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Manganese (Mn) is an essential trace mineral for normal growth and development. Persistent exposures
to high atmospheric levels of Mn have deleterious effects on CNS and peripheral nerves including those
associated with the auditory system. Nicotinamide adenine dinucleotide (NAD) is a coenzyme which
functions in the electron transfer system within the mitochondria. One of the most notable protective
functions of NAD is to delay axonal degenerations caused by various neurodegenerative injuries. We

Keywords: hypothesized that NAD might also protect auditory nerve fibers (ANF) and SGN from Mn injury. To test
gﬁ:ﬁiﬁ:; this hypothesis, cochlear organotypic cultures were treated with different doses of Mn (0.5-3.0 mM)
NAD alone or combined with 20 mM NAD. Results demonstrate that the percentage of hair cells, ANF and SGN
Spiral ganglion neurons decreased with increasing Mn concentration. The addition of 20 mM NAD did not significantly reduce
Hair cells hair cells loss in the presence of Mn, whereas the density of ANF and SGN increased significantly in the
Apoptosis presence of NAD. NAD suppressed Mn-induced TUNEL staining and caspase activation suggesting it

prevents apoptotic cell death. These results suggest that excess Mn has ototoxic and neurotoxic effects
on the auditory system and that NAD may prevent Mn-induced axonal degeneration and avoid or delay

hearing loss caused by excess Mn exposure.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Manganese (Mn) is an essential trace metal required for normal
growth and development and cellular homeostasis. Mn serves as a
discrete cofactor for many enzymes including glutamine synthe-
tase, superoxide dismutase, and pyruvate carboxylase (Rivera-
Mancia et al., 2011). However, excessive exposure to Mn is linked
with a severe and debilitating disorder known as manganism
(Olanow et al., 1996; Pal et al., 1999). Manganism usually results
from extended occupational exposure to Mn (e.g., Mn miners,
welders, and individuals living near ferroalloy plants and battery
factories) and decreased Mn excretion in diseased liver (Bouchard
et al.,, 2007; Bowler et al., 2007; Lucchini et al., 2000, 2007).
Symptoms of manganism are characterized by extrapyramidal
disturbances similar to those seen in Parkinson’s disease (Dobson
et al., 2004); however, manganism deviates from Parkinsonism in
its early clinical stages including differences in behavioral and
cognitive function, symmetrical effects, milder tremors at rest,
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little or no response to L-DOPA, and prominent histological damage
to the globus pallidus rather than substantia nigra pars compacta
(Calne et al., 1994; Olanow, 2004; Pal et al., 1999). Recent studies
have further suggested that Mn may have deleterious effects on
hearing. Studies in our laboratory using cochlear organotypic
cultures isolated from rats showed that Mn produced significant
damage to peripheral auditory nerve fibers, the sensory hair cells
(more toxic to inner hair cells than outer hair cells), and SGN (Ding
et al., 2011). Sensory hair cells were slightly more resistant to Mn
toxicity than the auditory nerve fibers.

Management of Mn-induced ototoxicity has yet to be estab-
lished; however by understanding the mechanisms of damage may
facilitate the development of new therapeutic strategies. It is
generally accepted that Mn promotes cell death via degeneration
of mitochondria leading to apoptosis. Mitochondrial dysfunction is
brought about by excess accumulation of Ca?* produced by Mn
inhibition of sodium-dependent and sodium-independent Ca?*
exporters within the mitochondria (Gavin et al., 1992, 1999;
Gunter et al., 2006). This subsequently results in uncoupling of the
respiratory chain and activation of the permeability transition pore
(PTP) allowing diffusion of low-molecular weight solutes into the
mitochondria resulting in its swelling and the subsequent loss of
cytochrome c. Ultimately, this leads to the generation of reactive
oxygen species (ROS) which subsequently activates many of the
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classical signaling pathways associated with programmed cell
death including increased TUNEL staining, internucleosomal DNA
cleavage, activation of the JNK and p38 pathways (stress activated
protein kinase) and activation of caspase-3 (Chun et al., 2001;
Desole et al., 1996, 1997; Hirata et al., 1998; Latchoumycandane
etal., 2005; Roth et al., 2000; Schrantz et al., 1999). In addition, Mn
also interferes with oxidative phosphorylation by inhibiting both
mitochondrial F1-ATPase (Gavin et al., 1992, 1999) and complex I
(Galvani et al., 1995) leading to the depletion of ATP (Chen and
Liao, 2002; Roth et al., 2000). Consistent with the fact that Mn-
induced cell death involves oxidative stress is the observation that
treatment with antioxidants can prevent Mn toxicity (Migheli
et al,, 1999).

