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CHAPTER 1

The use of nonhuman primates in studies of noise injury and treatment

Chapter 1 is reproduced from an original article with the permission of AIP Publishing. The
version of record can be found at: https://asa.scitation.org/doi/full/10.1121/1.5132709

Burton, J. A., Valero, M. D., Hackett, T. A., & Ramachandran, R. (2019). The use of
nonhuman primates in studies of noise injury and treatment. J Acoust Soc Am, 146(5),

3770. https://doi.org/10.1121/1.5132709

1.1 ABSTRACT

Exposure to prolonged and high intensity noise increases the risk for permanent hearing
impairment. Over several decades, researchers characterized the nature of harmful noise
exposures and worked to establish guidelines for effective protection. Recent laboratory studies,
primarily conducted in rodent models, indicate that the auditory system may be more vulnerable
to noise-induced hearing loss (NIHL) than previously thought, driving renewed inquiries into the
harmful effects of noise in humans. To bridge the translational gaps between rodents and
humans, nonhuman primates (NHPs) may serve as key animal models. Their phylogenetic
proximity to humans underlies tremendous similarity in many features of the auditory system
(genomic, anatomical, physiological, behavioral), all of which are important considerations in
the assessment and treatment of NIHL. This review summarizes the literature pertaining to NHPs
as models of hearing and noise-induced hearing loss. It also discusses factors relevant to the
translation of diagnostics and therapeutics from animals to humans. The article concludes with

some of the practical considerations involved in conducting NHP research.

1.2 INTRODUCTION

Auditory research has greatly benefitted from basic and applied research involving a
broad range of species. At every level of analysis, from molecular to cellular to systems, the vast
majority of what we know about the structure and function of the auditory system has been

gleaned from studies conducted in selected animal models. Each model offers inherent



advantages for the exploration of particular features, but may have limited utility for the study of
others. The tremendous depth and breadth of our understanding, both current and future, is the
product of this diverse collective.

With respect to the harmful effects of noise on hearing, it is well-established that single
or multiple exposures to loud noise can elevate auditory thresholds, and is hypothesized to
induce hypersensitivity and tinnitus. Noise-induced threshold shifts can be temporary (temporary
threshold shift, TTS) or permanent (permanent threshold shift, PTS). Early research indicated
that PTS is caused primarily by outer (OHC) hair cell loss, and that nerve fiber loss was
secondary to the loss of inner hair cells (IHCs), whereas TTS was not associated with permanent
cochlear pathology (Liberman & Dodds, 1984; Moody et al., 1978); reviewed in McGill &
Schuknecht, 1976; Saunders et al., 1985). These conclusions have been augmented by recent
studies in rodents showing that IHC ribbon synapses and afferent nerve fibers are more sensitive
to acoustic trauma than previously thought (Kujawa & Liberman, 2009). Ribbon synapses are
rapidly and permanently lost following exposure to noise sufficiently loud to induce TTS,
followed by delayed loss of spiral ganglion cells (Fernandez et al., 2015). Furthermore,
exposures sufficient to kill OHCs are accompanied by significant losses of afferent nerve fibers
on [HCs that survive the exposure (Valero et al., 2017).

As these discoveries expand our understanding of NIHL, they also raise issues relevant to
human health and lifestyle. First, the vulnerability of humans to all forms of NIHL is uncertain.
Most of the recent discoveries were derived from studies in rodents, where histological
verification of cochlear pathology is easily achieved. Comparable studies in humans are limited
by practical and ethical concerns. Second, susceptibility to NIHL appears to vary widely between
individuals and species. TTS and PTS are induced at lower sound pressure levels in rodents,
compared to humans and nonhuman primates. Dose-response assessments of the risk for
developing NIHL are incompletely defined along the TTS-PTS continuum, as are related
variables such as age, sex, circadian rhythms, and type of noise (see Topics 1 and 2, this issue).
Third, reliable and sensitive diagnostic metrics are needed to identify synaptopathy and other
types of peripheral and central pathology associated with noise exposure. The pure tone
audiogram and other classic audiologic assessment tools are generally insensitive to the presence

of synaptopathy in TTS. Finally, the treatment of NIHL by emerging pharmacologic and



genomic techniques under development in rodent models raise questions about translation to
humans (see Cousins, this issue).

Nonhuman primates (NHPs) may be a key translational model to help address many of
these issues. Non-human primates occupy a unique niche in biomedical research due to their
phylogenetic proximity to humans, and because the physiological processes and phenotypic
outcomes associated with human disorders are often closely mirrored in monkey models. Old-
world monkeys, such as rhesus macaques, cynomolgus macaques, and baboons, as well as New-
World monkeys, such as marmosets and squirrel monkeys, have served as invaluable models in a
wide array of biomedical studies, including within the auditory research field. These model
systems may be the key to better defining regulations for workplace noise exposure and for
translating therapeutics to the clinic.

In this review, we summarize literature pertaining to the use of NHPs as models of
hearing and noise-induced hearing loss. Because macaque monkeys are currently the most
thoroughly studied NHP with respect to noise trauma, studies of this species are emphasized. We
also discuss factors relevant to the translation of therapeutic strategies from animals to humans,
including potential advantages of NHPs as an intermediate model. The article concludes with

some of the practical considerations involved in conducting NHP research.

1.3 NONHUMAN PRIMATES AS A MODEL OF AUDITION
1.3.1 Phylogeny

The primary rationale for the inclusion of NHPs in basic and applied biomedical research
is their phylogenetic proximity to humans, and Old-World monkeys are more closely related to
humans than are New-World monkeys. Macaque monkeys, for example, diverged from humans
approximately 25 million years ago and share 93.5% genetic sequence similarity with humans.
By comparison, rodents diverged from humans about 70 million years ago, and retain about 85%
sequence homology (Kumar & Hedges, 1998; Rhesus Macaque Genome Sequencing and
Analysis Consortium, 2007). Consequently, NHPs exhibit greater similarity to human
physiology, neurobiology, and susceptibility to infectious and metabolic diseases. These features
support the inclusion of NHPs in biomedical research, where the goal is to maximize success and
minimize risk in a wide array of human applications (e.g., cardiology, cognition, genetics,

HIV/AIDS, immunology, neurology, pharmacology, reproduction, respiratory disease,



movement disorders, and vaccines against Ebola and Zika viruses) (Phillips et al., 2014;
Wichmann et al., 2018; Espeland et al., 2018; Heppner et al., 2017).

Within the auditory system, patterns of gene expression and regulation will likely be
important factors with respect to individual vulnerability to acoustic trauma (e.g., (Barden et al.,
2012; Burns et al., 2015; Cai et al., 2015; Lavinsky et al., 2016; Mutai et al., 2018), age-related
hearing loss (Bowl & Brown, 2018; Hoffmann et al., 2016), as well as one’s responsivity to
therapeutics. The high genomic conservation between humans and macaques supports
similarities in structure and function. While genomic studies of NHP and human cochleas are
emerging (Mutai et al., 2018; Schrauwen et al., 2016), comparable studies of the central auditory
system are lacking.

1.3.2 Behavioral training and psychoacoustic testing

One of the most notable advantages of the NHP model is its ability to quickly learn
complex tasks and perform these tasks with great accuracy for long durations of time. Within a
few weeks to months of training, primates can perform behavioral tasks in daily sessions lasting
up to several hours. Various training methods have been employed with great success, including
positive reinforcement with fluid or food rewards or shock avoidance paradigms. Because
primates are highly motivated by positive reinforcement, this more ethically favorable technique
is most commonly used today. Furthermore, technological advances that allow for cage-side
subject training and testing (depending on the study constraints) increase subject comfort (Berger
et al., 2018; Calapai et al., 2017). Behavioral studies considerably strengthen the translational
power of the primate model, as the same tasks can be utilized in both human and nonhuman
studies, allowing for direct cross-species comparisons. Here, we describe behavioral studies of
NHP hearing across the hierarchy of auditory perception, including investigations of auditory
detection, discrimination, identification, and comprehension.

The first behavioral investigations of NHP auditory function characterized hearing
sensitivity by assessing tone detection in quiet. Audiograms have been measured in NHPs under
a variety of pathologic states, including noise-induced hearing loss (as discussed in detail below)
and age-related hearing loss (Bennett et al., 1983). Previously published reviews have
extensively discussed normative behavioral audiograms in nearly 30 different nonhuman primate
species, including Coleman (2009) and Coleman & Colbert (2010), as well as more recent

additions by Osmanski & Wang (2011) and Dylla et al. (2013).



Briefly, primates have varying audible frequency ranges, but generally cover frequencies
between 40 to 40,000 Hz (Coleman, 2009), approximately one octave higher than the 20 to
20,000 Hz range of humans (Hawkins & Stevens, 1950; Sivian & White, 1933; further species
comparisons in Heffner & Heffner, 2007). NHP audiograms generally resemble those of humans,
though with slightly poorer low frequency hearing and an extended high frequency hearing range
(see Heffner, 2004). Humans and macaques have a U-shaped audiogram with an area of greatest
sensitivity that approaches values of 0 dB SPL (humans: 500-4000 Hz, e.g. Hawkins & Stevens,
1950; Sivian & White, 1933; rhesus macaques: 1000-16000 Hz, Figure 1.1; Pfingst et al., 1978;
Dylla et al., 2013), surrounded by a shallow low frequency tail and a steep high frequency tail.
Several species of New-World primates, including marmosets, owl monkeys, and squirrel
monkeys, have W-shaped audiograms, in which a less sensitive frequency region is flanked by a
lower- and higher-frequency region of increased sensitivity (marmosets: Seiden, 1957; Osmanski
& Wang, 2011; owl monkeys: Beecher, 1974a; squirrel monkeys: Beecher, 1974b). However,
this should not be mistaken as a phenomenon specific to New-World primates, as W-shaped
audiograms have also been observed in baboons (Hienz et al., 1982) and chimpanzees (Kojima,

1990).
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Figure 1.1 Mean behavioral (n = 10 rhesus macaques) and auditory brainstem response
(ABR; n = 8 ears from 4 rhesus macaques) thresholds as a function of stimulus frequency.
Error bars illustrate one standard deviation from the mean.




In addition to tone detection in quiet, the macaque psychoacoustics literature is rich with
iterations of tone detection experiments in quiet and in background noise to probe more complex
auditory processing (e.g. Dylla et al., 2013; Gourevitch, 1970). While these assays have been
used to further our understanding of basic auditory processing, many of these can inform the
consequences of acoustic trauma on auditory perception. For example, researchers have
attempted to estimate loudness perception in NHPs by examining the relationship between
reaction time latency and signal intensity (Gates et al., 1963; Stebbins, 1966; Stebbins & Miller,
1964). Following noise exposure, NHPs experience loudness recruitment during temporary and
permanent hearing loss (see Studies of Auditory Dysfunction section for further details),
consistent with reports in humans (Moore, 1996).

Primate frequency selectivity has been measured behaviorally via psychophysical tuning
curves (Serafin et al., 1982) and tone detection in narrowband noise (Gourevitch, 1970) or
notched-noise (Burton et al., 2018). These behavioral studies, as well as a pair of studies using
otoacoustic emissions (OAEs) to probe frequency selectivity (Joris et al., 2011; Verschooten,
Desloovere, & Joris, 2018), have demonstrated slightly broader frequency selectivity in
macaques relative to humans.

Amplitude-modulation detection (Moody, 1994; O’Connor et al., 2011), tone detection in
amplitude-modulated noise (Bohlen et al., 2014; Dylla et al., 2013), and tone detection in gated
and inversely-gated noise (Rocchi et al., 2017) have been used to assess primate temporal
resolution. While some studies have suggested that temporal resolution in macaques is poorer
than in humans (O’Connor et al., 1999; O’Connor et al., 2011), data from the authors’ laboratory
show comparable temporal resolution (Dylla et al., 2013). Furthermore, spatial release from
masking in macaques appears to be similar to humans (Rocchi et al., 2017).

Nonhuman primates are also able to perform a variety of auditory discrimination tasks
that may inform the consequences of acoustic trauma but are too extensive to review thoroughly
here. Acoustic parameters to discriminate include: tone frequency (Moody et al., 1971;
Osmanski et al., 2016; Pfingst, 1993; Prosen et al., 1990; Recanzone et al., 1991; Sinnott et al.,
1985; Stebbins, 1973; Wienicke et al., 2001), tone intensity (Pfingst, 1993; Sinnott & Brown,
1993a, 1993b; Sinnott et al., 1985; Stebbins, 1973), amplitude-modulation frequency (Moody,
1994), monaural phase (Moody et al., 1998), stimulus rise time (Prosen & Moody, 1995),
stimulus location (Brown et al., 1978; Brown et al., 1978, 1980; Heffner & Heffner, 1990;



Heffner & Masterton, 1975; May et al., 1986), and harmonic complex composition (Le Prell et
al., 2001; Tomlinson & Schwarz, 1988). Monkeys have also been trained to discriminate
conspecific vocalizations (Heffner & Heftner, 1984; Hopp et al., 1992; Le Prell & Moody, 1997,
May et al., 1989; Petersen et al., 1978; Zoloth et al., 1979) as well as human speech sounds
(Sinnott et al., 1976; Sinnott, 1989; Sinnott et al., 2006; Sommers et al., 1992).

Auditory stimulus identification and comprehension are more challenging to probe in
nonhuman animals. In perhaps one of the first studies of its kind in the auditory domain,
Hocherman et al. (1976) trained rhesus monkeys to perform an audiovisual selective attention
task, where subjects moved the lever to the left or right according to the type of auditory or
visual stimulus presented. Researchers continue to push the envelope with regards to task
complexity. In recent studies, NHPs have been trained to perform tasks such as a ‘delayed match
to sample’ task to assess auditory working memory (Ng et al., 2014; Scott et al., 2012). Another
task assesses short-term memory, as well as decision-making, by asking subjects to discriminate
acoustic flutter stimuli with long inter-stimulus intervals (Lemus et al., 2009). Even more
complex behaviors include the discrimination of auditory illusory percepts to investigate
auditory feature-ground grouping (Petkov et al., 2003), stream segregation (Christison-Lagay &
Cohen, 2014; Lakatos et al., 2013) or feature-specific discrimination (Downer et al., 2017) to
probe selective auditory attention, and sequence content identification (i.e. does the sequence
contain more high or low frequency tones) to investigate perceptual decision-making (Tsunada et
al., 2016).

While it is not trivial to train primates on behavioral tasks, the data provide an invaluable
link to the following complementary approaches for studying auditory function in primates as
well as illuminate the translatability of the NHP model to humans.

1.3.3 Noninvasive electrophysiology

Behavioral assessments of hearing and hearing loss may be augmented by a number of
noninvasive techniques to probe the integrity of specific structures in the auditory pathway.
Several clinical audiology measures have been modified for use in animals, including the
auditory brainstem response (ABR), electrocochleography (ECochG), OAEs, and immittance
testing. These noninvasive diagnostic tests can be performed identically in well-trained or
anesthetized animal models and human patient populations, linking invasive observations in

animal models, such as histology and/or invasive physiology, to the noninvasive metrics in



humans. In particular, these metrics are essential for the differential diagnosis of auditory
pathologies, especially when behavioral data are difficult to obtain, as in children and some
animal species.

ABRs are evoked potentials measured at the scalp in response to short-duration stimuli.
This test evaluates the integrity and synchrony of the auditory system from cochlea to brainstem.
The electrical responses are averaged over many signal presentations at multiple signal
intensities and frequencies. Attempts to compare ABR thresholds and behavioral thresholds in
nonhuman primates have been made (Lasky et al., 1999), though it is of utmost importance to
establish normative correction factors in order to use ABR data in this way. The need for
correction factors is demonstrated by the difference in behavioral pure tone thresholds and ABR
toneburst thresholds, illustrated for macaques in Figure 1.1.

