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Cochlear neurodegeneration commonly accompanies hair cell loss resulting from aging, ototoxicity, or exposures
to intense noise or blast overpressures. However, the precise pathophysiological mechanisms that drive this
degenerative response have not been fully elucidated. Our laboratory previously demonstrated that nontransgenic rats exposed to blast overpressures exhibited marked somatic accumulation of neurotoxic variants of
the microtubule-associated protein, Tau, in the hippocampus. In the present study, we extended these analyses to
examine neurodegeneration and pathologic Tau accumulation in the auditory system in response to blast
exposure and evaluated the potential therapeutic eﬃcacy of antioxidants on short-circuiting this pathological
process. Blast injury induced ribbon synapse loss and retrograde neurodegeneration in the cochlea in untreated
animals. An accompanying perikaryal accumulation of neuroﬁlament light chain and pathologic Tau oligomers
were observed in neurons from both the peripheral and central auditory system, spanning from the spiral
ganglion to the auditory cortex. Due to its coincident accumulation pattern and well-documented neurotoxicity,
our results suggest that the accumulation of pathologic Tau oligomers may actively contribute to blast-induced
cochlear neurodegeneration. Therapeutic intervention with a combinatorial regimen of 2,4-disulfonyl α-phenyl
tertiary butyl nitrone (HPN-07) and N-acetylcysteine (NAC) signiﬁcantly reduced both pathologic Tau
accumulation and indications of ongoing neurodegeneration in the cochlea and the auditory cortex. These
results demonstrate that a combination of HPN-07 and NAC administrated shortly after a blast exposure can
serve as a potential therapeutic strategy for preserving auditory function among military personnel or civilians
with blast-induced traumatic brain injuries.

1. Introduction
Blast injuries to the ear are very common in modern military
operations due to improvised explosive devices (IEDs), which can cause
sensorineural hearing loss and tinnitus [16,48,65]. Tinnitus and hearing loss are the most prevalent adverse medical conditions reported
among veterans with service-connected disabilities [16,23,29,58,8,90].
Blast exposure can cause direct mechanical damage to the middle ear
and cochlear structures, as well as hair cell (HC) loss, synaptic ribbon
loss, and degeneration of spiral ganglion neurons (SGNs, [9,22,63,68]).
In addition to direct mechanical damage to the cochlea, blast-induced

traumas can also result in acute and chronic pathological changes that
lead to oxidative stress, excitotoxicity, inﬂammation, altered cochlear
blood ﬂow, adverse changes in cochlear ﬂuid composition, and
propagative apoptosis [22,63,9]. In addition to the peripheral auditory
system, blast exposures can also induce injuries to the central auditory
system, and persistent oxidative stress is believed to play a fundamental
role in this pathophysiological response [18,19,22,25,51,52].
Spiral ganglion (SG) degeneration is one of the sequela associated
with auditory dysfunction after blast injury to the ear [9]. Although the
precise pathophysiological mechanisms of blast-induced SG neurodegeneration are not fully categorized, they likely share common

Abbreviations: AVCN, anterior ventral cochlear nucleus; AC, auditory cortex; bTBI, blast-induced traumatic brain injury; CtBP2, C-terminal-binding protein 2; DCN, dorsal cochlear
nucleus; GluR2/3, glutamate receptor 2/3; HPN-07, 2,4-disulfonyl α-phenyl tertiary butyl nitrone; IC, inferior colliculus; IHC, inner hair cell; mTBI, mild blast-induced traumatic brain
injury; NAC, N-acetylcysteine; NF, Neuroﬁlament; OC, the organ of Corti; OHC, outer hair cell; 8-OHdG, 8-hydroxy-2′-deoxyguanosine; psi, pounds per square inch; PVCN, posterior
ventral cochlear nucleus; SNHL, sensorineural hearing loss; SG, spiral ganglion; SGN, spiral ganglion neuron; SL, spiral lamina
⁎
Corresponding author at: Hough Ear Institute, 3400 NW 56th Street, Oklahoma City, OK 73112, USA.
E-mail address: rkopke@houghear.org (R.D. Kopke).
1
These authors contributed equally to this work.
http://dx.doi.org/10.1016/j.freeradbiomed.2017.04.343
Received 28 November 2016; Received in revised form 17 April 2017; Accepted 21 April 2017
Available online 22 April 2017
0891-5849/ © 2017 Published by Elsevier Inc.

Free Radical Biology and Medicine 108 (2017) 627–643

X. Du et al.

and 400 g (Harlan Laboratories, Indianapolis, Indiana) were used in this
study. The animals were housed in the animal facility of OMRF. Each
rat was exposed to three successive 14 pounds per square inch (psi)
blasts repeated at 1.5-min intervals. The blast protocol induced
signiﬁcant hearing loss and a low incidence of tympanic membrane
rupture [22]. Ears with ruptured tympanic membranes were excluded
from the study. Auditory brainstem responses (ABR) thresholds and
distortion product of otoacoustic emissions (DPOAE) levels were
obtained prior to blast exposure and at the 24-h (24 h), 7-day (7D),
and 21-day (21D) post-exposure sampling intervals and were reported
in our previous publications [18,22].
A 20% solution of NAC was purchased from Hospira, Inc. (Lake
Forest, IL), and HPN-07 was synthesized and provided by APAC
Pharmaceuticals, LLC (Columbia, MD). Animals in the blast-exposed,
antioxidant-treated group (B/T) were intraperitoneally (i.p.) injected
with a combination of 300 mg/kg of NAC plus 300 mg/kg of HPN-07
dissolved in physiological saline solution (5 mL/kg). Drug administration was initiated one hour after blast exposure and then continued
twice a day for the following two days. Animals in the untreated, blastexposed group (B) were injected i.p. with an equal volume of saline
according to the same schedule as the treated group. An additional
eleven rats that were neither exposed to blast nor received drug
treatments were used as normal controls (NC).

attributes with those associated with age-, ototoxin-, or noise-related
SGN attrition, including oxidative stress and progressive cytoskeletal
dysfunction [3,37,44,47,75].
In a previous study, we observed a marked blast-induced accumulation of hyperphosphorylated and oligomeric Tau in the rat hippocampus in response to mild repetitive blast exposures [19]. Aberrant
hyperphosphorylation and oligomerization of this microtubule-associated protein can initiate progressive pathological processes that
culminate in synaptic loss and neuronal cell death [76,78]. Based on
the fundamental etiological role that Tau dysfunction plays in Alzheimer's and related diseases (tauopathies), much emphasis has been
placed on identifying therapeutic strategies to block the propagative
chain of events that lead to Tau-induced neurotoxicity. However, while
pathologic Tau accumulation has been widely studied among neurodegenerative disorders in the CNS [12,28,32,4,43,57], it is unclear
whether pathologic Tau accumulation can be correlated with neurodegeneration (i.e. SG neurodegeneration) in the peripheral auditory
system.
Tauopathies and cochlear neurodegeneration share oxidative stress
as a common pathophysiological correlate and potential propagator of
ongoing damage. More speciﬁcally, several studies have revealed that
oxidative stress acts as a direct catalyst for inducing both hyperphosphorylation and aggregation of Tau [50,64,77]. This correlation is
further supported by work in superoxide dismutase 2 null mice, which
exhibit constitutive hyperphosphorylation of Tau under conditions of
chronic oxidative stress as an early postnatal pathological event that
can be eﬃciently mitigated by high-dose catalytic antioxidant treatment [52]. Consistent with this mechanistic vantage point, therapeutically-targeting oxidative stress using antioxidants has proven to be
ameliorative among a broad spectrum of tauopathies ([2] and references therein).
Based on these previous observations and perceived knowledge
gaps, we investigated whether the blast-induced pathophysiological
changes to Tau that we had previously documented in the CNS of nontransgenic rats were also manifested within the neurons of the
peripheral and central auditory systems and, thus, potential therapeutic
targets for mitigating hearing loss. Our ﬁndings demonstrate that nontransgenic rats exposed to three mild successive blast exposures
exhibited pervasive loss of aﬀerent (ribbon) synapses of inner hair cells
(IHCs) and progressive, retrograde loss of nerve ﬁbers in conjunction
with both acute and chronic indications of neurodegeneration in SGNs.
These blast-induced histopathological responses coincided with an
accumulation of hyperphosphorylated Tau and sustained levels of
neurotoxic Tau oligomers in neurons from both the peripheral and
central auditory system, which may actively contribute to blast-induced
cochlear neuropathy. Furthermore, we discovered that therapeutic
intervention with a combinatorial antioxidant regimen of 2,4-disulfonyl
α-phenyl tertiary butyl nitrone (HPN-07) and N-acetylcysteine (NAC)
signiﬁcantly reduced both pathologic Tau accumulation and indications
of acute and chronic neurodegeneration in the SG and auditory cortex
(AC) in blast-exposed animals.