Oxidized and reduced forms of NAD serve as coenzyme in all
living cells and can be synthesized in the human body from
tryptophan and aspartic acid or supplemented in vivo via intake of
niacin, which is commonly used as a dietary supplement and is
easily accessible to the general public (Belenky et al., 2007).
Besides involvement in redox reactions within the mitochondria,
NAD is also utilized in metabolic events including ADP-ribosyla-
tion, poly (ADP-ribose) polymerization, cADP-ribose synthesis, and
sirtuins, a group of enzymes that function primarily in reversing
acetyl modifications of lysine on histones and other proteins
(Sauve, 2008). Several studies have found that NAD can delay
axonal degenerations caused by various diseases, including
traumatic brain injury, ischemia damage, autoimmune encepha-
lomyelitis, p53-induced neuron apoptosis, and radiation-induced
immunosuppression (Belenky et al., 2007; Sauve, 2008). Although
Mn has been found to damage the neurons and sensory cells in the
inner ear, no studies have been conducted to explore the possibility
that NAD may protect against Mn ototoxicity. Since NAD can
attenuate mitochondrial oxidative damage in rat brain, we
hypothesized that it would prevent ototoxicity induced by
excessive exposure to Mn. Thus, using the Mn ototoxicity model
of rat cochlear organotypic cultures as reported in our previous
study (Ding et al., 2011), we explored the in vitro protective effects
of NAD on sensory hair cells (HC), auditory nerve fibers (ANF), and
SGN.

2. Materials and methods
2.1. Animal subjects

Postnatal day 3 SASCO Sprague-Dawley rats purchased from
Charles River Laboratories were used for this study. The experi-
ments were carried out according to the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals and
approved by the University at Buffalo Animal Care and Use
Committee.

2.2. Cochlear organotypic cultures, MnCl, and NAD

Rat cochlear organotypic cultures were prepared as described
previously (Ding et al., 2002; McFadden et al., 2003). The cochleae
were carefully dissected out and the whole basilar membrane
containing the organ of Corti, auditory nerve fibers and SGN were
transferred onto rat tail collagen gel in the culture dish (Type 1
collagen, 3.76 mg/ml in 0.02 N acetic acid, 10x basal medium
Eagle, 2% sodium carbonate, 9:1:1 ration). Serum-free culture
medium (1.3 ml, 0.01 g/ml bovine serum albumin [Sigma A-4919],
1% Serum-Free Supplement [Sigma [-1884], 2.4% of 20% glucose,
0.2% Penicillin G, 1% 200 mM glutamine, 95.4% 1x basal medium
Eagle [Sigma B-1522]) was added to each culture dish. The whole
basilar membrane prepared as a flattened preparation was placed
on the surface of the collagen gel and then maintained in an
incubator (37 °C, 5% CO,) overnight. On the second day, the culture

medium was removed and exchanged with fresh medium plus the
desired compounds specific for each experimental protocol. The
cultures were exposed to various concentrations of MnCl, in the
presence or absence of 20 mM NAD and incubated for various
times at 37 °C in 5% CO,. The concentrations of Mn used in these
experiments were selected to be comparable to that employed in
our laboratory (Ding et al., 2011; Lin et al., 1993) and others
(Giordano et al., 2009; Hernandez et al., 2011; Rovetta et al., 2007)
using a variety of cell cultures systems. The concentration of NAD
employed in this paper are similar to that used previously to
examine protection against neuronal degeneration (Wang et al.,
2005) and cell death (Alano et al., 2004; Ding et al., 2012; Ying
et al.,, 2003).

2.3. Staining: auditory nerve and cochlear hair cells

Cells were removed from the culture dishes at the end of each
treatment, fixed for 2 h in 10% formalin at room temperature, and
rinsed three times in 0.1 M phosphate buffered saline (PBS). As
described in our previous publications (Ding et al., 2002;
McFadden et al., 2003, #3192), specimens were immersed in a
monoclonal primary antibody against neuronal class III 3-tubulin
(Covance, MMS-435P) and diluted in 1% Triton X-100 and 5% goat
serum in 0.1 M PBS for 48 h at 4 °C. Afterward, specimens were
rinsed three times with 0.1 M PBS and incubated for 2 h at room
temperature in a second antibody conjugated with Cy3 (goat anti-
mouse IgG, Jackson ImmunoResearch). Specimens were subse-
quently rinsed three times with 0.1 M PBS and labeled with
phalloidin conjugated with Alexa Fluor488 (Invitrogen A12379,
diluted in 1% Triton X-100, 5% goat serum in 0.1 M PBS, 1 h at room
temperature). After rinsing three times with 0.1 M PBS, specimens
were mounted on glass slides in glycerin and coverslipped. To
quantify the neurotoxic effect of Mn on SGN and the protection by
NAD, the number of B-tubulin labeled SGN were counted in a
141.4 pum x 141.4 pm x 5 p.m volume from 8 cochlear cultures (3
locations in each cochlear culture).