The ABR waveform is characterized by four to five peaks that are time-locked to the
stimulus onset and represent the summed response of progressively more central generators in
the auditory periphery and brainstem. The generator of Wave I is clearly the auditory nerve,
regardless of species, but macaque ABRs have prominent Waves I, II, and IV, which are likely
homologous to the classical human Waves I, III, and V (Allen & Starr, 1978; Kraus et al., 1985;
Lasky et al., 1995; Alegre et al., 2001). Similar waveform discrepancies have been noted in
squirrel monkeys (Pineda et al., 1989) and marmosets (Harada & Tokuriki, 1997).

ABRs have been used in macaques to assess hearing status and auditory system integrity
in the normal aging process (Torre & Fowler, 2000; Fowler et al., 2002; Fowler et al., 2010; Ng
et al., 2015), to assess the effects of caloric restriction on aging of the auditory system (Fowler et
al., 2002, 2010), to assess the effects of AIDS (Raymond et al., 1998; Riazi et al., 2009),
prosthetic implantation (Dai et al., 2011), lead exposure (Lasky et al., 2001), ototoxic drug
administration (Shepherd et al., 1994), or acoustic trauma (Hauser et al., 2018; Valero et al.,
2017) on hearing status, and following intracochlear injections of saline (Dai et al., 2017). Most
of these studies have used ABRs to estimate hearing thresholds (as illustrated for rhesus
macaques in Figure 1.1), but the suprathreshold ABR may be more informative for identifying
the loss of IHC synapses (see below).

ECochG is conceptually similar to the ABR, except the recording electrode is placed on
or near the tympanic membrane instead of the ear lobe or mastoid. This nearer-field electrode

placement improves the isolation of the summating potential (SP) and Wave 1. ECochG is



primarily used clinically in the diagnosis of Meniere’s disease. However, it has recently regained
popularity as a possible diagnostic for synaptopathy (Liberman et al., 2016). ECochG has been
reliably obtained in macaques, showing similar morphology to humans (see Figure 1.2; also

Pugh et al., 1973).
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Figure 1.2 Electrocochleography tracing measured from a rhesus macaque monkey using a
TM-trode. SP = summating potential. AP = action potential.

Otoacoustic emissions (OAEs), which are spontaneous or sound-evoked sounds
originating from nonlinearities in OHC electromotility, can be measured non-invasively from the
external auditory canal. As such, OAEs are used to evaluate OHC health, and this metric is an
important differential diagnostic tool when paired with ABRs, particularly in cases of auditory
neuropathy, in which ears with normal OAEs have grossly abnormal ABR waveform
morphology (Starr et al., 1996). Several varieties of OAEs have been reported for macaques,
including: spontaneous (SOAEs: Martin et al., 1985, 1988; Lonsbury-Martin et al., 1988;
Lonsbury-Martin & Martin, 1988), stimulus-frequency (SFOAEs: Martin et al., 1988; Lonsbury-
Martin & Martin, 1988; Joris et al., 2011), transient-evoked (TEOAEs: Martin et al., 1988;
Lasky, Beach, & Laughlin, 2000), and distortion product (DPOAEs: Martin et al., 1988; Lasky et
al., 1995; Park et al., 1995; Lasky et al., 1999; McFadden et al., 2006; Dai et al., 2011, 2017;
Valero et al., 2017). The prevalence of SOAEs is lower in macaques than humans, though much
higher than other laboratory species (Lonsbury-Martin & Martin, 1988). DPOAEs amplitudes are
similar to those observed for humans using similar stimulus parameters, suggesting similar
peripheral generation mechanisms (Martin et al., 1988; Lasky et al., 1995; Park et al., 1995;
Lasky et al., 2000).



Acoustic immittance testing can be used to evaluate patency of the middle ear
(tympanometry) and integrity of the acoustic reflex pathways (middle ear muscle reflex, medial
olivocochlear reflex). Tympanometry has been evaluated in normal hearing and pathologic
macaques and squirrel monkeys (Igarashi et al., 1979; Jerger et al., 1978b, 1978a; Lasky et al.,
2000; Bachmann, 1996). Macaques have smaller ear canal volumes and reduced compliance
compared to humans (Bachmann, 1996; Lasky et al., 2000). Stapedius reflexes have been
evaluated in squirrel monkeys (Igarashi et al., 1979; Jerger et al., 1978b, 1978a; Thompson et al.,
1984) and macaques (Mangham & Miller, 1976). Immittance testing is a reliable diagnostic tool
for differentiating between conductive and sensorineural hearing losses (Jerger et al., 1978b,
1978a), and is a promising metric for the diagnosis of synaptopathy (Valero et al., 2016; Valero
et al. 2018; Wojtczak et al., 2017; Bharadwaj et al., 2019).

1.4 AUDITORY DYSFUNCTION FOLLOWING NOISE EXPOSURE
1.4.1 Background

Historically, the primary motivations for studies of noise-induced hearing loss have been
to establish safety standards and damage-risk criteria for industrial workers and military
personnel and, more recently, to identify potential therapeutics for prevention or recovery from
acoustic trauma. As is the case for all human pathologies, humans are the most relevant model
system for assessing vulnerability to noise-induced hearing loss. However, the availability of
post-mortem cochlear tissue is necessarily opportunistic in human research, and the likelihood of
a concomitant audiogram and noise-exposure history being available is low.

Controlled noise exposure studies carried out on young adult humans in the mid-20%
century helped to characterize the relationship between signal duration and intensity to the
severity of TTS and rate of TTS recovery (e.g. Davis et al., 1950; Ward et al., 1959; Ward, 1960;
Klein & Mills, 1981; Mills et al., 1981) and the results of such studies are reviewed elsewhere
(Dobie & Humes, 2017). These studies were informative for setting damage-risk criteria, but the
lack of structure-function correlations in this experimental design, due to the inability to non-
invasively biopsy or image cochleas, was limiting. Furthermore, ethical considerations caused
these studies to quickly fall out of favor due to the potential for permanent cochlear damage. In
more recent years, human noise exposure studies have re-emerged in the context of drug

development (Grinn et al., 2017; Le Prell et al., 2012; Spankovich et al., 2014), but exposures are
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carefully designed to minimize the risk for permanent damage and to maintain ethical standards
(Maison & Rauch, 2017).

As human noise-exposure studies declined, researchers turned to laboratory animals, such
as rats and chinchillas, to address the persistent questions concerning noise-induced hearing loss.
In particular, chinchillas share a similar hearing range and cochlear length to humans and have a
docile nature, permitting awake non-invasive procedures and operant conditioning behavioral
paradigms. However, concerns were raised regarding species-specific differences in
susceptibility to damage by acoustic overexposure (e.g., Drescher & Eldredge, 1974; Hunter-
Duvar & Bredberg, 1974; Luz & Lipscomb, 1973), suggesting limited translatability for
establishing damage-risk criteria. This instigated the onset of several series of experiments in
nonhuman primates.

These studies aimed to describe the relationships between:

1. Noise exposure stimulus parameters and cochlear pathology at the gross anatomical

level, in terms of both severity and location of cochlear damage.

2. Noise exposure stimulus parameters and the magnitude of TTS and PTS, as assessed

by behavioral audiograms.

3. Initial severity, growth, and recovery rate of TTS and any eventual PTS.

What follows is a detailed review of the existing literature on nonhuman primates and
noise-induced hearing loss. While many aspects of the experimental design varied across studies,
this review will be divided into sections based on the type of exposure stimulus: octave band and
broadband noise, pure tones, and impulse noise. Studies of noise-induced hearing loss in NHPs
are listed with experimental details in Table 1.1. This review is intended to be comprehensive to
the best knowledge of the authors. The relative paucity of nonhuman primate studies should be

apparent from the table.
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Table 1.1 Nonhuman primate studies of noise exposures, hearing impairment, and cochlear pathology. Studies are listed chronologically.

Citation Species Exposure Exposure Exposure Multiple Behavioral ABR/DPOAE/ | Cochlear Additional Details
Stimulus Level Duration Exposures? | Audiogram? | Immittance? Histology?

Martin, Romba, & | Rhesus Machine gun | 165dB SPL | 1x No Yes No No Single subject; mild TTS in

Gates (1963) macaques impulse mid/high frequencies only;
full recovery within 72 hr

Romba & Gates Rhesus Machine gun | 154-166 dB | 1x Yes (8-12) Yes No No TTS recovery and PTS

(1964) macaques impulses SPL accumulation varies
extensively across subjects
and exposures

Harris (1967) Rhesus Pure tones (2- | 90-120 dB 30-60 min Yes (4<) Yes No No TTS and PTS accumulate

macaques kHz) SPL across exposures
Luz & Hodge Rhesus Impulse noise | 168 dB SPL | 2x Yes (2) Yes No No TTS severity and recovery
(1971) macaques
Tank noise 110 dB SPL | 12 min Yes (3)

Hunter-Duvar & Squirrel Pure tones (1- | 120 dB SPL | 5-15 min, Yes (1-7) Yes No Yes TTS and PTS do not correlate

Elliott (1972) monkeys or 2-kHz) 20 min-12 hr with OHC or IHC loss

Hunter-Duvar & Squirrel Pure tones (1- | 130 or 140 3or4hr No Yes No Yes PTS does not correlate with

Elliott (1973) monkeys or 2-kHz) dB SPL OHC or IHC loss

Luz et al. (1973) Rhesus Impulse noise | 168 dB SPL | 2x Yes (3-18) Yes No Yes TTS and PTS accumulation

Jordan et al. (1973) | macaques 110 dB SPL across exposures; OHC &

Pinheiro et al. Tank noise 12 min Yes (2) IHC counts; improved LF

(1973) sensitivity in some subjects

Pugh, Horwitz, & Pigtail OBN (8-kHz | 114dB SPL | 30 min Yes (not Yes Yes No Simultaneously recorded AP

Anderson (1974) macaques, CF) specified) from chronically implanted
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squirrel

electrode; smaller neural TTS

monkeys than behavioral TTS
Scheib, Stebbins, Rhesus OBN (2-kHz | 90 dB SPL 36 days No Yes No No TTS growth over duration of
& Moody (1975) macaques CF) exposure
Scheib et al. (1975) | Rhesus OBN (2-kHz | 90 dB SPL 90 days No Yes No Yes TTS growth and
macaques CF) accumulation to PTS; no
relation to OHC/IHC loss
Hawkins et al. Rhesus, OBN (0.5-, 120dB SPL | 8 hr Yes (20) Yes No Yes TTS and PTS accumulation
(1976) pigtail, & 2-, 4-, or 8- over time; weakly correlated
crab-eating | kHz CF) or with OHC and IHC loss;
macaques, | BBN (100-Hz BBN causes more damage
baboon to 10-kHz) than OBN
Citation Species Exposure Exposure Exposure Multiple Behavioral ABR/DPOAE/ | Cochlear Additional Details
Stimulus Level Duration Exposures? | Audiogram? | Immittance? Histology?
Jerger, Maudlin, & | Squirrel BBN 108-118dB | 1-2 hr Yes (1-5) No Yes Yes Tympanometry and acoustic
Igarashi (1978) monkey SPL reflexes pre- and post-noise
exposure; reflexes predict
severity and extent of
cochlear damage
Nielsen et al. Squirrel NBN (375- 95 or 105 1,2,4,8,16, | Yes (7<) Yes No No TTS growth increases with
(1978) monkeys 750-Hz) dB SPL 24, or 48 hr longer exposure times; TTS
recovery is biphasic
Moody et al. Rhesus, OBN (0.5-,2- | 120dB SPL | 8 hr Yes (20) Yes No Yes Extension of Hawkins et al.
(1978) pigtail, and | ,4-, or 8-kHz (1976); TTS does not
crab-eating | CF) or BBN increase with continued

exposure; weak correlation
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macaques, | (100-Hz to between PTS and OHC/IHC
baboon 10-kHz) loss; Stebbins et al. (1979)
120dB SPL | 40 hr No Yes Yes references this data in species
OBN (2-kHz comparison
CF)
Nielsen et al. Squirrel NBN (375- 95 or 105 1,2,4,8,16, | Yes (7<) Yes No No TTS growth increases with
(1978) monkeys 750-Hz) dB SPL 24, or 48 hr longer exposure times; TTS
recovery is biphasic
Pugh, Moody, & Pigtail OBN (8-kHz | 108dBSPL | 1hr No Yes Yes Yes Loudness recruitment during
Anderson (1979) macaques CF) TTS and PTS; similar
estimates via reaction time
OBN (8-kHz | 118 dBSPL | 8 hr Yes (20) task and chronic
CF) electrocochleography
Moody et al. Rhesus OBN (2-kHz | 100dBSPL | lor2hr No Yes No No Response latency as a
(1980) macaques CF) function of tone intensity
during TTS recovery;
compared to effects of
ethanol administration
Lonsbury-Martin & | Rhesus Pure tones 100 dB SPL | 3 min Yes (not Yes No No TTS and neuronal adaptation
Martin (1981) macaques (many specified) recovery times; recorded
different CFs) neurons in cochlear nucleus
and inferior colliculus
Nielsen et al. Squirrel OBN (500- 95 dB SPL 2,4,8,12, Yes (7<) Yes No No Continuous vs. interrupted
(1984) monkeys Hz CF) 16, 24, 36, exposures; TTS growth is
48, 60, 72, or faster for continuous than
96 hr interrupted noise
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Citation Species Exposure Exposure Exposure Multiple Behavioral ABR/DPOAE/ | Cochlear Additional Details
Stimulus Level Duration Exposures? | Audiogram? | Immittance? Histology?
Lonsbury-Martin et | Rhesus Pure tones 100 dB SPL | 3 min Yes (not Yes No Yes Total of 5-14 hr of exposure;
al. (1987) macaques (many specified; mild PTS accumulation from
different CFs) 5.5-14.4 hrs TTS; no relationship between
total) PTS and OHC/IHC loss
Valero et al. (2017) | Rhesus NBN (2-kHz | 108, 120, 4 hours Yes (1-5) No Yes Yes ABR and DPOAE
macaques CF, 50-Hz 140, 146 dB characterization of TTS &
BW) SPL PTS; OHC, IHC, and IHC
ribbon synapse counts
Hauser et al. Rhesus and | NBN (2-kHz | 140, 146 dB | 4 hours No Yes Yes Yes Tone detection in quiet,
(2018) bonnet CF, 50-Hz SPL steady state noise, and
macaques BW) amplitude modulated noise

following PTS; correlated
with OHC/IHC/synapse loss

NBN = narrowband noise; OBN = octave band noise; BBN = broadband noise; CF = center frequency; BW = bandwidth; ABR = auditory brainstem response;

DPOAE = distortion product otoacoustic emission; OHC = outer hair cell; IHC = inner hair cell; LF = low frequency; AP = action potential from auditory nerve

Literature searches for this review were completed in PubMed using keywords such as: nonhuman primate, monkey, macaque, noise, exposure, impulse, hearing

loss, cochlea, hair cell, sensorineural, threshold shift|
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1.4.2 Octave band and broadband noise exposures

Researchers at the University of Michigan were among the first to study cochlear
pathology in NHPs. Their initial focus on antibiotic ototoxicity identified severe cochlear lesions
characterized by complete IHC and OHC loss and the presence of phalangeal scars following
aminoglycoside use (e.g. Stebbins et al., 1969). The lesions progressed from base to apex with
increasing treatment duration. Behavioral pure-tone audiograms were correlated with the
anatomical findings, with threshold shifts of 60+ dB resulting from the cochlear lesions. Steep
cutoffs and a high degree of symmetry across ears were noted, both anatomically and
behaviorally. Overall, these findings provided some of the first direct scientific evidence for the
place theory of hearing, which was relatively new at the time (Davis, 1957).