2.2. Collection of cochlear tissues for ribbon synapse evaluations
Animals were decapitated under deep anesthesia with ketamine and
xylazine one or three weeks after blast exposure. Cochleae were quickly
dissected away from the temporal bones and placed in cold PBS. Round
and oval windows were opened, and a hole was made in the apical
portion of each cochlea. Four percent formaldehyde solution in PBS was
perfused into the cochlea for tissue ﬁxation. The cochleae were placed
in the same ﬁxative for an additional 10 min at 4 °C. After ﬁxation,
cochleae were further dissected in PBS and then blocked in PBS
containing 1% Triton X‐100 and 5% normal horse serum for one hour
before immunolabeling with a combination of rabbit anti-GluR2/3
antibody (Millipore Bioscience, catalog # AB1506, 1:100) and mouse
anti-C-terminal binding protein antibody (CtBP2, BD Transduction
Laboratories, catalog # 612044, 1:200) for 20 h at 37 °C. The tissues
were rinsed with PBS and incubated with Alexa Fluor488 chicken antirabbit (1:1000, Life Technologies, Co., Grand Island, NY) for one hour
at 37 °C. The tissues were rinsed with PBS and incubated with Alexa
Fluor488 goat anti-chicken antibody (1:1000, Life Technologies, Co.,
Grand Island, NY) and Alexa Fluor568 goat anti-mouse antibody
(1:1000, Life Technologies, Co., Grand Island, NY) for one hour at
37 °C [22]. The tissues were counterstained with DAPI (4′,6-diamidino2-phenylindole) for 10 min at room temperature to label nuclei and
then mounted on slides with anti-fade medium.
The whole cochlea was photographed with an epiﬂuorescence
microscope. Cochlear length was measured and frequency was computed using a custom plug-in ImageJ software (http://www.
masseyeandear.org/research/ent/eaton-peabody/epl-histologyresour
ces/). Six cochlear frequency locations, 2, 4, 8, 16, 32, 48 kHz, were
selected for image collection as confocal z-stacks. Images were acquired
in a 1024×1024 pixel frame with 0.5 µm steps in the z plane, using a
Zeiss LSM-710 confocal microscope (Carl Zeiss Microimaging, LLC, NY).
From an endolymphatic surface view of the organ of Corti, each stack
contained six to nine IHCs with entire sets of ribbon synapses. 3-D
morphometry was processed using Amira 3D software (FEI, Burlington,
MA). All quantitative analyses were performed with raw image stacks.
The presynaptic ribbons (red channel) and postsynaptic densities (green
channel) were identiﬁed by segmentation; quantiﬁed and tracked in the
z-dimension to avoid superpositional ambiguity or overestimations in
each stack, and divided by the total number of IHCs in the microscopic
ﬁeld according to a previously published method [41].

2. Materials and methods
2.1. Animals, blast exposure and drug administration
All tissue samples used in this study were collected during the
course of our previous published study [22] except for the cochlear
tissue samples used for ribbon synapse evaluations. Blast exposure,
administration of antioxidants and measurement of auditory brainstem
responses were described in detail in our previous report [22]. All
procedures regarding the use and handling of animals were reviewed
and approved by the Oklahoma Medical Research Foundation (OMRF)
Institutional Animal Care and Use Committee and the U.S. Department
of the Navy Oﬃce of Naval Research.
Male Long-Evans pigmented rats with body weights between 360
628
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2.6. Oligomeric Tau/NF-68 and Myosin VIIa/NF-200 dual-labeling
analyses in the cochlea after blast exposure

2.3. Collection and sectioning of cochlear and brain tissues
Animals used for cochlea and brain sectioning in each experimental
group (6–8 rats/time point) were euthanized and intracardially perfused with saline followed by 4% paraformaldehyde in 0.1 M phosphate-buﬀered saline (PBS, pH 7.2) at either 24 h, 7 days, or 21 days
post-blast. Cochleae, brains, and brainstems were removed and postﬁxed in the same ﬁxative (overnight for the cochleae and one week for
the brain tissues) washed in PBS, and stored in PBS at 4 °C. The ﬁxed
cochleae were washed with PBS and then decalciﬁed for two weeks in
10% EDTA with solution changes two times each week. Cochleae were
dehydrated, embedded in paraﬃn, and sectioned in a paramodiolar
plane at a thickness of 6 µm, and every 10th section was mounted on a
slide (total of 10 slides per cochlea). The mounted sections were then
processed for immunohistochemical analyses (as detailed below).
The brain and brainstem from each animal was cryoprotected in
30% sucrose in PBS at 4 °C until the tissue settled to the bottom of the
container, at which time they were embedded in Tissue-Tek (Sakura
Finetek USA Inc. Torrance, CA) and serially sectioned in a coronal plane
with a Thermo Cryotome (Thermo Fisher Scientiﬁc, Inc. Waltham, MA)
at 18–20 µm. One section out of every ten from each brain and
brainstem was mounted onto a gelatin pre-coated slide (total of 10
slides for each brainstem and 20 slides for each brain). The distance
between two adjacent sections on each slide was about 200 µm. The
sections were then processed for immunohistochemical analyses (as
detailed below).

Cochlear sections were incubated with either T22 antibody (1:200)
and anti-neuroﬁlament 68 (1:200) or NF-200 (1:1000) and rabbit antimyosin VIIa (1:1000. Proteus Biosciences Inc., Ramona, CA, catalog #
25–6790) overnight at room temperature. After washing with PBS, the
sections were incubated with appropriate Alexa Fluor® 488, 568 or 647
secondary antibodies (1:1000, Life Technologies, Co., Grand Island,
NY) for two hours at room temperature followed by DAPI labeling and
mounting in anti-fade medium. Images were collected with a Zeiss LSM710 confocal microscope.
2.7. Oxidative stress biomarker analysis in the cochlea after blast exposure
8-hydroxy-2′-deoxyguanosine (8-OHdG) levels, a product of DNA
oxidation, were examined as a biomarker for evaluating changes in
oxidative stress-induced damage in cochlear neurons among blastexposed animals. The same immunohistochemical staining protocol
described above was used for 8-OHdG immunostaining. Tissue sections
were incubated overnight with rabbit anti-8-OHdG antibody (1:100,
Bioss antibodies, Woburn, MA, catalog # bs-1278R).
2.8. Quantiﬁcation of biomarker immunostaining
Images were collected with a BX51 Olympus microscope (SG and
brain) or Zeiss Axiovert 200 m Inverted Fluorescent Microscope (nerve
ﬁbers in the spiral lamina (SL) and in the organ of Corti (OC)). In the
cochlea, images (SGNs, nerve ﬁbers in the SL, and neurites in the Inner
HC (IHC) area) were collected from the basal and middle turns of all
sections on each slide. The number of NF-68-, NF-200-, or 8-OHdGpositive neurons was quantiﬁed using ImageJ software (National
Institutes of Health). The percentage of NF-68-positive, NF-200-positive
(weakly-stained or strongly-stained), and 8-OHdG-positive neurons in
the SG (positive stained/total number of neurons x100%) was calculated and statistically analyzed. The density of NF-200-, Tau46-, AT8- or
T22-positive nerve ﬁbers (number of nerve ﬁbers/mm2) in the SL of the
apical, middle and basal turns was also estimated using ImageJ
software [36]. To examine SGN loss 21 days after blast exposure, the
size of SGs in the middle and basal turns of NC and blast-exposed rats
was measured, and relative densities of SGNs (number of toluidine bluestained neurons/mm2) were calculated and statistically analyzed. To
examine SGN size 21-days after blast exposure, the maximal diameter
of toluidine blue-stained SGNs in the cochleae of NC and blast-exposed
rats was measured [6]. Images were collected from the apical, basal and
middle turns of cochlear sections, and the average maximal diameters
of SGNs (µm) were calculated and statistically analyzed. Only toluidine
blue-positive neurons were included in the analyses.
In the dorsal cochlear nucleus (DCN), images were collected from
the medial third (medial), the middle third (middle) and the lateral
third (lateral) sections. In the inferior colliculus (IC), images were
collected from the central nucleus of the IC (CIC). In the AC, images
were collected from all layers (two images to cover all layers on one
section). A modiﬁed two-dimensional quantiﬁcation method was
employed to count positive immunostained cells in these nuclei or
regions [17]. The total number of positive cells within each image was
quantiﬁed using ImageJ software, and the density of each class of Taupositive cells (number of positive cells/mm2) was calculated and
statistically analyzed. Only dark brown-stained cells were counted.
The cell and neurite counting was conducted by a technician who was
unaware of the identity of the samples on each slide.

2.4. Quantiﬁcation of spiral ganglion neurons and neurites in the cochlea
We used two biomarkers, the neuroﬁlament (NF) light (68 kDa, NF68) and heavy (200 kDa, NF-200) subunits, to examine cochlear
neurodegeneration in blast-exposed rats. Cochlear sections were deparaﬃnized in xylene and re-hydrated in serial concentrations of
ethanol and distilled water. These sections were then washed with
PBS, blocked in 1% bovine serum albumin (fraction V) and either 1%
normal horse serum or 1% normal goat serum in PBS, and permeabilized in 0.2% Triton X-100 in PBS (PBS/T). Blocked and permeabilized
sections were then incubated with either mouse anti-neuroﬁlament 68
(1:200, clone NR4, Sigma, St. Louis, MO, catalog# N5139) or chicken
anti-neuroﬁlament 200 (1:1000, EMD Millipore, Billerica, MA, catalog# AB5539) overnight at room temperature. After washing with PBS/
T, either biotinylated goat anti-chicken IgG or horse anti-mouse IgG
(1:200, Vector Laboratories, Inc. Burlingame, CA) was applied to the
slides for one hour at room temperature, and Vectastain ABC and DAB
kits (Vector Laboratories, Inc. Burlingame, CA) were used for the
immunolabeling visualization. Immunopositive cells exhibited a brown
reaction product at the sites of the target epitopes. Methyl green was
used for nuclear counter-staining. Negative controls were conducted by
omitting the primary antibodies. Toluidine blue was used to stain
neurons in the SG of normal controls and blast-exposed rats to examine
average neuron size and injury-induced attrition.
2.5. Tau immunohistochemical staining in the brain and the cochlea
The same immunohistochemical staining protocol as described
above was used for Tau staining. Tissue sections were incubated
overnight with either mouse anti-Tau-1 antibody, which recognizes
all known electrophoretic species of Tau protein lacking phosphorylation at serine sites 195, 198, 199, and 202 (1:200, clone PC1C6, EMD
Millipore, Billerica, MA, catalog # MAB3420), mouse anti-Tau 46,
which recognizes all six native isoforms of Tau (1:100, Sigma, St. Louis,
MO, catalog # T9450), mouse anti-phospho(Ser202/Thr205)-Tau antibody (1:250, clone AT8, Thermo Scientiﬁc, Waltham, MA, catalog #
MN1020), or rabbit anti-oligomeric Tau antibody (T22 serum, 1:300, a
kind gift from Dr. Rakez Kayed at the University of Texas Medical
Branch, Galveston, TX, [33]).

