
1Scientific Reports | (2019) 9:16265 | https://doi.org/10.1038/s41598-019-52439-4

www.nature.com/scientificreports

Novel QUEST MRI In Vivo 
Measurement of Noise-induced 
Oxidative Stress in the Cochlea
André Kühl   1, Angela Dixon1, Mirabela Hali   1, Aaron K. Apawu1, Antonela Muca1, 
Moaz Sinan1, James Warila1, Rod D. Braun1, Bruce A. Berkowitz1 & Avril Genene Holt1,2*

Effective personalized therapeutic treatment for hearing loss is currently not available. Cochlear 
oxidative stress is commonly identified in the pathogenesis of hearing loss based upon findings from 
excised tissue, thus suggesting a promising druggable etiology. However, the timing and site(s) to 
target for anti-oxidant treatment in vivo are not clear. Here, we address this long-standing problem 
with QUEnch-assiSTed Magnetic Resonance Imaging (QUEST MRI), which non-invasively measures 
excessive production of free radicals without an exogenous contrast agent. QUEST MRI is hypothesized 
to be sensitive to noise-evoked cochlear oxidative stress in vivo. Rats exposed to a loud noise event 
that resulted in hair cell loss and reduced hearing capability had a supra-normal MRI R1 value in 
their cochleae that could be corrected with anti-oxidants, thus non-invasively indicating cochlear 
oxidative stress. A gold-standard oxidative damage biomarker [heme oxidase 1 (HO-1)] supported the 
QUEST MRI result. The results from this study highlight QUEST MRI as a potentially transformative 
measurement of cochlear oxidative stress in vivo that can be used as a biomarker for improving 
individual evaluation of anti-oxidant treatment efficacy in currently incurable oxidative stress-based 
forms of hearing loss.

Today, approximately 5% of the world’s population suffers from incurable noise-induced hearing loss acquired 
from a variety of noise conditions, including occupational exposures1, military duty–in and out of theater, and 
recreational activities. Such high noise exposures result in more hearing loss experienced earlier in life with 
life-long personal and societal costs2.

Ex vivo studies have implicated oxidative stress in the pathogenesis of noise-related hearing loss as well as in 
drug- and aging-related hearing loss3–5. Oxidative stress occurs when endogenous anti-oxidant levels are insuf-
ficient to reduce harmful interactions between the excessive production of free radicals and the surrounding 
tissue4. For example, exposure to loud noise generates reactive oxygen species (ROS) that permanently damage 
cochlear outer hair cells and the stria vascularis leading to loss of hearing6,7. Even a single noise exposure can 
have long term consequences with excessive free radical production persisting for up to ten days and causing 
lasting cochlear injury with decreased auditory sensitivity8. Importantly, in preclinical studies treatment with 
anti-oxidants given early in the course of the disease can prevent noise-induced hearing loss9–11. However, trans-
lating these results into effective treatments for people requires solving the long-standing problem that conven-
tional assays cannot measure cochlear oxidative stress in vivo12.

A non-invasive biomarker for excessive free radical production has recently been developed suggesting a 
method to address this problem. The method, QUEnch-assiSTed (QUEST) MRI13–15, detects excessive free radical 
production in vivo without an exogenously administered contrast agent. Free radicals are paramagnetic agents 
and thus a potential MRI contrast agent. Too many free radicals produced in an asynchronous manner (e.g., dur-
ing oxidative stress) will shorten MRI T1 (spin–lattice relaxation time), causing the spin–lattice relaxation rate, R1 
(=1/T1), to increase in direct proportion to their concentration16. Reduction in R1 after anti-oxidant treatment 
(i.e., a quench) provides a non-invasive measure of oxidative stress13–15.

In this study, we test the hypothesis that harmful noise-induced oxidative stress can be measured in vivo 
using QUEST MRI13–15. Sprague Dawley rats were exposed to acoustic overstimulation to generate oxidative 
stress and were studied before and after anti-oxidant treatment with a combination of two anti-oxidants (AO’s): 
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methylene blue (an alternative electron transporter that inhibits superoxide radical formation by mitochondria 
and oxidases) and α-lipoic acid (a free radical scavenger)14,17,18. The results were compared with a “gold standard” 
biomarker for oxidative stress: ex vivo whole mount preparations of the cochlea labeled for heme oxygenase I19; 
hair cell loss and hearing loss were also evaluated as other markers20.

