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with noise-induced hearing loss, and zinc chelation
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Exposure to loud noise triggers sensory organ damage and degeneration that, in turn,
leads to hearing loss. Despite the troublesome impact of noise-induced hearing loss
(NIHL) in individuals and societies, treatment strategies that protect and restore hearing
are few and insufficient. As such, identification and mechanistic understanding of the
signaling pathways involved in NIHL are required. Biological zinc is mostly bound to
proteins, where it plays major structural or catalytic roles; however, there is also a pool of
unbound, mobile (labile) zinc. Labile zinc is mostly found in vesicles in secretory tissues,
where it is released and plays a critical signaling role. In the brain, labile zinc fine-tunes
neurotransmission and sensory processing. However, injury-induced dysregulation of
labile zinc signaling contributes to neurodegeneration. Here, we tested whether zinc
dysregulation occurs and contributes to NIHL in mice. We found that ZnT3, the vesic-
ular zinc transporter responsible for loading zinc into vesicles, is expressed in cochlear
hair cells and the spiral limbus, with labile zinc also present in the same areas. Soon
after noise trauma, ZnT3 and zinc levels are significantly increased, and their subcellular
localization is vastly altered. Disruption of zinc signaling, either via ZnT3 deletion or
pharmacological zinc chelation, mitigated NIHL, as evidenced by enhanced auditory
brainstem responses, distortion product otoacoustic emissions, and number of hair
cell synapses. These data reveal that noise-induced zinc dysregulation is associated with
cochlear dysfunction and recovery after NIHL, and point to zinc chelation as a potential
treatment for mitigating NIHL.
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Exposure to loud noise (NE) induces noise-induced hearing loss (NTHL), mainly due to
cochlear damage and degeneration (1). In the United States, it is estimated that 17% of
adults have NIHL (2, 3). Hearing loss creates substantial deficits in the ability to com-
municate with the outside world resulting in higher rates of social stress, depression, and
injury (4, 5). Data from the 2019 Global Burden of Disease concluded that the total
global economic costs of hearing loss exceeded 900 billion USD (5). Despite the high
prevalence and the social and economic burden of NIHL, the precise signaling molecules
and pathways that can be targeted to prevent, mitigate, or reverse NIHL remain unknown.

Exposure to different durations and intensities of traumatic noise have revealed different
types of damage at different cochlear cell types. For example, NE for 2 h at 116 dB SPL
or blast exposure causes the loss of hair and supporting cells in the mouse cochlea, as well
as shearing of the basilar membrane (1, 6-8). In contrast, “milder” NE (2 h at 98 dB SPL)
results in the loss of the synapses between inner hair cells and spiral ganglion neurons
(known as hidden hearing loss) and is associated with more subtle auditory deficits, such
as the inability to hear clearly in noisy environments (1, 9-11). While many terminal
events associated with NIHL are known, it remains unclear what specific signaling path-
ways participate in NIHL and whether these pathways could provide new targets for
preventing, mitigating, or reversing NIHL. Here, we examined the associations of zinc
signaling with cochlear dysfunction and recovery after NTHL.

Zinc is essential for life. Most zinc (~90%) is protein-bound and has crucial enzymatic
and structural roles (12, 13). The remaining ~10% of zinc is in an unbound (labile) state
(14) and performs a crucial signaling role (15, 16). In secretory tissues such as the brain,
prostate, and pancreas, labile zinc is loaded in vesicles by the vesicular zinc transporter,
ZnT3 (17-19), which is encoded by the S/c3043 gene (17, 18). Sle3043 gene disruption
leads to the complete absence of labile zinc in the brain (18). In the brain, ~50% of
excitatory synapses in the neocortex contain vesicular zinc, and activity-dependent zinc
release from these vesicles modulates neurotransmission and sensory processing (20-28).
Moreover, dysregulation of labile (ZnT3-dependent) zinc signaling has been implicated
in multiple models of neurodegeneration, including ischemic stroke and optic nerve injury
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(29-31). Namely, labile zinc dysregulation contributes to neuro-
degeneration and limits the regeneration of injured nervous tissue.
Moreover, zinc signaling disruption, by either S/c3043 gene dele-
tion or zinc chelation, leads to improved recovery (30-32). In
spite of the fact that zinc concentrations in the inner ear are the
highest of any organ or tissue in the body (33), zinc signaling has
not been thoroughly investigated in the cochlea.

To investigate the role of labile zinc in the cochlea after noise
trauma and whether its manipulation affects NIHL, we utilized a
recently developed transgenic mouse to examine cell type—specific
Slc30a3 gene expression, in combination with zinc autometallog-
raphy to localize and quantify ZnT3-dependent zinc. Moreover,
we developed a hemagglutinin (HA) epitope-tagged ZnT3-HA
knock-in mouse to localize and measure changes in cochlear ZnT3
protein in baseline conditions and in response to NE. We observed
cell type-specific expression of ZnT3 and labile zinc in the cochlea
and robust zinc and ZnT3 dysregulation after NIHL. Importantly,
when we disrupted zinc signaling genetically and pharmacologi-
cally, and examined the effects of these manipulations on auditory
function, we observed a significant reducing effect on the severity
of NIHL.

Results

ZnT3 and ZnT3-Dependent Zinc Are Expressed and Localized in
Hair Cells and the Spiral Limbus in the Adult Mouse Cochlea.
The cochlear expression pattern of ZnT3, encoded by the
gene S/c3043, is unknown; and this knowledge is crucial for
understanding the role of zinc signaling in NIHL. To determine
the patterns of Sk30a3 gene expression in the adult mouse
cochlea, we employed a recently developed, characterized, and
validated transgenic mouse that expresses tamoxifen-induced Cre
recombinase (CreER™) in Sle30a3-expressing cells (referred to as
ZnT3-CreER'™ mice) (34). We crossed ZnT3-CreER" mice with
a tdTomato reporter line (Ail4) to generate offspring that express
tdTomato in Sk30a3-expressing cells after tamoxifen injection
(ZnT3-CreER"™:Ai14 mice, Fig. 14). We treated 6-wk-old ZnT3-
CreER™:Ai14 mice with tamoxifen daily for 5 consecutive days,
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followed by collection and cryosectioning of their cochlea to
evaluate td Tomato expression. We observed prominent td Tomato
expression in the organ of Corti, the spiral limbus (SL), and
sparsely in the spiral ganglion (Fig. 1A4), consistent with previous
RNAseq studies (35-38). To confirm the tamoxifen-dependence
and selectivity of the tran%enic construct, we evaluated the cochlea
from both ZnT3-CreER’ ":Ai14 mice that were not injected with
tamoxifen (87 Appendix, Fig. S14) and tamoxifen-injected wild-
type (WT):Ail4 mice (8] Appendix, Fig. S1B). Neither of these
mice showed tdTomato fluorescence in the cochlea, supporting
the region-specific and tamoxifen-dependent td Tomato expression
in Sle30a3-expressing cells in the SL, the organ of Corti, and the
spiral ganglion.

Next, we examined the cell-type specificity of Sk3043 gene
expression in the cochlea. In the SL, which is composed of inter-
dental cells and fibrocytes, interdental cells have a defined cytoar-
chitectural appearance and localization along the ridge of the SL
(39, 40). Unfortunately, there are not any well-established anti-
bodies to delineate SL cell types. Nonetheless, we found that
tdTomato-positive cells in the SL do not have either the cytoar-
chitectural appearance or the localization of interdental cells
(Fig. 1A). Thus, it is likely that the observed tdTomato staining
in the SL represents fibrocytes, supporting S/k30a3 gene expression
in SL fibrocytes.