Following this and other studies on ototoxicity, several groups took on investigations of
noise-induced hearing loss, due to its broader relevance and greater prevalence. Modeling noise
exposure conditions against typical work-related noise conditions, the Michigan group created
permanent hearing loss with long, repeated exposures to 120 dB SPL noise (presented for 8
hours per day for 20 days). In these classical studies, the noise bands were either broadband or
octave band with varying center frequencies (Hawkins et al., 1976; Moody et al., 1978). In
agreement with the prior ototoxicity studies, the basal cochlea seemed uniquely vulnerable to
damage. The basal-most hook region of the cochlea was particularly vulnerable, showing
complete ablation in nearly all noise-exposed subjects (Hawkins et al., 1976). This extreme basal
loss of all OHCs and IHCs was thus termed a juxtafenestral ( “near the window ) lesion
(Hawkins et al., 1976)

Beyond the base, noise-induced damage was observed tonotopically along the cochlear
length, according to the frequency spectrum of noise to which the subject was exposed. These
tonotopic lesions were broader and less severe than the juxtafenestral lesions. OHC loss was
more severe than IHC loss, suggesting greater vulnerability of OHCs than IHCs to noise-induced
damage. Higher center frequency noises (e.g. 2-, 4-, or 8-kHz) were more effective at generating
noise-induced hearing loss than lower center frequency noises (e.g. 0.5- or 1-kHz). However,
Hawkins et al. (1976) noted “a ‘central tendency’, reminiscent of the familiar 4-kHz dip in the
audiograms of patients with noise-induced hearing loss”. This suggests that the mid- to high-
frequency region of the cochlea may be particularly vulnerable to noise damage, regardless of

the spectrum of the noise exposure.

16



Behavioral audiograms in the same macaques revealed TTS up to 60-85 dB and PTS
typically peaking around 40-55 dB. Both TTS and PTS were highly symmetric within a given
subject. TTS did not increase throughout the course of exposure, but PTS accumulated over time,
with greater losses observed after longer exposure durations (Hawkins et al., 1976; Moody et al.,
1978; also demonstrated in chinchillas: Clark & Bohne, 1978). In addition, the authors found that
the broadband noise caused more severe hearing loss and greater hair cell loss than any of the
octave band noises.

While Moody et al. (1978) concluded that their data supported a strong relationship
between cochlear pathology and audiometric threshold, again furnishing the place theory of
hearing, a closer examination of the data suggest a weak relationship with several exceptions.
Importantly, some subjects had significant PTS accompanied by minimal hair cell loss along the
entire cochlear length (Moody et al., 1978). The authors suggested that some of the hair cells,
though still present, must have experienced extensive damage without being lost. In a subsequent
publication, Stebbins et al. (1979) argued that these data supported the notion of two distinct
receptor cell types in the cochlea. Through investigations of behavioral thresholds and cochlear
damage following ototoxic treatment in chinchillas, Ryan & Dallos (1975) concluded that OHCs
were necessary for normal hearing detection and that OHCs facilitate normal IHC function. Still
regarded today as largely true, Stebbins and colleagues (1979) provided the critical cross-species
validation by comparing across datasets in chinchillas, guinea pigs, patas monkeys, and
macaques.

The same researchers at University of Michigan also studied TTS in macaques using 2-
kHz octave band noise continuously presented at 90 dB SPL for 36-90 days (Scheib et al., 1975a;
Scheib et al., 1975b). The minimal descriptions available from these studies indicate that TTS
accumulated to an initial plateau of approximately 20 dB over the first 7-12 hours of exposure
(sometimes described as an “asymptotic threshold shift”; Clark & Bohne, 1978). Thresholds
continued to increase, though much more slowly, over the next 5-7 days until leveling to a
second plateau, approximately 10 dB higher than the initial TTS. Considerable inter-subject
variability was noted. One subject had much larger threshold shifts (60 dB) than the other three,
and when thresholds were measured 72 hours following termination of the noise exposure,
sensitivity had fully recovered in two subjects and the remaining two had PTS of 15-25 dB.
Thus, a stimulus that initially caused only a TTS eventually caused a PTS in 50% of the NHPs.
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All subjects had scattered hair cell loss that was not predicted by the TTS or PTS. These studies
demonstrate the extent to which susceptibility can vary, even in a small cohort of NHP subjects.

Pugh and colleagues, also at the University of Michigan, conducted chronic intracochlear
recording in NHPs (Pugh et al., 1973) to investigate the relationship between noise-induced
changes to the auditory nerve action potential (AP) and behavior (Pugh et al. 1974; Pugh et al.,
1979). In their first study, a mild TTS was induced in pigtail macaques and squirrel monkeys
following exposure to 8-kHz octave band noise at 114 dB SPL for 30 minutes (Pugh et al.,
1974). Interestingly, the TTS magnitude was larger in behavioral than neural measures. The
exposure also caused relatively small changes in suprathreshold AP amplitude, but an increase in
input/output function slope.

In a later study, Pugh et al. (1979) used reaction times from behavioral audiograms, as
well as AP latency, to assess loudness recruitment in subjects before and after noise exposure.
Subjects were exposed to 8-kHz octave band noise at 108 dB SPL for 1 hour to induce TTS and
were later exposed to the same noise at 118 dB SPL for 8 hours daily for 20 days to induce PTS.
Both reaction times and AP latency were assessed as a function of stimulus intensity. During
TTS and following PTS, reaction times for low-intensity sounds were much higher and reaction
times decreased more rapidly with increasing stimulus level, and whereas reaction times for high
intensity tones were unchanged. The AP latency vs. stimulus level functions showed comparable
results. Histopathology revealed OHC loss in the PTS ears, suggesting that loudness recruitment
may be related to OHC function.

In relation to their previous work investigating loudness recruitment in normal hearing
macaques (Stebbins, 1966; Stebbins & Miller, 1964), Moody et al. (1980) used a more acute
model of TTS to investigate changes in the latency-intensity function. Macaques were exposed to
1 or 2 hours of 2-kHz octave band noise at 100 dB SPL. As thresholds recovered over the next
48 hours, reaction times were recorded across tone levels. Consistent with the findings of Pugh et
al. (1979), these results suggested that the subjects had loudness recruitment during TTS
recovery, as evidenced by the increased slope of the latency-intensity functions. Once hearing
sensitivity recovered to pre-exposure levels, the latency-intensity functions also returned to
normal. These investigations of loudness recruitment were some of the only early nonhuman
primate studies of noise-induced hearing loss (including TTS or PTS) to examine perceptual

changes beyond basic hearing sensitivity.
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Concurrently, researchers at Henry Ford Hospital in Detroit, Michigan began
investigating the time course of TTS in squirrel monkeys exposed to 500-Hz octave band noise.
The subjects underwent several exposures of varying durations across several days to weeks.
Hearing sensitivity was assessed behaviorally at 750 Hz only. Nielsen et al. (1978) observed 5-
10 dB of'initial TTS growth during the first 1-8 hours of noise exposure, followed by a
continuous increase in TTS severity with increasing exposure time (up to 48-hour duration). This
lack of asymptotic threshold shift contrasts the findings described above (Hawkins et al., 1976;
Moody et al., 1978; Scheib et al., 1975a; Scheib et al., 1975b). Following cessation of the noise
exposure, TTS recovered in a biphasic manner: an initial fast phase (<15 min) followed by a
slow phase (up to 48 hours). Higher intensity exposures caused more severe TTS and longer
recovery times. The results of these studies were remarkably similar to human studies of TTS
growth and recovery. In a follow-up study, Nielsen et al. (1984) observed faster TTS growth in
subjects with continuous — as opposed to interrupted — noise exposures. Despite large variability
in severity of TTS and TTS growth rate, all subjects recovered back to normal hearing sensitivity
within a few days after exposure.

A separate group studied changes in middle ear acoustic immittance following PTS
caused by broadband noise exposure in squirrel monkeys (Jerger et al., 1978b). Tympanometry
and acoustic reflexes (elicited by 0.5, 1, 2, and 4 kHz tonebursts and broadband noise) were
measured before and after exposure to 108-118 dB SPL noise for 1-2 hours over the course of
multiple days. While tympanometry showed excellent middle ear compliance pre- and post-
exposure, acoustic reflexes predicted the severity and extent of cochlear hair cell loss.

1.4.3 High intensity pure tone exposures

Pre-dating the use of noise as an exposure stimulus, researchers utilized high intensity
pure tone exposure to examine TTS growth and recovery and the accumulation to PTS in
macaques (Harris, 1967). Harris (1967) was particularly interested in predicting susceptibility to
PTS from TTS, so he employed a cross-species approach of humans, rats, and macaques (though
it is important to note that exposure stimuli and conditions were quite varied across experiments
and species). Macaques were exposed to 2-kHz tones for 30-60 minutes, with tone levels
increasing from 90 to 120 dB SPL over several sessions. Higher exposure levels caused greater
TTS and a mild PTS (<30 dB) accumulated across several exposures for 75% of the macaques

(Harris, 1967). The one NHP subject that did not develop PTS was also notably more resistant to
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TTS than the others. No other obvious trends between TTS and PTS were observed for the
remaining subjects. Humans and rats exhibited similarly weak TTS-PTS relationships (Harris,
1967).

In contrast to octave band or broadband noise, pure tones generate narrower activation
patterns in the cochlea. Therefore, exposure to high intensity tones should lead to narrower
cochlear lesions and a more limited spectrum of threshold elevation. In two seminal studies,
Hunter-Duvar & Elliott (1972, 1973) exposed squirrel monkeys to 1- or 2-kHz pure tones
monaurally at 120, 130, or 140 dB SPL. Behavioral audiograms were measured prior to
obtaining cytocochleograms for the exposed and unexposed ears. Shorter duration exposures (5-
15 minutes) elicited up to 30 dB TTS, with no differences in IHC or OHC counts between the
exposed and unexposed ear. Longer duration (2-4 hours) and higher intensity exposures
ultimately generated PTS. However, severity and extent of PTS varied extensively across
subjects, ranging from 20-50 dB peak loss anywhere between 1- to 6-kHz.

The impact of these experiments, however, comes from the fact that Hunter-Duvar and
Elliott did not observe any measurable relationship between hair cell loss and PTS. For example,
one subject presented with a 50 dB PTS following a three-hour exposure to a 1-kHz tone at 140
dB SPL, but had normal hair cell counts bilaterally. Additionally, a different subject had less
than 20 dB PTS following a four-hour exposure to a 140 dB SPL 1-kHz tone, but exhibited
complete loss of OHCs and some IHC loss along the entire basal half of the overexposed
cochlea. No subjects showed narrow, tonotopically localized cochlear lesions, as might be
predicted by cochlear mechanics. Instead, either unilateral basal cochlear lesions of varying
extent were observed or no observable damage was present at all. Pure juxtafenestral lesions
were not observed in any of the subjects.

A few years later, Lonsbury-Martin & Martin (1981) used short (3 minute) 100 dB SPL
pure tone exposures to create mild, quickly reversible monaural TTS in macaque monkeys.
Behavioral thresholds typically recovered within 15-20 minutes post-exposure. High frequency
tones elicited more severe TTS and longer recovery times than low frequency tones. Single unit
recordings in the cochlear nucleus and inferior colliculus of the awake subjects revealed that
neurons in the CN and IC typically exhibited larger threshold shifts and took longer to recover to

baseline levels when compared with behavioral thresholds.
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In a follow-up study, Lonsbury-Martin and colleagues (1987) conducted repeated
monaural pure tone exposures over the course of 12-18 months, using similar stimulus conditions
as the 1981 study. After 12 months of 100 dB SPL pure tone exposures accumulating to a total of
5.5 hours, one subject had a narrow cochlear lesion (complete loss of IHCs and OHCs) in the
mid-basal cochlea, but did not have any measurable PTS. The two macaques that underwent 18
months of 100 dB SPL pure tone exposures accumulating to 13-14 hours had up to 10-15 dB
PTS between 8-16 kHz. Cytocochleograms revealed a narrow cochlear lesion in one subject and
normal cochlear anatomy in the other. Once again, these data suggest that sounds that initially
only cause a TTS can accumulate to create PTS, but the underlying cochlear pathology is not
well predicted by audiometric threshold shifts.

1.4.4 Impulse noise exposures

Due to the Department of Defense’s vested interest in noise-induced hearing loss, many
experimental paradigms are intended to model noise exposure conditions experienced by military
personnel. High intensity impulse noises have been used in studies of humans and animals to
probe the effect of blast exposures on hearing sensitivity. In fact, the earliest studies of noise-
induced hearing loss in NHPs were completed in rhesus macaques by Romba and colleagues in
the early 1960s using highly realistic military exposure conditions (Martin et al., 1962; Romba,
1962; Romba & Gates, 1964). Subjects were seated in a tank and exposed to machine gun blasts,
which were approximately 165 dB SPL. Audiograms were obtained immediately following blast
exposure and repeated over the course of 72 hours. TTS was greatest (up to 20 dB) at 2- and 4-
kHz, less severe at 6-, 8-, and 12-kHz, and not present below 1-kHz. Following multiple
exposures, some subjects acquired PTS while others did not. TTS recovery and PTS
accumulation varied extensively across subjects (Romba & Gates, 1964), suggesting large
individual differences in susceptibility to NIHL.

Luz & Hodge (1971) also undertook experiments to probe the effect of blast exposures on
hearing sensitivity in rhesus macaques and humans, specifically inquiring about TTS recovery
patterns following exposure to blasts and to continuous broadband tank noise (110 dB SPL, 12-
minute duration). Following exposure to two 168 dB SPL impulses, subjects had TTS ranging
from 5-40 dB that recovered to baseline sensitivity in as little as 20 minutes in some subjects or
up to 32 hours in others. Recovery patterns suggested two independent pathophysiological

processes with different time constants (consistent with the observations of Nielsen et al., 1978,
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1984), resulting in five distinct TTS recovery pattern classifications. Subjects underwent several
impulse noise exposures and several continuous noise exposures. Severity of TTS and recovery
pattern varied extensively by subject, test frequency, exposure type, and exposure number. In
comparison to young adults exposed to gun shots in the laboratory, macaques had more severe
TTS and slower recovery times. However, monkey and human shared the same recovery
patterns, suggesting similar pathophysiology across species (Luz & Hodge, 1971).

Following their initial study, Luz et al. (1973) continued exposing the macaques to the
impulse and continuous noises in order to generate PTS, with four weeks between exposures in
order to reach maximal hearing recovery. As seen in nearly all studies described thus far, the
magnitude and recovery pattern of TTS, the magnitude and bandwidth of PTS, and overall
individual susceptibility was highly variable across subjects. However, a few unique findings are
worth mentioning in greater detail here. First, seven of the nine subjects showed less severe TTS
following their second noise exposure than following their first noise exposure. This and similar
findings have been posited as a ‘toughening of the ears’, or an increased resistance or tolerance
of damage within the cochlea. Taken together with the notion that TTS-related noise damage can
accumulate to generate PTS, one can certainly appreciate the complexity of noise-induced
cochlear pathology. Second, the majority of subjects required many noise exposures to induce
even a mild, high frequency PTS (e.g. a series of 10 or 20 impulse noises resulted in 10-25 dB
PTS). Macaques seem quite robust to blast exposure, albeit more susceptible than humans. Third,
most subjects exhibited improved low frequency hearing sensitivity following noise exposure in
the presence of high frequency PTS. The reason for this improved sensitivity is unknown, but
has been reported by others (Moody et al., 1978).