2.9. Statistical analyses
One way or two way ANOVA (SPSS 14.0 for windows) and a post hoc
test (Tukey HSD) were used to determine if there were statistically
629
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Fig. 1. Antioxidant treatment protects against cochlear ribbon synapse loss in response to blast-induced trauma. Confocal imaging shows a reduction in CtBP2- and GluR2/3immunolabeling along the IHC basolateral membrane in the middle turn (16 kHz region) of the OC in blast- exposed animals 21 days after exposure (D–F) relative to naïve, age-matched
controls (A–C). Animals treated with a combination of HPN-07 and NAC after blast exposure showed no such gross loss of IHC synapatic foci in this region of the OC (G-I). Presynaptic
ribbons are labeled with anti-CtBP2 antibodies (red), and post-synaptic densities are labeled with anti-GluR2/3 antibodies (green). Merged images in the far-right panels reveal
overlapping signal intensities for the two synaptic markers for each condition (yellow). Confocal images are maximal projections of z-stacks of ribbons within 8–10 IHCs in the 16 kHz
region. Scale bar=5 µm in I for A–I. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

(Fig. 2). In naïve rats, we consistently observed between 11 and 24
dual-labeled synaptic foci per IHC in whole mount confocal sections
spanning from the basal to middle turns of the OC. These numbers
dropped precipitously in untreated, blast-exposed rats, such that less
than 50% of the normal number of post-synaptic elements were
observed among IHCs within the basal turn (i.e. 48 kHz tonotopic
region) at seven-days post-exposure. Ribbon synapse densities were also
signiﬁcantly reduced over the 8–32 kHz tonotopic range (38.1%, 35.8%
and 37.3% reductions in CtBP2 puncta/IHC and 34.7%, 28.8% and
34.7% reductions in GluR2/3 puncta/IHC, respectively, at 8, 16, and
32 kHz regions) in untreated rats at this evaluation interval. At 21-days
post-exposure, signiﬁcantly reduced ribbon synapse densities were still
evident over the 16–48 kHz tonotopic range in untreated animals
(22.01% and 26.68% reductions in CtBP2, and 27.91% and 31.62%
reductions in GluR2/3, respectively, at 16 and 32 kHz regions).
However, ribbon synapse densities appeared to recover in the more
apical, 8 kHz, tonotopic position in these animals by this terminal time
point (Fig. 2), perhaps indicative of a regionalized degree of spontaneous reinnervation over time, as has been observed in previous studies
of noise-induced hearing loss in guinea pigs and mice [71,72,88].
To track whether this blast-induced neuropathic response translated
to peripheral axon retraction over time, we inspected longitudinal
changes in relative neurite densities along the IHC innervation zone at
successive time points of 24 h, 7 days, and 21 days post-blast. In naïve
rats, we consistently observed approximately eight distinct NF-200-

signiﬁcant diﬀerences among the three groups (NC, B and B/T) at each
sampling interval. A p-value of less than 0.05 was considered to be
statistically signiﬁcant in these analyses.

3. Results
3.1. Neurodegeneration in the cochlea after blast exposure
Cochlear neurodegeneration is typically initiated within the fragile
axonal neurites that innervate HCs and often progressively manifests as
the loss of nerve ﬁbers in the SL, ultimately culminating in the loss of
SGNs [36]. As a result, we began our evaluation of blast-induced
neurotrauma in the OC by examining the relative densities of ribbon
synapses and NF-200-positive (Type I) neurites in the IHC innervation
zone among naïve and blast-exposed rats. Dual immunolabeling
analyses using antibodies against a major ribbon marker (C-terminal
binding protein 2, CtBP2) and a marker for post-synaptic glutamate
receptor patches (GluR2/3) revealed coordinated blast-induced reductions in pre- and post-synaptic structures, spanning from the basal to
middle turns of the OC at both 7 and 21-days post-injury (Fig. 1A–F and
data not shown). In contrast, low frequency tonotopic positions in the
apical turn were seemingly spared from blast-induced synapse loss.
Independent quantiﬁcation of these pre- and post-synaptic markers
provided clear evidence for tonotopic-speciﬁc synaptopathy that graded
in severity from the basal turn to the middle turn in blast-exposed rats
630
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Fig. 2. Acute therapeutic intervention with HPN-07 and NAC reduces ribbon synapse loss within IHCs in the 16–32 kHz region of the OC of blast-expose animals. Synaptic marker counts
among IHCs in the 2, 4, 8, 16, 32, and 48 kHz regions of the OC in age-matched naïve controls and untreated and antioxidant-treated cohorts of blast-exposed animals 7 days (7D, A and
B) or 21 days (21D, C and D) after blast exposure were performed. Coordinated, statistically-signiﬁcant losses of both pre- and post-synaptic markers were observed among IHCs in the
8–48 (7D) and 16–48 (21D) kHz regions in untreated, blast-exposed animals. Signiﬁcant treatment eﬀects of antioxidants for opposing blast-induced loss of these synaptic markers were
identiﬁed in the 8 and 16 kHz region of the OC, and a trend towards statistical signiﬁcance for antioxidant treatment was observed in the 32 (7D and 21D) and 48 (7D) kHz region. No
such treatment eﬀect was observed in the 48 kHz region at 21 days post-blast exposure. Statistical signiﬁcance of the group diﬀerences for ribbon synapse loss is indicated by asterisks: *,
**, or ***, p < 0.05, 0.01, or 0.001, respectively, while statistical signiﬁcance of antioxidant treatment eﬀects is denoted by ## for p < 0.01. Error bars represent the standard error of the
means (SEM). Numbers in parentheses represent the total number of OCs evaluated in each cohort.

and 21-day intervals post-blast (Fig. 3D). These results indicate
progressive retrograde neurodegeneration beyond the initial loss of
neurites along IHC synaptic junctions ﬁrst observed at the seven-day
sampling interval (Supplemental Fig. 1 G).
This temporal neuropathic trend was also manifested among the
neurons that comprise the SG, such that the ﬁrst appreciable loss of NF200 staining in the middle and basal turns of this cochlear nerve center
was evident at 21 days after blast exposure (Fig. 4B). In normal control
animals, the majority of neuronal somata were immunopositive for NF200 labeling, with a few cell bodies in each cross-section that exhibited
strong immunohistochemical intensity (Fig. 4A). These intenselylabeled NF-200-positive neurons have previously been shown to
represent type II neurons [5], and, therefore, the neurons with light
perikaryal staining in naïve controls are assumed to be type I neurons.
To clarify the type of degenerating neurons observed in the SGs from
blast-exposed animals, the percentages of both weakly- and stronglystained NF-200-positive somata were independently calculated and
statistically analyzed. At 21-days post-blast, the percentages of weakly
NF-200 immunopositive neurons were signiﬁcantly decreased compared to normal control animals, while neurons that were strongly
immunopositive for NF-200 staining were signiﬁcantly elevated as early
as seven days after blast exposure and remained elevated throughout
the remainder of the 21-day recovery period (Fig. 4D and E). This
increase in perikaryal accumulation of NF-200 in the SG of blastexposed animals likely represents cytoskeletal destabilization in type I
neurons associated with trauma-induced demyelination and ongoing
neurodegeneration [21].
Taken together, the results from these spatiotemporal evaluations
suggested that, following the initial blast-induced trauma, progressive
cochlear neurodegeneration occurs in a retrograde fashion, ultimately
culminating in the apparent loss of neuroﬁlament integrity among type
I neurons in the SG. Thus, we reasoned that this progressive destabi-