The cochlear spiral ganglion is composed of neuronal cell bodies,
glial cells, and endothelial cells (41, 42). To determine whether the
scattered Slc30a3-expressing tdTomato cells in the spiral ganglion
include spiral ganglion neurons (SGNs), we immunostained cryo-
sections from tamoxifen-induced ZnT3-CreER'%:Ai14 mice with
an antibody against f3-tubulin (Tujl) to label SGNs and their
dendrites and counterstained nuclei with DAPI (Fig. 1 A, Botzom).
We found that tdTomato labeling was not colocalized with Tujl,
suggesting that the S/3043 gene is not expressed in SGNis (Fig. 14).
To further confirm that the $k3043 gene is not expressed in SGN,
we immunostained cryosections from tamoxifen-induced
ZnT3-CreER"*:Ai14 mice with an antibody against neurofilament
(NF-H), which is another marker for SGNs. We observed that
tdTomato labeling was not colocalized with NF-H immunolabeling

OHCs

The S/c30a3 gene is expressed in the spiral limbus (SL), spiral ganglion, and cochlear IHCs and OHCs. (A) Representative image of the midmodiolar

cryostat section of ZnT3-CreER™:Ai14 mouse cochleas with tamoxifen induction. Sections are labeled with tdTomato (S/c30a3 gene expression, red), Tuj1 (SGNs;
green), and DAPI (nuclei; blue). (Scale bar: 100 pm.) (B and C) Representative images of IHCs (B) and OHCs (C) from cochlear whole mounts of ZnT3-CreER™:Ai14
mice labeled with tdTomato (S/c30a3 gene expression; red) and Myo7a (hair cells; green). (Scale bar: 10 um.)
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(81 Appendix, Fig. S1C), confirming that SGNs do not express the
Sle30a3 gene. As such, these results suggest that in the spiral gan-
glion, the /3043 gene is likely expressed by a select population of
glia or endothelial cells, but not neuronal cells.

The organ of Corti is composed of hair cells and a diverse array
of supporting cells (40). To assess cell-type specificity of Slc30a3
gene expression in the organ of Corti, we used an antibody against
Mpyosin VIIa (Myo7a) to immunolabel hair cells in cochlear whole
mounts from tamoxifen-induced ZnT3-CreER'%Ail4 mice
(Fig. 1 Band C). We found robust tdTomato expression in inner
hair cells (IHCs; Fig. 1B) and outer hair cells (OHCs; Fig. 10),
but not other cell types, consistent with previous transcriptomic
studies (37, 38, 43).

Our results from the ZnT3-CreER™%:Ai14 mouse identified
cochlear cells that express the Slc3043 gene but do not address
ZnT3 protein expression patterns (34). To determine ZnT3 protein
localization, we initially utilized commercially available antibodies
for ZnT3 (Materials and Methods). However, none of these anti-
bodies displayed sufficient specificity for cochlea immunolocaliza-
tion. To overcome this limitation, we developed a knock-in mouse
that expresses a human influenza hemagglutinin (HA) epitope tag
at the C terminus of the endogenous S/3043 gene (referred to as
ZnT3-HA mice). Prior to assessing cochlear ZnT3 expression in
the ZnT3-HA mouse, we tested whether the expression pattern of
ZnT3-HA was consistent with previous studies in different brain
areas where ZnT3 expression and labile zinc distribution are
known. We found that the expression pattern and relative levels of
ZnT3-HA in the hippocampus and neocortex are consistent with
established data on ZnT3 expression and labile zinc concentration
and distribution (17, 44, 45) (SI Appendix, Fig. S1D). Furthermore,
to confirm that ZnT3-HA mice accumulate vesicular zinc in the
same regions as wild-type (WT) mice, we performed zinc autom-
etallography (also called Timm stain 46) to stain labile zinc in brain
slices from ZnT3-HA mice. We observed that labile zinc accumu-
lation in ZnT3-HA mice is similar to the ZnT3-HA expression
patterns in ZnT3-HA mice (8] Appendix, Fig. S1 D and E), which

ZnT3-HA mice
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is consistent with findings from WT mice (17, 44, 45), thus con-
firming that ZnT3-HA mice also accumulate labile zinc in the
same regions as WT mice. Finally, to control for potential effects
of this mouse on cochlear function, we assessed auditory brainstem
responses (ABRs) in ZnT3-HA and WT mice. ABR measurements
reflect the coordinated electrical activity of the auditory nerve (wave
I) and ascending auditory brainstem in response to sounds of var-
ying frequency and intensity (47—49). The ABR threshold is the
minimum sound level intensity that evokes an ABR wave I and
reflects hearing threshold. ABR thresholds in ZnT3-HA were not
different from those in WT (S/ Appendix, Fig. S1F), supporting
that tagging ZnT3 with HA did not have any obvious impact on
auditory function.

Having validated the ZnT3-HA mouse, we next assessed ZnT3
protein expression in the cochlea. We observed ZnT3-HA expres-
sion in the SL and organ of Corti (Fig. 24; parvalbumin, PV,
antibody was used to identify hair cells) which is in agreement
with our results from ZnT3-CreER'*:Ai14 mice (Fig. 1 A-C)
and transcriptomic studies (37, 38, 43). We did not observe
ZnT3-HA expression in the spiral ganglion (ST Appendix,
Fig. S1G), suggestmg that the S/c30a3-expressing cells observed
in ZnT3-CreER"%:Ai14 mice either do not produce ZnT3 pro-
tein or produce ZnT3 levels that were below the threshold for
detection in our experiments.

To further investigate ZnT3 expression in the organ of Corti,
we immunostained cochlear whole mounts from 6-wk-old
ZnT3-HA and WT mice. We determined that both IHCs (Fig. 2B)
and OHG:s (Fig. 2C) expressed ZnT3-HA. ZnT3-HA expression
showed a punctate pattern that was distributed throughout the
soma. In the brain, ZnT3 is associated with presynaptic vesicles.
To determine whether ZnT3-HA localization in IHCs corresponds
to presynaptic ribbon synapses, we labeled presynaptic IHC ribbon
synapses with an anti-C-terminal-binding protein 2 antibody
(CtBP2). We did not observe any colocalization between ZnT3-HA
and CtBP2 (S Appendix, Fig. S1H), supporting that ZnT3-HA

is not associated with synaptic vesicles in IHCs.

D Stereocilia

C  oHc soma

Fig. 2. ZnT3 protein is expressed in the SL and cochlear IHCs and OHCs. (A) Representative image of the midmodiolar cryostat section of ZnT3-HA mouse
cochleas. Sections are immunolabeled for the HA tag (ZnT3-HA; red) and parvalbumin (hair cells; green), and nuclei are counterstained with DAPI (nuclei; blue).
(Scale bar: 100 pm.) (B and C) Representative images of IHCs (B) and OHCs (C) from cochlear whole mounts of ZnT3-HA mice immunolabeled for the HA tag
(ZnT3-HA; red) and parvalbumin (hair cells; green). (Scale bar: 10 um.) (D) Single plane confocal image of the stereocilia of IHCs and OHCs from cochlear whole
mounts of ZnT3-HA mice labeled for the HA tag (ZnT3-HA; red) and dyed with phalloidin (stereocilia; green). (Scale bar: 10 um.) For all representative images,

similar results were obtained in at least three independent samples.
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IHCs and OHC:s are crowned by actin-rich stereocilia, which
are crucial for mechanotransduction of sound (50). By labeling
the stereocilia with phalloidin, we observed that ZnT3-HA is also
localized to the stereocilia of OHCs, but not IHCs (Fig. 2D and
Discussion). Given that ZnT3 is a transmembrane protein, this
result suggests that ZnT3 localizes to the plasma membrane of
stereocilia in OHC:s. This is in contrast to previous studies in other
areas supporting that ZnT3 is typically located on vesicles (45,
51); and to our knowledge, there are no vesicles in hair cell stere-
ocilia (Discussion). In WT mice that lack the HA tag, no HA-tag
immunolabeling was observed (S Appendix, Fig. S11), supporting
the specificity of our experimental approach. Together, these
results demonstrate that ZnT3 is expressed in subsets of cells in
the cochlea, including THCs, OHC:s, and fibrocytes in the SL.