Results
Acoustic trauma results in ABR threshold shifts and outer hair cell loss throughout the cochlea.  
To determine the impact of noise exposure on hearing sensitivity, hearing thresholds from silicone protected and 
unprotected cochleae were assessed using ABRs 48 hrs after the noise trauma. Baseline hearing thresholds in the 
protected ear were 29 ± 0.6 dB SPL (mean ± SEM) in the apex, 35 ± 0.8 dB SPL in the middle, and 35 ± 1.4 dB SPL 
in the base (Fig. 1a,b). Following acoustic trauma, the unprotected ear showed evidence of profound hearing loss 
with significant elevated thresholds (Fig. 1) of greater than 60 dB across the apex, middle, and base of the cochlea 
(p ≤ 0.05). Small, but significant elevations in hearing thresholds were also observed in the protected ear through-
out the cochlea (apex - 10 ± 5 dB p = 0.001; middle - 9 ± 3 dB p = 0.001; base - 12 ± 7 dB p = 0.02).

To determine whether noise exposure resulted in inner (IHC) or outer (OHC) hair cell loss, phalloidin-stained 
hair cells were counted and compared across groups (Fig. 1d,e). The unprotected ear from NE rats revealed miss-
ing outer hair cells throughout all cochlear turns, from apex to base, while the cochleae from ears of animals in 
the NH group showed minimal hair cell loss (Fig. 1d–f). The loss of OHCs was greatest along the cochlear spiral 
20–30% and 45–50% from the apex (89–100% absent). The IHCs showed a similar pattern, with the greatest loss 
occurring in the low frequency region of the cochlea (up to 30% from the cochlear apex). The results show that 
our noise exposure resulted in hair cell damage and hearing loss primarily in the apex and middle regions of 
unprotected cochleae.

Only cochleae from the NE group demonstrate elevated R1, which is corrected with antioxi-
dants.  Next, we examined noise-protected and unprotected cochleae for an increased R1 that could be cor-
rected with antioxidants in vivo as an indicator of oxidative stress. QUEST MRI R1 maps were generated in a 
cross-sectional design (Fig. 2a). When R1 values were compared to animals in the NH group [0.236 ± 0.009] the 
unprotected ears of animals in the NE [0.301 ± 0.010] group had values that were significantly elevated (Fig. 2b; 
p = 0.01), suggestive of excessive free radical production. The unprotected ears of animals in the NE + AOs group 
[0.240 ± 0.007] displayed no significant difference (p = 0.71) when compared to the animals in the NH group. In 
contrast, when unprotected ears from the NE group were compared to those from the NE + AOs group, there 
was a significant decrease (p = 0.003) in R1 values. In all groups, ears protected by the silicone plug showed no 
significant differences in R1 values [NH - 0.249 ± 0.012; NE - 0.228 ± 0.021; NE + AOs - 0.234 ± 0.012; p = 0.11]. 
A two-way ANOVA with Scheffé post hoc testing was used with treatment (NH, NE, or NE + AO) and ear (pro-
tected or unprotected) as factors. Treatment and ear as factors were significant (p = 0.01 and p = 0.002). There 
were also significant between factor interactions (p = 0.004). The results are consistent with noise-evoked exces-
sive free radical production within the cochlea in vivo.

Noise-induced increase in heme oxygenase-1 (HO-1) levels in the organ of corti is blocked by 
anti-oxidants.  As further validation of the QUEST MRI results for oxidative stress following noise exposure 
with and without anti-oxidant administration, we performed immunocytochemistry for HO-1 in the apex of 
the cochlea (Fig. 3), a “gold-standard” oxidative stress assay21,22. The apex was selected for analysis, since the 
most severe hair cell damage and hearing loss occurred primarily in the apex of unprotected cochleae (Fig. 1f). 
Changes in HO-1 immunolabeling intensity are reported as a percent change from the background level, cal-
culated as (HO-1 – background)/background. A mixed-factor ANOVA was fit with random intercepts for each 
rat and individual error variances for left and right ears. The effect for treatment was significant (p = 0.0005, 
Fig. 3a–d). In addition, post-hoc comparisons of least-squares means23 showed that the intensity of HO-1 labeling 
in the Organ of Corti from noise-exposed animals (119.1 ± 12.2%) was significantly elevated compared to that 
from normal hearing animals (21.7 ± 19.4%), for a difference of 97.4% (p = 0.0006). The difference above back-
ground for the antioxidant group (20.4 ± 15.9%) was not significantly different from that for the control group 
(21.7 ± 19.4%; p = 0.98). These results confirm noise-stimulated excessive free radical production in the cochlea 
identified non-invasively with QUEST MRI.

