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In 2006, | was the co-author of areview paper on noise-induced hearing loss (NIHL) along with
the late Don Henderson and Drs. Kelly C. Harris and Bo HuaHu. The three of us as co-authors
were Dr. Henderson’ s graduate students, and Dr. Harris and Dr. Hu have gone on to very
accomplished and impactful careersin the nearly two decades since ‘ The role of oxidative stressin
noise-induced hearing loss' was published in Ear and Hearing. Reflecting back on that article, itis
startling to think about how much has changed in the area of NIHL, but also how much of what we
knew in the early part of the century is still relevant today.

The Role of Oxidative Stress in Noise-Induced
Hearing Loss

Donald Henderson, Eric C, Bielefeld, Kelly Carney Harris, and Bo Hua Hu

0196020206/2701-0001/0 » Ear & Hearing » Copyright © 2006 by Lippincott Williams & Wilkins » Printed in the USA

The core of the review article was an assessment of how the outer hair cells (OHCs) die as aresult
of high-intensity noise exposure. The focus was on two aspects: the production of reactive oxygen
species (ROS) in the cochlea during and after noise exposure and the predominance of apoptosis as
the mechanism through which the hair cellsdie. Both of those discussions offered a note of
optimism that there were emerging candidate molecular pathways that could be targeted
pharmaceutically to prevent the hair cells from dying and prompt them to repair and survive. To
this day, the key takeaways from the article — that noise induces oxidative stress and acts as a
trigger for apoptosis — still hold up as major mechanistic pathways in OHC loss underlying NIHL.
The other noted pathologies of lateral wall damage (Y amaguchi et al., 2014), stereocilia
dysfunction (Tsuprun et a., 2003), blood flow changes (Prazma et al., 1987), and supporting cell
damage (Bohne et al., 2017) also continue to stand as important parts of the complex story about
the injuries to the cochlea that can be caused by noise.

Pharmaceutical Protection from NIHL

With the clear involvement of oxidative stressin hair cell death from noise, intervening with
antioxidants to mitigate oxidative stress was identified as possible way to make the ear more
resistant to noise injury and resulting threshold shift. Stretching back into the late 1990's, there
have been dozens of pre-clinical research articles showing that treatment with antioxidants before a
noise exposure could render the ear less susceptible to injury (Seidman et al., 1993; Quirk et al.,
1994; Yamasoba et al., 1999; Kopke et al., 2000; 2002; Lynch et al., 2004; Bielefeld et al., 2005;
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2007; Campbell et al., 2007; Claussen et al., 2013). Evendosing in a‘rescue’ paradigm, in which
the antioxidants are delivered after the noise exposure to relieve some of the stress on the cochlea,
have proven to reduce noise-induced hair cell loss and threshold shift in pre-clinical anima models
of NIHL (Campbell et al., 2011, Chen et a., 2020). Prophylactic protection paradigms have been
consistently more effective, but rescue reduced the injury as well, just to alesser degree.

Severa antioxidant compounds moved forward to clinical trials (Le Prell, 2022), but the U.S. Food
and Drug Administration (FDA) has yet to approve any drugs for prevention of NIHL. There have
been several barriersto clinical implementation of protective drugs for NIHL. In pre-clinical
animal models, investigators can plan the noise exposure and titrate the noise dose. This allows for
scheduled drug treatments before, during, and after noise exposure intervals. In humans, many
noise exposures occur unexpectedly (e.g. many military combat situations that arise suddenly), or
they occur at regular intervals repeated for hours over months or years (e.g. occupational exposures
or recreational use of personal listening devices). To protect against these exposures, one would
need to take the drug compound regularly for potentially decades. Thereisno pre-clinical
modeling or clinical trial that can fully capture the potential side effects of dosing with compounds
over that long a period of time.

Clinical trials must also confront the very high variability inherent in any study of human NIHL.
Due to ethical concerns, humans cannot be exposed to controlled noises known to cause NIHL.
Instead, clinical trials must assess humans who are routinely being exposed to noise, often in the
workplace. Those humans are often using hearing protection devices (as we would want them to).
Beyond that, many NIHL s take years to manifest in measurable threshold shift. Further, inter-
subject variability in susceptibility is extremely high. All of these combine, from aresearch
standpoint, to make clinical trials of pharmaceutical protection from NIHL very challenging to
design and conduct with adequate statistical power.