Next, we addressed where labile zinc resides in the cochlea. In
the brain, localization of the mRNA that encodes ZnT3 is con-
sistent with histochemically stained zinc (17, 52). We labeled labile
zinc with Timm staining (46) in cochlear whole mounts from
wild-type (WT) mice and mice with Slc30a3 gene deletion
(ZnT3-KO), which lack ZnT3 protein and labile zinc (18).
Consistent with ZnT3 protein localization, we found that labile
zinc is localized to hair cells. In OHCs, labile zinc displays a
stereocilia-like pattern and diffuse staining throughout the cell
body (Fig. 34). We did not observe any zinc staining in the OHCs
of ZnT3-KO mice (Fig. 3B). Additionally, zinc staining was
observed throughout the cell body of IHCs of WT mice (Fig. 3C)
and was absentin ZnT3-KO mice (Fig. 3D). No obvious stereocilia-
like zinc staining pattern was apparent in IHCs. We also observed
zinc staining in the SL, which was most prominent in the area
adjacent to the inner sulcus that contains fibrocytes (39, 40)
(Fig. 3E). Labile zinc staining was not detected in the SL of
ZnT3-KO mice (Fig. 3F). In the spiral ganglion, we did not observe
any differences in the Timm staining between WT and ZnT3-KO
mice, but we saw signal in the ZnT3-KO spiral ganglion
(81 Appendix, Fig. S1)). Thus, although the similarity between WT
and ZnT3-KO mice is consistent with the lack of ZnT3-dependent
zinc in this area and the lack of ZnT?3 protein in the spiral ganglion
(81 Appendix, Fig. S1G), the Timm signal in the ZnT3-KO mice
reduces our confidence in assessing mobile zinc in the spiral gan-
glion. Taken together, these results indicate that IHC, OHCs, and
SL display prominent ZnT3-dependent labile zinc signal, consistent
with $/c30a3 gene and ZnT3 protein expression in these cochlear
cell types and areas (Figs. 1 and 2).

Loud Noise Exposure Causes Dysregulation of Labile Zinc and
ZnT3 Levels in the Cochlea. Although dysregulated zinc signaling
has been implicated in tissue degeneration associated with trauma,
such as optic nerve crush (31) and ischemic stroke (29), it is
unknown whether zinc signaling is altered and potentially involved
in noise trauma-induced cochlear degeneration. To address this
question, we bilaterally exposed unanesthetized mice to 100 dB
SPL 8 to 16 kHz noise for 2 h (S Appendix, Fig. S2A), which
causes cochlear damage and hearing threshold shifts, as assessed
by ABR measurements at 1 d and 14 d after noise trauma (8, 53,
54) (81 Appendix, Fig. S2 B and C). We then evaluated zinc and
ZnT3 levels and localization at different time points after noise
trauma. We observed a profound increase and redistribution of
zinc in the cochlea (zinc dysregulation), relative to sham-exposed
(SE) mice 1 d after NE. Whereas labile zinc was primarily
observed in a stereocilia-like arrangement in OHCs of SE-mice
(Fig. 4 A, Top), NE led to a striking increase and redistribution
of zinc throughout the cell body of the OHC:s (Fig. 4 A, Bottom,
quantified in Fig. 4B). Moreover, NE led to a marked increase
of zinc in the IHC: relative to SE mice (Fig. 4 £ and F). Finally,
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Fig.3. ZnT3-dependentzincis presentin cochlear OHCs and IHCs and the SL.
(A) Representative Timm stained cochlear whole mount of the OHC region
from the WT mouse. Green circles indicate approximate OHC cell bodies. (Scale
bar: 10 um.) (B) Representative Timm stained cochlear whole mount of the
OHC region from the ZnT3-KO mouse. Green circles indicate approximate
OHC cell bodies. (Scale bar: 10 um.) (C) Representative Timm stained cochlear
whole mount of the IHC region from the WT mouse. The red circle indicates
approximate IHC cell body. (Scale bar: 10 um.) (D) Representative Timm
stained cochlear whole mount of the IHC region from the ZnT3-KO mouse.
The red circle indicates approximate IHC cell body. (Scale bar: 10 um.)
(E) Representative midmodiolar Timm stained microtome section of the SL
region from the WT mouse. (Scale bar: 50 um.) (F) Representative midmodiolar
Timm stained microtome section of the SL region from the ZnT3-KO mouse.
(Scale bar: 50 um.) For all representative images, similar results were obtained
in at least three independent samples.

NE caused a similar elevation and broader distribution in the SL
relative to SE mice (Fig. 4 7 and /). These results support robust
mobile zinc dysregulation in hair cells and the SL 1 d after NE.

To determine whether the observed zinc dysregulation is
ZnT3-dependent, we investigated the effect of NE on the levels
and localization of zinc in ZnT3-KO mice. Consistent with our
previous results (Fig. 3), we did not observe any zinc staining in
cither SE- or NE-mice in either OHCs (8] Appendix, Fig. S3A),
IHCs (81 Appendix, Fig. S3D), or the SL (SI Appendix, Fig. S3G).
These results support the ZnT3-dependence of the dysregulation
of cochlear labile zinc after NE (Discussion).

To determine whether noise trauma-induced zinc dysregulation
was associated with concurrent changes in ZnT3 protein levels,
we immunostained cochlea cryosections and whole mounts from
NE ZnT3-HA mice. We observed an increase in ZnT3-HA levels
in IHC:s (Fig. 4 Cand D), OHC:s (Fig. 4 G and H) and SL (Fig. 4
Kand L) of NE mice relative to SE mice. Consistent with the lack
of ZnT3-HA staining in the spiral ganglion in control conditions
(SI Appendix, Fig. S1G), we did not observe any ZnT3-HA stain-
ing in the spiral ganglion of ZnT3-HA mice after either SE or NE
(SI Appendix, Fig. S3]). To control for potential effects of the HA
tag on ZnT3-dependent zinc distribution, we investigated the
localization and noise-induced dysregulation of labile zinc in coch-
lear whole mounts from ZnT3-HA mice 1 d after SE or NE. We
found similar localization and noise-induced dysregulation of