Discussion
In this study, using a model of noise-induced hearing loss, we found, for the first time in vivo, cochlear oxidative 
stress as measured by QUEST MRI in agreement with a gold-standard ex vivo assay. The QUEST MRI method 
is thought to be an integrative index representing the sum of continuous production of several species of free 
radicals24, and thus is a potentially useful global readout of free radical burden after auditory injury where the 
sources and species of free radicals likely vary over time. Future studies will focus on targeting and extinguishing 
particular sources of excessive free radical production (e.g., mitochondria, peroxisome, nicotinamide adenine 
dinucleotide phosphate oxidase) and/or species (e.g., superoxide free radical, hydroxyl free radical, nitric oxide) 
with a combination of targeted anti-oxidant therapies and genetically modified animal models. Other MRI meth-
ods can evaluate aspects of oxidative stress in vivo but usually require either highly specialized, nonstandard 
equipment (e.g., electron paramagnetic resonance imaging), or injection of stable free radical–sensitive reporter 
contrast agents. Instead, QUEST MRI simply requires two scans obtained before and after acute administration 
of FDA-approved anti-oxidants. The present results set the stage for potentially transformative advances over 
conventional assays that can only be performed on post-mortem tissue. Thus, QUEST MRI has high translational 
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Figure 1.  Comparison of hearing thresholds and cochlear epithelia from noise exposed and normal cochleae. 
(a–c) Auditory brainstem responses (ABRs) were compared at frequencies testing the apex (4 and 12 kHz), 
middle (20 and 25 kHz), and base of the cochlea (36 kHz), before (baseline – black bars) and after acoustic 
trauma (red bars) with protected and unprotected ears compared in each cochlear subdivision. Phalloidin 
staining of the cochlea (only apex shown) with present (green stars) and absent (gold diamonds) outer 
hair cells from normal hearing (d–d’ red arrow) and noise exposed groups (e–e’ red arrow). The resulting 
cytocochleogram reports the percent of missing hair cells (f). Error bars indicate standard error of the mean; 
Scale bar = 10 µm; 1–1st row of outer hair cells, 2–2nd row of outer hair cells, 3–3rd row of outer hair cells. 
Asterisks - *p ≤ 0.05; **p ≤ 0.001.
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potential to improve pre-clinical and clinical evaluation of devastating oxidative stress-based hearing loss linked 
to noise, drug-use, or aging in order to guide management of prodromal anti-oxidant intervention and treatment.

A model of noise-induced hearing loss with permanent hearing threshold shifts results 
from cochlear injury.  We have used auditory brainstem responses and cytocochleograms to assess the 
degree of cochlear damage produced by the noise exposure paradigm used in the current study.

By using tone pips to test hearing responses at five specific frequencies, (4–36 kHz), specific regions of the 
cochlea were assessed and correlated with regions in the cochlea where hair cells respond best to sound of dif-
ferent frequencies; hair cells located in the base are more responsive to high frequency sounds, while hair cell in 
the apex are most responsive to low frequency sounds (Fig. 4). In accordance with our previous studies using this 
same noise exposure paradigm, hearing thresholds were significantly elevated across tested frequencies25–27. Thus, 
as expected, hair cell loss was most extensive for outer hair cells, with moderate to large percentages of absent cells 
found in each cochlear turn (Fig. 1). While in the current study only male rats were used, in the future female rats 
should be incorporated  since there are reports of differences in male and female susceptibility to noise induced 
hearing loss28–30 and likely oxidative stress31,32. For inner hair cells the majority of loss was found in the apex of 
the cochlea. These results are reasonable given that the employed noise exposure paradigm produced the great-
est energy at low frequencies, which therefore produced the greatest injury in the apex of the cochlea. Overall, 
we demonstrate production of the expected injury in the expected cochlear location for this noise exposure 
paradigm.