Finally, in addition to the duration of drug delivery, one of the great challenges in pharmaceutical
protection from noise is accessing the cochlea. Local delivery of antioxidants into the cochlea
before a planned noise exposure is useful in animal models for proof of concept of the protective
effectiveness of acompound, but it is not currently aviable delivery method for human NIHL.
Even injection of drugs into muscles or under the skin is not a reasonable option for people who
would need to take them daily for years. Oral dosing isthe most reasonable option. However,
with oral dosing, many compounds are not orally bioavailable, meaning that they do not get
absorbed into the bloodstream when ingested orally. For those that are orally bioavailable, only a
small proportion of the compound enters the bloodstream. From the bloodstream, the compound
must cross the blood-labyrinth barrier to enter the cochlea. This litany of obstacles has prevented
compounds from making the transition from effectivenessin pre-clinical models to successin
clinical trials and, ultimately, clinical implementation.

To summarize the progress on protection from NIHL, the field remainsin a ‘to be continued’ phase
of development. The groundbreaking findings that we summarized in the Ear and Hearing article
in 2006 have opened up important paths for research and development. Important obstacles
remain, but thisis an important area. We know that NIHL is preventable, and pharmaceutical
protection has too much potential upside for these obstacles to deter progress in the area.

Thinking Beyond Oxidative Stress

While the focus of our article was on noise-induced oxidative stress, the molecular pathways that
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can damage the cochlea are far broader and more complex than simply ROS formation. We
touched on mechanical injury in the organ of Corti, but the impact of disruption of the precise
mechanical architecture of the cochlea cannot be overstated. Metabolically, amajor role for
reactive nitrogen species (RNS) has been identified (Han et al., 2013), as have numerous
inflammatory pathwaysin the organ of Corti (Frye et a., 2019; Shin et a., 2022). Therole of the
immune system has also been made much clearer in the nearly 20 years since the article was
written. Several studies have shown that macrophage cells migrate to the sites of inflammation in
the cochlea (Rai et al., 2020; Verdoodt et a., 2021; Shin et al., 2022), and they play an important
role in clearing the injury site of dead or dying cell fragments. We also see the role that supporting
cellsplay. For example, when an OHC dies, it would theoretically leave aholein the reticular
lamina that separates the endolymph from the cortilymph. However, the Deiters cells' extend new
phalangeal processes out and up to fill in the space left by the deceased OHC. This keepsthe
reticular lamina sealed, which is crucial for the mechanical movement of the basilar membrane to
evoke horizontal deflection of the stereocilia, but also for keeping the ionic and electrical
environments of the endolymph and cortilymph separate in order to facilitate rapid depolarization
and then clearing of the hair cells.