pnas.org
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Fig. 4. Noise exposure dysregulates ZnT3 and labile zinc in the cochlea. (A) Representative Timm stains from wild-type cochlea whole mount in the OHCs 1
d after SE (Top) and NE (Bottom). (Scale bar: 10 um.) (B) Quantification of zinc staining in OHC region after SE and NE in WT mice (P = 0.0004, n = 3 mice/group).
(C) Representative image of OHCs from cochlear whole mounts of ZnT3-HA mice 1 d after SE (Top) and NE (Bottom) showing ZnT3-HA staining (red). Hair cells
are labeled with anti-parvalbumin antibody (green). (Scale bar: 10 um.) (D) Quantification of ZnT3-HA immunofluorescence in the OHC region 1 d and 14 d after
SE and NE in ZnT3-HA mice (SE vs. 1 d post-NE, P = 0.0345; 1 d vs. 14 d, P = 0.0484; n = 4 mice/group). (E) Representative Timm stains from wild-type cochlea
whole mount in the IHCs 1 d after SE (Top) and NE (Bottom). (Scale bar: 10 um.) (F) Quantification of zinc staining in the OHC region after SE and NE in WT mice
(P=0.0115, n = 3 mice/group). (G) Representative image of IHCs from cochlear whole mounts of ZnT3-HA mice 1 d after SE (Top) and NE (Bottom) showing ZnT3-
HA staining (red). Hair cells are labeled with anti-parvalbumin antibody (green). (Scale bar: 10 um.) (H) Quantification of ZnT3-HA immunofluorescence in the
IHC region 1 d and 14 d after SE and NE in ZnT3-HA mice (SE vs. 1 d, P=0.0206; 1 d vs. 14 d, P = 0.0332; n = 4 mice/group). (/) Representative Timm stains of the
SL region from WT mouse cochlea microtome sections 24 after SE (Top) or NE (Bottom). (Scale bar: 50 um.) (/) Quantification of zinc staining in SL after SE and NE
in WT mice (P = 0.0075, SE n = 3, NE n = 4). (K) Representative image of ZnT3-HA stains (red) in SL 1 d after SE (Top) and NE (Bottom). Nuclei are counterstained
with DAPI (blue). (Scale bar: 50 um.) (L) Quantification of ZnT3-HA immunofluorescence in SL 1 d and 14 d after SE and NE in ZnT3-HA mice (SE vs. 1 d, P=0.0398;
1dvs.14d, P=0.0471; n = 4 mice/group). Quantified data are shown as mean + SEM. For statistical details, see S/ Appendix, Table S1.

labile zinc in ITHCs and OHCs, indicating that labile zinc dysreg-
ulation in the cochlea is not affected by the HA epitope tag
(SI Appendix, Fig. S3 K and L). Together, these results indicate
that NE leads to an increase (and dysregulation) in labile zinc and
ZnT3 protein levels in hair cells and the SL 1 d after NE and
suggest that elevated ZnT3 levels are associated with labile zinc
dysregulation in these areas.

To evaluate whether the elevation in ZnT3-HA protein levels
persists after NE, we collected and immunostained cochleas from
7ZnT3-HA mice 14 d after NE. We found that 14 d after NE,
ZnT3-HA levels in hair cells (Fig. 4 D and H and SI Appendix,
Fig. S3 C and F for representative images) and the SL (Fig. 4L
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and ST Appendix, Fig. S31 for representative images) were not dif-
ferent than 14 d after SE, indicating that ZnT3 protein levels
return to baseline after the initial increase in expression.

To quantify cochlea-wide changes in native ZnT?3 protein levels
after NE, we performed western blot analysis on protein samples
1 d after NE or SE in ZnT3-KO and WT mice. We observed two
ZnT3-immunoreactive bands in cochleas from WT mice, at 42
kDa and 84 kDa, which are absent in the ZnT3-KO mice
(SI Appendix, Fig. S44). In NE mice, we observed an increased
total amount of cochlear ZnT3 protein levels (S/ Appendix, Fig. S4
A and B), which was primarily due to an increase in the intensity

of the 84 kDa, but not 42 kDa, ZnT3 band (87 Appendix, Fig. S4
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C and D). The increase in the 84 kDa ZnT3 band is consistent  Slc30a3 gene deletion does not affect hearing thresholds. One day
with an increase in ZnT3 dimerization after NE, although we  after NE, WT mice displayed elevated ABR thresholds, consistent
cannot safely conclude that this band represents a ZnT3 dimer ~ with previous work (8, 53, 54) (Fig. 5B, three-way ANOVA). To

(Discussion). Taken together, NE causes a profound increase and evaluate potential effects of Skc30a3 gene deletion (as frequency
redistribution of ZnT3-dependent zinc and ZnT3 in the cochlea, ~ had no effect), we averaged threshold shifts across frequencies and
both in the organ of Corti and the SL. used a 2-way ANOVA. We found that §/3043 gene deletion did

not affect ABR threshold shifts 1 d after NE (Fig. 5 B and C).
ZnT3 Knockout Due to S/c30a3 Gene Deletion Mitigates NIHL. When we evaluated ABR threshold shifts 14 d after NE, we found
To investigate whether the trauma-induced dysregulation of zinc that ABR threshold shifts were significantly higher in NE than
signaling contributes to NIHL, we compared ABRs from 6- to SE mice, demonstrating a long-lasting threshold shift (Fig. 5D).
8-wk old WT and ZnT3-KO mice (Fig. 54). We found that To explore the effects of Sle30a3 gene deletion at 14 d after NE,
neither baseline ABR thresholds nor ABR Wave I amplitudes we averaged threshold shifts across frequencies and found that
were different between mice with S/c3043 gene deletion (ZnT3-  threshold shifts in ZnT3-KO NE-mice were significantly reduced
KO) and WT mice (87 Appendix, Fig. S5 A-C), suggesting that compared to WT NE-mice (Fig. 5E). Because both WT and KO
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Fig.5. ZnT3 knockout due to Slc30a3 gene deletion mitigates cochlear dysfunction after NE. (A) Experimental design. Baseline ABRs and DPOAEs were recorded
from WT and ZnT3-KO mice prior to SE or NE (100 dB SPL, 8 to 16 kHz for 2 h). ABRs and DPOAEs were again measured 1 d and 14 d post-NE and -SE. (B) Average
ABR threshold shifts 1 d after NE or SE in WT (black) and ZnT3-KO (red) mice. (n = 17 WT+NE, 15 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). (C) ABR threshold shifts
from (B) averaged across frequencies 1 d after NE. (Noise x Genotype Interaction P =0.5609; n = 17 WT+NE, 15 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). (D) Average
ABR threshold shifts 14 d after NE or SE in WT (black) and ZnT3-KO (red) mice. (n = 17 WT+NE, 15 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). (E) ABR threshold shifts
from (D) averaged across frequencies 14 d after NE. ZnT3-KO mice ABR threshold shifts are significantly smaller than WT mice after NE (WT+NE vs. ZnT3-KO+NE
*P=0.0061; n=17 WT+NE, 15 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). (F) Average DPOAE threshold shifts 1 d after NE or SE in WT (black) and ZnT3-KO (red) mice.
(n =8 WT+NE, 8 ZnT3-KO+NE, 4 WT+SE, 4 ZnT3-KO+SE). (G) DPOAE threshold shifts from (F) averaged across frequencies 1 d after NE. ZnT3-KO mice DPOAE
threshold shifts are significantly smaller than WT mice after NE (WT+NE vs. ZnT3-KO+NE, *P = 0.0049; n = 8 WT+NE, 8 ZnT3-KO+NE, 4 WT+SE, 4 ZnT3-KO+SE).
(H) Average DPOAE threshold shifts 14 d after NE or SE in WT (black) and ZnT3-KO (red) mice. (n =8 WT+NE, 9 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). (/) DPOAE
threshold shifts from (H) averaged across frequencies 14 d after NE. ZnT3-KO mice DPOAE threshold shifts are significantly smaller than WT mice 14 d after
NE (WT+NE vs. ZnT3-KO+NE, *P = 0.0344; n = 8 WT+NE, 9 ZnT3-KO+NE, 6 WT+SE, 6 ZnT3-KO+SE). Data are shown as mean + SEM. For statistical details, see
Sl Appendix, Table S1.
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mice showed robust, similar threshold shifts 1 d after NE, but
ZnT3-KO mice showed reduced threshold shifts compared to
WT mice 14 d after NE, these results suggest that Slc3043 gene
deletion, leading to ZnT3 knockout, does not alter the initial
effects of NE (1 d) but likely enhances the recovery (14 d) of
cochlear function following NE (Discussion).