2.4. Cochleograms

Cochleograms were prepared from cochlea cultures as de-
scribed previously (Wei et al.,, 2010). Cochlear hair cells (HC)
stained with Alexa Fluor488 phalloidin were examined under a
fluorescent microscope (Zeiss Axioskop, 400x ) with the appropri-
ate filter. Using previously established methods, the numbers of
missing hair cells were counted over 0.24 mm intervals along the
entire length of the organ of Corti from apex to base (Deng et al.,
2013; Wei et al.,, 2010). Using laboratory norms from control
animals (Ding et al., 2007) and custom software, cochleograms
were used to show the percent viable of inner hair cells (IHC) and
outer hair cells (OHC) as a function of the distance from the apex of
the cochlea for each treatment condition as described above (Ding
et al., 2007). Results from eight samples were averaged to obtain
the mean cochleogram from each experimental group.

2.5. TUNEL staining

To evaluate DNA strand breaks for cells undergoing apoptosis,
specimens were labeled for TUNEL (terminal deoxynucleotidyl
transferase biotin-dUPT nick end labeling) using the APO-BrdU
TUNEL Assay Kit (Invitrogen A23210) following the manufacturer’s
protocol. Nine hours following treatment with 1.0 mM Mn in the
presence or absence of 20 mM NAD, the specimens were fixed with
formalin as described above. Specimens were transferred to ice-
cold 70% ethanol overnight in a —20 °C freezer and subsequently
rinsed twice in washing buffer. Afterwards, specimens were
immerged in 100 .1 DNA-labeling solution (20 .l reaction buffer,
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1.5 pI TdT enzyme, 16 wl BrdUTP, 62.5 wl dH,0) for 8 h at 37 °C
and washed twice in rinse buffer. Specimens were subsequently
incubated in 100 w1 antibody staining solution (5.0 p.l, Alexa 488
labeled anti-BrdU antibody, 95 .l rinse buffer) for 1 h at room
temperature and rinsed once with 0.1 M PBS. Afterwards, speci-
mens were mounted on glass slides in glycerin and coverslipped.

2.6. Caspase staining

To detect activated caspases in SGN undergoing apoptosis,
specimens were labeled with CaspGLOW Red Active caspase-3,
caspase-8 and caspase-9 Staining Kits (BioVision) as described
previously (Deng et al., 2013). Six hours following treatment with
1.0 mM Mn in the presence or absence of 20 mM NAD, the unfixed
specimens were labeled for the active forms of caspase-3, caspase-
8 and caspase-9 following the manufacturer’s instructions. Speci-
mens were subsequently rinsed twice with wash buffer and fixed
for 2 h in 10% formalin at room temperature and then rinsed three
times in 0.1 M PBS. As described above, specimens were stained
with class III B-tubulin and incubated in a secondary antibody
conjugated with Alexa Fluor 488. After rinsing three times with
0.1 M PBS, specimens were mounted on glass slides in glycerin and
coverslipped.

2.7. Confocal microscopy

Cochlea specimens were examined under a confocal micro-
scope (Zeiss LSM-510 meta, step size 0.5 pm per slice) using filters
appropriate to detect the red fluorescence of Cy3 (excitation
550 nm, emission 570 nm), green fluorescence of Alexa Fluor 488
(excitation 488 nm, emission 520 nm), and red fluorescence for
caspase-3, caspase-8 or caspase-9 (excitation 540 nm, emission
570 nm). Images from multiple layers were typically merged into a
single plane using Advanced Imaging Microscopy (version 4.0, Carl
Zeiss) and photomicrographs were edited with Adobe Photoshop
(version CS5.0) as described previously (Ding et al., 2002).

3. Results
3.1. Mn damages cochlear organotypic cultures
Initial studies were performed to characterize the damage in

HC, ANF and SGN from the upper middle turn of the cochlea
in specimens cultured for 48 h with and without MnCl,. Results

40325000

«— SGN

Control: 0 mM 48 h

from control cultures are illustrated in Fig. 1A. Strong Alexa Fluor
488 phalloidin staining of actin was present in both the cuticular
plate and stereocilia of HC. The three rows of OHC and single row of
[HC were arranged in orderly rows and there was no hair cell loss or
damage. The peripheral ANF and SGN were labeled with -tubulin
and Cy3 conjugated secondary antibody. The ANF of the SGN
radiating outward toward the IHC and OHC were organized into
smooth, thick fascicles. Normal SGN have large and oval-shaped
soma. Fig. 1B illustrates the degenerative changes after 48 h
treatment with 3.0 mM Mn. Most OHC, IHC, ANF and SGN were
missing. The remaining ANFs were fragmented and thin. The soma
of the remaining SGN were shrunken and condensed, features
characteristic of cells undergoing apoptosis.