positive neurites per IHC in serial sections spanning from the basal to
middle turns of the OC (Supplemental Fig. 1 A and D). Longitudinal
analyses among blast-exposed rats revealed an unambiguous decline in
the number of NF-200-positive neurites along the IHC innervation zone
at successive time points after the damaging insult (Supplemental
Fig. 1B and 1E). Formal quantiﬁcation of these neurites conﬁrmed
the apparent time-dependent loss of immunolabeling along this interface, with signiﬁcant attrition ﬁrst evident at seven days post-blast
(Supplemental Fig. 1 G). At the 21-day terminal sampling interval, an
average neurite loss of approximately 60% was observed adjacent to
IHCs in the basal through middle turns of the OC in untreated, blastexposed animals. This degree of neurite loss is moderately greater than
that anticipated from the average blast-induced ribbon synapse loss
measured along this same region at this time point and may reﬂect the
inherent reduction in resolution associated with quantiﬁcation of
neurite densities from tangential cross-sections. Nonetheless, these
results indicate a pronounced decline in neurotransmission from the
peripheral auditory system in the mid- to high-frequency range in
response to blast injury, under conditions in which only 1–2% of IHC
loss was documented (Fig. 2, Supplemental Fig. 1, and [22]).
We then examined the relative density of NF-200-positive nerve
ﬁbers in the osseous SL as a means of further evaluating progressive
retrograde neurodegeneration in the cochleae of untreated, blastexposed rats. As shown in Fig. 3, bundles of NF-200-positive nerve
ﬁbers that laterally project outward from the SG to innervate HCs are
tightly packed within the osseous SL of naïve control rats (Fig. 3A).
While apparent diﬀerences in the density of these nerve ﬁbers were not
evident at 24 h and seven days after blast, an appreciable reduction in
NF-200 staining intensity and nerve ﬁber density was ﬁrst discernible in
rats at 21 days after the blast exposure (Fig. 3B). Formal quantiﬁcation
of SL nerve ﬁber densities over time supported these initial observations, revealing that signiﬁcant attrition occurred between the seven631
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Fig. 3. Combinatorial antioxidant intervention protects against blast-induced nerve ﬁber loss in the osseous SL. Images in A-C are examples of NF-200-positive stained nerve ﬁbers in
cross-sectional views of the SL (A–C) from the middle turns of normal controls (A); untreated, blast-exposed rats 21 days after the insult (B); and antioxidant-treated, blast-exposed rats at
21 days post-blast (C). Fewer NF-200-positive nerve ﬁbers were observed in the SL in the cochlea of untreated, blast-exposed animals 21 days after blast exposure (B) compared to normal
controls (A) and blast-exposed animals treated with HPN-07 and NAC (C). Quantiﬁcation of NF-200-positive nerve ﬁbers in the SL of the middle and basal turns of cochleae from each
experimental cohort was conducted, and nerve ﬁber densities were estimated and statistically analyzed (D). The number of NF-200 positive nerve ﬁbers in the SL of untreated, blastexposed animals was signiﬁcantly decreased at 21 days after blast exposure compared to NCs (p < 0.05, *). No such reduction in NF-200-positive nerve ﬁbers in the SL was observed in
the HPN-07/NAC-treated, blast-exposed animals 21 days after blast exposure (p < 0.01, ##, compared to untreated, blast-exposed animals). No signiﬁcant changes in nerve ﬁber density
were observed at early time points among any of the cohorts (all p > 0.05). Scale bar=10 µm in C for A–C. Numbers in parentheses represent the total number of animals evaluated in
each cohort at each time point. Error bars in D represent SEM.

Fig. 6). However, SGN density analyses indicated that neuronal atrophy
had not yet translated into signiﬁcant losses of neurons, as the total
number of toluidine blue-positive SGNs were not signiﬁcantly reduced
at this terminal time point (all p > 0.05, data not shown).

lization of cochlear neurons might be complemented by a timedependent increase in NF-68 immunostaining in the SG in response to
blast. NF-68 is typically restricted to type II SGNs in normal rat
cochleae, however, its accumulation has been used as a biomarker for
identifying degenerating type I neurons [13,31].
As shown in Fig. 5, NF-68 immunolabeling of SGs from naïve rats
resulted in a diﬀuse staining pattern in which darkly-stained neurons
were relatively rare (i.e. less than 0.5%, Fig. 5A and D). However, in
blast-exposed rats, an aberrant NF-68 immunoreactivity pattern was
acutely observed at 24 h after blast and became progressively more
pronounced with time (Fig. 5B and D), such that at 21 days after the
bTBI, the number of SGNs with intense NF-68 immunostaining had
ballooned to more than seven-fold of that observed in naïve controls.
These results are consistent with the perceived neurodegenerative
response pattern revealed by NF-200 immunolabeling (Fig. 4). Despite
its measurable somatic accumulation, no aberrant NF-68 immunoreactivity was detected among SG nerve ﬁbers within the SL from naïve
controls or blast-exposed rats at any time point after blast exposure
(data not shown).
In support of this apparent neurodegenerative response, the average
cell body diameter of SG neurons was also signiﬁcantly decreased in the
cochleae of untreated, blast-exposed animals in all three turns at 21days post-trauma in comparison to naïve controls (all p < 0.001,

3.2. Antioxidants reduce neurodegeneration in the cochlea after blast
exposure
Previous studies from our lab demonstrated that the progressive
pathophysiological eﬀects on rat auditory function induced by our blast
model could be eﬃciently counteracted by a combinatorial treatment
regimen of the antioxidants HPN-07 and NAC administered shortly after
the bTBI [18,22]. To speciﬁcally examine the temporal eﬀects of this
treatment regimen on the structural integrity of blast-exposed cochlear
neurons, we evaluated the ribbon synapse and neuroﬁlament immunostaining patterns described above among cohorts of blast-exposed
animals subsequently treated with HPN-07 and NAC. In contrast with
untreated, blast-exposed animals, at seven days post-trauma, antioxidant-treated rats did not exhibit a statistically-signiﬁcant loss of ribbon
synapses in the 8 and 16 kHz regions of the OC (Fig. 2A and B). These
therapeutic eﬀects were temporally extended to 21-days post-blast, as
ribbon synapse densities were indistinguishable from naïve controls
within the 16 kHz region in antioxidant-treated animals (Fig. 1G–I and
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Fig. 4. Antioxidant treatment reduces evidence of blast-induced neurodegeneration in the SG. Images in A-C are examples of NF-200 staining in the SG in the basal turn of normal controls
(A); untreated, blast-exposed rats at 21-days post-blast (B) and treated, blast-exposed rats at 21 days in rats (C). Note that the majority of neurons in the SG were positively stained for NF200 (lightly positive), while a few neurons were intensely immunoreactive in each cohort (strongly positive, arrows in A–C). Arrowheads in A-C denote neurons that were not
immunolabeled by the NF-200 antibody. The number of NF-200 light or strong positive neurons in the SG was quantiﬁed, and their relative percentages in each sample were calculated
based on comparisons to the total number of neurons (D and E). Diﬀerences in these percentiles between cohorts at each time point were then statistically analyzed. A decreased
percentage of NF-200 light positive neurons was observed in the SGs of untreated, blast-exposed animals at 21 days after blast exposure compared to NCs (p < 0.001, ***). A positive,
statistically-signiﬁcant treatment eﬀect against loss of NF-200 light positive cells was observed at this time point (21D-B vs. 21D-B/T, p < 0.001, ###, D). An increased percentage of NF200 strong positive neurons was observed in the SGs of untreated, blast-exposed animals at 7 and 21 days after blast exposure compared to NCs (all p < 0.01, **). A positive, statisticallysigniﬁcant treatment eﬀect against increase of NF-200 strong positive cells was observed at 21 days after blast exposure (21D-B vs. 21D-B/T, p < 0.05, #, E). Numbers in parentheses
represent the total number of animals evaluated in each cohort at each time point. Error bars represent SEM in D and E. Scale bar=20 µm in C for A–C.

absent in antioxidant-treated animals, such that there was no signiﬁcant diﬀerence in the number of neurites per IHC in treated, blastexposed animals relative to naïve controls at the terminal, 21-day time
point (Supplemental Fig. 1G).
The ramiﬁcations of this therapeutic eﬀect were also manifested in a
retrograde fashion, as antioxidant intervention eﬃciently counteracted
the propagative loss of nerve ﬁbers in the osseous SL induced by the
acute blast insult (Fig. 3C). In these treated animals, the densities of SL

Fig. 2C and D). At this terminal time point, an apparent positive
antioxidant treatment eﬀect was also observed in the 32 kHz region,
although the extent of eﬃcacy did not meet our criteria for statistical
signiﬁcance (i.e. p > 0.05, Fig. 2C and D). HPN-07 and NAC treatment
also reduced gross neurite loss within the IHC innervation zone in the
middle and basal turns in response to neuropathic blast levels
(Supplemental Fig. 1C and 1F). Furthermore, the progressive loss of
synaptic neuritic processes observed in untreated rats was virtually

633

Free Radical Biology and Medicine 108 (2017) 627–643

X. Du et al.

Fig. 5. Therapeutic intervention with HPN-07 and NAC signiﬁcantly reduced pathological increases in NF-68 immunolabeling within the SG in response to blast. Images in A–C are
examples of NF-68 immunostaining in the basal turns of the SG from NC rats (A); untreated, blast-exposed rats at seven days after injury (B); and antioxidant-treated animals at seven days
after blast exposure (C). Note that, while some small neurons were NF-68-positive under all conditions (arrowheads in A–C), multiple large, NF-68-positive neurons were uniquely evident
in blast-exposed animals at seven days after injury (arrows in B). The total number of NF-68-positive neurons was counted in each cohort at each sampling interval, and the percentage of
NF-68 positive neurons was calculated and statistically analyzed (D). A signiﬁcant increase in the number of NF-68-positive neurons was observed in the SG of untreated, blast-exposed
animals at seven and 21 days after blast exposure (all p < 0.001, ***). A signiﬁcant antioxidant treatment eﬀect was identiﬁed at both the seven- and 21-day time points after blast
exposure (all p < 0.05, #). Scale bar in C=20 µm for A–C. Error bars in D represent SEM. Numbers in parentheses represent the total number of animals evaluated in each cohort at each
time point.

NF-200-positive type I neurons was detected throughout the experimental time course in blast-exposed rats that were administered HPN07 and NAC (Fig. 4). This observation was complemented by a
signiﬁcant treatment-induced reduction in the number of NF-68positive neurons in the SG at each sampling interval post-blast
(Fig. 5C and D). Moreover, in contrast to the eﬀects observed in
untreated, blast-exposed rats, the average size of SG neurons in all three
turns in animals treated with HPN-07 and NAC was indistinguishable
from naïve controls at the terminal sampling interval of 21-days postblast (all p > 0.05, Fig. 6). Thus, combinatorial antioxidant intervention appeared to eﬃciently short-circuit blast-induced neurodegeneration in the peripheral auditory system.
3.3. Blast exposure induces hyperphosphorylation and oligomerization of
Tau in spiral ganglion neurons

Fig. 6. Antioxidant treatment reduces evidence of blast-induced neurodegeneration in the
SG. Maximal diameters of spiral ganglion neurons were measured and statistically
analyzed in naïve controls and in both untreated or HPN-07/NAC-treated animals at 21
days after blast exposure. Signiﬁcantly decreased soma diameters were observed in the
cochleae of untreated, blast-exposed animals, in all three turns compared to naïve
controls (all p < 0.001, ***). In the HPN-07/NAC-treated, blast-exposed animals, mean
soma diameters in all three turns were statistically indistinguishable from naïve controls
(all p > 0.05). Numbers in parentheses represent the total number of animals evaluated in
each cohort.