Consistent with reduced threshold shifts in ZnT3-KO compared
to WT mice, we found significantly higher ABR Wave I amplitudes
in ZnT3-KO relative to WT mice at both 1 d and 14 d post-NE
(SI Appendix, Fig. S5 D and E). Finally, we did not find any dif-
ference in the Wave IV/I ratio (gain) between WT and ZnT3-KO
mice either before or 1 d after and 14 d after NE, suggesting that
changes in brainstem gain in response to NE likely do not con-
tribute to the enhanced recovery of cochlear function following
NE in ZnT3-KO mice (S Appendix, Fig. S5 F-H).

While ABR threshold shifts assess overall cochlear output via
the auditory nerve, distortion product otoacoustic emissions
(DPOAE:) are a correlate of OHC health and function (55, 56).
DPOAE: refer to the weak sounds that can be recorded from the
ear canal in response to stimuli after amplification by OHCs. As
such, DPOAEs assess the function of OHCs. We recorded
DPOAEs in WT and ZnT3-KO mice (Fig. 54). Baseline DPOAE
thresholds were not different between WT and ZnT3-KO mice
(SI Appendix, Fig. S5 I'and /). One day after NE, both ZnT3-KO
and WT mice showed elevated DPOAE thresholds, with no fre-
quency effect (Fig. 5F). However, the threshold shift was lower in
ZnT3-KO NE-mice at 1 d after NE compared to WT NE-mice,
when averaged across frequencies, suggesting that Slc3043 gene
deletion mitigates the initial, 1 d after noise trauma, damage to
OHC function (Fig. 5G). Furthermore, we found that DPOAE
threshold shifts from ZnT3-KO mice were lower 14 d after NE
relative to WT mice (Fig. 5 H-/). These results indicate that
Sle30a3 gene deletion mitigates the damage of cochlear OHCs as
assessed 1 d after noise trauma and that this protection is consist-
ent with improved OHC function up to 14 d after NE.

ZnT3 Knockout Due to S/c30a3 Gene Deletion Mitigates Noise-
Induced Cochlear Synapse Loss. To investigate the anatomical
basis of the protection and enhanced recovery of ABR and DPOAE
threshold shifts in ZnT3-KO mice after NE, we performed
immunohistochemical analysis of the cochlea from WT and ZnT3-
KO mice. We did not observe any loss of IHCs or OHCs along
the cochlear frequency axis (8 kHz-32 kHz) in WT or ZnT3-KO
mice 1 d or 14 d after NE (87 Appendix, Fig. S5 K—N), suggesting
that the observed threshold shifts are not due to hair cell loss.
NE causes cochlear synapse loss (synaptopathy), i.e., the loss of
synapses between IHCs and SGN peripheral axons, known as rib-
bon synapses (9, 10). Each SGN forms a single ribbon synapse with
one IHC (57), and each IHC forms synapses with 5 to 30 SGN,
depending on the location along the cochlear frequency axis. To
evaluate whether noise-induced zinc dysregulation contributes to
synaptopathy, we quantified ribbon synapse numbers in WT and
ZnT3-KO SE- and NE-mice. We labeled presynaptic IHC ribbon
synapses with an anti-CtBP2 antibody (Fig. 6 A-D) and postsyn-
aptic glutamate AMPA receptors with an anti-GluR2 antibody
(GluR2, Fig. 6 A-D). We then determined the number of intact
ribbon synapses by quantifying the number of adjacent/overlapping
CtBP2 and GluR2 puncta in regions of the cochlea that correspond
to the tested ABR and DPOAE frequencies, (i.e., 8, 12, 16, 24,
and 32 kHz). Cochleas from SE WT and ZnT3-KO mice displayed
similar numbers of ribbon synapses per IHC (Fig. 6 4, B, and £
open circles), suggesting that S/30a3 gene deletion does not affect
baseline cochlear synapse density. Consistent with previous studies
(9, 10), 1 d after NE, we observed a 50% loss of intact ribbon
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Fig.6. ZnT3 knockout due to S/c30a3 gene deletion mitigates noise-induced
cochlear synaptopathy. (A-D) Representative maximum projection images of
cochlear whole mount IHCs from the 32 kHz region of cochleas. Whole mounts
are labeled with Myo7a (blue), CtBP2 (red), and GIuR2 (green). This staining
protocol allows for the identification of IHCs (blue somata with red nuclei) and
presynaptic ribbon synapses (red puncta) with their postsynaptic glutamate
receptor patches (green puncta). Ribbon synapses are considered intact only
when presynaptic red puncta are adjacent to postsynaptic green puncta.
(A and B) Representative images of two IHCs from SE WT (A) and ZnT3-KO
(B) mice showing the baseline number of intact ribbons/IHC. (C and D)
Representative hair cells from WT (C) and ZnT3-KO (D) mouse whole mounts
1d after NE. (Scale bars: 10 um.) (F) Quantification of the average intact ribbon
synapses/IHC across cochlear frequencies (8, 12, 16, 24, and 32 kHz) in all
groups (SE vs. NE, WT vs. ZnT3-KO) 1 d post-NE. Data in (£) are separated
by genotype in (F). (F) Average intact ribbon synapses/IHC 1 d post-NE or
-SE separated by genotype. WT mice (Left, black) have significantly reduced
ribbons/IHC at high-frequency regions of the cochlea (24 to 32 kHz). ZnT3-KO
mice (Right, red) do not have reduced ribbons/IHC at any measured cochlear
region (*P < 0.05 for post hoc t test between SE and NE at specified frequency;
n = 3/group). (G) Average intact ribbon synapses/IHC across cochlear
frequencies (8, 12, 16, 24, and 32 kHz) in all groups (SE vs. NE, WT vs. ZnT3-KO)
14 d post-NE. Data in (G) are separated by genotype in (H). (H) Average intact
ribbon synapses/IHC 14 d post-NE or -SE separated by genotype. WT mice (Left,
black) have significantly reduced ribbons/IHC at high-frequency regions of the
cochlea (24 to 32 kHz). ZnT3-KO mice (Right, red) do not have reduced ribbons/
IHC at any measured cochlear region (*P < 0.0001 for post hoc ¢ test between
SE and NE at specified frequency; n NE = 5/genotype, SE = 3/genotype). Data
are shown as mean + SEM. For statistical details, see S/ Appendix, Table S1.
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synapses per [HC in WT mice in high-frequency areas of the coch-
lea (Fig. 6 A, C, E, and Fblack, note that the data in £ are separated
by genotype in F). In contrast, NE did not reduce the number of
intact ribbon synapses in ZnT3-KO mice (Fig. 6 B, D, E, and F
red), suggesting that S/c3043 gene deletion mitigates noise-induced
synaptopathy.

To test whether the protection of ribbon synapses in ZnT3-KO
mice persists after NE, we analyzed ribbon synapses 14 d after NE
or SE. We found that in WT mice, the reduction in intact ribbon
synapses persisted 14 d after NE (Fig. 6 G and H, black, note that
the data in G are separated by genotype in H). In contrast, 14 d after
NE, ZnT3-KO mice did not show a significant reduction in ribbon
synapses (Fig. 6 G and H, red). These results indicate that elimina-
tion of ZnT3-dependent zinc signaling protects against ribbon syn-
apse loss after NE and suggest that dysregulated labile zinc signaling
likely contributes to NE-induced cochlear synaptopathy.