Jordan et al. (1973) completed cytocochleograms on the Luz et al. (1973) macaque
cohort. The extent and severity of hair cell loss was highly variable across subjects, ranging from
normal IHC counts with a few missing OHCs and auditory nerve fibers to large basal wipeouts to
isolated mid-cochlear OHC losses. All subjects exhibited juxtafenestral lesions of differing
extents. Furthermore, hair cell damage was not well predicted by the pure tone audiogram
(Pinheiro et al., 1973). Jordan et al. noted that hair cells adjacent to areas of loss were often
swollen or damaged, suggesting ultrastructural damage and possible malfunction. At the level of
the hair-cell and audiogram, cochlear pathology resulting from impulse noise exposure does not

seem to differ from the damage resulting from continuous noise or pure tone exposures in NHPs.
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1.4.5 Recent nonhuman primate studies of noise-induced hearing loss

In the 30+ years since the last studies of NIHL in NHPs, many methodological
improvements have emerged including advanced behavioral assays, novel histological
preparations including immunohistochemistry, higher-resolution imaging methods, and
improved electrophysiological measures. Due to these advances, it is appropriate to re-visit the
classical studies of macaque noise-induced hearing loss in order to gain a more complete
understanding of the relationship between noise exposure, cochlear pathology, auditory pathway
integrity, and behavioral manifestations.

The first application of these comprehensive and updated methodological approaches in
NHPs was completed by the present authors (Valero et al., 2017). In this study, cochlear function
was assessed by ABRs and DPOAESs in macaques exposed to narrowband noise at sound
pressure levels ranging from 108 — 146 dB SPL. Histopathological assessments of hair cell and
synapse survival indicated that IHC ribbon synapse loss accompanies IHC and OHC loss in cases
of PTS in macaque monkeys exposed to 146 dB SPL narrowband noise. Furthermore, macaques
exhibited moderate IHC synapse loss in the absence of IHC or OHC loss following TTS induced
by exposure to 108 dB SPL narrowband noise.

To follow up on the behavioral consequences of such noise exposures that cause NIHL,
to draw parallels between the human literature and data from animal models, and to establish
perceptual correlates of cochlear histopathology, we obtained behavioral metrics on a detection
task. Macaques were trained to detect tones in quiet and in the presence of various background
noises. The behavioral indices were obtained before and after a four hour narrowband noise
exposure that caused PTS (Hauser et al., 2018). Subjects had 40-60 dB increase in audiometric
threshold (PTS) across a narrow range of tone frequencies following exposure. These studies
showed that macaques with PTS had slower increase in detection thresholds in increasing
broadband background noise masker levels. Further, they also showed reduced release from
masking when the broadband masker was modulated by low frequency sinusoids relative to pre-
exposure values. These behavioral measures were also correlated with degree of PTS across test
frequencies. Additionally, threshold shift rate was significantly correlated with IHC, OHC, and
synapse loss observed in a cohort of NHPs that underwent an identical noise exposure (from
Valero et al. 2017). We are continuing studies of these and other noise exposed animals in order

to investigate changes in auditory perception following TTS and PTS. These data serve as one of
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the first direct corroborations of complex auditory perception (beyond a behavioral audiogram)
and cochlear histopathology following noise-induced hearing loss for any species.
1.4.6 Summary of NHP noise exposure studies
Despite the relative paucity of primate studies of noise-induced hearing loss, several
noteworthy conclusions, including conspecific trends, can be gleaned from this literature:
1. Higher intensity and longer duration stimuli generate more severe cochlear damage,
starting with OHC damage/loss, followed by IHC loss.
2. A stimulus that initially causes a TTS can, with repeated exposures, eventually cause
a PTS.
3. The basal-most region of the cochlea is more susceptible to noise-induced damage
than the apical regions, regardless of the characteristics of the exposure stimulus.
4. Severity of TTS can predict the likelihood, but not the severity, of PTS.
5. The relationship between severity of cochlear damage and the magnitude of TTS or
PTS remains unclear.
6. The lack of relationship between severity of cochlear damage and degree of TTS or
PTS may be due to ultrastructural damage that is not visible in light microscopy.
These pathophysiological processes may also account for the different configurations
of TTS recovery over time.
7. NHPs are more resistant to noise-induced damage than other laboratory species, but
more susceptible than humans (Luz & Hodge, 1971; Luz & Lipscomb, 1973; Stebbins
etal., 1979; Valero et al., 2017).

1.5 NONHUMAN PRIMATES AS A MODEL FOR DEVELOPMENT AND
VALIDATION OF THERAPEUTICS FOR NOISE-INDUCED HEARING LOSS
1.5.1 Overview

The discovery and validation of therapeutic approaches to treat medical conditions, such
as hearing loss, is an extremely long process fraught with numerous challenges. Only a tiny
fraction of the promising therapeutics that reach clinical trials are effective, let alone ultimately
approved, by the FDA (Garner, 2014). Long before the commencement of clinical trials,
prospective treatments are developed and validated in small animal models, typically mice and

other rodents.
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Intermediate species (e.g., canines, felines, NHPs) are used when deemed appropriate. As
a recent example, Voretigene became the first FDA-approved gene therapy for correction of a
specific gene mutation in the U.S. (Petersen-Jones & Komaromy, 2015; Russell et al., 2017). In
earlier stages of development, the procedure was refined and vetted in rodents, then applied to a
large-animal canine model for further validation (Acland et al., 2001). This was a suitable choice
as the mutation naturally occurs in some dogs. By virtue of their close phylogenetic relationship
to humans, the use of NHPs as an intermediate animal model may be an appropriate choice to
increase confidence in the application and translation of foundational discoveries made in other
species. Indeed, as mentioned above, NHPs have been chosen for development of diagnostics
and therapeutics where phylogenetic similarity was an important factor (e.g., cardiology,
cognition, genetics, HIV/AIDS, immunology, pharmacology, reproduction, respiratory disease)
(Phillips et al., 2014).

Ideally, species selected as models would provide information that translates directly to
humans with high sensitivity and specificity in a manner that is cost-effective. Unfortunately, the
path is rarely this direct. In theory, translational challenges from rodents to humans should be
minimal for highly conserved biological targets (e.g., hair cells), and the necessity of a large-
animal intermediate could potentially be minimal. In practice, unforeseen factors combine to
impede progress (Perlman, 2016), as successful outcomes may also depend on interactions with
other factors, such as body size, inflammatory response, metabolic rate, hormonal composition,
biocompatibility, etc.

The development of pharmacologic and gene therapies for acquired and hereditary forms
of hearing loss has rapidly progressed over the last decade, but most therapies remain at a
relatively early stage. The vast majority involves rodent models, and none of the datasets derived
from systematic testing in a large animal intermediate have been publicly disclosed. Here we
consider a few of the many factors that may significantly impact the development of effective
therapeutics, including species differences that may pose challenges to translation.

1.5.2 Species differences in susceptibility to NIHL

As briefly mentioned above, susceptibility to NIHL (PTS, TTS) and related conditions
(e.g., hyperacusis, tinnitus) appears to differ significantly between individuals and species
(Dobie & Humes, 2017; Henderson, Subramaniam, & Boettcher, 1993; Knipper et al., 2013; Luz
& Hodge, 1971; Luz & Lipscomb, 1973; Sliwinska-Kowalska & Pawelczyk, 2013; Stebbins et
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al., 1979; Valero et al., 2017), including strains of inbred mice used in research (Myint et al.,
2016). Controlled studies in NHP and humans are relatively rare (or prohibited), and often have
lower subject numbers, variable or unknown noise exposures, and less control of contributing
factors such as exposure history, lifestyle, sex, age and genetics.

An important observation is that the exposures sufficient to generate TTS and PTS are
lower overall in rodents than NHPs and humans (see Table 1.1; also discussed in Dobie &
Humes, 2017; Valero et al., 2017; Yankaskas et al., 2017). The range of sound pressure levels
(SPLs) that cause cochlear damage in mice, ranging from synaptopathy to hair cell loss, is
relatively small when compared to NHPs and humans. In mice, a single exposure to octave-band
noise of 97-98 dB SPL causes TTS, accompanied by a narrow-band synaptopathic lesion, while
an increase to 116 dB SPL can rupture the reticular lamina, leading to large wipeout regions in
the organ of Corti (Wang et al., 2002). In macaque monkeys, the range of exposures over which
these effects have been observed spans 108 — 146 dB SPL (Valero et al., 2017). Cochlear
synaptopathy of approximately 30% accompanied a single TTS-inducing 108-dB exposure to
narrowband noise, whereas a single 146-dB exposure caused PTS, substantial synaptopathy (up
to ~80% in a given region), and hair cell loss. Comparable PTS data and hair-cell counts have
been reported in other NHP studies and humans (see Table 1.1).

1.5.3 Factors influencing therapeutic efficacy

The mouse model is invaluable for early-stage development and validation of potential
therapeutics, particularly when a transgenic model can add value to mechanistic questions.
However, mice and humans often respond differently to the same treatments (Perlman, 2016),
and there are obvious anatomical differences that may limit the translation of a given approach
(see sections 2 and 3 below). Therefore, an intermediate translational model will likely be
essential when developing drugs and the delivery approach for humans. For some treatments,
intermediate testing in NHPs may be an effective strategy to optimize effectiveness and reduce
risk, with respect to the biological target, design of the therapeutic agent, delivery route,
therapeutic window, and other (perhaps unforeseen) factors. A few of these are highlighted here.
1.5.3.1 Genetics. Similarities and differences in gene expression and regulation between species
are certain to be important factors with respect to hearing and hearing loss. Several studies have
linked genomic variations to significant differences in anatomy and physiology, as well as to

hearing loss (Dou et al., 2003; Hosoya et al., 2016a; Hosoya et al., 2016b; K&ppl et al., 2018;
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Makishima et al., 2005; Matsuzaki et al., 2018; Plum et al., 2001; Suzuki et al., 2007; Van Laer
et al., 2006, 2005; Wang et al., 2018). Transcriptome profiling has been productively applied to
the cochlea and portions of the central pathways of humans and mice (Burns et al., 2015; Cai et
al., 2015; Guo et al., 2016; Hackett et al., 2015; Schrauwen et al., 2016), while studies of the
impact of NIHL on gene expression are beginning to emerge (Frenzilli et al., 2017; Lavinsky et
al., 2016; Manohar et al., 2019; Manohar et al., 2016; Sun et al., 2008). To date, none include
NHPs, although improved diagnostic and treatment efficacy could potentially be fostered by
studies in species with closer phylogenetic and developmental similarity to humans. This may be
especially relevant for applications involving gene therapy (Ahmed et al., 2017; Gao et al.,
2018), where genomic and gestational differences between species are significant factors in
treatment efficacy (Wang et al., 2018).
1.5.3.2 Inner ear anatomy. Fortunately, the major structures in the cochlea (hair cells,
supporting cells, neuronal types) are highly conserved across species, implying relative
uniformity with respect to biological targets. However, the dimensions of most structures and
fluid filled compartments (i.e., hair cells, supporting cells, stereocilia, round window, oval
window, scala tympani, scala media, scala vestibuli, cochlear aqueduct, endolymphatic duct,
round window membrane, etc.) vary significantly between species and in a manner that could
impact one or more aspects of drug delivery (Glueckert et al., 2018). For example, differences in
fluid volume and flow in the perilymphatic or endolymphatic spaces may contribute to
pharmacokinetic variability (Salt & Hirose, 2018). The volume of the macaque inner ear is about
24 times greater than mouse, and the human cochlea is about 3 times larger than macaques (Dai
et al., 2017; Ekdale, 2013; Kirk & Gosselin-Ildari, 2009). Basilar membrane lengths range from
a mean of 6.8mm in mice, 12.1 mm in rats, 20.5 mm in guinea pigs, 22.5 mm in cats, 27 mm in
macaques, compared to a mean of 35 mm in humans (Kirk & Gosselin-Ildari, 2009). NHPs have
one row of inner hair cells and three rows of outer hair cells, with ectopic or supernumerary hair
cells frequently noted (Valero et al., 2017), consistent with reports in humans (Rask-Andersen et
al., 2017).

An important feature related to labyrinthine volume concerns the patency and dimensions
of the cochlear aqueduct, which is longer and narrower in NHPs and humans (Gopen et al.,
1997). This channel links the scala tympani with the subarachnoid space in the brain and is a

potential route by which drugs delivered to the scala tympani could exit the cochlea or mix with
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incoming CSF. Rodents and primates appear to differ with respect to CSF influx and efflux
through this channel. These and numerous other factors (not discussed here) can significantly
alter the pharmacokinetics of drugs delivered to the perilymph, and differentially impact basal
and apical regions (Salt & Hirose, 2018; Salt et al., 2016). Comparable principles impact
pharmacokinetics in the middle ear, as well. Accordingly, species differences are important
considerations, and while modeling may be a useful guide, direct testing in large animal models
may be needed to validate predictions and/or refine the models.

1.5.3.3 Innervation of the cochlea. Afferent and efferent innervation appears to be fairly well
conserved between species, although intensive studies in NHPs are lacking. Branching of Type 1
radial afferent fibers has been noted in NHPs (Kimura, 1975), as well as rats (Perkins & Morest,
1975), guinea pigs (Fernandez, 1951), cats (Liberman, 1982; Perkins & Morest, 1975), and
humans (Nadol, 1983). Additionally, human spiral ganglion cell somata are primarily
unmyelinated (Nadol, 1988; Ota & Kimura, 1980; Rattay et al., 2013), unlike most other
laboratory species (Rattay et al., 2013). It is unknown whether NHP spiral ganglion cell somata
are myelinated.

While there are very limited data on NHP auditory nerve fiber (ANF) physiology
(Katsuki et al., 1962; Nomoto et al., 1964; Nomoto, 1980; Joris et al., 2011), all studies seem to
stray from the properties observed in other laboratory species. For example, macaques do exhibit
a bimodal population distribution of ANF spontaneous rates similar to that observed in other
mammals (Nomoto et al., 1964; Joris et al., 2011). However, there is no evidence for a
relationship between spontaneous rate and threshold at the ANF’s characteristic frequency (CF;
an ANF’s most sensitive frequency; Joris et al., 2011; Nomoto et al., 1964). The relationship
between CF threshold and spontaneous rates of auditory nerve fibers is one of the most important
features of the findings in other mammalian species (e.g. Liberman, 1978). These results suggest
that one of the primary organizational principles of the auditory periphery may be different in
primates relative to other mammals, causing concern for translatability (Hickox et al., 2017).
This is especially relevant to pathologies like synaptopathy, which preferentially affects low
spontaneous rate ANFs in rodents (Furman et al., 2013; Song et al., 2016).
1.5.3.4 Delivery route. The effective delivery of therapeutic agents to the inner ear is an active
area of exploration. Major factors include the route of delivery and composition of the

therapeutic. Both factors may be significantly impacted by species specific features, with
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implications for translation to humans. Promising delivery routes include transtympanic injection
into the tympanum, injection into perilymphatic space through the round window, cochleostomy
of the basal or apical turns, and injection into the posterior semicircular canal (Akil & Lustig,
2019; El Kechai et al., 2015; Isgrig & Chien, 2019; Lichtenhan et al., 2016; Suzuki et al., 2017).
Each has advantages and disadvantages, including the risk of unintended middle or inner ear
damage. In addition, efficacy appears to depend on interactions between the delivery route and
the biological target (cell type), the therapeutic agent, and various subject characteristics (Salt &
Plontke, 2018). A few examples follow.

1.5.3.5 Therapeutic window. Although afferent synapses on IHCs are immediately lost
following acoustic overexposure, the terminal dendrites retract slowly and the neuronal cell
bodies can remain in the spiral ganglion for months to years (Fernandez et al., 2015). This offers
a long window during which a therapeutic agent might encourage the reinnervation of IHCs by
cochlear nerve fibers. Treatments under evaluation for NIHL typically involve delivery of the
therapeutic agent (viral vector, pharmacologic agent) within a window of hours to weeks after
the exposure (Du et al., 2018; Sly et al., 2016; Suzuki, Corfas, & Liberman, 2016), or even prior
to exposure (Chen et al., 2018). The optimal therapeutic window for humans is unknown,
therefore preliminary studies in NHPs may improve predictions.

1.5.3.6 Properties of therapeutic agents. Unfortunately, a thorough discussion of the factors
related to design of potential therapeutic agents is well beyond the scope of this review, however
a few relevant observations are highlighted here.