Prolonged loud noise results in pathogenic free radical levels and cochlear injury.  Inner and 
outer hair cell death following loud noise exposure has been suggested to occur as a consequence of excessive free 
radical production based on ex vivo studies of the Organ of Corti and the induction of necrotic and apoptotic 
hair cell death pathways20. Noise-precipitated loss of hair cells as a result of oxidative stress has been reported to 
be a cause of threshold shifts observed after noise-induced hearing loss4,33. While the exact mechanism by which 
oxidative stress leads to neurodegeneration remains unclear, the mitochondria are likely involved34.

The mitochondrial electron transport chain is considered a major source of reactive oxygen species (ROS) 
produced by all tissues including those of the cochlea. Under normal physiological conditions, 1–2% of molecular 
oxygen is reduced to superoxide. In the cochlea following noise exposure however, the mitochondrial electron 
transport chain of hair cells is known to use large amounts of oxygen due to increased metabolic activity that 
results in the excess generation of reactive oxygen species4. This noise induced oxidative damage has been well 
documented and seen throughout cochlear fluids and tissues, and includes the formation of other free radicals in 
the form of reactive nitrogen species derived from nitric oxide as well8,33. Non-invasive measures of excessive free 
radical production within the cochlea would provide key information about cochlear injury and the effectiveness 
of therapeutic intervention. The biggest obstacle to-date in evaluating free radical levels in patients is that the 
majority of free radical assessment methods are based on ex vivo assays from the tissue of interest. Therefore, this 

Figure 2.  Noise-evoked cochlear oxidative stress measured in vivo with QUEST MRI. R1 maps were generated 
and used to compare protected and unprotected cochleae across groups (a). Mean change in R1 values from 
the protected ear in the NH group are displayed for each ear in all groups (b). Scale bar in (a) is a graded 
colorimetric representation of R1 values from high values represented in red to low values represented in blue. 
Error bars indicate standard error of the mean; Asterisks (*) = p ≤ 0.05.
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study addresses a long-standing need for a reliable method that allows in vivo assessment of cochlear oxidative 
stress and can guide translation of effective anti-oxidants from the lab to the clinic.

Cochlear free radical production can be assessed ex vivo with HO-1.  In this study, we detect the 
presence of excessive free radical production in noise-exposed animals using both a novel in vivo technique, 
QUEST MRI, and the gold-standard assay for oxidative damage (ex vivo labeling for HO-1). Heme oxygenase is 
an enzyme responsible for the rate-limiting step in heme degradation, and elevation of HO-1 is widely accepted as 
a biomarker for oxidative stress since the protein is induced during excessive free radical production35.

The heme oxygenase-1 enzyme is one of two genetically distinct isozymes that is expressed under conditions 
of oxidative stress and indicates the activation of an endogenous anti-oxidant system36. In previous studies, two 
oxidative stress markers, HO-1 and 8-isoprostane (lipid peroxidation), were elevated in the cochlea following 
exposure to a 115 dB SPL octave band sound for 5 hrs37–39. We therefore predicted that in our model, exposure 
to similar noise levels would lead to increased production of HO-1 within the cochlea. Our results support this 
hypothesis, since 48 hours after acoustic trauma, immunocytochemistry in the ears of noise exposed animals 
revealed significantly elevated intensity levels for HO-1. While other groups have demonstrated the highest levels 
of noise induced HO-1 labeling in the OHCs22,38, our results indicate higher levels of HO-1 labeling in IHCs. Our 
findings could be the result of several factors, including species differences since previous studies used guinea 
pigs and the current study used rats. Also, the noise exposure in the current study resulted in a permanent thresh-
old shift with a large appreciable loss of OHCs (Fig. 3b’). This could account for our result of less overall HO-1 
labeling in the OHC region of the cochlea. Importantly, when compared to the other groups, the noise expo-
sure + anti-oxidants group did not demonstrate elevated HO-1 intensity levels within the cochlea, further sup-
porting the free radical quenching approach used in these studies. These results substantiate that not only does 
the noise exposure result in the expected injury in the expected location, but also that noise delivered under our 
conditions results in an oxidative stress response in the cochlea.