In a previous study, we discovered that neurotoxic variants of the
microtubule-associated protein, Tau, markedly accumulated in hippocampal neurons in response to our blast exposure paradigm [17].
Pervasive hyperphosphorylation and oligomerization of hippocampal
Tau were induced in response to these blast conditions, both of which
have been shown to be capable of initiating prion-like propagative
waves of transcellular dysfunction independent of obvious ongoing
injury [71]. As such, we examined whether neurotoxic Tau accumulation in cochlear neurons occurred as a coincident sequela with blast.
We began our cochlear evaluations using an endogenous Tau

nerve ﬁbers were indistinguishable from naïve controls at the terminal
sampling interval of 21 days post-blast (Fig. 3D). The treatment eﬃcacy
was also evident in the SG, where a full complement of weakly-stained,
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blast-exposed rats, we immunolabeled cochlear tissues from these
animals and naïve controls with an antibody, AT8, that speciﬁcally
recognizes hyperphosphorylated Tau. As shown in Fig. 7, the SG of
naïve rats was largely unresponsive to immunolabeling with the AT8
antibody (Fig. 7A and D). However, blast exposure induced both acute
and chronic increases in somatic AT8 immunolabeling in SGNs, with
peak immunoreactivity observed at the seven-day post-blast sampling
interval (Fig. 7B and D, Table 2). However, at 21 days after blast, the
levels of these neurotoxic variants among SGNs had seemingly declined,
suggesting that the deleterious eﬀects of blast on this microtubule
associated protein might be a transient phenomenon. The density of
AT8-positive nerve ﬁbers in the SL was also measured and statistically
analyzed at seven days after blast exposure, a time point at which SGNs
exhibited statistically-signiﬁcant AT8 accumulation in untreated rats.
However, the relative density of AT8-positive nerve ﬁbers was not
signiﬁcantly increased in the SL of blast-exposed rats at this time point,
irrespective of treatment, (227.53 ± 22.20 and 253.93 ± 24.90/mm2
for untreated and HPN-07/NAC-treated rats, respectively) in comparison to naïve controls (169.17 ± 20.98, all p > 0.05).
Hyperphosphorylation of Tau is often an etiopathological precursor
of Tau oligomerization, as the phosphorylation events that initially
destabilize its microtubule binding capacity result in a structural
conformation that exhibits a propensity for self-association [34]. This
altered aﬃnity pattern can lead to further Tau dysfunction, as
physiological isoforms of Tau are recruited into dead-end pathological
complexes with hyperphosphorylated isoforms, potentiating their neurodegenerative properties [78]. To investigate whether our blast
exposure model also induced an oligomerization eﬀect on Tau in SGNs,
we immunolabeled SG sections from longitudinal time points post-blast
with an antibody, T22, that speciﬁcally recognizes pathological Tau
oligomers [46]. Similar to our observations with the AT8 antibody
(Fig. 7A), the vast majority of naïve SGNs (> 99%, Fig. 8D) were not
immunoreactive with the T22 antibody (Fig. 8A). In contrast, novel and
pervasive somatic T22 immunoreactivity was observed among SGNs
from blast-exposed rats at all time points analyzed (Fig. 8B and D,
Table 3). The prevalence of this T22 immunolabeling pattern became
more prevalent with time, contrasting with the trend observed with the
AT8 antibody, the immunoreactivity of which declined after reaching
peak levels at seven-days post-blast (Fig. 7D). The density of T22positive nerve ﬁbers in the SL was also measured and statistically
analyzed at the time point of maximal T22 accumulation in SGNs (i.e.
21-days post-blast). Marked, statistically-signiﬁcant increases in T22positive nerve ﬁbers were also observed in the SL of untreated, blastexposed rats (516.99 ± 58.17/mm2) at this time point compared to
naïve controls (136.67 ± 15.38/mm2, p < 0.001). The perpetuation of
this aberrant T22 SGN immunolabeling pattern in blast-exposed rats is
indicative of sustained or progressive pathology in this auditory nerve
center.
The T22 proﬁle observed in blast-exposed rats was reminiscent of
the NF-68 longitudinal immunolabeling pattern described above for
this cohort. This prompted us to determine if these complementary
trends were manifested as coincident pathophysiological responses in

antibody, Tau-1, that recognizes physiological isoforms of Tau lacking
phosphorylation at serine sites 195, 198, 199, and 202 and which was
useful for making physiological versus pathological distinctions in our
previous work with hippocampal neurons [19]. However, in contrast to
our previous immunohistological analyses, the Tau-1 antibody did not
exhibit any detectable immunoreactivity with normal cochlear neurons
or nerve ﬁbers. Under physiological conditions, Tau can exist as one of
six distinct isoforms resulting from alternative splicing [7]. Moreover,
these isoforms are subjected to context-speciﬁc post-translational
modiﬁcations, including diﬀerential phosphorylation, that modulate
functional interactions with microtubules [53,76]. Therefore, we
employed the use of an alternative physiologically-relevant antibody,
Tau-46, which recognizes all six native isoforms of Tau. Using this
antibody, we observed strong Tau-46 positive staining in nerve ﬁbers in
the SL and nerve ﬁbers beneath HCs within normal OCs. Moderate Tau46 immunolabeling was also observed in the cytoplasm of Pillar,
Deiter's and Hensen's cells, and relatively weak staining was observed
in IHCs and outer HCs (OHCs) (data not shown). This cochlear
distribution pattern is similar to that described in previous reports of
physiologic Tau in this organ and for other microtubule-associated
proteins, such as alpha- and beta-tubulin [13,18,60,70]. In the SG,
diﬀuse, positive Tau-46 staining was observed in the soma of neurons
(data not shown). However, approximately 10% of SGNs exhibited
strong positive staining in naïve rats (Table 1). The spiral ligament and
the stria vascularis also exhibited diﬀuse Tau-46 staining (data not
shown). These results indicate that, in contrast to previous reports, the
localization and distribution of Tau protein is seemingly very broad in
the cochlea [15,62,73] and that the normal phosphorylation status of
Tau in cochlear neurons and sensory epithelia likely diﬀers from that
observed in hippocampal neurons [19].
Somatic accumulation of normal Tau protein is a hallmark of many
acute and chronic neurodegenerative disorders in response to axonal
microtubule destabilization [43,89]. However, our qualitative and
quantitative evaluations of somatic Tau-46 immunoreactivity patterns
among SGNs in the untreated, blast-exposed rats revealed no detectable
diﬀerences in total Tau levels from that observed in naïve controls at
any time point after blast exposure (all p > 0.05). Tau-46 immunoreactivity in the SL was also measured and statistically analyzed at the
terminal 21-day timepoint, and the results from this analysis revealed
moderate elevations in the number of nerve ﬁbers that were intenselyimmunopositive for Tau-46 (1846 ± 182.83/mm2 in blast-exposed
animals compared to 1462 ± 158.66/mm2 in naïve controls,
p < 0.05). In the HPN-07/NAC-treated, blast-exposed rats, the Tau-46
positive nerve ﬁber density (1313.98 ± 128.23/mm2) was signiﬁcantly
reduced compare to untreated, blast-exposed rats (p < 0.01) and
statistically-indistinguishable from naïve controls (p > 0.05).
In a pathological state, toxic insults, including oxidative stress, can
lead to imbalances in the activities of speciﬁc kinases and phosphatases,
which results in the hyperphosphorylation of Tau at critical microtubule regulatory sites leading to increased levels of unbound, hyperphosphorylated Tau in the soma of neurons [60,79]. To discern whether
SGNs were susceptible to this destabilizing stress response pattern in
Table 1
Normal Tau staining in the auditory system after blast exposure and antioxidant treatment.

SG (Tau-46, %)
SG (Tau-1)
AVCN (Tau-1, #/mm2)
PVCN (Tau-1, #/mm2)
DCN (Tau-1, #/mm2)
IC (Tau-1, #/mm2)
AC (Tau-1, #/mm2)

NC

24 h-B

24 h-B/T

7D-B

7D-B/T

21D-B

21D-B/T

Treatment eﬀects

9.04 ± 0.6
NS
58.82 ± 6.95
45.69 ± 5.12
94.78 ± 5.94
56.6 ± 8.02
7.58 ± 1.13

10.01 ± 1.28
NS
58.3 ± 10.18
64.06 ± 8.18
118.4 ± 8.21
54.75 ± 6.91
17.1 ± 1.66***

9.29 ± 0.79
NS
59.99 ± 9.82
64.43 ± 10.72
94.29 ± 5.67
26.65 ± 4.73*
17.76 ± 1.68***

10.01 ± 0.68
NS
83.59 ± 8.09
82.22 ± 8.23*
122.3 ± 7.55
80.33 ± 5.09
14.69 ± 1.82*

8.23 ± 0.8
NS
59.91 ± 7.79
81.92 ± 8.18*
107.8 ± 5.71
55.46 ± 7.22
10.56 ± 1.29

12.39 ± 1.08
NS
54.38 ± 9.07
32.52 ± 4.97
79.17 ± 6.63
47.71 ± 7.07
27 ± 1.94***

7.74 ± 0.92
NS
46.95 ± 6.6
47.64 ± 4.95
100.1 ± 5.23
54.93 ± 7.66
15.46 ± 1.43**

21D (p < 0.05)
No
No
No
No
24 h (p < 0.05)
21D (p < 0.001)