3.2. Effect of Mn concentration and protection by NAD

Fig. 2A-C shows the effect of various Mn concentrations ranging
from 0.5 mM to 3.0 mM on cochlear organotypic cultures after 48 h
exposure. At the lowest concentration of Mn (0.5 mM), the OHC
appeared normal but the IHC and ANF started to decline when
compared to the data shown in Fig. 1A for non-treated cultures. At
the higher concentrations of Mn, the density of HC, ANF and SGN
were further decreased. The actin in the cuticular plate and the
stereocilia of the single row of IHC and three rows of OHC were also
reduced and the ANF started to appear thin and fragment. SGN
soma were shrunken and fragmented. Take together these confocal
photomicrographs clearly illustrate a dose-dependent deleterious
effect of Mn on cochlear HC, SGN and ANF. In comparison, Fig. 2D-F
shows cochlear cultures treated with various concentrations of Mn
combined with 20 mM NAD. At the two lowest concentrations of
Mn employed, NAD clearly prevented the toxic actions of Mn.
Quantification of the protective effects of NAD are presented by the
data which follows.

3.3. Cochleograms

To evaluate the toxic effects of Mn and the protective effect of
NAD, cochleograms (n = 8/group) measuring the percentage loss of
IHC and OHC as a function of the percent distance from the apex of
the cochlea were calculated 48 h after treatments with various
concentrations of Mn alone or Mn combined with 20 mM NAD. At
the lowest dose of Mn (0.5 mM), there was no observable OHC loss
(Fig. 3B) consistent with non-treated controls (Fig. 3A); likewise
there was no OHC loss with 0.5 mM Mn plus 20 mM NAD (Fig. 3E).

3 mM Mn 48 h

Fig. 1. Representative confocal photomicrographs show cochlear organotypic cultures from upper middle of the cochlea after 48 h treatment without Mn (A) and with 3 mM
Mn (B). Alexa Fluor488 phalloidin (green fluorescence) labels three rows of outer hair cells (OHC) and one row of inner hair cells (IHC). Antibody against neuronal class III 3-
tubulin plus Cy3 conjugated secondary antibody (red fluorescence) labels auditory nerve fibers (ANF) and spiral ganglion neurons (SGN). White brackets show three rows of
OHC; arrowhead shows single row of IHC. White arrow points to bundles of ANF radiating out from the SGN (yellow arrow) toward the HC. Scale bar in (A): 25 pm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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SGN——>
0.5 mM Mn 48 h 1.0 mM Mn 48 h

0.5 mM Mn+20 mM NAD 48 h

Fig. 2. Representative confocal images show cochlear organotypic cultures from upper middle turn of the cochlea after 48 h treatment with various concentrations of Mn (A)-
(C) alone or combined with 20 mM NAD (D)-(F). Alexa Fluor488 phalloidin (green fluorescence) labels hair cells (HC) and antibody against neuronal class III 3-tubulin and
Cy3 conjugated secondary antibody (red fluorescence) labels auditory nerve fibers (ANF) and spiral ganglion neurons (SGN). White bracket shows three rows of OHC and
arrowhead shows the single row of IHC. White arrow points bundles of ANF fascicles radiating out from the SGN toward the IHC and OHC. Yellow arrow points to SGN soma.
Scale barin (A): 25 pm. Note partial loss of ANF and SGN with 1 mM Mn (B); treatment with 3 mM Mn resulted in almost complete loss of ANF plus partial loss of IHC and OHC
(C). Treatment with 20 mM NAD protected ANF and IHC and OHC from 1 mM (panel E vs. B) and 3 mM (panel F vs. C) from Mn-induced damage. (For interpretation of the

1.0 mM Mn+20 mM NAD 48 h

references to color in this figure legend, the reader is referred to the web version of the article.)
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In contrast, there was approximately a 20% loss of IHC with 0.5 mM
Mn alone (Fig. 3B), however, the IHC loss decreased to less than 10%
with the combination of 0.5 mM Mn plus 20 mM NAD (Fig. 3E).
There was also little or no OHC loss with 1.0 mM Mn alone (Fig. 3C)
or in combination with NAD (Fig. 3F). However, IHC loss increased
to approximately 30% with 1.0 mM Mn alone (Fig. 3C); the IHC loss
decreased to 10-20% when 20 mM NAD was combined with the
Mn (Fig. 3F). When compared to the lower concentrations of Mn,
the highest concentration (3.0 mM) resulted in a greater loss of
OHC (~70%) compared to that of the IHC (~55%) over most of the
cochlea (Fig. 3D). As to why this change in sensitivity occurred at
the highest concentration of Mn is not known but is consistent
with the difference in response to 20 mM NAD which failed to
reduce OHC loss, but was capable of producing a partially
reduction in IHC damage mainly in the apical portion of the
cochlea (Fig. 3G).