Zinc Chelation Mitigates NIHL. Constitutive ZnT3-KO mice lack
ZnT3 from birth, which could impact the development of the
cochlea and/or lead to changes in other signaling pathways that
might affect the impact of ZnT3 deletion after NE. To determine
whether the NIHL mitigation in ZnT3-KO mice is due to an
acute lack of zinc signaling in adult mice, and to test whether zinc
chelation protects against NIHL, we dissolved TPEN, a membrane-
permeable high-affinity zinc chelator (58), in a hydrogel (poloxamer
407, Otonomy) to slowly deliver TPEN through the round window
of the cochlea (see Materials and Methods for details). Two days
before noise trauma, we surgically applied the hydrogel in mice,
containing either TPEN (TPEN surgery ear) or vehicle (vehicle
surgery ear). The contralateral ear was untreated and was used as
a control for potential effects of surgery on hearing thresholds.
Mice were allowed to recover for 2 d and then were bilaterally
exposed to noise. We recorded ABRs and DPOAE:s, before surgery,
2 d postsurgery but before NE, and again at 1 d and 14 d after
NE (Fig. 7A4). ABRs and DPOAE:s were also measured from the
contralateral ear, which did not receive surgery (vehicle control
ear and TPEN control ear). We found that surgery resulted in
a small but significant increase in ABR and DPOAE threshold
shifts (87 Appendix, Fig. S6 A and B), but there was no significant
difference between TPEN- and vehicle-treated mice after surgery
(SI Appendix, Fig. S6 A and B), suggesting that surgical application
of TPEN does not affect hearing thresholds shifts due to surgery.
We next assessed the effect of TPEN on ABR threshold shifts 1
d after NE. We found that the TPEN surgery ears had significantly
lower ABR threshold shifts than vehicle surgery ears (Fig. 7B,
three-way ANOVA). Note that we did not average across frequen-
cies, as in Fig. 5, because we found a significant effect of frequency
(81 Appendix, Table S1). These data suggest that surgical application
of TPEN is protective against noise-induced ABR threshold shifts
1 d after NE. When ABRs were assessed 14 d post-NE, we found
that TPEN surgery ears had reduced ABR threshold shifts compared
to vehicle surgery ears (Fig. 7C), suggesting that this protection can
last at least 14 d post-NE. We did not find any difference in the
Wave IV/I ratio between vehicle- and TPEN-treated mice either at
1 d or 14 d after NE, suggesting that changes in brainstem gain in
response to NE likely do not contribute to the enhanced protection
of ABR threshold shifts by TPEN (57 Appendix, Fig. S6 Cand D).
To assess OHC function in these mice, we next measured DPOAE
threshold shifts at 1 d and 14 d after NE. In contrast to ABRs,
DPOAE threshold shifts were not affected by local TPEN application
1 d post-NE (Fig. 7D). However, 14 d after NE DPOAE threshold
shifts were smaller in the TPEN surgery ears compared to the vehicle
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Fig. 7. Cochlear zinc chelation with TPEN prior to NE promotes protection
and recovery of hair cell function after NE. (A) Experimental design of surgical
application of TPEN or vehicle (5% ethanol in 1x PBS) in the cochlea via round
window infusion. (B) ABR threshold shifts 1 d post-NE. Ears that received TPEN
have smaller ABR threshold shifts than ears that received Vehicle and ears that
did not receive surgery (Interaction Surgery x Drug Treatment: *P = 0.0263;
n =8 Veh Surgery Ear, 9 TPEN Surgery Ear, 7 Veh Control Ear, 9 TPEN Control
Ear). (C) ABR threshold shifts 14 d post-NE. Ears that received TPEN have
smaller ABR threshold shifts than ears that received Vehicle and ears that did
not receive surgery (Interaction Surgery x Drug *P = 0.0059; n = 7 Veh Surgery
Ear, 9 TPEN Surgery Ear, 7 Veh Control Ear, 9 TPEN Control Ear). (D) DPOAE
threshold shifts 1 d post-NE. TPEN application did not affect DPOAE threshold
shifts 1 d post-NE (Interaction Surgery x Drug Treatment P=0.3013; n =7 Veh
Surgery Ear, 9 TPEN Surgery Ear, 7 Veh Control Ear, 9 TPEN Control Ear). (E)
DPOAE threshold shifts 14 d post-NE. Ears that received TPEN have smaller
DPOAE threshold shifts than ears that received Vehicle and ears that did not
receive surgery (Interaction Surgery x Drug Treatment P = 0.0373; n = 7 Veh
Surgery Ear, 9 TPEN Surgery Ear, 7 Veh Control Ear, 9 TPEN Control Ear). Data
are shown as mean + SEM. For statistical details, see S/ Appendix, Table S1.
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surgery ears (Fig. 7E). These results suggest that local chelation of
zinc with TPEN enhances the recovery of OHC function after NE.

To control for the effects of surgical manipulation on zinc
chelator-enhanced protection and recovery of hearing thresholds,
we additionally evaluated post-NE ABRs and DPOAE: in control
ears. At both 1 d after NE and 14 d after NE, we found that vehicle
surgery ears were not significantly different from vehicle control
ears in either ABR (Fig. 7 B and C) or DPOAE threshold shifts
(Fig. 7 D and E), suggesting that the surgical intervention itself
does not affect either the protection or recovery of hearing thresh-
olds after noise trauma. Finally, control TPEN ears were not differ-
ent from vehicle control ears suggesting that TPEN application
does not affect either the protection or recovery of hearing thresh-
olds in the contralateral after noise trauma (Fig. 7 B—E). Together,
these results support that cochlear application of TPEN prior to
noise trauma enhances the protection of overall peripheral function
(ABRs at 1 d post-NE) and the recovery of OHC function
(DPOAE:s at 14 d post-NE) and thus mitigates NIHL.

To examine the effect of cochlear zinc chelation on synaptopathy,
we performed cochlea histological evaluation in TPEN-treated
mice. We found that round window TPEN treatment had no sig-
nificant effect on noise-induced synaptopathy (S7 Appendix, Fig. S6
E-)). These data are in contrast with ZnT3-KO mice, which
showed protection against cochlear synaptopathy, suggesting that
either the level of zinc chelation was not sufficient to protect against
synaptopathy, or that $/c3043 gene germline deletion, leading to
ZnT3 knockout, affects additional mechanisms compared to acute
zinc signaling disruption in adult mice (Discussion).

To investigate whether systemic chelation of zinc signaling miti-
gates NIHL, we performed additional experiments in which we
treated WT mice with intraperitoneal injection (i.p.) of TPEN (10
mg/kg) or vehicle (5 % ethanol in 0.9% saline) 3 h prior to, imme-
diately after, and once a day for 4 d after SE or NE (S7 Appendix,
Fig. S7A4). One day after NE, we found that ABR and DPOAE
threshold shifts were not affected by systemic TPEN treatment, com-
pared to vehicle treatment (S Appendix, Fig. S7 B, C, F, and G).
However, 14 d after NE, we found that TPEN-
treated mice had lower ABR and DPOAE threshold shifts relative to
vehicle-treated mice (ST Appendix, Fig. S7 D, E, H, and 1), suggesting
that a systemic reduction of zinc signaling in adult mice contributes
to enhanced recovery of cochlear function after NE. We did not find
any difference in the Wave IV/I rato between vehicle- and
TPEN-treated mice either at 1 d or 14 d after NE, suggesting that
changes in brainstem gain in response to NE likely do not contribute
to the enhanced recovery of cochlear function by systemic TPEN
administration (SI Appendix, Fig. S8 A and B). As with cochlear zinc
chelation, systemic zinc chelation had no significant effect on synap-
topathy (87 Appendix, Fig. S8 C-H). To confirm that i.p. TPEN
chelates cochlear zinc, we performed Timm staining in the cochlea
from mice treated with TPEN or TPEN that was presaturated with
zinc. We observed reduced zinc staining in the cochlea from mice
treated with TPEN compared to the cochlea from mice treated with
presaturated TPEN, indicating thati.p. TPEN treatment reduced the
amount of labile zinc in the cochlea (SI Appendix, Fig. S8 I-L).
Together, these data suggest that systemic application of TPEN has
preventive therapeutic effects similar to surgical application in the
cochlea. Importantly, these data support that either cochlear or sys-
temic disruption of zinc signaling with a zinc chelator mitigate NTHL.

