and
found that 50 UM paraquat destroyed roughly 37% of the OHCs, the magnitude of the OHC
lesion in C57BL/10J mice was similar to the OHC lesions in the Sit3and Bak mice.
However, we were unable to test for a longitudinal gradient of hair cell loss in our previous
study because we only evaluated the middle turn of the C57BL/10J mouse cochlea rather
than the whole cochlea. Because of potential strain differences, it would be useful to test for
longitudinal damage gradients in other strains of mouse cochlear cultures treated with
paraquat.

It is unclear why apical turn hair cells in Bakand Sirt3 mouse cultures were more
susceptible to paraquat ototoxicity than apical turn hair cells in the rat cochlea (Fig. 7)
(Zhang et al., 2018) or why basal turn hair cells in Bakand Sirt3 mice were more resistant to
paraquat ototoxicity than basal turn hair cells in the rat. It has been suggested that hair cell
vulnerability is related to the level of antioxidant enzymes present at different locations
along the length of the cochlea (Sha et al., 2001, Ying and Balaban, 2009). These differences
could be related to variations in the amount of superoxide antioxidant enzyme expressed
along the length of the mouse versus rat cochleae. Because the paraquat-induced lesions in
mice were much greater in the apex than the base of the cochlea, one might predict that
superoxide antioxidant levels in Bakand Sirt3 mice were much lower in the apex than the
base of the cochlea. Conversely, because the paraquat-induced lesions in rats were greater in
the base than the apex, the superoxide antioxidant enzyme levels would be expected to be
lower in the base than the apex of the rat cochlea. This hypothesis could be tested by
measuring the level the various types of superoxide antioxidant enzymes along the length of
the rat and mouse cochleae (Tumminia et al., 1996, Yang et al., 2002). Because the postnatal
cochlea is still developing, the superoxide antioxidant levels could change as the cochlea
develops (Allen and Balin, 1988, Zelck et al., 1993).

4.2 Bak deficiency does not suppress paraqguat ototoxicity:

Because mice lacking the pro-apoptotic Bak gene on the C57BL/6 background exhibit less
age-related hearing loss and hair cell loss (Someya et al., 2009), we predicted that the Bak-
deficient cochlear cultures on the B6.CAST-Cah23"* background would be more resistant
to superoxide-mediated oxidative stress induced by paraquat. Contrary to expectation, OHC
and IHC losses were significantly greater in Bak*/~and Bak™~ mice than in their WT
counterparts for reasons that are unclear. While both Bax and Bak proteins are generally
considered key regulators of apoptosis, programmed cell death has been shown to occur in
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cells in which both Baxand Bak genes have been deleted (Green and Reed, 1998,
Lomonosova et al., 2009, Skulachev, 2002). This type of Bax/Bak-independent cell death is
believed to involve BH3 proteins, p53 and mitochondrial permeabilization. Paraquat has
been shown to increase nitric oxide levels which activate the novel NO/GAPDHY/Siah cell
death pathway leading to downstream activation of p53 (Ortiz-Ortiz et al., 2010). While
these results suggest that paraquat-induced cochlear damage could occur largely independent
of the Bak cell death pathway, the contribution of the Bak protein to some hair cell
protective mechanisms seems likely because Bak deficient mice are more vulnerable than
WT mice.

4.3 Sirt3 deficiency did not alter paraquat ototoxicity:

Because dietary restriction upregulates the expression of Sirt3 and slows the development of
age-related hearing loss ostensibly by enhancing glutathione antioxidant defenses (Han and
Someya, 2013, Someya et al., 2010), Sirt3deficient mice were expected to be more
vulnerable to paraquat-induced oxidative stress. However, cochlear lesions in Sirt3 deficient
mice were not significantly different from WT mice. The lack of a paraquat treatment effect
may be due to the fact that caloric restriction is needed to upregulate glutathione antioxidant
levels in WT mice whereas caloric restriction has no effect on glutathione levels in Sirt3
deficient mice. Implementing a caloric restriction paradigm /n vivo or treating WT and Sirt3
deficient mice /n vivo with paraquat, other ototoxic drugs or noise exposure would appear to
be a feasible way of testing this hypothesis.