3.4. Mn damages ANF and protection by NAD

The data presented in Fig. 4 show the condition of ANF in the
upper middle turn of the cochlea after 48 h for control cultures
(Fig. 4G) and those treated with various concentrations of Mn alone
(Fig. 4A-C) or combine with 20 mM NAD (Fig. 4D-E). The normal
controls displayed smooth, thick fascicles of ANF which radiate out
from the SGN toward the HC (Fig. 4G). With increasing doses of Mn,
the number of surviving ANF decreased, the fascicles became
thinner and blebbing and fragmentation of ANFs increased
(Fig. 4A-C). The addition of 20 mM NAD to the Mn treated
cultures resulted in a substantial increase in ANF survival along
with reduced blebbing and fragmentation of the fibers (Fig. 4D-F).
However, under these conditions, NAD only partially prevented
ANF damage since blebbing and fragmentation were still evident at
the highest Mn concentration (Fig. 4F).

1.0 mM Mn 48 h

To quantify the neurotoxic effect of Mn on ANF and the
protective effects of NAD, we counted the number of surviving ANF
per 0.25 mm longitudinal distance in the upper middle turn of the
cochlea. Fig. H shows the mean (n = 48/group) numbers of ANF/
0.25 mm in control cochleae and cochleae treated for 48 h with
various concentration of Mn alone or Mn plus 20 mM NAD. In
control cultures, approximately 102 fibers/0.25 mm were present.
There was a statistically significant effect of treatment (one-way
ANOVA, p < 0.0001, F = 285.6, 8 df). The mean numbers of ANF in
the groups treated with 0.5, 1 and 3mM Mn alone were
significantly (Newman-Keuls, p < 0.05, downward blue arrows)
less than in the control group. The mean numbers of fibers in the
0.5 mM Mn group was significantly different from the 1 mM group
and the 1 mM Mn group was similarly significantly different from
the 3 mM group (Newman-Keuls, p < 0.05, horizontal blue arrow).
Combined treatment with Mn plus 20 mM NAD significantly
increased ANF survival compare to groups treated with Mn alone
(Newman Keuls, p < 0.05, horizontal red bar).

3.5. Mn damages SGN and protection by NAD

Fig. 5 displays a representative confocal image of SGNs from the
upper middle turn of the cochlea of control cultures and cultures
treated for 48 h with varying concentrations of Mn or Mn plus
20 mM NAD. Normal SGNs have a large round soma and the
cytoplasm is heavily immunolabeled with class III 3-tubulin with
the exception of the nucleolus (Fig. 5G). As the Mn concentrations
increase, the SGN soma and nucleolus shrank in size, soma shape
became irregular and the number of SGN decreased (Fig. 5A-C). In
cultures treated with various concentrations of Mn plus 20 mM
NAD, soma and nucleolus shrinkage and SGN losses were less
severe than in cultures treated with a similar concentration on Mn
alone (Fig. 4D-F vs. A-C). To quantify the neurotoxic effect of Mn

3.0mM Mn 48 h Control: 0 mM 48 h

T
m

Number of NF/ 0.25 m

Fig. 4. Representative confocal images showing the condition of the peripheral auditory nerve fibers (ANF) radiating out from the SGN toward the HC. Images from upper
middle turn of the cochlea after 48 h in culture with Mn alone ((A)-(C); 0.5 to 3 mM), Mn ((D)-(F); 0.5-3 mM) plus 20 mM NAD or untreated controls (G). ANF labeled with
antibody against neuronal class III B-tubulin and Cy3 conjugated secondary antibody. White arrow points bundles of ANF (G). Scale bar in (A): 20 pm. (H) Mean (n = 48)
numbers of ANF/0.25 mm measured in upper middle turn of the cochlea after 48 h in culture; data shown for controls and those treated with various concentrations of Mn
alone or the combination of Mn plus 20 mM NAD. Downward blue arrows show Mn conditions that were significantly different from control (p < 0.05). Horizontal blue
arrows show Mn conditions that were significantly different from next higher concentration (p < 0.05). Horizon red bars show conditions with Mn + NAD that were
significantly (p < 0.05) different from Mn of the same concentration. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of the article.)
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0.5mM Mn 48 h 1.0mMMn 48 h

0.5 mM Mn+20 mM-NAD 48 h

1.0 mM Mn+20 mM NAD 48 h

3.0mM Mn 48 h Control: 0 mM 48h
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Concentration (mM)

Fig. 5. Representative confocal images showing SGN from upper middle turn of the cochlea after 48 h in culture in the absence of Mn (G) or with treatment with various
concentrations of Mn alone (A) and (B) or Mn plus 20 mM NAD (D)-(F). SGN were labeled with antibody against neuronal class III 3-tubulin and Cy3 conjugated secondary
antibody. White arrow (G) points to soma of SGN. Scale bar in (A): 10 pm. (H) Mean (n = 24) density of SGN/10° wm? measured in the upper middle turn of the cochlea after
48 hin culture in controls and after treatment with various concentrations of Mn alone or Mn combined with 20 mM NAD. Downward blue arrows show Mn conditions that
were significantly different from control (p < 0.05). Horizontal blue arrows show Mn conditions that were significantly different from next higher concentration (p < 0.05).
Horizon red bars show conditions with Mn + NAD that were significantly (p < 0.05) different from Mn of the same concentration. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)