Cochlear free radical production can be assessed in vivo with QUEST MRI.  Currently, the detec-
tion of free radical production is primarily limited to ex vivo methods, such as the HO-1 assay. The ability to triage 
and determine when, and in what tissue, anti-oxidant treatment would be most beneficial in rescuing from the 
acute and chronic phases of a loud noise exposure necessitates an in vivo detection method for oxidative stress. 
MRI has been used extensively in research and medicine as a high-resolution tool capable of visualizing internal 
organs in vivo. The QUEST MRI index measures abnormally high production of paramagnetic free radicals as 

Figure 3.  Noise exposure increases HO-1 immunolabeling levels in the cochlea, but the increase is reduced 
by anti-oxidant administration. Labeling for HO-1 (red) is observed in the apex of cochleae from NH controls 
(a,a”), NE (b,b”), and NE + AO (c,c”). Phalloidin staining was used to visualize anatomical structure in the 
NH (a’), NE (b’), and NE + AO (c’) groups. Scale bar = 10 μm. The percent change in HO-1 intensity from 
background (d) was assessed across groups (NH = normal hearing, NE = noise exposed, NE + AO = NE + anti-
oxidants; IHC – inner hair cell, OHCs = outer hair cells; HO-1 = heme oxygenase-1; green stars denote presence 
of OHCs; gold diamonds denote absence of OHCs; 1–1st row of outer hair cells, 2–2nd row of outer hair cells, 
3–3rd row of outer hair cells. Error bars indicate confidence intervals; Asterisks = p ≤ 0.05).
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a greater-than-normal spin-lattice relaxation rate 1/T1 (R1) that can be corrected (returned to baseline values) 
in the presence of an anti-oxidant (i.e., a quench)13–15. In MRI, nuclear spins (usually protons) are brought to a 
higher energy state with a radiofrequency pulse. The spin–lattice relaxation time (“T1”) is a “life-time” measure-
ment describing how quickly nuclear spins return back to their equilibrium position along the direction of the 
static magnetic field while releasing energy to their surroundings (the “lattice”). Thus the basis for excessive free 
radical production detection in previous studies, as well as the current study, is based upon the fact that asynchro-
nous and continuous production of free radicals imparts a net, endogenous paramagnetic contrast mechanism 
that is suppressed with antioxidants13,40,41. Therefore, we investigated whether QUEST MRI would be a feasible 
method for detecting excessive free radical production in vivo within the cochlea following noise exposure. We 
observed an elevation in R1 values following noise exposure in unprotected ears of animals, using a design that 
produced elevated levels of the oxidative stress inducible protein HO-1. The quenching of R1 values following 
anti-oxidant administration critically links the elevation of R1 intensity values with the presence of noise-induced 
excessive free radicals in the cochlea. Agreement between QUEST MRI and other “gold-standard” assays has been 
demonstrated in other tissues, such as the retina and liver14,15. QUEST MRI for cochlear free radical detection 
is envisioned for future studies that explore the role of specific anti-oxidants as treatments for noise-induced 
hearing loss.

We used two anti-oxidants that operate via different mechanisms to decrease free radical levels in the coch-
lea following noise exposure. Specifically, administration of the anti-oxidant methylene blue has been shown 
to ameliorate superoxide radical formation by mitochondria42. The second anti-oxidant used in the current 
study, α-lipoic acid, acts as a potent scavenger of free radicals present in tissues43,44. Used individually these 
anti-oxidants have been shown to dampen excessive free radicals in the cochlea produced following a host of 
insults10,45–47 (e.g. noise, aging, and cisplatin). Therefore, in the current study our results demonstrate that this 
combination of anti-oxidants reduces the production of free radicals to pre-noise exposure levels as shown both 
by the reversal of a significant change in R1 values as well as by reduced HO-1 immuno-related intensity levels.

Since being implicated in the pathogeneses of noise-induced, chemical-induced, and age-related hearing loss, 
oxidative stress has long been a topic of great interest in the field of hearing research. While many studies have 
been able to use ex vivo methods to detect the formation of excessive free radicals, our study provides a first-time 
demonstration of a feasible MRI method for detection of excessive free radical production in vivo without the use 
of any exogenous contrast agents. This method may be useful to researchers studying oxidative stress in the coch-
lea and could be useful clinically in triaging potential treatments for noise-induced hearing loss. These results 
also support future application of QUEST MRI for other auditory related conditions with oxidative stress as a 
part of their pathogenesis. A theranostic approach48 may be combined with QUEST MRI so that anti-oxidants 