Hidden Hearing Loss

Today, there is much clearer picture available of the events taking place inside the cochleathat has
been exposed to high-level noise, and how those events result in the changes in thresholds that we
associate with noise. When we wrote the 2006 paper, it was predicated on the notion that hair cell
damage/loss leading to permanent threshold shift (PTS) was the primary concern associated with
NIHL. Essentialy, if you did not have PTS, you did not have NIHL. Clinicaly, if | diagnosed
someone with temporary threshold shift (TTS) from which there was afull recovery of thresholds,
my message to the patient was that they flirted with danger, but they emerged uninjured. They
need to be careful in the future, but they got away with it thistime. If anything, the research on
sound conditioning (Ryan et a., 1994; Harrison et a., 2022) indicated that the TTS may have made
the ear stronger and more resistant to future PTS. Shortly after the 2006 article was published, that
paradigm was completely upended. Two seminal papers on NIHL were published in 2006 and
2009 by Sharon Kujawa and M. Charles Liberman (Kujawa and Liberman 2006; 2009). They
discussed the phenomenon of cochlear synaptopathy and hidden hearing loss. In the 2006 article,
they demonstrated the toxicity of early noise exposure combined with long-term aging in the
mouse. That aging pattern was less impactful to the OHCs and far more impactful to the spiral
ganglion neurons (SGNs), with significant evidence of loss of those neurons over time. Aging
alone did not damage the SGNs this way, nor did acute noise exposure at ayoung or old age
(Kujawaand Liberman, 2006). This finding was groundbreaking in that it pointed to the SGNs as
apossible target underlying permanent noise damage. In our Ear and Hearing review, we touched
on theinner hair cell-SGN synapses as a point of vulnerability for TTS, but we knew of little
evidence at that time that this noise injury could cause permanent damage to the auditory system.
The Kujawa and Liberman article disrupted that notion. Further, the model of neural damage from
the combination of noise plus aging in the mouse mirrored what the audiology clinical community
had been seeing for decadesin humans. People with NIHL at a young age who then aged into the
geriatric phase of the life span were showing significant speech perception impairments,
particularly in challenging listening situations like in competing background noise. A version of
neural presbycusis (Schuknecht and Gacek, 1993) in which there was pointed damage to the SGNs
resulting from the combination of noise and aging explained a great deal of what the audiologists
were seeing anecdotally in their clinics.
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The groundbreaking article in 2006 was followed by another, equally impactful, onein 2009. In
thisarticle, Kujawa and Liberman saw acute damage to the ribbon synapses between the inner hair
cellsand SGN dendrites after a noise that causesonly TTS. Even though thresholds recovered,
supra-threshold ABR wave 1 amplitudes did not completely recover. These findings accomplished
several important things to advance this area of research in NIHL. First, it implicated the synapses
(“cochlear synaptopathy’) as the cause of thislong-term injury from noise. Instead of only
contributing to TTS, synapse injury was causing long-term hearing impairment. Second, the
findings implicated noise doses that cause only TTS as potentially capable of causing permanent
NIHL, however, thisNIHL did not manifest as threshold shift. Instead, it would manifest as
difficulty hearing complex sounds, like speech, in competing listening situations (thus, name
“hidden hearing loss' since conventional audiometry would not be likely to capture thisinjury).
Finally, it shortened the time interval. Synaptopathy might cause long-term death of SGNs over
months in the mouse, but the loss of synapses after a single noise exposure could be contributing
right away to reduced ability to understand complex sounds in challenging background noise.
Again, thiswas (asis) very acommon complaint among people with sensorineural hearing loss,
and this mouse modeling was offering avery logical explanation for why it was happening.

To explain how the cochlea could sustain anoise injury that damaged complex sound perception
without significant PTS, the answer lies with the spontaneous rate (SR) of the SGNs whose
synapses are preferentially damaged by noise. It islow-SR neurons that sustain the most
permanent synaptopathy (Furman et al., 2013), and these neurons are the ones with the highest
thresholds. By contrast, high-SR neurons do not sustain nearly as much synapse injury from
noise. When assessing thresholds, the presentation level of the stimulusis, by definition, very
low. Therefore, threshold assessments are leveraging high-SR neurons, but largely ignoring low-
SR neurons. However, when listening to speech in background noise, the noise is saturating the
high-SR neurons, and the low-SR neurons must be leveraged to perceive the speech signal above
that background noise. When low-SR neurons are damaged, that complex signal perception in
background noise is going to be where the problems manifest.

The search continues for adifferential diagnostic test for cochlear synaptopathy in the

human. Despite the absence of such atest, this pathophysiology has gained widespread acceptance
asamajor consequence of noise and a significant contributor to the symptom of impaired speech
perception in background noise that many patients with age-related and noise-induced hearing
losses describe. This discovery stands as the most important evolution in the study of NIHL over
thelast 20 years.

Conclusion

Unsurprisingly, the last 20 years have yielded huge steps forward in our understanding of the
phenomenon of NIHL. Aswe learn more about the cochlear pathophysiology underlying NIHL,
the better equipped we are becoming in our ability to identify targets of therapeutic

intervention. While the prospect of pharmaceutical treatment for NIHL was top of mind in 2006,
we have entered a new erain which gene therapy approaches are being successfully deployed to
treat genetic hearing losses. Future interventions to repair or replace cells damaged by noise or to
restore lost synapses between hair cells and SGNs are exciting avenues to explore, and | remain
hopeful that there will be clinical options for reversing noise-induced threshold shift and hidden
hearing loss for patients in the future. In the meantime, the classical approachesto NIHL
prevention with education, monitoring, and hearing protection devices remain effective
interventions to prevent NIHL. A clever and innovative audiology community engaged and active
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in hearing conservation is the best defence against NIHL we have at our disposal. | expect that to
continue to be true for the next 20 years as well.
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