Note: The numbers represent mean ± SEM; “NS” means no positive staining; “*, **, ***” means p < 0.05, 0.01, 0.001, respectively, compared to NCs; “Treatment eﬀects” means
comparison between blast-exposed (B) and blast-exposed treated (B/T).
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Fig. 7. Antioxidant treatment reduced the blast-induced accumulation of hyperphosphorylated Tau in the SG. Images in A-C are examples of AT8 immunostaining in the middle turn of
the SG from normal control animals (A); untreated, blast-exposed rats at seven days post-blast (B); and antioxidant-treated rats at seven days after injury (C). The number of AT8-positive
SGNs (arrows in B and C) was counted, and the percentage of AT8-positive neurons was calculated and used for statistical comparisons between experimental cohorts at each time point
(D). Increased AT8 accumulation was observed in SGNs at seven days after blast exposure in untreated and treated rats (p < 0.01 or 0.001, ** or ***). A signiﬁcant HPN-07/NAC
treatment eﬀect was observed at this time point after blast exposure (p < 0.05, #). Scale bar=20 µm in C for A-C. Numbers in parentheses represent the total number of animals evaluated
in each cohort at each time point. Error bars in D represent SEM.
Table 2
AT8 staining in the auditory system after blast exposure and antioxidant treatment.
AT-8

NC

24 h-B

24 h-B/T

7D-B

7D-B/T

21D-B

21D-B/T

Treatment eﬀects

SG (%)
AVCN (#/mm2)
PVCN (#/mm2)
DCN (#/mm2)
IC
AC (#/mm2)

3.18 ± 0.88
39.6 ± 8.58
29.12 ± 6.63
26.12 ± 3.91
NS
3.23 ± 0.71

8.39 ± 1.63
40.82 ± 8.51
31.34 ± 7.89
47.9 ± 7.23
NS
7.17 ± 1.42

3.74 ± 1.1
32.17 ± 8.07
30.64 ± 8.07
27.12 ± 5.49
NS
6.75 ± 1.42

14.21 ± 1.57***
45.87 ± 10.51
47.37 ± 8.19
72.91 ± 6.79***
NS
15.33 ± 2.36***

9.39 ± 0.79**
63.49 ± 11.02
51.91 ± 9
73.41 ± 8.41***
NS
16.08 ± 3.02***

7.69 ± 1.34
34.84 ± 10.24
29.51 ± 9.64
33.23 ± 6.24
NS
1.68 ± 0.42

4.59 ± 0.91
17.18 ± 5.38
25.18 ± 6.82
29.38 ± 5.21
NS
3.04 ± 0.76

7D (p < 0.05)
No
No
No
No

3.4. Antioxidant treatment reduces the blast-induced accumulation of
neurotoxic Tau variants in spiral ganglion neurons

the same degenerating SGNs. To this end, SG tissue sections from blastexposed rats were co-incubated with antibodies against NF-68 and
oligomeric Tau and then evaluated for potential co-localization of these
two pathological epitopes. An example of this immunoﬂuorescence
analysis is depicted in Fig. 9. Based on these analyses, it was evident
that, although T22 immunolabeling was generally more prevalent than
NF-68 at both acute and chronic sampling intervals, multiple T22positive neurons at each time point were co-labeled with the NF-68
antibody (Fig. 9 and data not shown). The size and shape of these
double-labeled neurons were consistent with type I SGNs. These results
indicate that progressive, neurotoxic destabilization of Tau function
and destabilization of neuroﬁlaments are related events in degenerating
SGNs in blast-exposed rats.

To determine if the apparent therapeutic eﬃcacy of HPN-07 and
NAC intervention on cochlear neurodegeneration revealed by diﬀerential neuroﬁlament staining could be extended to Tau dysfunction in
the SG, we immunolabeled relevant tissue sections from antioxidanttreated, blast-exposed rats at each sampling interval with AT8 and T22
antibodies for comparisons to naïve controls and untreated, blastexposed cohorts. As depicted in Fig. 7 (panels C and D), acute postinjury intervention with a combinatorial regimen of HPN-07 and NAC
reduced the manifestation of hyperphosphorylated Tau at all time
points examined. Of particular note, signiﬁcant reductions in the
number of AT8-immunopositive neurons were observed in treated rats
at the seven-day sampling interval when AT8 levels peaked in the
untreated blast cohort (Fig. 7D and Table 2). However, antioxidant
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Fig. 8. Antioxidant treatment reduced the blast-induced accumulation of pathologic Tau oligomers in the SG. Images in A-C are examples of oligomeric Tau (T22) immunostaining in the
middle turn of the SG of normal control rats (A); untreated, blast-exposed rats at seven days post-blast (B); and antioxidant-treated rats at seven days after injury (C). T22-positive neurons
were observed in the untreated, blast-exposed animals (arrows in B) and in the antioxidant-treated, blast-exposed animals (arrows in C). The number of T22-positive neurons in the SG was
quantiﬁed, and the percentage of T22-positive neurons in each cohort at each time point was calculated and statistically analyzed (D). An increased number of T22-positive neurons was
observed in the SG of untreated, blast-exposed animals at all time points examined (p < 0.05 or 0.001, * or ***). Signiﬁcant treatment eﬀects were observed for the seven and 21 day time
points after blast exposure (p < 0.05 or 0.01, # or ##), but not at the acute, 24 h, time point after post-blast (p > 0.05). Scale bar=20 µm in C for A-C. Numbers in parentheses represent
the total number of animals evaluated in each cohort at each time point. Error bars in D represent SEM.

(p > 0.05) at the terminal sampling interval. In conjunction with the
positive treatment eﬀects on the preservation of NF-200 staining in
SGNs (Fig. 4) and the attenuation of pathologic NF-68 accumulation
(Fig. 5), these results demonstrate that the previously-indicated therapeutic eﬀects of this combinatorial antioxidant regimen in blastexposed animals can be extended to include inhibition of neurodegeneration and progressive Tau dysregulation in the peripheral auditory
system.

treatment did not reduce the number of AT8-positive neurons to the
levels observed in naïve controls at this time point, perhaps underscoring a saturable or oxidative-stress-independent eﬀect of blast on
aberrant Tau phosphorylation in the SG.
A complementary analysis with the oligomeric Tau antibody
revealed an even more pronounced eﬀect of HPN-07/NAC intervention
among neurons in the SG of blast-exposed animals. Under these
conditions, antioxidant intervention signiﬁcantly and eﬃciently
blocked the pathological increases in T22 immunolabeling observed
in the cell bodies of untreated, blast-exposed rats throughout the entire
time course of the study (Fig. 8C and D, Table 3). This positive
treatment eﬀect was also observed in the SL, where the T22-positive
nerve ﬁber density (193.53 ± 21.37/mm2) was signiﬁcantly smaller
than that of untreated, blast-exposed rats (516.99 ± 58.17/mm2,
p < 0.001) and statistically-indistinguishable from naïve controls

3.5. Antioxidants reduce somatic Tau accumulation among neurons in the
auditory cortex of blast-exposed rats
While combinatorial HPN-07/NAC treatment clearly ameliorated
indications of ongoing, bTBI-related Tau dysfunction in the peripheral
auditory system, we sought to determine if our model of repetitive blast

Table 3
T22 staining in the auditory system after blast exposure and antioxidant treatment.

SG (%)
AVCN
PVCN
DCN
IC
AC (#/mm2)

NC

24 h-B

24 h-B/T

7D-B

7D-B/T

21D-B

21D-B/T

Treatment eﬀects

0.85 ± 0.17
NS
NS
NS
NS
0.34 ± 0.14

3.12 ± 0.64*
NS
NS
NS
NS
0.46 ± 0.13

1.77 ± 0.33
NS
NS
NS
NS
0.52 ± 0.19

3.67 ± 0.69***
NS
NS
NS
NS
34.16 ± 5.59***

1.04 ± 0.22
NS
NS
NS
NS
31.42 ± 5.68***

4.34 ± 0.66***
NS
NS
NS
NS
13.89 ± 4.00

2.27 ± 0.38
NS
NS
NS
NS
12.35 ± 2.22

7D (p < 0.01) and 21D (p < 0.05)
No
No
No
No
No
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Fig. 9. Blast exposure results in coincident somatic accumulation of oligomeric Tau and NF-68 fragments in SGNs. Images are examples of T22 and NF-68 double-labeling in the SG in the
middle turn at 24 h (A–D) or seven days (E–H) after blast exposure in untreated animals. SGNs immunopositive for both somatic NF-68 (red) and nuclear and cytoplasmic T22 (green) were
uniquely observed in the SG in response to blast arrows in A, B, D, E, F and H). Some T22-positive neurons without NF-68 labeling were also observed in the SG (arrowheads in A, E, D and
H). Nuclei were stained by DAPI (blue). The scale bar in H=5 µm for A–H. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article).