Figure 4.  Cochlear regions of interest (a) - Identification of regions of interest for T1 analysis of the cochlea. 
A 400 µm scan through the cochlea (caudal- rostral view) was obtained using specific anatomical landmarks 
to maintain consistency between animals. The region of interest represents the entire cochlea in this plane 
of section (yellow outline) viewed from caudal to rostral. Each region was ventral to and did not include the 
vestibular system (dorsal to red line). LC = Left Cochlea; RC = Right Cochlea. (b) Schematic of the RC viewed 
from a caudal perspective comparable to the MRI image in panel a. The representation of frequency within 
dissected cochlear subdivisions; apex for low frequencies, middle for intermediate frequencies, and base for 
high frequencies. Lines delineate where cuts were made to divide the cochlea for immunocytochemistry and 
staining.
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(i.e, methylene blue) can be targeted to specific regions of the cochlea during critical treatment windows with 
the effects monitored in vivo. Refinement of QUEST MRI for clinical application related to the cochlea would 
be particularly beneficial not only to those who are exposed to loud noise, but those with the potential to lose 
hearing after treatment for cancer with known ototoxic agents such as cisplatin, the most widely used drug with 
the greatest ototoxicity42,49–53.

As a powerful new paradigm, QUEST MRI is poised to bridge the gap between detection and treatment of 
cochlear damage resulting from oxidative stress. QUEST MRI is thus expected to accelerate the discovery of 
effective treatments and guide application and assessment of existing therapies for oxidative stress related senso-
rineural hearing deficits.

Materials and Methods
Ethics statement.  All animals were maintained in a Wayne State University (WSU) AAALAC accredited 
animal facility under the Division of Laboratory Animal Resources. Animals were treated in accordance with 
the Animal Welfare Act and DHHS “Guide for the Care and Use of Laboratory Animals”. All procedures were 
approved by the Wayne State University Institutional Animal Care and Use Committee (IACUC) in accordance 
with National Institutes of Health (NIH) guidelines.

Subjects.  A total of 30 specific pathogen-free adult male Sprague Dawley rats were obtained from Charles 
River Laboratories (Wilmington, MA) and used in this study. Animals were housed in cages in a vivarium with 
controlled temperatures (24 ± 1 °C) and light cycles (12 hours light and 12 hours dark). The animals were fed a 
standard diet and provided water ad libitum throughout the experimental protocol. Three groups of animals 
were assessed: Normal Hearing (NH) n = 11, Noise Exposed (NE) n = 11, and Noise Exposed + Anti-oxidants 
(NE + AOs) n = 8.

Noise exposure.  Just prior to noise exposure the left ear of each animal was protected by filling the ear canal 
with a silicone elastomer (Kwik Seal, World Precision Instruments, Sarasota, FL). Awake freely moving animals 
from the NE and NE + AOs groups were exposed to a 1/3 octave band noise centered at 10 kHz with a sound 
pressure level (SPL) of 118 dB generated using software (Daqarta v 10.3) and delivered by overhead speakers for 
four hours. The silicone plug was removed immediately following the noise exposure. Animals in the NE + AOs 
group were administered the anti-oxidants methylene blue and α-lipoic acid following the noise exposure per 
the procedure below. Animals in the NH group had one ear plugged for four hours, but were not exposed to loud 
noise or administered anti-oxidants.

Anti-oxidant administration.  For methylene blue and α-lipoic acid solutions saline was used as the vehi-
cle and the pH was adjusted to 7.4. Methylene blue (1 mg/kg ip, 0.5 mg/ml) was administered 24 hours following 
noise exposure (i.e., 24 hours prior to MRI). For sources of free radicals not suppressed by methylene blue, the 
free radical scavenger, α-lipoic acid, was also administered to animals (50 mg/kg ip, 5 mg/ml) 48 hours after the 
noise exposure (i.e., one hour before MRI). During the one hour period just after administration of α-lipoic acid 
or saline, animals (all of which were singly housed) remained in their cages with filter tops and were placed in a 
quiet room with minimal ambient noise, to minimize excessive sound stimulation. Control NH and NE rats were 
given saline at both time points instead of methylene blue and α-lipoic acid.