on SGN and the protection provided by NAD, we counted the
number of 3-tubulin labeled SGN in a 141.4 pm x 141.4 pm x
5 wm volume (10° wm?) from 8 cochlear cultures (3 locations in
each cochlear culture). Fig. 5H shows the mean (SEM, n = 24/group)
number of SGN/10° pum? from the upper middle turn of the cochlea
in control cultures and cultures treated for 48 h with various
concentrations of Mn alone or Mn plus 20 mM NAD. In control
cultures, there were approximately 36 SGNs per 10° wm?>. There
was a significant treatment effect (One-way ANOVA, F = 12.85, 5 df,
p < 0.0001) as demonstrated by the fact that SGN densities in the
groups treated with the various concentrations of Mn were
significantly less than that for the control group (Fig. 5H, Newman-
Keuls, p < 0.05). There were also significant differences in SGN
densities between the 0.5 mM vs. 1 mM groups and the 1 mM vs.
3 mM groups (Fig. 5H, Newman-Keuls, p < 0.05). SGN densities in
the groups treated with all three concentrations of Mn plus 20 mM
NAD were significantly greater than the comparable groups treated
with the same dose of Mn alone (Fig. 5H, Newman-Keuls,
p < 0.05).

3.6. Mn induces TUNEL activation and protection by NAD

Currently, it is not clear which programmed cell death pathway
is involved in Mn-induced toxicity in SGN and why NAD can delay
this response. To explore these issues, we performed TUNEL
staining to determine if the cells within the SGN were dying by
apoptosis during the early stages of treatment (9 h duration) with
1.0mM Mn or Mn plus 20 mM NAD. Illustrated in Fig. 6 are
representative confocal images of SGN from the upper middle turn
of the cochlea labeled with 3-tubulin (red) and TUNEL (green).
TUNEL staining (green or yellow) was minimal in control cultures
(Fig. 6C) but was frequently observed in SGN cultured for 9 h in
1.0 mM Mn (Fig. 6A). Adding 20 mM NAD to cultures treated with
1 mM Mn reduced the number of TUNEL positive SGN (Fig. 6B).
These results suggest that Mn induces apoptosis in SGN and that

NAD suppresses the early apoptotic response. To quantify the
results, we counted the total number of SGN and the number of
TUNEL positive SGN in a 141.4 pum x 141.4 pwm rectangular area
(optical section thickness 1 wm) in the upper middle turn of the
cochlea from control cultures and cultures treated with 1 mM Mn
alone or 1 mM Mn plus 20 mM NAD (n = 20 samples/condition);
these data were used to determine the mean (SEM) percentage of
TUNEL positive SGN present per 141.4 uM x 141.4 M area. After 9 h
in culture, approximately 4% of SGN were TUNEL positive in controls
vs. 38% in cultures treated with 1 mM Mn (Fig. 6D). Adding 20 mM
NAD to cultures treated with Mn reduced the percentage of TUNEL
positive cells to roughly 16%, more than a 50% reduction in TUNEL
positive cells compare to Mn alone. There was a treatment effect for
the percentages of TUNEL positive SGN (One-way ANOVA, F = 352. 4,
2 df, p < 0.0015) as the percentage of TUNEL positive SGN in the group
treated with 1 mM Mn was significantly greater than in controls
(Newman-Keuls, p < 0.05). The percentage of TUNEL positive SGN in
cultures treated with 1 mM Mn plus 20 mM NAD was significantly
less than cultures treated with 1 mM alone (Newman-Keuls,
p <0.05), but still significantly more than in control cultures
(Newman-Keuls, p < 0.05).

3.7. NAD suppresses Mn-induce activation of caspase-3, -8, and 9

To investigate the upstream mechanisms underlying Mn-
induced apoptosis, we used selective fluorescent probes to detect
activated caspase-3, caspase-8 and caspase-9 in control cultures
and cultures treated with 1 mM Mn alone or 1 mM Mn plus 20 mM
NAD; cultures were evaluated 6 h post-treatment. Representative
confocal images of SGN from the upper middle turn of the cochlea
are shown in Fig. 7; samples were labeled with 3-tubulin and a
caspase probe. Caspase-3, caspase-8 and casepase-9 labeling was
seldom observed in SGN in control samples. In contrast, caspase-3,
caspase-8 and caspase-9 labeling was seen in many SGN in cultures
treated with 1mM Mn for 6h; caspase labeling occurred
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predominantly in SGN with shrunken and/or distorted soma
(arrows, Fig. 7A-C). With 1 mM Mn plus 20 mM NAD, there was a
noticeable reduction in caspase-3, caspase-8 and caspase-9
labeling compared to 1 mM Mn alone (compare Fig. 7D-F with
A-C).