In the primary AC, a more pronounced (p < 0.01, 4.76-fold increase),
yet still transient, increase in AT8 immunoreactivity was observed at
seven days post-blast relative to that detected in the DCN. However,
this pathologic staining pattern was seemingly resolved by the 21-day
sampling interval.
T22 immunolabeling exhibited a similar immunolabeling pattern to
that observed with the AT8 antibody in the central auditory pathway in
blast-exposed animals. No T22-reactive neurons were detected in the
AVCN, PVCN, DCN, or IC in naïve animals (Table 3). Moreover, our
model of bTBI failed to induce signiﬁcant increases in somatic T22
immunoreactivity in these central auditory regions of the brain over the
experimental time course of the study (Table 3). In contrast, the
prevalence of T22-positive neurons in the AC was signiﬁcantly
(p < 0.001, 100-fold increase) elevated at seven-days post-blast. However, this aberrant immunolabeling pattern was signiﬁcantly reduced
by the terminal (21-day) time point of the study (Table 3). Taken
together, these results revealed that our model of bTBI induced a
sustained, if not progressive, somatic accumulation of physiologic Tau
in neurons of the AC that was coupled with a transient, yet delayed
(seven-days post-blast), accumulation of hyperphosphorylated and
oligomeric Tau in this central auditory center.
When rats were administered the combinatorial antioxidant (HPN07/NAC) treatment regimen post-blast, the occurrence of somatic
physiological Tau accumulation (i.e. somatic Tau-1 reactivity) was
signiﬁcantly reduced in neurons of the primary AC at both the seven
and 21-day time points post-blast (Fig. 10, Table 1). The positive
treatment eﬀects were most prominent at the terminal 21-day time
point, where the relative prevalence of somatic Tau-1-positive neurons
was approximately two-fold less than that observed in untreated, blastexposed rats, indicative of an unambiguous treatment-speciﬁc eﬀect
(p < 0.001). However, in contrast to the observed eﬀects on somatic
Tau-1 accumulation, this treatment eﬀect was not extended to the
aberrant AT8 or T22 immunoreactivity patterns observed in the DCN
and/or the AC, as antioxidant treatment appeared to have no discernible impact on the delayed, yet transient, increases in Tau hyperpho-

exposure also induced pathologic changes on Tau in the central
auditory system that were counteracted by therapeutic antioxidant
intervention. To this end, we evaluated tissue sections from the anterior
ventral cochlear nucleus (AVCN), the posterior ventral cochlear nucleus
(PVCN), the DCN, the IC, and the AC for immunocytological evidence of
Tau dysregulation in response to blast. In contrast to cochlear tissues,
neurons within the central auditory pathway were diﬀusely immunoreactive with the conventional physiologic Tau-1 antibody in naïve
control rats (Fig. 10A). This observation is consistent with our previous
work on Tau immunoproﬁling among hippocampal neurons [19]. In
naïve controls, Tau-1-positive neurons distributed over all layers of the
DCN and in all areas of the VCN and IC (Table 1 and data not shown),
with very low frequencies of intense somatic immunoreactivity. In
contrast to our previous evaluations of hippocampal neurons, blast
exposure did not induce a signiﬁcant change in somatic Tau-1 staining
in the AVCN or DCN, and only a transient increase in somatic Tau-1
immunoreactivity was detected at the seven-day post-exposure sampling interval in the PVCN of untreated, blast-exposed animals
(p < 0.05, Table 1).
In the AC of naïve controls, Tau-1-positive neurons were primarily
located in the deep neuronal layers. However, Tau-1-positive neurons
were also observed in the middle layers after blast exposure. As
graphically summarized in Fig. 10, signiﬁcantly more Tau-1 positive
somata were observed in neurons in the AC at all time points after blast
exposure. This blast-induced eﬀect was seemingly biphasic, as, after an
initial plateau between 24 h and seven-days post-blast, the number of
neurons with dark somatic Tau-1 staining in the AC became further
elevated at 21 days post-blast, perhaps reﬂective of both acute and
progressive dysregulation of normal Tau function.
Examination of central auditory tissue sections with the AT8 antibody revealed no signiﬁcant induction of blast-induced hyperphosphorylation in the AVCN, PVCN, or IC (Table 2). Minor transient
increases (p < 0.05, 2.8-fold increase) in somatic AT8 immunolabeling
were observed in neurons of the DCN at seven days post-blast, with no
detectable changes evident at the 24 h or 21 day time points (Table 2).
638

Free Radical Biology and Medicine 108 (2017) 627–643

X. Du et al.

Fig. 10. Antioxidant treatment reduces the blast-induced somatic accumulation of Tau in the AC. Images in A–C are examples of Tau-1 immunostaining in the deep layers of normal
control rats (A); untreated, blast-exposed rats at seven days post-blast (B); and antioxidant-treated rats at twenty-one days after injury (C). Tau-1-positive neurons were observed in the
normal controls (arrows in A), untreated, blast-exposed animals (arrows in B) and in the antioxidant-treated, blast-exposed animals (arrows in C). The number of Tau-1 positive neurons in
the AC was quantiﬁed, and the percentage of Tau-1-positive neurons in each cohort at each time point was calculated and statistically analyzed (D). An increased number of neurons with
Tau-1-positive somata was observed in the AC at all time points post-injury in blast exposed animals (p < 0.05, 0.001 or 0.001, *, ** or ***). Antioxidant treatment reduced this aberrant
immunostaining pattern in blast-exposed rats at the seven- and 21-day sampling intervals, however statistical signiﬁcance for positive treatment eﬀect was only concluded among the 21day cohorts (p < 0.001, ###). Numbers in parentheses represent the total number of animals evaluated in each cohort at each time point. The scale bar in C=20 µm for A-C. Error bars
represent SEM.

therapeutic eﬀects of antioxidant treatment on reducing the stress
response.

sphorylation and oligomerization observed in these central auditory
nuclei in blast-exposed animals (Tables 2, 3). Therefore, the pathologic
and treatment response patterns on neurotoxic Tau accumulation in
neurons of the peripheral and central auditory pathways in blastexposed rats are clearly distinct, perhaps reﬂective of their relative
anatomical positions and contextual susceptibility to the propagative
oxidative stress and neurodegeneration induced by blast.

3.7. Antioxidants reduce loss of auditory function in blast-exposed rats
The ABR results from this study have been detailed in our previous
report [22] and are summarized in Supplemental Fig. 2. In general,
signiﬁcant ABR threshold shifts were observed in untreated, blastexposed animals at all time points after blast exposure. Compared to the
untreated, blast-exposed group, ABR threshold shifts in the HPN-07/
NAC treatment group were reduced by approximately 10 dB at 24 h
post-blast and 21 dB at 7- and 21-days post-blast (all p < 0.001).
Signiﬁcant recovery in ABR threshold shifts in the antioxidant treated
group was measured across all test frequencies (2–16 kHz) at both 7and 21-days after blast exposure (p < 0.01 or 0.001). Consistent with
the therapeutic eﬃcacy observed for progressive SG neurodegeneration, these ABR results reﬂect the unambiguously positive attributes of
HPN-07 and NAC for interrupting the ongoing pathophysiological
response that results in progressive loss of auditory function in blastexposed rats.

3.6. Antioxidants reduce oxidative stress among neurons in the spiral
ganglion of blast-exposed rats
To conﬁrm that blast-induced oxidative stress did, in fact, contribute to the pathophysiological response associated with cochlear
neurodegeneration, we immunolabeled SGN tissues at 24 h post-blast
with 8-OHdG, a biomarker for oxidative DNA damage [82]. Intense 8OHdG-positive staining was observed in the nuclei of SGNs of untreated, blast-exposed rats, indicative of damaging levels of oxidative
stress in these neurons (Fig. 11B). As graphically summarized in
Fig. 11D, a signiﬁcantly greater number of 8-OHdG positive neurons
was observed in the SG of these animals compared to naïve controls
(p < 0.001). In animals treated with the combinatorial antioxidant
regimen, the prevalence of SGNs with intense 8-OHdG immunoreactivity was signiﬁcantly reduced (p < 0.001). These results provide direct
evidence for oxidative stress as a contributing, if not predominant,
factor in blast-induced neurodegeneration in the SG and the positive

4. Discussion
While our blast model has been shown to induce signiﬁcant and
permanent ABR threshold shifts, indicative of diminished sensorineural
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Fig. 11. HPN-07/NAC treatment reduces blast-induced oxidative stress in the SG. Images are examples of 8-OHdG immunostaining in the SG in the basal turn of cochleae from naive (A);
untreated, blast-exposed rats (B); and HPN-07/NAC-treated, blast-exposed rats (C) at 24 h after blast exposure. The number of 8-OHdG-positive neurons in the SG was quantiﬁed and the
resultant percentiles in each cohort were calculated and statistically analyzed (D). An increased number of 8-OHdG-positive neurons was observed in the SG of untreated, blast-exposed
animals (p < 0.001, ***). HPN-07/NAC treatment signiﬁcantly reduced this blast-induced stress response (p < 0.01, ***). Numbers in parentheses represent the total number of animals
evaluated in each cohort. The scale bar in C=25 µm for A–C. Error bars represent SEM.