Discussion

Here, we demonstrated that labile zinc and ZnT3 are localized to
specific subsets of cochlear cells; noise trauma induces dysregulation
of cochlear zinc signaling; and disruption of zinc signaling mitigates
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NIHL. These results highlight zinc signaling as a potential target
for preventing and mitigating NIHL.

Mechanisms of Zinc-Mediated Toxicity in the Cochlea. ZnT3-
dependent increases in labile zinc contribute to neurodegeneration
in models of optic nerve crush, seizures, and stroke (31, 59-61).
Importantly, zinc chelation can limit the extent of neural damage
and enhance recovery in these models (30-32). In particular, retinal
ganglion cells display reduced cell death and increased axonal
regrowth following zinc chelation (31, 32). Our results in the cochlea
complement and expand on the importance of zinc chelation in
preventing damage and enhancing recovery from trauma.

While our study supports the notion that either zinc chelation
or ZnT3 knockout due to §/c30a3 gene deletion enhance recov-
ery of cochlear function after noise trauma and thus mitigate
NIHL, it does not address either the mechanisms underlying
cochlear damage or how zinc chelation mitigates this damage.
In terms of mechanisms, the generation of reactive oxygen spe-
cies (ROS) has been implicated in the pathology of NIHL (1,
62-65). Likewise, zinc homeostasis and deleterious zinc signal-
ing are closely associated with the generation of ROS (66-69).
While tight regulation of zinc signaling is critical for combating
oxidative damage, zinc dysregulation is a prominent contributor
to pathological signaling cascades that lead to increased ROS
generation, such as NADPH oxidase and 12-LOX signaling
pathways (66, 67). Abnormal zinc accumulation is also associ-
ated with mitochondrial dysfunction, which induces excessive
ROS generation (70, 71). Moreover, ZnT3-KO mice and mice
treated with zinc chelators show reduced ROS formation under
conditions of hypoglycemia (72, 73), indicating that ZnT3-
dependent zinc can contribute directly to oxidative stress under
toxic conditions. Oxidative stress is also associated with increased
ZnT3 dimerization/oligomerization and vesicular targeting (74).
While we did not assess potential changes in the vesicular ZnT3
localization after noise trauma, our Western blot data support
an increase in the 84 kDa ZnT3-immunoreactive band, which
is consistent with increases ZnT3 dimerization (S/ Appendix,
Fig. S4 B-D), although we note that molecular weight equiva-
lence to two putative ZnT3 monomers does not prove ZnT3
dimerization. Taken together, although we did not explore the
mechanism of zinc-related pathology in this study, we propose
that a noise-induced increase and dysregulation of labile zinc
contributes to and/or interacts with excessive ROS generation
in NIHL. Further studies simultaneously investigating molecular
markers of oxidative stress, and ZnT3 and labile zinc dynamics
will be critical to determine how they are linked in the context
of NIHL.

Another common pathological mechanism linked to dysreg-
ulation of intracellular zinc is the zinc-dependent increased mem-
brane insertion of Kv2.1 channels, which are important for
regulating potassium flow out of hair cells (75). This abberant
insertion of Kv2.1 channels leads to changes in potassium efflux
and eventual apoptotic signaling (76). Although we did not
observe any effects of cell death, hair cell loss often occurs later
than 2 wk after acoustic trauma, even when hair cell function is
impaired immediately after NE (77-79). As our studies were
limited to 2 wk after noise trauma, our data cannot rule out the
possibility of hair cell death that may occur later than 2 wk after
noise-induced zinc dysregulation. Future experiments investi-
gating molecular markers of degenerative signaling pathways,
such as Kv2.1 membrane insertion, and the long-term effects of
zinc dysregulation on cochlear histopathology may further elu-
cidate the cytotoxic mechanisms that are activated by noise-
induced zinc dysregulation.
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Intracellular, Intercellular, and Extracellular Cochlear Zinc
Dysregulation after Noise Trauma. Although our studies
support the concept that ZnT3-dependent labile zinc is a critical
contributor to the overall dysregulation of zinc signaling, zinc
from other intracellular, intercellular, and extracellular sources
likely contributes to zinc-dependent cochlear degeneration. At
present, 24 zinc transporters (ZnTs and ZIPs) have been identified,
which work in concert along with zinc-buffering metallothioneins
(MTs) to tightly regulate the concentration and distribution of
zinc. Zinc cannot be synthesized by cells, and yet we observe an
increase in labile zinc following NE (Fig. 4). Most of the zinc
in all cells is tightly bound to proteins and cannot be stained/
detected with Timm staining, which only stains unbound (mobile)
zinc (18, 46). However, cellular stress and other factors can cause
liberation of protein-bound zinc from MTs and thus can lead to
increased mobile zinc staining (dysregulation), without changes in
total zinc levels (80, 81). Thus, the increase in labile zinc staining
after noise trauma likely reflects an increase in unbound labile
zinc not necessarily associated with changes in total zinc level.
In this context, we view ZnT3-dependent zinc as a trigger for
the initiation of zinc liberation/mobilization and subsequent
mobile zinc dysregulation. In other areas, insult-induced zinc
dysregulation can be ZnT3-dependent, as evidenced in the retina
(31), or ZnT3-independent, as evidenced in the forebrain (82).
In the cochlea, we propose that zinc dysregulation following noise
trauma is induced by a ZnT3-dependent process, but it likely
includes changes in additional other sources of intracellular zinc,
as well.

Additionally, labile zinc can be mobilized between cells after
noise trauma, as has been demonstrated in the retina following
optic nerve crush (31). If intercellular mobilization of zinc does
occut, one potential source for increased labile zinc in hair cells
could be the SL fibrocytes. However, we do not know whether
zinc released from SL fibrocytes can access the organ of Corti.
Presumably, if zinc is released into the endolymph or onto SGN
axons, it may diffuse and access hair cells and their synapses.
However, in the retina, the time course of this intercellular mobi-
lization requires multiple days, and up to 1 d after nerve crush,
increases in labile zinc were primarily observed within the amac-
rine cells that already contained labile zinc. Therefore, although
we cannot exclude intercellular mobilization of zinc, based on the
time course of our results relative to other studies of intercellular
zinc mobilization, we favor the hypothesis that, at 1 d post-NE,
the increase in cochlear labile zinc signal is most likely of intra-
cellular origin. Alternatively, it is possible that labile zinc reaches
the hair cells via the tectorial membrane or extracellular zinc
microdomains, spatial domains with high concentrations of
unbound zinc (see next Discussion section) (83). Consistent with
all these possibilities for zinc mobilization, all cochlear cell types
express multiple ZnTs, ZIPs, and MTs (36, 38, 84) that can readily
redistribute zinc intra- and intercellularly. Future experiments
employing genetically encoded fluorescent zinc sensors (85) and
extracellular zinc chelators, such as ZX1 or CaEDTA, will be
necessary for further assessing the subcellular, cellular, and inter-
cellular spatiotemporal zinc dynamics in the cochlea and the spe-
cific sources of zinc dysregulation after NE.