For genetic and acquired hearing loss, viral mediated gene delivery for cell-type-specific
targeting currently offers the most promise for effective treatments (Ahmed et al., 2017; Akil &
Lustig, 2019; Chien et al., 2015; Fukui & Raphael, 2013; Géléoc & Holt, 2014; Holt &
Vandenberghe, 2012; Zheng & Zuo, 2017). Adeno-associated viruses (AAV) are the most
promising vectors for gene transfer. Scores of serotypes, identified from screens in NHP and
human tissue (Gao et al., 2004; Gao et al., 2002), are now known, but transduction appears to
vary by cell type (Kim et al., 2019). In addition, tropism patterns have not been determined for
most serotypes, and could certainly vary by species and biological target. Fortunately, the
conservation of cellular and molecular features between species appears to be quite high,
suggesting that cell-type specific therapies vetted in rodents may also be effective in primates,

including humans. However, differences in the expression and regulation of some genes and
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proteins can be substantial, as discussed earlier (see Rationale section), with potential impact on
outcomes. Expression profiling and direct testing in NHPs could be a useful step in the validation
process for promising vectors.

For the treatment of NIHL or other conditions by pharmacologic agents (e.g., anti-
inflammatories, neurotrophins, antibiotics), translational efficacy also depends on myriad factors,
many of which remain incompletely defined. The resultant impact on pharmacokinetics appears
to depend on interactions between the anatomical features briefly highlighted above and the
delivery method, dosage, and physical properties of the compound (Salt & Plontke, 2018).
Species differences are well characterized for very few of the compounds currently in clinical
use, thus it remains to be determined how predictive these data will be for novel formulations.
1.5.3.7 Conclusion. Overall, the data highlighted in this section reveal that multiple
interdependent factors contribute to treatment efficacy. The differences between species in this
respect are not merely a matter of scaling, but involve complex interactions between factors that
cannot be reliably predicted from modeling alone. Direct testing in animal models and humans
will be needed to augment predictions, and given the sizable differences between mice and
humans, we suggest that NHPs are an ideal intermediate species for improving the efficacy and

safety of this process.

1.6 PRACTICAL CONSIDERATIONS

The paper thus far highlights the importance of the NHP model to investigate noise
induced hearing loss, both the basic aspects as well as the clinical translational and therapeutic
aspects. While there are many possible opportunities to important and fruitful research plans,
there are a few practical matters to consider. As opposed to rats and mice, the care and use of
NHPs is regulated by the United States Department of Agriculture (USDA), and are under much
stricter oversight from the Institutional Animal Care and Use Committee and veterinary staff.
The institutional laboratory animal veterinary staff then must include expertise in primate
medicine to assure and provide adequate veterinary oversight of the animals in the research
program. In addition, the program needs to ensure the provision of species-specific
environmental enrichment to adhere to the USDA policies as expressed in their document, Guide
for the Care and Use of Laboratory Animals. Making sure that such requirements are met

requires additional staff with specialized training.
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A second consideration is space. Macaques are larger than the traditional laboratory
animal species used (mice, rats, gerbils, guinea pigs, cats, etc.), and this necessitates greater
housing room. As with other species, the space requirement varies with the body weight of the
animal; the smallest primates require the least space per animal. Minimum space requirements
range from about 2.1 sq. ft /animal for the smallest animals (< 1.5 kg) to > 25 sq. ft. for animals
over 30 kg. These are much larger compared to the range for mice (6 - >15 sq. in /animal), rats
(17 —= 70 sq. in.), and guinea pigs (60 — 100 sq. in./animal). The minimum space requirement for
the smallest primates are about 4 times the space requirement for the largest rats and 3 times the
caging size requirements for the largest guinea pigs. Further, the social nature of nonhuman
primates requires that they are socially housed, in pairs or groups. Additionally, primates are
required to have enough vertical space to permit standing vertically on two legs, to swing from
the cage ceiling without hitting the floor, and to make brachiating movements. These constraints
increase the space requirements to house and maintain these valuable animals.

The third consideration is the monetary costs for acquiring and maintaining primates.
These costs include purchasing, shipping, and housing. A survey of nonhuman primate vendors
revealed that the purchase costs were species dependent and far higher than that of common
rodents. In comparison to the cost of a mouse or a rat, squirrel monkeys cost about 100 — 130
times as much, marmosets cost about 140 — 200 times, and macaques range from 200 to 300
times the cost. The shipping costs depend on the distance between the institutions and the
vendor, ranging from $4000 to $12000 per batch of primates. Housing costs were extrapolated
from the 2017 Yale University survey on housing costs, with information collected from 57
institutions, with an annual increase of about 3%. These costs depended on the primate species
and institution (public vs. private, location within the United States of America). Housing or per-
diem costs range from about 12 times the cost of a mouse cage (typically 3 — 5 mice) to 25 times
the cost of a cage of mice, depending on the location. While it is true that most NHP labs utilize
fewer subjects and maintain the same colony for many years, costs remain significantly greater
than those incurred by rodent research programs. Such high costs necessarily constrain the funds
that can be devoted to non-animal costs given the limited funds provided by funding agencies to

perform the studies that have highly variable effects, as discussed above.

1.7 FUTURE DIRECTIONS
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Given the relatively sparse literature on nonhuman primates and NIHL, the opportunities
are vast, and the primate is an excellent candidate to fill the gaps in our knowledge. We propose
some broad classes of studies that would be essential to further our understanding of the
mechanisms of NIHL, their perceptual effects, and treatment option to ultimately reverse the
effects of the noise exposures. In spite of the considerations discussed above, these essential
experiments would advance our knowledge of basic mechanisms and enhance the translatability
of the growing rodent and human literatures on noise-induced pathologies.

(1) Genomics. Although the human genome is more similar to NHPs than mice and other species
(Breschi et al., 2017; Marques-Bonet et al., 2009), they are not identical, and the differences in
structure and function can be significant in ways that limit translation (Bailey, 2005). For many
genes, structural and functional conservation is quite high, suggesting a better prognosis for
translation, while for others, species differences are substantial, even in homologous structures
(Bernard et al., 2012; Chen et al., 2016; Konopka & Geschwind, 2010; Mashiko et al., 2012;
Mitchell & Silver, 2018; Sousa et al., 2017; Zeng et al., 2012). For this reason, predictions about
functional outcomes for a specific biological target (e.g., hair cells, auditory nerve) must be
determined in a cell- or tissue-specific manner for each species. To improve predictions and
outcomes, genomic and proteomic profiling of peripheral and central auditory structures should
be pursued in NHPs and humans for comparison with other models.

(2) Inner ear anatomy and physiology. Descriptions of the structural and functional features of
the inner ear and major cochlear structures have not been systematically carried out for NHPs,
and existing data may lack essential details. Advanced understanding of key features (e.g.,
dimensions of fluid compartments, cell types, innervation, membrane permeability, fluid
dynamics) could greatly enhance functional modeling and therapeutic design (i.e.,
pharmacological, gene therapy). Further, characterizing the physiological encoding schemes and
their changes with the structural damage caused by noise exposure will also aid in identifying
physiological and behavioral assays for differential diagnosis of specific cochlear pathologies.
(3) Clinically viable assessment tools. Development of sensitive new tools to augment routine
audiological assessments are needed to identify different forms of auditory pathology caused by
overexposure to noise (e.g., synaptopathy with and without hair cell loss), and perhaps
distinguish those patterns from hearing loss caused by other factors (e.g., aging, hereditary

factors, ototoxicity). The same tools could be used to assess recovery from NIHL, or other
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pathology, as therapeutic tools move toward clinical trials in humans. Research involving NHPs
will be invaluable in this regard, as assessment tools can be developed and subsequently
validated by histological analyses of the cochlea, auditory nerve, and central pathways, with
support from direct recordings from these structures (see Valero et al., 2017).

(4) Individual variability. It is often noted that two subjects with identical noise exposure
histories can have very different cochlear pathology and performance in perceptual tasks. This
difference in susceptibility to noise exposure has been attributed in the literature to “tough” and
“tender” ears (Cody & Robertson, 1983; Maison & Liberman, 2000). It is not a big stretch to
extend the individual variability to treatment effectiveness as well. Coupled with the large inter-
and intra-species genetic variability that is observed in primates (including humans, reviewed
briefly above), individual variability should be systematically investigated. These investigations

may ultimately shed light on efficacious treatment options to combat NIHL.
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CHAPTER 2

Effects of noise-induced cochlear damage on auditory nerve encoding

This review was prepared in partial fulfillment of the Vanderbilt University Neuroscience
Graduate Program qualifying examination. The review was written in 2018 and was published in
Vanderbilt Reviews Neuroscience (2020, Vol. 12), the official open-access journal of the

Vanderbilt Brain Institute. Minor revisions were made in this Chapter, per committee comments.

2.1 ABSTRACT

Exposure to loud sounds is one of the most common causes of hearing loss, affecting
nearly one-fourth of adults in the United States. Depending on the intensity and duration of
exposure, noise can damage various components of the inner ear, including inner or outer hair
cells, hair cell stereocilia, or inner hair cell ribbon synapses. These anatomical disturbances lead
to changes in the central auditory system that manifest as communication difficulties. Depending
on the site of lesion, cochlear damage causes different changes in auditory nerve encoding and
listening abilities. Identifying these unique deficit profiles will contribute to stronger clinical
predictions of the severity and extent of cochlear damage and the particular site of lesion. These
advances will play a vital role in identifying appropriate therapeutic recommendations for the
prevention and treatment of noise-induced cochlear pathology. This review discusses cochlear
anatomy and auditory nerve physiology in normal conditions and following noise-induced

cochlear damage.

2.2 INTRODUCTION

Affecting over 60 million U.S. adults (Goman & Lin, 2016; Hoffman et al., 2017),
hearing loss is a growing public health concern. Exposure to loud sounds is one of the most
common causes of hearing loss. Depending on the intensity and duration of exposure, noise can
temporarily or permanently damage delicate structures within the inner ear (Spoendlin & Brun,
1973). These anatomical disturbances lead to changes in the central auditory system that
manifest as hearing difficulties (Furman et al., 2013; Ma & Young, 2006; Miller et al., 1997;
Shaheen & Liberman, 2018; Wang et al., 2002). Hearing impairment can be extremely
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detrimental to verbal communication, leading to increased listening effort, frustration among
conversational partners, and social isolation. Some forms of hearing loss are manageable with
standard audiologic rehabilitation devices, such as hearing aids or cochlear implants. However,
many people with normal audiologic exams or mild losses not suitable for hearing aids (nearly
two-thirds of Americans with hearing loss; Goman & Lin, 2016) still report significant hearing
difficulties. Additionally, even patients who are considered successful hearing aid or cochlear
implant users report significant difficulty listening in background noise.

While disruptions in any part of the auditory pathway can manifest in hearing difficulties,
this review will focus on noise-induced cochlear injury. Damage to the cochlea propagates
throughout the auditory system, leading to substantial changes in neuronal encoding of sound
and auditory perception. These changes occur at every stage of the auditory system, from the
auditory nerve through the auditory cortex and beyond. This review will focus on the first step
beyond the cochlea — the auditory nerve. First, a brief overview of cochlear anatomy and
function will be provided. Next, basic features of auditory nerve encoding will be described. This
will be followed by a description of noise-induced cochlear damage and its consequences on
auditory nerve encoding. Finally, the perceptual consequences of cochlear hearing loss will be
briefly discussed.

The literature on auditory nerve encoding is vast, spanning over 75 years and 10,000
publications. An exhaustive review of this literature is beyond the scope of this paper and has
already been completed by several authors in a variety of intellectual contexts (Heil & Peterson,
2015; Henry & Heinz, 2013; Kiang, 1965; Young, 2012). This review will provide a focused
discussion of the relationship between cochlear anatomy and basic auditory nerve physiology,

under normal conditions and following cochlear injury.

2.3 THE COCHLEA: A SOPHISTICATED BIOLOGICAL SOUND PROCESSOR
Sound transduction begins with sound pressure waves being funneled by the pinna into
the external ear canal. The eardrum vibrates in response to the pressure waves, which in turn
vibrates the three ossicles of the middle ear: the malleus, incus, and stapes. The stapes then
transmits this mechanical vibration into a fluid shear in the inner ear organ of hearing: the

cochlea.
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The cochlea is a membranous, fluid-filled structure that transforms mechanical vibrations
into electrical potentials for transmission to the brain. Located within the temporal bone, this
delicate snail-shaped structure is comprised of three compartments — the scala tympani, scala
media, and scala vestibuli — which are separated by two membranes — Reissner’s membrane
(RM) and the basilar membrane (BM). Housed within the scala media below RM and on top of
the BM is the organ of Corti. Several cell types are situated on top of the BM with the tectorial
membrane (TM) resting on top. These membranes run the length of the cochlear spiral with
varying thickness and stiffness, generating a gradient of preferred vibration frequency. This
gradient establishes the tonotopic organization of the cochlea, with high frequency sounds
encoded toward the base and low frequency sounds encoded toward the apex.

Mammals have one row of inner hair cells (IHCs) and three rows of outer hair cells
(OHC:s) along the length of the organ of Corti, summing to approximately 3,000 IHCs and
10,000 OHC:s per cochlea depending on the species. Much like the rods and cones of the retina,
the IHCs and OHCs serve different roles in the cochlea (Ryan & Dallos, 1975). The OHCs are
motile cells that serve as the cochlear amplifier, providing gain for low sounds by enhancing the
vibration of the BM. The IHCs are sensory receptor cells that transduce vibrations of the BM to
activate the auditory nerve to transmit information about sound to the brain. From this, it is clear
that cochlear damage affecting the OHCs vs. the IHCs will manifest as distinct hearing
pathologies.

IHCs and OHCs have apical stereocilia that contact the TM. When sound vibrates the
BM, hair cells are pressed against the TM, causing the stereocilia to bend and open
mechanically-gated ion channels. The fluid surrounding the organ of Corti, called the
endolymph, has a high concentration of potassium (K+). When the ion channels open, K+ enters
the hair cell and generates a graded electrical potential, stimulating the release of glutamate. This
excitatory neurotransmission generates action potentials in the auditory nerve, thereby

establishing the first neural code in the central auditory system.

2.4 THE AUDITORY NERVE: TRANSMITTING SOUND TO THE BRAIN
2.4.1 Auditory Nerve Anatomy
Arguably the most important step in the auditory pathway, the auditory nerve establishes

the neural code of the auditory system. A branch of the vestibulocochlear cranial nerve VIII, the
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auditory nerve is comprised of roughly 30,000 spiral ganglion cells, including afferents and
efferents (Hinojosa et al., 1985; Nadol, 1988). These bipolar neurons have cell bodies housed in
the modiolus of the cochlea and two axonal projections. The peripheral axons innervate the
cochlear hair cells and the central axons project to the cochlear nucleus.

Afferent fibers can be classified as Type I or Type II auditory nerve fibers (ANFs). Type
I ANFs are the primary fibers responsible for sound transmission to the brain and comprise
approximately 90-95% of neurons in the auditory nerve (Young, 2012). In most mammals, Type
I ANFs are myelinated, though human Type I ANFs are only myelinated on the axon and not the
cell body (Nadol, 1988; Ota & Kimura, 1980; Rattay et al., 2013). The IHCs are innervated by
approximately 10-30 ANFs, depending upon species and frequency place within the cochlea
(Liberman, 2017). Each Type I ANF usually makes one synapse on one IHC, but ANF branching
and innervation of 2-3 adjacent IHCs has been observed (Fernandez, 1951; Kimura, 1975;
Liberman, 1982; Nadol, 1983; Perkins & Morest, 1975).