We quantified the treatment-dependent changes for caspase-3
by counting the total number of SGN and the number of caspase-3
positive SGNs in 141.4 pum x 141.4 pwm rectangular area (optical
section thickness 1 pm) from 8 cochlear cultures (2-3 locations in
the middle third of each cochlear culture); these data were used to
calculate the percentages of caspase-3 positive SGNs in control
cultures and cultures treated with 1 mM Mn alone or 1 mM Mn
plus 20mM NAD. As shown in Fig. 7G, the mean (+SEM)
percentages of caspase-3 positive SGN were approximately 6, 22
and 14 in control cultures, cultures treated with 1 mM Mn alone and
cultures treated with 1 mM Mn plus 20 mM NAD, respectively. There
was a main effect of treatment (One-way ANOVA, F=116.0; 2 df,
p < 0.023). A Newman-Keuls post hoc analysis showed a statistically
significant difference between controls and the 1 mM Mn group and
between the 1 mM Mn group and group treated with 1 mM Mn plus
20 mM NAD (p < 0.05). We also compared the expression of caspase-
3, caspase-8 and caspase-9 labeling in cultures treated with Mn
alone and those with Mn plus 20 mM NAD by counting the total
numbers of SGN and the numbers of caspase positive SGNs in
141.4 pm x 141.4 pm rectangular area (optical section thickness
1 pm) from 8 cochlear cultures (2-3 locations in the middle third of
each cochlear culture). In cultures treated with 1 mM Mn alone,
approximately 20-27% of SGN were immunopositive for caspase-3,
caspase-8 or caspase-9 (Fig. 7H). There was a significant treatment
effect (2-way ANOVA, F =33.35, 2 df, p < 0.0001) with the percen-
tages of caspase-3, caspase-8 and caspase-9 positive SGN in the
groups treated with 1 mM Mn plus 20 mM NAD being significantly
less than those in the groups treated with 1 mM Mn alone (Newman-
Keuls post hoc analysis, p < 0.05). Although there were slightly more
caspase-8 positive cells than caspase-9 or caspase-3 positive cells,
these differences were not significant.

4. Discussion

Several papers over the past decade have alluded to the
correlation between Mn toxicity and Parkinson’s disease (Calne
et al., 1994; Dobson et al., 2004; Olanow, 2004; Pal et al., 1999).
Although Mn toxicity displays similar symptoms as Parkinson'’s
disease, the two disorders differ in several respects including the
neurological and cognitive symptoms expressed, the pathophysi-
ology of the disorders and therapeutic management (Roth, 2006).
Besides the most prominent neurological concerns, recent studies
have also reported that Mn over-exposure can cause ototoxicity
(Bouchard et al., 2008; Josephs et al., 2005; Khalkova and
Kostadinova, 1986; Korczynski, 2000). The results of the present
study using cochlear organotypic cultures confirm our previous
finding that Mn exposure can induce significant loss of HC, ANF and
SGN within the inner ear (Ding et al., 2011) in a concentration
dependent manner. Consistent with these prior studies, the results
reported herein demonstrate a selective toxic response to Mn in
that lower dose of Mn (0.5-1.0 mM) induced significant degener-
ative changes to IHC but had little effect on the OHC; however, this
difference largely disappeared at the highest concentration (3 mM)
consistent with our earlier findings (Ding et al., 2011).

Mn has been reported to accumulate in the inner ear upon acute
exposure (Ma et al., 2008). Transport of Mn is normally dependent
on divalent metal transporter 1 (DMT1) which is largely
responsible for its uptake into neurons and astrocytes. Hair cells
share similarities with astrocytes as it has been reported that these
cells contain the astrocytic marker, GFAP (Moriya et al., 1993). In
addition, gene expression studies indicate that the inner ear

contains DMT1 (Ma et al., 2008), consistent with our preliminary
immunolabeling studies (in preparation), which may be responsi-
ble for differential uptake of Mn into the various cells comprising
the inner ear. Differences in the distribution of DMTT1 in these cells
may be responsible for the selective toxic responses observed upon
treatment with Mn.

The data presented in this paper demonstrate for the first time
that Mninduces SGN cell death by apoptosis. Mn caused a significant
increase in TUNEL staining, which is indicative of DNA fragmenta-
tion by labeling the terminal end of nucleic acids, a hallmark feature
of cells undergoing apoptosis. During the early stage of treatment
(6 h post-treatment), Mn activated the extrinsic, initiator caspase-8
and intrinsic initiator caspase-9, which results from mitochondrial
damage and subsequent cytochrome c release and activation of
downstream executioner caspase-3 (Deng et al., 2013; Ding et al,,
2010; Ryter et al., 2007). While there was slightly more caspase-8
and caspase-9 labeling than caspase-3, these differences were not
significant 6 h after Mn treatment. Mn-induced effects on mito-
chondria and the subsequent generation of oxidative stress signals,
which can be prevented by antioxidants, are likely to be responsible
for the death of cells within the inner ear.