The progressive pathophysiological response pattern observed in
SGNs in response to our blast injury model is characteristic of
neurodegeneration associated with mild blast-induced TBIs (mTBI)
and other clinically-related neuropathies [27,69,86]. The intensity of
our blast overpressure (14 psi) model likely played a key role in the
timing and extent of blast-induced neurodegeneration within the SG. In
a related study in mice, Cho and colleagues demonstrated that, while no
SG neuron loss was observed in animals exposed to either a 94
(13.63 psi) or 123 (17.84 psi) kPa blast, a 181 kPa (26.25 psi) blast
induced signiﬁcant SGN loss as early as seven days post-trauma [9]. In
the present study, the results of toluidine blue and NF-200 staining
indicated that there was no signiﬁcant neuron loss in the SG at the
terminal experimental time point (21 days). Nonetheless, the sustained
pathologic accumulation of both NF-68 and neurotoxic Tau variants in
the SGN that we observed throughout the time course of our study is
consistent with a degree of blast-induced neuropathy that may ultimately lead to a signiﬁcant decline in this peripheral neuronal
population. Consistent with this rationale, we observed statistically
signiﬁcant reductions in mean soma diameters among SGNs in untreated, blast-exposed rat cochleae at 21-days post-blast, indicative of
ongoing neuronal atrophy in these animals (Fig. 6) [26,66,11]. Moreover, the mTBI model employed herein is more likely to mimic that
encountered by military personnel, thus providing potential insights
into the progressive spatiotemporal neurodegeneration that is commonly observed among veterans [55,90].
mTBIs resulting from blast overpressure exposures are known to
induce prolonged oxidative stress [1,40,67]. Therefore, we examined
the therapeutic eﬀects of post-traumatic intervention with an antiox-

function, only one to two percent IHC loss was observed in the middle
and basal turns of untreated, blast-exposed rats at 21 days post-injury,
which suggested a degree of under-appreciated neurodegeneration in
these animals ([18,22] and data not shown).
Indeed, beginning at seven days post-injury, we observed a signiﬁcant decline in the number of neurites along the IHC innervation
zone of the middle and basal turns of the OC in untreated, blast-exposed
rats, and at the terminal, 21-day time-point of the study, an apparent
loss of more than half of the original neurite population was measured
in these regions (Supplemental Fig. 1). These results correlated with
signiﬁcant blast-induced ribbon synapse loss among IHCs along the
breadth of this region at the terminal 21-day time point post-trauma
(Figs. 1 and 2), indicative of markedly reduced peripheral auditory
signaling to the brain. In these animals, the number of peripheral axons
in the osseous SL was not signiﬁcantly decreased until 21 days after
blast (Fig. 3). These results are consistent with gradual, yet progressive,
axonal retraction from lost IHC synapses in response to our blast
exposure paradigm similar to what has been documented in mice
exposed to an acute acoustic trauma [36]. Over this time period,
pathologic NF-68 staining remained signiﬁcantly elevated in SGN
somata (Fig. 5), indicating sustained dysfunction. On the other hand,
signiﬁcant imbalances in normal NF-200 immunolabeling patterns of
SGN somata was not observed until seven days after blast, with an
apparent decline in the number of neurons bearing a type I-like
immunoreactivity pattern ﬁrst evident at 21 days post-injury (Fig. 4).
These results seem to indicate that pathologic NF-68 accumulation is a
more sensitive or epistatic pathologic marker for ongoing blast-induced
neuropathy than loss of NF-200 immunoreactivity among SGNs.
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HPN-07 and NAC on reducing these neurotoxic manifestations of Tau
among SG neurons and their peripheral nerve ﬁbers (Figs. 7 and 8),
consistent with the rationale that blast-induced oxidative stress may
also drive this tauopathic response in the peripheral auditory system. It
is particularly noteworthy that our combinatorial antioxidant formulation markedly reduced both acute and chronic oligomeric Tau accumulation in the SG following an acute blast exposure (Fig. 8). As Tau
oligomers are widely believed to serve as the primary transmissible
neurotoxic agents in many tauopathies, including Alzheimer's disease [45,46,81,85], the ability of early HPN-07 and NAC intervention
to suppress their formation in SGNs may confer signiﬁcant long-term
protection against progressive neurodegeneration in the cochlea.
Like Tau, NF-68 is susceptible to oxidative stress-induced hyperphosphorylation and oligomerization, and there is evidence that aggregates
of dysfunctional NF-68 can act as non-physiologic chaperones that
promote Tau oligomerization [35]. Previous in vitro studies demonstrated that both classical antioxidants (e.g. NAC) and HPN-07-related
free radical spin-trap agents, such as alpha-phenyl N-tertiary-butyl
nitrone (PBN), can protect native Tau and NF-68 from oxidative stressinduced aggregation [38,39,61]. The coincident ameliorative eﬀects of
HPN-07 and NAC on the somatic accumulation of NF-68 and neurotoxic
Tau variants among the SGNs in our neuropathic blast study indicate
that post-traumatic intervention with this therapeutic formulation
holds the potential to also short-circuit these inter-related molecular
stress response patterns in vivo.
Although blast exposure resulted in pathologic Tau immunostaining
in both the peripheral and central auditory systems, we found that
neurons in the SG and AC were more susceptible to this maladaptive
response than those in the CN and IC [83]. However, antioxidant
intervention was more eﬀective in mitigating aberrant Tau modiﬁcation in the peripheral auditory organ than in the central auditory
system, where treatment eﬀects were limited to the somatic accumulation of physiologic Tau, not hyperphosphorylated or oligomeric Tau
accumulation (Tables 1–3 and Fig. 10). This discrepancy may reﬂect
diﬀerences in the relative penetrance of HPN-07 and NAC across the
blood brain barrier versus the blood cochlear barrier or diﬀerences in
the manner in which the pathophysiological response originates in
these tissues. Our lab previously demonstrated that the same combinatorial antioxidant regimen was suﬃcient for interrupting each of these
tauopathic responses in hippocampal neurons, suggesting that, at least
in this subcortical region of the brain, the drugs reached suﬃcient
concentrations to mitigate blast-induced Tau dysfunction [19]. Thus, it
possible that prolonged treatment or higher doses of these antioxidants
are required to more eﬀectively combat pathologic Tau accumulation in
the central auditory system.
In summary, our results demonstrate that mTBIs caused by blast
exposure induce progressive, retrograde neurodegeneration in the
peripheral auditory system and that early intervention with HPN-07
and NAC provides signiﬁcant protection against this outcome.
Moreover, the ability of these antioxidants to prevent widespread Tau
dysfunction and pathologic aggregation in SGNs in response to blast
further underscores their long-term ameliorative beneﬁts for limiting
propagative neurotoxicity in the inner ear. As such, our ﬁndings
illuminate the need for a broadened understanding for the role that
Tau dysregulation may play in the progressive neurological damage
observed among a wide spectrum of cochlear insults, especially those
known to involve prolonged oxidative stress, such as blast and acute
acoustic trauma.

idant formulation composed of the canonical antioxidant, N-acetylcysteine, and the free radical spin-trap agent, HPN-07, on the blast-induced
pathophysiological response in the OC. We found that this therapeutic
strategy signiﬁcantly protected against direct manifestations of oxidative stress generated by the pathophysiological response to our blastinjury model (Fig. 11) and protected against both acute and chronic loss
of NF-200-positive neurites in the IHC innervation zone and against
nerve ﬁber loss in the SL in blast-exposed rats (Supplemental Fig. 1 and
Fig. 3). This therapeutic eﬃcacy also translated to signiﬁcant ribbon
synapse preservation in the 16 kHz region of the OC and an indication
of positive treatment eﬀects in the 32 kHz region, as well (Figs. 1 and
2). Moreover, HPN-07/NAC intervention also signiﬁcantly reduced
pathologic NF-68 accumulation and neuropathic imbalances in NF200 immunostaining in the somata of SGNs and mitigated against blastinduced reductions in mean soma diameters among these neuronal
populations (Figs. 4–6). It is unclear whether these positive treatment
eﬀects were the result of direct eﬀects of HPN-07 and NAC on reducing
oxidative stress within neurons and neurites, an indirect protective
eﬀect through sustained HC viability, or a combination of both.
However, as stated above, only 1–2% IHC loss was observed over the
entire time course of our study [18,22]. In light of the relatively early
loss of IHC neurites in untreated, blast-exposed rats, the therapeutic
eﬀects observed in antioxidant-treated animals argues for direct
protection of SGN neurites. Indeed, the more robust treatment eﬀect
observed for maintaining average peripheral axonal density along the
breadth of the OC relative to preservation of ribbon synapse integrity
may indicate that antioxidant intervention slows or arrests further
axonal retraction, a therapeutic outcome that could enhance the
eﬃcacy of either inherent or therapeutic re-innervation strategies
[80,87].
Aberrant phosphorylation and aggregation of the microtubuleassociated protein, Tau, are both induced and potentiated by oxidative
stress [54,56]. Moreover, in many instances, acute subjugation of Tau
function can lead to chronic cytoskeletal destabilization that propagates
in a transcellular fashion, as pathologic Tau oligomers from degenerating neurons conscript functional Tau into neurotoxic oligomers [10,30].
Based on these observations and our previous studies on Tau in the CNS
of blast-exposed rats [19], we examined whether peripheral and central
auditory pathways showed evidence of a tauopathic response that
might contribute to sensorineural hearing loss.
Using our model of bTBI, we discovered that blast exposure induced
acute Tau hyperphosphorylation in the somata of SG neurons in
untreated rats that peaked at seven days post-trauma (Table 2 and
Fig. 7). This pathologic response was mirrored by accumulation of
oligomeric Tau inclusions that remained elevated throughout the
experimental time course of our study (Table 3 and Fig. 8). Taken
together, these results indicate that blast-induced Tau dysfunction is a
coincident molecular sequela with neuroﬁlament destabilization and
neurodegeneration in the OC, indicative of a broad and sustained
negative impact on cytoskeletal integrity among SG neurons.
Based on the fact that the pathologic response patterns for NF-68
and Tau staining in our blast model closely mirrored one another and
the fact that neuroﬁlament and Tau dysfunction are often inter-linked
in neurodegenerative disorders, such as chronic traumatic encephalopathy, amyotrophic lateral sclerosis, and Alzheimer's disease, we
examined whether these two pathologic markers co-existed within the
somata of degenerating SGNs post-blast [14,49,59,70,84]. We discovered that NF-68 accumulation and Tau oligomerization were, indeed,
co-localizable sequela in SGNs, yet based on their relative prevalence,
Tau oligomerization may be an epistatic precursor to neuroﬁlament
destabilization in this pathologic context (Fig. 9).
Although oxidative stress is a governing factor for the induction and
perpetuation of Tau hyperphosphorylation and oligomerization in the
CNS, little is known regarding the precise physiological mechanisms
that link these pathological responses [2]. Nonetheless, our results
demonstrated a clear therapeutic beneﬁt for early intervention with
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