Type II ANFs are unmyelinated and smaller in diameter compared to Type I ANFs. Each
Type II ANF synapses with several OHCs (mean 7, range 1-30, up to 100 in cats; Liberman &
Simmons 1985; Weisz et al., 2012; M. Charles Liberman, personal communication). Type II
fibers do not exhibit sound-evoked activity (Brown, 1994; Robertson, 1984), but can spike in
response to broad OHC activation (Weisz et al., 2014). The role of Type II ANFs is poorly
understood. Some evidence suggests these fibers may act as nociceptors during acoustic trauma
and following cochlear damage (Flores et al., 2015; Liu et al., 2015; Weisz et al., 2021). One
study suggested that Type II neurons activate the medial olivocochlear reflex for otoprotection
(Froud et al., 2015), but this was disproven (Maison et al., 2016). The remainder of this review
will focus on Type I ANFs.

IHCs and Type I ANFs are connected by a specialized synapse. Each IHC contains
electron-dense presynaptic ribbons that serve as an anchor for synaptic vesicles (Nouvian et al.,
2006). The ribbons are opposed by a postsynaptic density in the ANF that contains a localized
patch of AMPA glutamate receptors (Liberman et al., 2011). The spatial concentration of
synaptic vesicles and AMPA receptors allows for rapid neurotransmission while maintaining a
large vesicular store. The ribbon synapse directly supports the high temporal precision necessary
for many auditory system functions, such as temporal fine structure encoding and sound

localization. Ribbon synapses vary in size along the IHC circumference, with larger and
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narrower ribbons on the modiolar side and smaller and rounder ribbons on the pillar side
(Liberman et al., 2011). The opposing ANFs also differ in diameter and spontaneous firing rate
(SR), defining three main subclasses of Type I ANFs. ANFs with low spontaneous rates (LSR;
<1 spike/sec) and medium spontaneous rates (MSR; 1-18 spikes/sec) have smaller diameters and
innervate the larger modiolar synaptic ribbons (Liberman, 1982; Liberman, 2017; Merchan-Perez
& Liberman, 1996). High spontaneous rate ANFs (HSR; >18 spikes/sec) have larger diameters

and synapse with the smaller pillar ribbons.

2.4.2 Auditory Nerve Physiology

In addition to differences in size and innervation site, ANFs exhibit different sound-
evoked response properties, which vary somewhat according to SR. Threshold tuning curves are
used to identify several basic response properties of ANFs. Tones are played across a range of
frequencies and intensities while spikes are recorded. The tuning curve is plotted as the lowest
sound intensity that evokes a response for a given frequency. ANFs exhibit V-shaped tuning
curves, with a tip of maximum sensitivity that is defined as the unit’s characteristic frequency
(CF) (Liberman, 1978). At each cochlear frequency place, and even within a given IHC, there is
a somewhat uniform distribution of units from each SR class (Liberman, 1982; Liberman, 1978),
though some species show a more unimodal distribution of SRs and fewer HSRs in the high
frequencies (Huet et al., 2016; Taberner & Liberman, 2005). The lowest sound level at which an
ANF responds to its CF is defined as the unit’s threshold. Overall, SR is inversely correlated
with CF threshold; LSR ANFs have higher thresholds and HSR ANFs have lower thresholds
(Huet et al., 2016; Kiang et al., 1976; Liberman, 1978; Sumner & Palmer, 2012; Taberner &
Liberman, 2005; Yates, 1991). However, it is important to note that thresholds vary by >50 dB
SPL within a given SR class, especially for LSR ANFs (Huet et al., 2016; Liberman, 1978;
Schmiedt, 1989).

The width of the tuning curve can be measured at a set intensity level above the threshold
(e.g. 10 dB). The tuning bandwidth (e.g. Q10) is used to assess the frequency selectivity of the
ANF. Tuning bandwidth increases linearly with increasing CF, while relative bandwidth
decreases with increasing CF (Liberman, 1978). Tuning curve bandwidth is similar across SR

classes for units of the same CF (Heil & Peterson, 2015; Kiang, 1965; Liberman, 1978).
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Rate-level functions demonstrate the change in sound-evoked firing rate (e.g. to a CF
tone or broadband noise) as a function of stimulus intensity. Firing rate increases monotonically
with increasing sound level (Kiang, 1965). At high sound levels above the unit’s threshold, HSR
unit firing rates saturate and plateau, whereas LSR unit firing rates may continue to increase
beyond the limits of the equipment (Heil & Peterson, 2015; Winter et al., 1990). Maximum ANF
firing rate at saturation increases with increasing CF and typically does not exceed 300
spikes/second (Kiang, 1965; Liberman, 1978; Rose et al., 1971). The dynamic range of the rate-
level function is related to SR; LSR ANFs have larger dynamic ranges and HSR ANFs have
smaller dynamic ranges (Kiang, 1965; Liberman, 1978; Sumner & Palmer, 2012; Taberner &
Liberman, 2005). In response to off-frequency (i.e. non-CF) stimuli, rate-level functions are
shallower with higher thresholds.

ANFs can be further characterized according to their temporal firing properties. A
peristimulus time histogram (PSTH) can be constructed by presenting several repetitions of the
same stimulus and then binning and averaging the spiking responses. Termed a “primary-like
response”, the PSTH for most ANFs has a sharp onset response followed by an initial rapid (a
few msec) and then slower (tens of msec) exponential decay to a constant, sustained firing rate
(Galambos & Davis, 1943; Heil & Peterson, 2015; Kiang, 1965; Ruggero, 1992). The rate of
decay is determined by stimulus characteristics and properties of IHC vesicle release at the
synapse, a discussion of which is beyond the scope of this review and has been discussed
elsewhere (Heil & Peterson, 2015). When recording PSTHs across multiple stimulus levels, first-
spike latency decreases with increasing stimulus level and with increasing CF (due to signal
propagation through the cochlear length) (Huet et al., 2016). LSR ANFs also exhibit longer first-
spike latencies than HSR ANFs (Huet et al., 2016). For ANFs with a high probability of spiking
at stimulus onset, the sharp onset peak is sometimes followed by a notch in the PSTH (called
“primary-like with notch”), demonstrating the refractoriness of the fiber (Heil & Peterson, 2015;
Ruggero, 1992). For ANFs with spontaneous activity, offset suppression is often noted following
stimulus cessation (Heil & Peterson, 2015; Kiang, 1965; Ruggero, 1992).

ANF firing synchronizes to the phase of low-frequency tones and the envelope of
complex stimuli, known as phase locking (Joris & Yin, 1992; Kiang, 1965; Rose et al., 1971).
Depending on the species, ANFs can phase lock up to approximately 4000 Hz (Verschooten et

al., 2018). Phase locking can be assessed by vector strength, or the firing rate as a function of the
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stimulus phase (plotted as a period histogram). LSR fibers have greater vector strength than HSR
fibers (Joris & Yin, 1992) and vector strength decreases with increasing modulation frequency
up to the phase-locking limit (as demonstrated by modulation transfer functions) (Ruggero,
1992).

In the auditory nerve physiology literature, numerous studies have investigated responses
to complex stimuli, such as tones in noise, harmonic complexes, vowels, and speech (Costalupes
et al., 1984; Costalupes, 1985; Heinz, 2007; G. Le Prell et al., 1996; Rhode et al., 1978; Ruggero,
1973; Sinex & Geisler, 1984). One example is two-tone suppression, where an ANF’s response
to a tone can be suppressed by the presence of a second tone (Kiang, 1965). These complex,
nonlinear response properties are certainly of interest in the context of cochlear pathology, as
they are inevitably impacted by cochlear damage and have greater relevance to real-world
listening environments. However, this review will focus on the effects of cochlear pathology on
basic response properties, since these changes have been more thoroughly described (but see
Miller et al., 1997).

There is rich literature describing both basic and complex auditory nerve response
properties in detail in several common laboratory animals, including cats, guinea pigs,
chinchillas, ferrets, gerbils, rats, and mice (Galambos & Davis, 1943; Heinz & Swaminathan,
2009; Huet et al., 2016; Kiang, 1965; Schmiedt, 1989; Sumner & Palmer, 2012; Taberner &
Liberman, 2005; Tasaki, 1954; Zhang et al., 1990; Clock Eddins et al., 1998). Across these
species, response properties are generally well-conserved and have served to define our
understanding of the auditory nerve. Surprisingly few studies have investigated auditory nerve
properties in phylogenetically similar model species, such as nonhuman primates (Joris et al.,
2011; Katsuki et al., 1962; Nomoto, 1980; Nomoto et al., 1964; Verschooten et al., 2018).
However, the limited data available suggest that monkeys starkly contradict the aforementioned
assumptions demonstrated in other species. Nomoto et al. (1964) showed no relationship
between SR and sound-evoked threshold or dynamic range for macaque monkeys. Data from
squirrel monkeys also suggest a weak relationship between SR and threshold (Rose et al., 1971;
Ruggero, 1973), but this was not explicitly evaluated. Macaque ANFs have sharper tuning curves
(Joris et al., 2011) and a lower upper limit of phase locking (Verschooten et al., 2018) than other
laboratory species. These contradictory findings beg further research in a phylogenetically-

similar model species to better predict responses in the human auditory nerve.
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2.5 NOISE EXPOSURE: DAMAGE TO THE AUDITORY PERIPHERY AND ITS
CONSEQUENCES

Sensorineural hearing loss (SNHL) can be caused by exposure to loud sounds, aging,
ototoxic drugs, congenital abnormalities, genetic mutations, immune or cardiovascular disorders,
etc. The variety of mechanisms that can induce SNHL is indicative of the heterogeneity of the
accompanying cochlear damage. Depending on the site of lesion and extent of damage, the
degree and configuration of SNHL and its associated perceptual deficits can vary extensively.
Histological corroboration of noise-induced cochlear pathologies is limited in humans. In this
respect, animal models of noise-induced hearing loss are invaluable in developing our
understanding of the peripheral and central consequences of this pathology. A variety of animals
have been used to model noise-induced hearing loss, including mice (Kujawa & Liberman, 2009;
Ohlemiller et al., 2000; Wang et al., 2002), guinea pigs (Drescher & Eldredge, 1974; Lurie et al.,
1944; Spoendlin & Brun, 1973), chinchillas (Clark & Bohne, 1978; Dallos & Harris, 1978;
Hunter-Duvar & Bredberg, 1974; Ward & Duvall, 1971), cats (Kiang et al., 1976; Miller et al.,
1963), and nonhuman primates (Hunter-Duvar & Elliott, 1973; Moody et al., 1978; Romba &
Gates, 1964; Valero et al., 2017). These studies developed sensitive and reliable methods to
characterize hearing loss severity and anatomical damage secondary to noise exposure.

Noise exposure causes maximal cochlear damage at and above the frequency of noise
exposure (Moody et al., 1978; although low frequency (<1kHz) exposures may behave
differently). For narrowband noise or pure tones, peak damage typically occurs at a half octave
above the frequency of the noise. For broadband noise exposures, peak damage typically occurs
in the mid- to high-frequency region (due to a peak in the middle ear transfer function) (Moody
et al., 1978). With longer durations or higher intensities of noise exposure, damage spreads
toward the high frequencies and then the low frequencies. Cochlear damage secondary to noise
exposure is thought to result from mechanical damage to the hair cells and glutamate
excitotoxicity causing damage and eventual cell death in ANFs (reviewed in Pujol & Puel,
1999). OHC damage typically precedes IHC damage following noise exposure, indicating
greater susceptibility of OHCs compared to IHCs (Clark & Bohne, 1978; Hawkins et al., 1976).
OHC damage, including stereocilia damage or cell loss, results in decreased sensitivity and

broader spectral tuning (Liberman & Dodds, 1984a, 1984b; Ryan & Dallos, 1975). In contrast,
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IHC stereocilia damage leads to decreased sensitivity with preserved spectral tuning. Cochlear
damage can also affect the stria vascularis, leading to a decrease in the endolymphatic K+
concentration and disrupting hair cell potentials (Young, 2012).

Recent work in animal models has expanded our understanding of noise-induced hearing
pathology to include a previously unidentified class of cochlear damage, termed synaptopathy
(Kujawa & Liberman, 2009). Following temporary noise-induced threshold shifts or in aging,
animals exhibit isolated loss of IHC ribbon synapses and subsequent ANF degeneration without
loss of IHCs or OHCs. Synapse loss is greater on the modiolar side of the IHC, leading to
preferential degeneration of LSR ANFs (Furman et al., 2013; Song et al., 2016). Animals with
synaptopathy have normal hearing sensitivity as assessed by ABR or behavioral hearing
assessment, but a reduced response from the auditory nerve (Wave I of the ABR) (Kujawa &
Liberman, 2009). Synaptopathy can also occur in combination with IHC or OHC loss associated
with SNHL (Fernandez et al., 2015; Kujawa & Liberman, 2015; Valero et al., 2017).

Post-mortem studies of human temporal bones do show age-related loss of ribbon
synapses and auditory nerve degeneration in the absence of hair cell loss (Viana et al., 2015; Wu
et al., 2018). However, there is no evidence to date that humans suffer from noise-induced
synaptopathy. Furthermore, while the predicted consequences of synaptopathy resemble those of
common patient concerns, it is entirely unknown whether the speech-in-noise complaints of
humans with normal hearing are related to a peripheral pathology (Guest et al., 2018; Hickox et

al., 2017).

2.6 CONSEQUENCES OF COCHLEAR DAMAGE ON AUDITORY NERVE
ENCODING

Noise exposures causing hair cell loss or synaptopathy disrupt neuronal encoding of
sound in ANFs innervating the damaged cochlear regions. One goal for studies of auditory nerve
encoding following cochlear pathology is to identify unique patterns of degraded response
properties to predict the underlying cochlear damage and resulting perceptual deficits.
Specifically, do hair cell loss and synapse loss produce different changes in the auditory nerve?
Can we predict the integrity and site of lesion of the cochlea based on auditory nerve responses

and associated perceptual deficits? The answers to these questions become relevant when
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probing the relationship between sensory input and perceptual output — a mystery that has
plagued scientists and philosophers for centuries.

Following noise-induced SNHL, ANFs exhibit decreased spontaneous and sound-evoked
firing rates (Kale & Heinz, 2012; Liberman & Dodds, 1984a; Liberman & Kiang, 1984; Scheidt
et al., 2010; Wang et al., 1997). IHC loss results in silencing of afferent neurons (i.e. no
spontaneous or sound-evoked activity; Wang et al., 1997), whereas selective OHC loss or
combined OHC and IHC loss result in elevated thresholds and broadened tuning curves (Evans,
1975; Heinz & Young, 2004; Liberman & Dodds, 1984b; Miller et al., 1997). Rate-level
functions typically exhibit steeper slopes and compressed dynamic ranges secondary to elevated
thresholds following OHC loss (Heinz & Young, 2004; Liberman & Kiang, 1984; Young, 2012).

SNHL also disrupts temporal coding in ANFs. Selective OHC loss does not affect first
spike latency or PSTH shape (Dallos & Harris, 1978). However, combined OHC and IHC loss
results in reduced first spike latency, increased onset response, faster onset adaptation, and
slower recovery from adaptation (Scheidt et al., 2010). Impaired ANFs can phase-lock to the
same range of modulation frequencies as normal ANFs (Kale & Heinz, 2012). Affected ANFs
exhibit decreased synchronization to CF and broadband amplitude-modulated stimuli (Salvi,
Henderson, et al., 1979), but enhanced synchronization to off-frequency components in complex
stimuli due to broader spectral filters (Miller et al., 1997). Temporal fine structure coding is
severely distorted in the presence of background noise (Henry & Heinz, 2013), but envelope
coding is enhanced following SNHL (Henry et al., 2016; Kale & Heinz, 2012). In summary,
SNHL alters both spectral and temporal aspects of suprathreshold auditory nerve encoding.