Several studies have reported that NAD can protect cells against
the toxic action of a variety of factors and agents (Belenky et al.,
2007; Sauve, 2008). Prior studies from our laboratory demonstrat-
ed that 20 mM NAD significantly reduced neuronal degenerations
and hair cell loss as well as promoted auditory nerve fiber survival
in rat cochlear organotypic cultures incubated with 50 uM
oxaliplatin which has been reported to cause hearing loss (Ding
et al., 2012). Similarly, NAD was reported to prevent mefloquine-
induced neuroaxonal and hair cell degeneration through reduction
of caspase-3-mediated apoptosis in cochlear organotypic cultures
(Ding et al., 2013). In the present study, NAD was similarly shown
to protect against Mn induced toxicity of HC, ANF and SGN within
the inner ear thus demonstrating a promising treatment for the
mitigation of Mn toxicity. NAD was found to protect both hair and
nerve cells at the two lowest concentrations of Mn used and had a
greater protective effect on nerve cells at the highest concentration
of Mn (Belenky et al., 2007; Sauve, 2008). The mechanism of NAD’s
neuroprotection in delaying cell toxicity, however, is not fully
understood.

Decreased NAD levels are known to activate apoptotic signaling
pathways and to stimulate cell death, while an increase can protect
against oxidative injury generated by loss of mitochondrial function
(Siegel and McCullough, 2011; Zheng et al, 2013). Loss of
mitochondrial function is also demonstrated by the observation
that treatment with NAD can prevent cell death by inhibiting ATP
(Wani et al., 2013). The fact that Mn can also suppress ATP levels
(Brouillet et al., 1993; Chen and Liao, 2002; Roth et al., 2000)
suggests that NAD protection against Mn-induced cochlear damage
may partially be produced by inhibition of ATP loss. NAD protection
against Mn-induced cell death may also involve a number of
mechanisms besides preserving mitochondrial function and the
subsequent generation of apoptotic signals as it also regulates DNA
repair via its activation of PARP (poly ADP-ribose polymerase), a
protein involved in DNA repair and programmed cell death (Diaz-
Hernandez et al., 2007; Oliver et al., 1999; Piskunova et al., 2008;
Siegel and McCullough, 2011). Since Mn has previously been
reported to stimulate PARP cleavage (Schrantz et al., 1999), it is
possible that addition of NAD may also have suppressed this
cytotoxic process. These findings are consistent with the results
reported in this paper demonstrating that NAD blocked Mn-induced
apoptosis as indicated by its effect on DNA fragmentation of SGN as
well inhibition of caspase-3, -8 and, -9. These results add further
credence to the beneficial effects of NAD in preventing DNA damage
and cell apoptosis. As ROS generation and glutamate-mediated
excitotoxicity occur with Mn neurotoxicity (Benedetto et al., 2009;
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Gavin et al., 1999; Hazell, 2002; Milatovic et al., 2009), the
abolishment of cell apoptosis and DNA fragmentation by NAD
may be related to its suppression of ROS caused by mitochondrial
degeneration. Since niacin provides the most important source of
NAD for the human body, there may be possible extra benefits of
niacin supplementation in occupations in which exposure to Mn
poses a possible threat. In fact, the precursor of NAD, nicotinamide,
has previously been shown to protect cells against oxidative stress
(Chong and Maiese, 2008; Kang and Hwang, 2009). Consistent with
this is the observation that depletion of the coenzyme NAD result in
axonal degeneration (Kaneko et al., 2006; Sasaki et al., 2006)
whereas supplementation with NAD suppresses axonal degenera-
tion produced by traumatic injury, ischemia damage, autoimmune
encephalomyelitis, p53-induced neuron apoptosis and radiation-
induced immunosuppression (Klaidmanetal.,2003; Luoetal.,2001;
Sadanaga-Akiyoshi et al., 2003).

In conclusion, our results reveal that Mn can cause significant
toxicity to HC, ANF and SGN. The pathophysiology of Mn toxicity
in HC, ANF and SGN is due in part to the upregulation of
caspase3-, -8 and -9, DNA fragmentation and induction of
apoptosis. At this point it is difficult to directly equate Mn-
induced ototoxicity to that which occurs in the basal ganglia,
however, based on prior studies in our laboratory (Ding et al.,
2011) with organotypic cultures, the sensitivity of the cochlea to
Mn is comparable to that of the basal ganglia although the
magnitude of the traumatic response is cell specific. Similar to
the globus pallidus, GABAminergic neurons are also present in
the cochlea further suggesting that Mn may induce a comparable
toxic response. In addition, it was shown that NAD suppresses
Mn-induced upregulation of caspases, DNA fragmentation and
apoptosis thereby enhancing cell survival. These results suggest
that precursors of NAD may be effective treatment for Mn
intoxication although further studies are warranted to explore
the mechanism by which NAD suppresses Mn-induced toxicity to
cells within the inner ear.
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