Auditory brainstem response.  Auditory brainstem responses (ABRs) were measured before and after (24 
and 48 hours) noise exposure. During ABR measurements, animals (n = 6) were anesthetized (75 mg/kg ket-
amine, 8 mg/kg xylazine, im) and placed in a sound attenuating booth. Subdermal reference electrodes were 
inserted below the ipsilateral pinna, active electrodes were placed on top of the head, and ground electrodes were 
placed below the contralateral pinna. A multi-field magnetic speaker (MF1,Tucker-Davis Technologies, Alachua, 
FL) was placed into the external ear canal of the test ear and 5 millisecond tone bursts were played during each 
of 1024 trials for each of five frequencies corresponding to function in the apex (4 and 12 kHz), middle (20 
and 25 kHz), and base (36 kHz) of the cochlea. Sound was generated and the resulting evoked potentials were 
recorded, amplified, and filtered using software and hardware from Tucker-Davis Technologies (BioSigRZ version 
5.7.0/2014, RZ6 Multi I/O Processor, SA1 Stereo Power Amp, RP2.1 Enhanced Real-Time Processor, RA4PA 
Medusa PreAmps, RA4LI Headstages, Tucker-Davis Technologies, Alachua, FL).

MRI testing.  Animals (n = 15) were imaged 48 hours after noise-exposure. Isoflurane was administered (5% 
for induction and 2% for maintenance) with room air as the vehicle to immobilize the animals during imag-
ing. For the duration of the scan, animals with no silicone ear plugs, were placed and remained on a heated 
re-circulating water pad to maintain body temperature. High-resolution MRI scans were acquired using a 7 T 
Bruker Clinscan system with a receive-only 4 element coil array centered on the animal’s head. Single spin-echo 
(echo time [TE] 11 ms; 20 × 20 mm2, matrix size 192 × 192; slice thickness 400 µm; in-plane resolution 104 μm) 
images (23) were acquired at different repetition times (TRs) in the following order (number of scans per TR in 
parentheses): 0.15 second (6), 3.50 seconds (1), 1.00 seconds (2), 1.90 seconds (1), 0.35 second (4), 2.70 seconds 
(1), 0.25 second (5), and 0.50 second (3). To compensate for reduced signal-noise ratios at shorter TRs, progres-
sively more images were collected for averaging as the TR decreased. Rostral and caudal MRI T1 maps of the 
cochlea were obtained from animals in each experimental group (Fig. 4a). Rats were allowed to regain conscious-
ness after MRI examination.

Cochleae collection.  Within 90 minutes following the MRI scan, animals were deeply anesthetized (2–5 ml 
ip; FatalPlus Vortech, Dearborn, MI) and cochleae were dissected after transcardial perfusion (10% sucrose rinse 
followed by 4% paraformaldehyde). Following transcardial fixation, the cochleae were removed, and slowly 
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perfused locally via the round window (4% paraformaldehyde). The cochleae were incubated for 30 minutes with 
8% EDTA and immersed in 30% paraformaldehyde for 60 minutes.

Microdissection of the cochlea.  Following post-fixation, microdissection of the cochleae was performed 
to expose auditory epithelia. The bony capsule of the cochlea was first removed followed by removal of lateral wall 
tissues, including the spiral ligament and stria vascularis. Then, the tectorial membrane was removed from base to 
apex, allowing the removal of the modiolus with the attached Organ of Corti from the temporal bone. The Organ 
of Corti was then separated into three parts corresponding to the apex, middle, and base of the cochlea (Fig. 4b). 
The epithelia were then rinsed in PBS (4° C) in preparation for immunocytochemistry.

Immunocytochemistry.  Following microdissection, immunocytochemistry was performed (n = 7). 
Epithelia were placed in a blocking solution of 3% normal donkey serum (NDS; Jackson ImmunoResearch, West 
Grove, PA) for one hour on a shaker at room temperature (3:100 NDS in Phosphate-buffered saline (PBS) with 
0.5% Triton X-100, Sigma chemical, St. Louis, MO). Subsequently, cochlear epithelia were incubated with mouse 
anti-Heme Oxygenase-1 (Thermo Fisher Scientific, Waltham, MA) 1:100 in PBS with 0.3% Triton X-100 (Sigma 
chemical, St. Louis, MO) for 48 hours (4 °C) followed by rinsing with PBS (60 minutes) and incubation with Alexa 
Fluor 594 donkey anti-Mouse IgG H + L (1:400 in PBS, Molecular Probes, Eugene, OR) for 1 hour.