Potential Nonvesicular ZnT3 Localization and Function in the
Cochlea. Our data demonstrate ZnT3 protein and labile zinc
localization in the adult cochlea (Figs. 1-3). However, the function
of ZnT3 and labile zinc in the normal cochlea function remains
unknown. In the brain, ZnT3 is expressed in synaptic vesicles
and ZnT3-dependent free zinc is released from axon terminals
to modulate neurotransmission and sensory processing and
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adaptation (20-22, 26, 27, 86-88). In the cochlea, however, we
observed ZnT3 (Fig. 2) and labile zinc (Fig. 3) in the stereocilia
of OHCs, where there is no evidence for vesicles. One hypothesis
for the role of stereocilia ZnT3 and zinc signaling is that it may
function in a manner similar to ZnT1, another zinc transporter
which functions to organize zinc into microdomains around
NMDA receptors, thereby enabling zinc-mediated inhibition on
NMDAR excitatory postsynaptic currents (83). In this contex, it
is tempting to speculate that ZnT?3 may transport zinc from within
the stereocilia to the outside of the cell, creating high concentrations
of unbound zinc as observed in our Timm stains (Fig. 3), where
zinc may modulate the function of ion channels or transporters,
including the hair cell stereocilia mechanotransduction (MET)
channel complex or PMCA2 calcium pumps. Moreover, Piezo2
channels, which are mechanically sensitive ion channels located
on the apical cell body of OHCs (89), distinct from the stereocilia
MET channel, are another potential target of zinc signaling.
Piezol channels have a very similar structure to Piezo2 channels
(90, 91); and zinc, but not calcium or magnesium, decreases
Piezol channel inactivation (92). The exact function of Piezo2
channels in the cochlea is not yet fully understood, although
these channels conduct reverse-polarity currents in response to
stereocilia deflection in directions opposite to the stereocilia MET
channel (89). Reverse-polarity currents are thought to be involved
in regulating the maturation of and continuous repair of the MET
sensory transduction machinery (89, 93-95). Thus, zincergic
modulation of these channels might be important for regulating
the development of sensory hair cell transduction machinery and/
or hair cell repair processes following injury. The nonvesicular
localization of ZnT3 in the stereocilia might signify a modulatory
role of zinc on the MET machinery in OHCs.

Alternatively, zinc maybe localized to another structure apposed
to the stereocilia, such as the tectorial membrane that is in contact
with the stereocilia. This is consistent with our results on zinc
localization in the stereocilia of OHCs but not IHCs and the fact
that the tectorial membrane makes physical contact with the OHC
but not with the IHC stereocilia (96). Furthermore, there is prec-
edent for the tectorial membrane acting as a source for ions that
impact stereocilia. The tectorial membrane can act as a source for
Ca™ that affects hair cell function (97). Notably, this Ca** source
is impacted with noise exposure. Additionally, the tectorial mem-
braneisattached to the SL, which contains zincand ZnT3-expressing
cells (Figs. 1-3). Regardless, future high-resolution localization
electron microscopy studies are needed to clearly determine the
precise subcellular localization of ZnT3 and labile zinc in conjunc-
tion with physiological experiments investigating the normal func-
tion of zinc signaling in hair cells are necessary.

Differences in the Protection and Recovery Profiles of Zinc
Removal Methods. In our study, we defined “protection” as a
significant improvement in ABRs or DPOAEs 1 d after NE (e.g.,
Figs. 5Fand 7B), and “recovery” as a significant improvement at 14
d after NE, especially if no effect was observed 1 d after NE (e.g.,
Figs. 5F and 7E). However, one limitation of this interpretation is
that we cannot assess with certainty whether differences in hearing
thresholds at these time points reflect protection against or recovery
from NE. Specifically, our experiments cannot distinguish whether
an effect observed 1 d after NE is the result of a rapid recovery
process that begins at an earlier time point after NE. Furthermore,
our experiments cannot determine whether an effect observed at
14 d after NE reflects an enhanced recovery process following
similar initial damage or whether improved hearing thresholds
at 14 d are a consequence of a protective effect that occurred
at an earlier time. To confidently assess the differences between
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protection and recovery, subsequent experiments using additional
time points and the evaluation of distinct molecular signaling
pathways following NE will be required. Nonetheless, our studies
clearly establish zinc signaling as a major player in noise-induced
degeneration and subsequent partial recovery in the cochlea.

In all experiments, zinc signaling was disrupted prior to NE.
Therefore, although our experiments do not test a potential ther-
apeutic effect of zinc signaling disruption after NE, they support
a prophylactic approach to mitigate NIHL. Future experiments
where chelators are administered after NE will be needed to deter-
mine the therapeutic window for zinc chelation after NE.

We chose TPEN, which is as a high-affinity and membrane-
permeable zinc chelator (58), to maximize the likelihood of entry
and zinc chelation in the cochlea. A limitation of TPEN, however,
is that it also binds copper and other transition metals with high
affinity (58), although the available amounts of chelatable forms
of copper are negligibly small within cells (98). Importantly, the
overall similar effects observed between ZnT3-KO mice and
TPEN-treated mice support the notion that zinc is the relevant
metal that is disrupted by TPEN in our experiments.

Although the overall profile of NIHL mitigation is similar
between ZnT3-KO and TPEN-treated mice, we observed some
differences between the two methods of zinc disruption. We noted
differences in ABR threshold shifts, DPOAE threshold shifts, and
synaptopathy at 1 d and/or 14 d post-NE (Figs. 5-7 and SI Appendix,
Fig. §7). Namely, we observed that ZnT3-KO mice exhibit enhanced
protection against both DPOAE threshold shifts (Fig. 5 Fand G)
and synaptopathy (Fig. 6) 1 d after NE. Conversely, mice treated
with local or systemic TPEN show recovery of DPOAE threshold
shifts 14 d after NE (Fig. 7 D and E and SI Appendix, Fig. S7 F-I)
and no protection or recovery against synaptopathy (S/ Appendix,
Figs. S6 and S8). It is possible that our methods, dosages, and/or
time points of TPEN delivery are suboptimal, but these differences
may also suggest that the pathological mechanisms that underlie
noise-induced OHC damage and synaptopathy may be specifically
dependent on ZnT3-dependent zinc. Another explanation is that
constitutive disruption of ZnT3-dependent zinc signaling in
ZnT3-KO mice may lead to secondary developmental differences
due to the absence of ZnT3, which could underlie the protective
effects of ZnT3 knockout due to S/e3043 gene deletion on OHC
function and synaptopathy. This hypothesis will be addressed in
future studies using the recently characterized Zn'T3-CreER"*/Rox
mouse-line (34), which would allow for inducible ZnT3-KO in
the cochlea in adulthood, therefore bypassing developmental
confounds.
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We also observed that cochlear zinc chelation with TPEN
enhances protection against ABR threshold shifts 1 d after NE
(Fig. 7), whereas ZnT3 knockout due to S/c30a3 gene deletion
only enhanced recovery of ABR threshold shifts 14 d after NE
(Fig. 5). This difference suggests that overall protection of coch-
lear function after NE is not solely dependent on ZnT3-dependent
zinc. Rather, it suggests that in addition to ZnT3-dependent
zing, noise-induced cochlear degeneration involves dysregulated
zinc liberated from other cellular sources (e.g., metallothioneins)
that can be affected by local zinc chelation. Additionally, systemic
zinc chelation (87 Appendix, Fig. S7) was not as effective as local
zinc chelation (Fig. 7) at protecting against ABR threshold shifts
1 d after NE. We did not compare the concentration of TPEN
in the cochlea after each delivery method, but one explanation
for this difference is that the different routes of drug administra-
tion result in different drug concentrations and thus zinc chela-
tion in the cochlea. Moreover, untested methods of administration,
such as posterior semicircular canal injection, could yield stronger
protection and recovery than observed in our studies.

Materials and Methods
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approved by Institutional Animal Care and Use Committees of the University of
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