4.4 Summary:

Paraquat induced diametrically opposed longitudinal gradients of hair cell and nerve fiber
damage in mouse and rat P3 cochlear cultures. In rats, the lesions were greatest in the base
of the cochlea and declined towards the apex, a pattern seen with other ototoxic drugs such
as cisplatin and gentamicin. However, in all Bakand S/rt3 mouse genotypes, the lesions
were greatest near the apex and declined towards the base, a longitudinal gradient opposite
to that reported in mice using classical ototoxic drugs such as gentamicin and cisplatin (Hou
et al., 2005, McFadden et al., 2003). The maximum damage from paraquat occurred ~30%
distance from the apex in Bak mice whereas in Sirt3 mice, the maximum loss occurred
~10% distance from the apex. However, in both rats and mice, paraquat was more toxic to
OHCs than IHCs. To our knowledge, this is the first time an ototoxic drug has been found to
cause greater damage in the apex than the base of the cochlea. This unusual longitudinal
gradient of paraquat-induced damage in mice could be related to the distribution and/or
developmental expression of superoxide dismutase enzymes that inactivate or remove the
toxic superoxide radical. In guinea pig, superoxide dismutase increased significantly from
fetal age to P2 with further increase into adulthood (Zelck et al., 1993); however, no one to
our knowledge has measured the developmental upregulation of superoxide dismutase along
the length of the cochlea during development. Deletion of the proapoptotic Bak gene, which
was expected to protect against paraquat ototoxicity actually made the hair cells more
vulnerable suggesting that paraquat-induced ototoxicity may have occurred largely through a
Bak/Bak independent cell death pathway (Green and Reed, 1998, Lomonosova et al., 2009,
Ortiz-Ortiz et al., 2010). Alternatively, Bak may have unknown roles in the protection of
cells against oxidative stress. Removal of the potentially protective Sirt3 gene, which was
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expected to make the cochlea more vulnerable to paraquat ototoxicity had no measureable
effect, possibly because the protective effect of Sirt3may only occur in the context of caloric
restriction (Han and Someya, 2013).
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Figure 1:
Paraquat preferentially destroys outer hair cells (OHCs), inner hair cells (IHCs) and nerve

fibers (NFs) in the base of the rat cochlea. Representative confocal images of cochlear
surface preparations cultured for 24 h and then labeled with Alexa Fluor 488 conjugated
phalloidin (green) that labels the stereocilia and cuticular plate of OHCs and IHCs and an
antibody against neurofilament 200 conjugated to a secondary antibody labeled with Alexa
Fluor 555 (red) that binds to NFs. Photomicrographs of Control (O uM paraquat) cochlear
surface preparations from the apex (A) and base (B) of the rat cochlea showing three parallel
rows OHCs, a single row of IHCs and fascicles of NFs projecting out radially to the IHCs
and OHCs. After 24 h treatment with 50 pM paraquat, OHCs, IHCs and NFs (arrows) were
largely intact in the apex of the cochlea (C) whereas many OHCs and IHCs (arrowhead)
were shrunken or missing in the base of the cochlea and many NFs were missing (dashed
arrow).
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Figure 2:
Paraquat dose-dependently and preferentially destroys hair cells in the base of the rat

cochlea. Mean (+/- SEM, n=6) cochleograms showing percent (A) OHC loss and (B) IHC
loss as a function of percent distance from apex of the cochlea after 24 h treatment with 0,
10, 50, 100, 250 and 500 pM of paraquat.
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Apex Base
Control 24 h