ANFs with CFs in the region of hair cell loss exhibit the greatest changes in neuronal
encoding (Young, 2012). More specifically, greater threshold shifts and tuning curve bandwidths
are observed at cochlear frequency places with the greatest amount of hair cell loss (Heinz &
Young, 2004; Liberman, 1984; Liberman & Dodds, 1984b; Miller et al., 1997). However, the
range of ANFs with elevated thresholds often exceeds the region of hair cell loss, suggesting that
some encoding deficits may occur due to more subtle cochlear pathology (Liberman, 1984;
Liberman & Kiang, 1978; Salvi et al., 1979). Similarly, behavioral thresholds are not well
predicted by the cytocochleogram (Clark & Bohne, 1978; Hunter-Duvar & Bredberg, 1974;
Hunter-Duvar & Elliott, 1972, 1973; Jordan et al., 1973; Lonsbury-Martin et al., 1987; Moody et
al., 1978; Scheib et al., 1975). After chronic SNHL, fewer ANFs are encountered in the damaged
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Figure 2.1 Cochlear pathology results in unique patterns of coding deficits for different sites of lesion. In
comparison to control ears, synaptopathy results in loss of IHC ribbon synapses, especially on the modiolar
side. Sensorineural hearing loss results in loss of IHCs, OHCs, and synapses. Following cochlear pathology,
rate-level functions show changes in dynamic range and peak evoked firing rate. Tuning curves broaden and
thresholds are elevated with OHC loss. PSTHs differ in mean and variability of first spike latency and
sustained firing rate. PSTH = peristimulus time histogram; IHC = inner hair cell; OHC = outer hair cell; DR
= dynamic range; BW = bandwidth; 6 = threshold

frequency region, due to denervation and subsequent ANF degeneration (Liberman & Dodds,

1984a; Miller et al., 1997; Spoendlin, 1984). ANF degeneration occurs across all SR classes,

leading to sparse coding across stimulus intensities (Dallos & Harris, 1978; Heil & Peterson,

2015; Liberman & Dodds, 1984a). ANFs originating from regions that are histologically normal

may or may not exhibit changes to their response properties (Dallos & Harris, 1978; Liberman,

1984; Liberman & Kiang, 1978; Salvi et al., 1979).

Due to the relatively recent discovery of synaptopathy, there are very few studies

investigating its effect on auditory nerve integrity. Despite the paucity of data, a few noteworthy

trends are apparent. Noise-induced synaptopathy causes primary neural degeneration (i.e.

progressive ANF loss) with a disproportionate loss of LSR fibers (Fernandez et al., 2015;




Furman et al., 2013; Kujawa & Liberman, 2006; Lin et al., 2011; Song et al., 2016; but see
Suthakar & Liberman, 2021). Tuning curve bandwidths and thresholds remain normal for all
ANFs (Furman et al., 2013). Rate-level function dynamic ranges and PSTH adaptation constants
also remain normal following synapse loss (Furman et al., 2013). In one study, peak and total
firing rates decreased and first spike latency was more variable (Song et al., 2016). Similar
temporal encoding deficits have been observed in a mutant mouse model that lacks inner hair
cell ribbon synapses (Buran et al., 2010). These changes in temporal coding integrity following
synaptopathy may be a consequence of poorer neurotransmission efficiency and ANF
denervation. However, another study found increased peak and sustained firing rates and
decreased first spike latency jitter (Suthakar & Liberman 2021), which may be caused by
enlargement of the remaining ribbons. Loss of ANFs may lead to stochastic undersampling of
the stimulus and negatively impact perception (Lopez-Poveda, 2014).

Overall, synaptopathy and hair cell loss appear to have distinct patterns of degraded
auditory nerve encoding (Figure 2.1). These effects predict different patterns of perceptual
deficits. It is important to consider species differences in cochlear innervation and auditory nerve

physiology when interpreting these data for translation to clinical populations.

2.7 CENTRAL AUDITORY PATHWAYS: BEYOND THE PERIPHERY

Downstream of the auditory nerve, central auditory brain structures process and
transform the incoming information, ultimately resulting in auditory perception. However, if the
incoming signal is degraded, the output of the system will also be degraded to some extent due to
the propagation of the incoming encoding deficits. While auditory nerve encoding is
significantly altered following cochlear damage, these deficits combine with changes to central
processing to produce hearing difficulties. Compensatory mechanisms can help overcome some
aspects of the degraded ANF signal. For example, in response to decreased peripheral input,
central auditory neurons exhibit increased spontaneous and evoked firing rates secondary to
reduced inhibitory neurotransmission (Cai et al., 2009; Chambers et al., 2016; Ma & Young,
2006; Mulders & Robertson, 2013; Norena & Eggermont, 2003; Seki & Eggermont, 2003;
Vogler et al., 2014; Wang et al., 2002). This phenomenon, termed central gain, helps maintain
the sensitivity of the central auditory system following injury. However, central gain also results

in impaired temporal processing and sound localization and is thought to cause tinnitus

71



(Eggermont, 2015; Knipper et al., 2013; Norefia & Eggermont, 2003). A comprehensive review
of this and other changes in the central auditory system following cochlear damage is beyond the

scope of this review and has been described in detail by others (Caspary et al., 2008).

2.8 HEARING LOSS: MANIFESTATIONS OF PERIPHERAL AND CENTRAL
CHANGES FOLLOWING NOISE EXPOSURE

Given the high prevalence of SNHL in humans, the perceptual consequences have been
thoroughly studied and described using numerous clinical and psychoacoustic measures. SNHL
causes global perceptual deficits, including poorer audibility, decreased frequency and temporal
resolution, poorer sound localization, distorted loudness and pitch perception, and degraded
speech understanding (Moore, 1985, 1996). These findings align with the observations described
above for the auditory nerve. The lowest ANF thresholds correspond with the behavioral
audiogram in normal hearing and noise-exposed animals (Dallos & Harris, 1978; Salvi et al.,
1979; Sumner & Palmer, 2012; Taberner & Liberman, 2005), suggesting that the auditory nerve
serves as a rate-limiting step for auditory perceptual abilities. Greater severity of SNHL (i.e. hair
cell loss and threshold shift) is associated with greater perceptual deficits, though with
considerable inter-subject variability. These hearing impairments result in communication
difficulties for people with SNHL, especially in complex listening environments. The most
common complaint of patients with hearing loss is difficulty listening in noisy environments.
While current audiological rehabilitation devices, such as hearing aids and cochlear implants, can
improve audibility, they are limited in their capacity to restore more complex auditory cues.

To date, the perceptual consequences of synaptopathy have not been identified. Due to
the inability to directly assess IHC synapse counts or integrity in vivo, human work is limited to
studies of individuals at high risk for synaptopathy and post-mortem histological investigations,
with little to no direct corroboration of these data sets. The selective loss of LSR ANFs in
synaptopathy predicts difficulties with suprathreshold processing, such as listening for signals in
background noise (Bharadwaj et al., 2014; Oxenham, 2016; Plack et al., 2014). Modest signal in
noise detection deficits have been reported for animals with synaptopathy (Lobarinas et al., 2016,
2017). However, speech in noise perception ability does not relate to lifetime noise exposure
(Guest et al., 2018). Furthermore, human studies show mixed results on the relationship between

lifetime noise exposure metrics and standard synaptopathy diagnostics from the animal literature
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(e.g. Wave I amplitude) (Bramhall et al., 2017; Guest et al., 2018; Le Prell, 2019). Other non-
invasive measures of synaptopathy, such as the middle ear muscle reflex and envelope following
response, may be more sensitive diagnostic tools (Bharadwaj et al., 2019; Shaheen et al., 2015;
Valero et al., 2016, 2018). However, since it is not known whether humans indeed suffer from
noise-induced synaptopathy, the sensitivity and specificity of these diagnostic measures are
unclear.

While animal models permit combined studies of noise exposure conditions and cochlear
histology not possible in humans, most animals have limited capacity to perform complex
auditory tasks that mimic the challenging listening environments experienced by patients. Many
species can learn to detect tones in quiet, yielding a basic behavioral audiogram. However, as
numerous studies indicate, the audiogram is a poor predictor of the severity or extent of cochlear
pathology (Clark & Bohne, 1978; Hunter-Duvar & Bredberg, 1974; Hunter-Duvar & Elliott,
1972, 1973; Jordan et al., 1973; Lonsbury-Martin et al., 1987; Moody et al., 1978; Scheib et al.,
1975). Despite this limitation, the audiogram continues to be considered the clinical gold
standard for hearing loss diagnosis. There is an urgent need for more sensitive and specific
clinical diagnostic tools that can be used to differentiate among cochlear pathologies.

Ideally, the perceptual consequences of synaptopathy would be identified in a
histologically validated model capable of performing complex listening tasks. This approach
supports direct structure-function correlations by comparing frequency-specific perceptual
deficits with the extent and location of damage within the cochlea. These studies could be
complemented by investigations of neuronal encoding along the pathologic auditory pathway to

understand how the peripheral and central auditory pathways contribute to auditory perception.

2.9 FUTURE DIRECTIONS: PREDICTING COCHLEAR DAMAGE

A thorough understanding of the anatomical, physiological, and perceptual effects of
noise-induced hearing loss is vital with the emergence of therapeutics for the prevention and
treatment of noise-induced hearing pathology. Differential diagnosis of cochlear pathology —
from hair cell loss to synaptopathy to ANF degeneration and beyond — will be essential for
determining appropriate recommendations. A combination of behavioral and physiological

assays will likely provide the best insight into underlying pathophysiology. Diagnostic tools need
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to be identified and validated in histologically characterized animal models to provide the

translational strength necessary to meet medical standards.
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SECTION I: AUDITORY PERCEPTION IN NORMAL HEARING MACAQUE
MONKEYS

CHAPTER 3

Frequency selectivity in macaque monkeys measured using a notched-noise method

When establishing an animal model of human hearing and hearing disorders, it is
important to consider the similarities and differences in auditory perceptual abilities. Different
aspects of auditory perception can be probed using precisely designed psychoacoustic paradigms.
The most familiar measure of auditory perception is the audiogram, which assesses hearing
sensitivity through the detection of tones in quiet. The addition of masking noise affords
measurement of suprathreshold auditory functions, such as temporal resolution, spatial hearing,
and frequency resolution. Studies of nonhuman primate auditory perceptual abilities are broadly
summarized in Chapter 1. In the following study, frequency selectivity was assessed in normal
hearing macaque monkeys by measuring tone detection in the presence of spectrally-notched
noise. The results suggest that macaques have similar or slightly broader frequency selectivity

than humans.

Chapter 3 is reproduced from an original article © 2018. This manuscript version is made
available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-
nd/4.0/
Burton, J. A., Dylla, M. E., & Ramachandran, R. (2018). Frequency selectivity in
macaque monkeys measured using a notched-noise method. Hear Res, 357, 73-80.

https://doi.org/10.1016/j.heares.2017.11.012

3.1 ABSTRACT

The auditory system is thought to process complex sounds through overlapping bandpass
filters. Frequency selectivity as estimated by auditory filters has been well quantified in humans
and other mammalian species using behavioral and physiological methodologies, but little work

has been done to examine frequency selectivity in nonhuman primates. In particular, knowledge
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of macaque frequency selectivity would help address the recent controversy over the sharpness
of cochlear tuning in humans relative to other animal species. The purpose of our study was to
investigate the frequency selectivity of macaque monkeys using a notched-noise paradigm. Four
macaques were trained to detect tones in noises that were spectrally notched symmetrically and
asymmetrically around the tone frequency. Masked tone thresholds decreased with increasing
notch width. Auditory filter shapes were estimated using a rounded exponential function.
Macaque auditory filters were symmetric at low noise levels and broader and more asymmetric
at higher noise levels with broader low-frequency and steeper high-frequency tails. Macaque
filter bandwidths (BW3dB) increased with increasing center frequency, similar to humans and
other species. Estimates of equivalent rectangular bandwidth (ERB) and filter quality factor
(QerB) suggest macaque filters are broader than human filters. These data shed further light on
frequency selectivity across species and serve as a baseline for studies of neuronal frequency

selectivity and frequency selectivity in subjects with hearing loss.

3.2 INTRODUCTION

Frequency selectivity, or the ability to resolve the different frequency components of a
complex sound, is a fundamental property of the auditory system. Characterization of individual
perceptual abilities and the anatomical and physiological correlates of these abilities reveals
important contributions to one’s ability to hear in noisy environments. Decades of work have
investigated frequency selectivity in humans, primarily through behavioral tasks, as well as a
variety of animal models, using a combination of behavioral and physiological methodologies.
These studies suggest that the auditory system utilizes overlapping bandpass filters for the
detection and resolution of complex sounds (e.g. Fletcher 1940; Patterson and Nimmo-Smith
1980). These auditory filters are known to broaden in individuals with hearing impairment,
serving as a likely contributor to difficulties with speech in noise perception (Tyler et al. 1984;
Glasberg and Moore 1986, Desloge et al. 2012).

Little work has been done to examine frequency selectivity in nonhuman primates.
Nonhuman primates are an ideal animal model for human hearing, due to their close
phylogenetic relationship to humans and the similarities in their ability to detect auditory signals
in noise (e.g. Dylla et al., 2013). Early auditory filter measurements in macaques were found to

be similar to those for humans (Gourevitch 1970) and more recent filter measurements in
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marmosets showed that frequency selectivity was generally comparable to that for humans, at
least for some frequencies (Osmanski et al. 2013). In contrast, physiological measures using
stimulus frequency otoacoustic emissions (SFOAEs) indicate poorer frequency selectivity for
macaques than for humans (Joris et al., 2011). These discordant results are one example of the
impact of methodology on measures of frequency selectivity. Comprehensive characterization of
frequency selectivity in nonhuman primates using comparable methodologies to previous human
experiments across both behavioral and physiological measures would contribute important
information toward the controversy regarding the sharpness of human cochlear tuning (e.g. Shera
et al. 2002; Ruggero & Temchin 2005; Lopez-Poveda & Eustaquio-Martin 2013). Here we report
on behavioral frequency selectivity in macaque monkeys across their audible frequency range.
These data provide the basis for ongoing and future investigations of the neurophysiological
representations of frequency selectivity and changes in frequency selectivity following noise-
induced hearing loss.

3.2.1 Methodological considerations in the measurement of frequency selectivity

While there are a variety of methods used to study frequency selectivity, the notched-
noise paradigm (described in detail by Patterson and Nimmo-Smith 1980) has been used
routinely to study auditory filters in humans with normal hearing (e.g. Glasberg et al., 1984;
Oxenham and Simonson 2006; Eustaquio-Martin and Lopez-Poveda 2011; Lopez-Poveda and
Eustaquio-Martin 2013) and with hearing loss (Tyler et al. 1984; Glasberg and Moore 1986,
Desloge et al. 2012). This body of research determined that auditory filter bandwidth increases
with increasing signal frequency (e.g. Moore et al. 1990; Rosen and Stock 1992; Shailer et al.
1990) and filter shape becomes more asymmetric at higher masker levels (e.g. Moore and
Glasberg 1987).

Due to the compressive nonlinearity of the auditory periphery, filter shape and width vary
significantly depending on probe and masker level, frequency composition of the masker, use of
fixed signal or masker level, and timing between signal and masker (e.g. Houtgast 1977;
Glasberg and Moore 1982; Glasberg et al. 1984; Niemiec et al. 1992; Rosen and Baker 1998;
Eustaquio-Martin and Lopez-Poveda 2011; Lopez-Poveda and Eustaquio-Martin 2013). The
significant impact of methodology on filter sharpness complicates definitions and comparisons
of frequency selectivity within and across species. Therefore, these comparisons require critical

review and have been under debate in recent years. In particular, estimates of frequency
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selectivity using fixed signal level and fixed masker level paradigms should be compared with
caution (Eustaquio-Martin and Lopez-Poveda 2011; Lopez-Poveda and Eustaquio-Martin 2013).
Despite this, many studies make comparisons across species and between behavioral and
physiological studies in an attempt to describe the evolutionary basis and neuronal origins of
frequency selectivity (e.g. Fay 1988; Evans et al. 1989; Shera et al. 2002; Joris et al. 2011).
Unsurprisingly, the conclusions from these studies are variable and inconsistent.