Cytochemical staining.  Cytochemical staining was performed after immunocytochemistry to allow vis-
ualization of the hair cells. Cochlear epithelia were rinsed (PBS 2X for 30 minutes each) and incubated with a 
fluorophore conjugated phalloidin stain (Molecular Probes Invitrogen, Carlsbad, CA) at room temperature (1:100 
in PBS 90 minutes) on a shaker in the dark. The tissues were then rinsed (2 × 30 minutes each).

Analysis.  Auditory brainstem responses.  Evoked potentials were collected at frequencies of 4, 12, 20, 25 and 
36 kHz with sound intensity levels beginning at 100 dB SPL and decreased in increments of 5 or 10 dB until a 
response was no longer elicited. Thresholds at each frequency were determined as the minimum sound level at 
which a wave 1 ABR response was still elicited.

MRI.  Two 400 µm MRI images were collected through the cochlea. For the first scan, an image of the cochleae 
was collected in the same plane as that of the inferior colliculus and was designated as the rostral cochlear section. 
The next section through the cochleae was taken in a plane containing the cochlear nucleus using the shape of the 
fourth ventricle as a guide. The section was designated as the caudal cochlear section. After applying customized 
macros, ImageJ (Version 1.48p, Wayne Rasband National Institutes of Health, USA) was used to manually draw 
the regions of interest onto each image, acquired from rostral to caudal (viewed from caudal perspective) from 
the entire cochlea on T1 map images. Then, R1 was measured from the right and left cochleae for each subject 
(Fig. 4a). Briefly, the values were collected as follows:

Within each T1 data set 23 images were collected. Images acquired with the same TR were first registered 
(rigid body) and then averaged to generate a stack of 8 images. These averaged images were then registered across 
TRs. Using imperfect slice profiles leads to a systematic underestimate of T1 values [Chapter 18 in]54. This bias 
is corrected by normalizing to the shorter TR which results in a more accurate T1 estimate (Dr. E.M. Haacke, 
private communication). Specifically, first a 3 × 3 Gaussian smoothing filter (performed three times) was applied 
only on the image set acquired at the 150 ms TR in order to minimize noise, emphasize signal, and act as a low 
pass filter to infer the B1 map and account for RF coil inhomogeneities. The smoothed TR 150 ms image was 
then divided into the rest of the images of that T1 data set. Preliminary experiments (not shown) found that this 
procedure substantially helps minimize the day-to-day variation in the R1 profile previously noted and obviated 
the need for a “same-day” control group used previously for correcting day-to-day variations13,14. R1 maps were 
calculated using the seven normalized images via fitting to a three-parameter T1 equation (intensity = a + b*(-
exp(-c*TR)), where a, b, and c are fitted parameters) on a pixel-by-pixel basis using in-house R scripts. In this 
equation c = R1 = 1/T1.

Immunocytochemistry and phalloidin staining.  The specificity of the HO-1 antibody and the use of 
HO-1 as an oxidative stress biomarker have been validated and characterized previously19,55. Quantitative immu-
nocytochemistry has previously been used to study auditory pathways56,57. Similar methods were used in the 
current study. Images of dissected tissue from the apex, middle, and base of the cochlea were acquired using 
a Leica microscope (DM 5000 wide-field microscope). For each subdivision of the cochlea (apex, middle, and 
base), three images were obtained. Each image covered a region encompassing 10 to 13 serial hair cells from low 
to high frequency along the cochlear spiral. In addition to counting the number of missing hair cells, the intensity 
of HO-1 immunolabeling in the epithelium was normalized to background regions containing no epithelium 
and compared across cochlear subdivisions and experimental groups (ImageJ, Version 1.48p, Wayne Rasband 
National Institutes of Health, USA). The exposure time was kept constant across slides within and across groups 
during acquisition of all HO-1 related fluorescent images.

Statistical analysis.  Statistical analyses were conducted using StatView (Version 5.0) and R 3.2.3 using the 
nlme package58,59. A two-way analysis of variance (ANOVA) was used to explore main effects and interactions 
within and between groups. Significance was defined as p ≤ 0.05. Post hoc comparisons were used to determine 
the direction of observed changes.

Data availability
Data generated in the present study are available from the corresponding author upon reasonable request.
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