Figure 3:
Paraquat destroys hair cells and nerve fibers in the apical turn of Bak homozygous (Homo)

mice. Representative confocal photomicrographs of cochlear organotypic cultures from the
apex and base of the cochlea from a Bak™~ mouse double-labeled with phalloidin
conjugated to Alexa 488 (green) to label the three parallel rows of outer hair cells (OHCs)
and a single row of inner hair cells (IHCs) plus a primary antibody against neurofilament
200 conjugated to a secondary antibody (red) to label the nerve fibers (NFs) projecting out
radially towards the hair cells. Note orderly rows of hair cells and large fascicles of nerve
fibers in (A) apical turn and (B) basal turn of Control cochleae (0 uM paraquat) cultured for
24 h. After 24 h treatment with 50 uM of paraquat, nearly all OHCs, IHCs and NFs were
missing in the (C) apex of the cochlea whereas (D) most hair cells and nerve fibers were
present in the base of the cochlea.
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Figure 4:

Paraquat-induced hair cell lesions are greater in Bak heterozygous (Het) and homozygous
(Homo) mice than Bak WT mice. Mean cochleograms showing percent OHC loss and
percent IHC loss as a function of percent distance from apex of the cochlea of Bak WT, Het
and Homo mice. Mean (+/- SEM) cochleograms from Control cochlea (0 uM paraquat)
exhibit little OHC (A) or IHC (B) loss in BakWT (n=2), Het (n=2) and Homo (n=2) mice.
Mean (n=6/group, +/— SEM) cochleograms showing (C) OHC loss and (D) IHC loss in Bak
WT, Het and Homo mice. # indicates significant difference (p<0.05) between groups
designated by the vertical bars.
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Figure 5:
Paraquat destroys hair cells in the apical turn of Sirt3heterozygous mice. Representative

confocal photomicrographs of cochlear organotypic cultures from the apex and base of the
cochlea from Sirt3 heterozygous mouse cochlea labeled with phalloidin conjugated to Alexa
488 (green) to label the three parallel rows of outer hair cells (OHCs) and single row of inner
hair cells (IHCs). Note orderly rows of hair cells in the (A) apex and (B) base of Control
cochlea (0 puM paraquat) cultured for 24 h. Treatment of Sirt3 heterozygous mice with 50
UM of paraquat causes (C) massive loss of IHCs, and OHCs in the apex of the cochlea, but
(D) little or no hair cell damage in the base of the cochlea.
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Paraquat-induced apical-turn hair cell lesions are similar in Sirt3 heterozygous (Het,),
homozygous (Homo,) and Sirt3wild type (WT) mice. Mean cochleograms showing percent
OHC loss and percent IHC loss as a function of percent distance from apex of the cochlea of
Sirt3WT, Het and Homo mice. Mean (+/- SEM) cochleograms from Control cochlea (0 uM
paraquat) exhibit little OHC (A) or IHC (B) loss in Sirt3WT (n=4), Het (n=4) and Homo
(n=4) mice. Mean (n=6/group, +/— SEM) cochleograms showing (C) OHC loss and (D) IHC
loss in Sirt3WT, Het and Homo mice.
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Figure 7:

Bak\WT mice are more vulnerable to paraquat ototoxicity than SirtZ3WT mice. (A) Mean
OHC loss versus percent distance from the apex (DFA) in BakWT mice compared to Sirt3
WT mice. Maximum OHC loss occurred 27.5% DFA in Bak mice versus. 7.5% DFA in Sirt3
mice. (B) Mean IHC loss versus percent DFA in BakWT mice compared to Sirt3WT mice.
Maximum IHC loss occurred approximately 22.5% DFA in Bak mice versus. 12.5 DFA in
Sirt3mice. The width of the IHC lesion in Bak mice extended over much of the apical half
of the cochlea; the peak loss, which approached 90%, occurred roughly 25% from the apex.
The IHC lesion in the Sirt3 group was restricted to a narrower range in the apical 30% of the
cochlea and the maximum loss approached 80% and occurred roughly 10% from the apex.
Thus, the hair cells lesions in the Bak mice were broader, more severe and peaked slightly
further from the apex than those in the Sirt3 mice.
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