These discrepancies in the literature motivate our investigation of auditory filters in a
single model species using a single methodology in both physiological and behavioral
experiments. We elected to use a fixed masker level notched-noise paradigm. This design limits
the opportunity for off-frequency listening, provides ease of comparison to the wealth of human
and non-primate mammalian behavioral data using fixed masker levels, and supplements

physiological measurements of frequency selectivity in humans, macaques, and other mammals.

3.3 METHODS

Experiments were conducted on four macaques: three male rhesus monkeys (Macaca
mulatta) that were seven (monkey C) and ten (monkeys B and L) years of age at the time of
testing, and one bonnet monkey (Macaca radiata) that was nine years of age at the time of
testing (monkey G). All procedures were approved by the Animal Care and Use Committee at
Vanderbilt University Medical Center and were in strict compliance with the National Institutes
of Health guidelines for animal research.

All experiments were conducted in sound treated booths (Industrial Acoustics Corp, NY)
that measured 1.8 m x 1.8 m x 2 m. During experiments, the monkeys were seated in an acrylic
primate chair that was designed for comfort and with no obstruction to sounds on either side of
the head (Audio chair, Crist Instrument Co., Hagerstown, MD). The subject’s head was fixed to
the chair such that the head was directly facing the middle of the loudspeaker at a distance of 35
inches from the ears. The loudspeaker (SA1 loudspeaker, Madisound, WI) and amplifier (SLA2,
Applied Research Technologies, Rochester, NY) were able to deliver sounds between 50 Hz and
40 kHz. Calibration using a 2” probe microphone placed at the approximate entrance of the
subjects’ ear canals revealed that the output of the loudspeaker varied less than +3 dB across the

frequency range. Tones and noise were delivered from the same loudspeaker.
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The monkeys were prepared for behavioral experiments by a surgical procedure,
described in detail by Dylla et al. (2013). Briefly, during this surgical procedure, each monkey
was implanted with a PEEK or titanium head holder (Crist Instruments, Hagerstown, MD) on the
skull. This was used to position the monkey’s head in a fixed location during experiments, so
that the sound location and level were constant relative to the monkey’s ears across trials and
days. The monkeys were then trained to perform a behavioral Go/No-Go lever release task using
fluid reward as positive reinforcement (for details, see Dylla et al. 2013).

3.3.1 Behavioral task

The monkeys were trained to detect 200-ms tones with 10-ms rise and fall times that
were embedded in continuous noise. Signals were generated with onset phase of 0° and a
sampling rate of 97.6 kHz. Monkeys initiated trials by pressing down on a lever (Model 829
Single Axis Hall Effect Joystick, P3America, San Diego, CA). The lever state was sampled at a
rate of 24.4 kHz. After a variable hold time, a signal (tone) was presented on about 80% of trials.
On hearing the tone, the monkey was required to release the lever within a 600-ms response
window after the offset of the tone. The response window began with the onset of the stimulus,
and the monkeys were free to respond even before stimulus offset. If the lever was released
correctly on signal trials (hit), the monkey was rewarded with fluid. There were no penalties for
not releasing the lever (miss), as this was taken to indicate non-detection. Catch trials were those
in which no signal was played. Incorrect lever releases on catch trials (false alarms) were
penalized with a timeout (6-10 seconds) in which no tone was presented (noise continued
playing).

The experiments were controlled by a computer running OpenEx software (System 3,
TDT Inc., Alachua, FL). The sound pressure level (SPL) of each tone could take values over a 60
dB range within each block. The different tone levels were randomly interleaved with catch trials
and repeated 15-30 times each using the method of constant stimuli. Broadband noise was
generated using one of the TDT System 3 functions, which generated flat spectrum noise that
was then band-limited to 40 kHz. The level of the broadband noise is specified as the spectrum
level, in dB SPL/Hz. The overall sound pressure level may be computed by adding the spectrum
level to 10*logio(bandwidth in Hz).

3.3.2 Procedure
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The notched-noise paradigm was modeled after the methods of Patterson and Nimmo-
Smith (1980) and Glasberg et al. (1984). Both symmetric and asymmetric notches were used to
derive auditory filter shapes.

Symmetric notches were used for signal frequencies of 0.5, 1, 2, 4, 8, 16, 24, and 32 kHz,
spanning nearly the entire audible frequency range of macaques (e.g., Pfingst et al. 1978). Tone
detection performance was measured in broadband noise (5-40000 Hz, 30 or 50 dB spectrum
level) and notched-noise. The normalized half-notchwidth from the stimulus (tone) frequency, fo,
to each edge of the notch, expressed as Af/fy, was 0.0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.65, and 0.8.
(Note: Due to bandwidth limitations of the system, 24 kHz was not tested at 0.8 half notch width
and 32 kHz was not tested at half notch widths greater than 0.2.)

Asymmetric notches were also used for the signal frequencies of 2 and 16 kHz. Upward
shifted notches were obtained with the high frequency edge of the lower band of noise 0.2fy
closer to fo than the low frequency edge of the higher band of noise, while maintaining a
particular notch width. Downward shifted notches were obtained with the lower band of noise
0.2fo farther from fo than the higher band of noise. For an illustration of the stimulus setup, see
the inset graphs in Figures 3 and 4 of Patterson and Nimmo-Smith (1980). Values of Af/fy for the
asymmetric notch conditions were 0.3, 0.4, 0.5, 0.6, 0.65, and 0.8. All asymmetric testing was
completed using both the 30 and 50 dB SPL/Hz masker.

3.3.3 Calculation of behavioral thresholds

Data were analyzed according to signal detection theoretic methods, as described in Dylla
et al. (2013) and Bohlen et al. (2014). Briefly, the hit rate at each tone level (H(level)) and false
alarm rate (FA) were calculated based on the number of releases at each tone level and on catch
trials respectively within a block. Based on signal detection theory, H(level) and F'A were then
converted into units of standard deviation of a standard normal distribution (z-score, norminv in
MATLAB) to estimate d” according to d'(level) = z(H (level)) — z(FA) (Macmillan and
Creelman, 2005). Because we wanted these results to serve as a baseline for neurophysiological
studies where we would measure distributions of responses to (noise) and (signal+noise), we
converted the Go/No-Go analysis to a 2AFC analysis and calculated the probability correct (pc)
at each tone level as follows: pc(level) = z71(d'(level) /2). Here, the inverse z transform (z'")
converts a unique number of standard deviations of a standard normal distribution into a

probability correct (normcdf in MATLAB). The conversion of d’ to the pc measure was to
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facilitate the comparison of psychometric functions with neurometric functions obtained from
neuronal responses using distribution free methods. The traditional threshold estimated at d =1
corresponds to pc=0.76.

To obtain a smooth relationship between pc and level, psychometric functions were fitted

with a modified Weibull cumulative distribution function (cdf) according to

level\¥

pc(level) iy = c —d * e_(T) , Where level is the tone level (in dB SPL), 4 represents the
threshold parameter and & corresponds to the slope parameter. ¢ represents the saturation
probability correct, and d is the estimate of chance performance. Threshold was calculated from
the fit as the tone level that would cause a pcyi; value of 0.76.
3.3.4 Filter shape and bandwidth analyses

Tone detection thresholds obtained from the Weibull cdf fits at various notch widths were
fitted assuming that each side of the auditory filter was a rounded exponential. This was done
using publicly available software developed by B. C. J. Moore and B. R. Glasberg. The
ROEXPR program was used for symmetric filter estimates and the ROEX3 program was used
for asymmetric filter estimates. In both of these programs, the default settings were used. The
rounded exponential (roex) filter shape is described by: W(g) = (1 —r) x (1 +pxg) xe P9 +
r, where g is the normalized deviation from the center frequency, and p and r are adjustable
parameters. A larger value of p indicates a larger slope and therefore a narrower filter. »
corresponds to the shallow tail of the filter. Additionally, processing efficiency (k) was
calculated directly from the fitting process (see Patterson et al. 1982), with a smaller value of £
(in dB) indicating more efficient processing. The W(g) filter parameter values were iteratively
adjusted in the software so as to achieve the smallest RMS difference between the predicted and
actual threshold values. The width of the filter was measured 3 dB down from the peak
(BW3dB) and was used to define frequency selectivity. ERB values, another metric used to
describe frequency selectivity, were calculated from the p values, according to: ERB = 4 * f, /p.
Quality factors of the perceptual filter (Qers), which provide a dimensionless measure of the
sharpness of filter tuning, were calculated from the ERB, according to Shera et al. (2002):
Qrre = fo/ERB.BW3dB, ERB, and Qgrg values were compared across species using published

data sets.
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3.4 RESULTS
3.4.1 Macaque filter shapes and bandwidths

Figure 3.1 shows the behavioral data used to derive a perceptual auditory filter. Figure
3.1A shows the psychometric functions for Monkey B for an 8 kHz signal in a 30-dB spectrum
level masker. Psychometric functions are shown for notched-noise maskers with g values of 0
(black), 0.1 (red), 0.5 (green), and 0.65 (blue). As shown in other studies, the tone detection
threshold decreased (threshold level indicated by the dashed lines, leftward shift of the dynamic
range) with increasing notch width. Figure 3.1B shows the threshold (in dB SPL) of the 8 kHz
tone as a function of notch width. Filter parameter values were used to generate the auditory
filter shown in Figure 3.1C. The horizontal dashed line in Figure 3.1C indicates the half power
bandwidth of the auditory filter function, which was defined as BW3dB.
3.4.1.1 Auditory filters across frequencies

Figure 3.2 shows tone detection threshold as a function of notch width for various tone
frequencies in the symmetric notch condition. For all four subjects, the lowest frequencies (0.5
kHz, 1 kHz, red) yielded the shallowest functions and the highest frequencies (16 kHz, 32 kHz,
blue) yielded the steepest functions. A steeper slope indicates a more sharply tuned filter. These
data suggest that auditory filters become progressively relatively narrower (on a logarithmic
frequency scale) with increasing frequency. The symmetric auditory filters generated from the
functions in Figure 3.2 are shown for each subject in Figure 3.3. Absolute filter bandwidth
increased with increasing frequency, consistent with the extensive literature on human auditory
filters (e.g. Moore and Glasberg, 1987).
3.4.1.2. Auditory filters across masker levels and asymmetric masker configurations

Masker intensity affects the bandwidth and asymmetry of auditory filters (e.g. Moore et
al. 1990; Rosen and Stock 1989; 1992; Eustaquio-Martin and Lopez-Poveda; 2011; explained in
Lopez-Poveda and Eustaquio-Martin, 2013). Our macaque subjects showed similar masker level
effects to those observed previously in human and animal studies. Representative auditory filter
shapes are shown for one subject at 2 kHz (Figure 3.4A) and 16 kHz (Figure 3.4B) with 30
(blue) and 50 (red) dB/Hz maskers in both symmetric (dashed line) and asymmetric (solid line)
masking conditions. Filter bandwidth and symmetry changed minimally with increasing noise
level at 2 kHz. A more pronounced effect of noise level was observed at 16 kHz, with a broader,

more asymmetric filter (broad lower side, steep upper side) at the higher noise level.
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Figure 3.1 Estimation of an auditory filter shape from the notched-noise paradigm. A:
Psychometric functions for detecting an 8-kHz tone in a 30 dB/Hz masker, with g values of 0
(black), 0.1 (red), 0.5 (green), and 0.65 (blue). Threshold is the signal level that would evoke 0.76
probability correct (indicated by dashed lines). B: Thresholds from (A) plotted as a function of g
(normalized deviation from center frequency). C: Auditory filter shape for an 8-kHz tone in 30
dB/Hz noise (from data in B). Dashed line indicates the half power point of the filter; the
bandwidth of the filter at the half-power point was taken as BW3dB. Data are from Monkey B.
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Figure 3.2 Threshold as a function of g at each frequency tested for each subject. A — D. Data
from monkeys B, C, G, L, respectively.
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Figure 3.4 Auditory filter shape and asymmetry as a function of masker level. Data are from
Monkey B. A: Symmetric (dashed lines) and asymmetric (solid lines) auditory filter shapes for a 2
kHz tone with 30 (blue) and 50 (red) dB/Hz maskers. B: Similar to A, but for a 16 kHz tone.

Additionally, filter asymmetry was small for 30 dB/Hz masker conditions at both 2 and 16 kHz,
while more pronounced asymmetry occurred at 50 dB/Hz masker conditions for both signal
frequencies. These findings are consistent with previous work (Weber 1977; Pick 1980;
Patterson 1971).

3.4.2 Characterizing macaque frequency selectivity

Half power bandwidth (BW3dB), equivalent rectangular bandwidth (ERB), and quality
factor (QerB) were calculated for the auditory filters for each subject at each probe frequency.
Values were derived from symmetric 30 dB masker level filters unless otherwise specified. Due
to low variability in filter shape and frequency selectivity metrics across subjects, mean data will
be highlighted in the following section. Individual and mean BW3dB values are listed by
frequency in Table 3.1.

Table 3.1 —- BW3dB values for individual monkeys and their mean.

Frequency Monkey B Monkey C Monkey G Monkey L Mean
(kHz) (Std. Dev.)
0.5 143 143 123 143 138 (10)
1 215 210 195 230 213 (14)
2 380 390 354 480 401 (55)
4 680 706 700 720 702 (17)
8 1240 1320 1040 1000 1150 (155)
16 1648 1680 2160 2000 1872 (249)
24 2520 3624 2808 2328 2820 (571)
32 2105 2368 2592 2336 2350 (199)

Note: BW3dB values were obtained using filters estimated from 30 dB SPL/Hz maskers.

99



BW3dB values increased

5000 - @~ Current Study Mean
approximately linearly as a function of x mjﬁ]ﬁf%g?:égvétf;_gg? >
frequency (Figure 3.5, mean = red circles, . =
range = gray shaded area; slope = 0.084, R’ i ==
~0.8376, p = 6.8x10"1%). Values were g S
consistent with previous macaque critical D 200 4
bandwidth data (Gourevitch 1970; blue 100 -
circles) from 0.5 to 4 kHz and were lower 50 -

| I I I 1
over the 8 to 32 kHz range. Macaque 0 100 2000 10000 #0000

. F H
BW3dB values were plotted against Tequenay (H2)

Figure 3.5 BW3dB values as a function of frequency. Mean
macaque BW3dB data from current study (mean: red circles;
standard deviation: error bars) are plotted against previous
macaque data using band-widening techniques (Gourevitch 1970;
blue circles) and BW3dB data from humans (Desloge et al., 2012;
unfilled black diamonds). The gray shaded area shows the range of
the macaque BW3dB values in the current study.

previous data collected from humans
(Desloge et al. 2012, notched-noise; black
diamonds). BW3dB values from the present

study of macaques seem to align well with

BW3dB values from humans, but differences may not be clear using this metric due to scaling.
BW3dB values were also calculated for symmetric and asymmetric filters at 2 and 16

kHz for the 30 and 50 dB masker levels (mean data listed in Table 3.2). BW3dB values were

generally smaller using asymmetric filter shapes compared to symmetric filter shapes. BW3dB

values were greater at the higher masker level for both symmetric and asymmetric filters.

Table 3.2 - BW3dB values obtained from symmetric and asymmetric notched-noise at 30 and
50 dB SPL/Hz.

Frequency (kHz) | Mean BW3dB @ 30 | Mean BW3dB @ 50
dB (Std. Dev) dB (Std. Dev.)
2, symmetric 401 (55) 478 (64)
2, asymmetric 362 (45) 384 (45)
16, symmetric 1872 (249) 2422 (386)
16, asymmetric 1874 (294) 2124 (436)

Note: Summary data based on 4 monkeys
ERB values were calculated based on the values of p derived from the rounded

exponential fit. Individual and mean macaque ERB values are listed by frequency in Table 3.3
and mean ERB values are plotted as a function of tone frequency in Figure 3.6 (mean: red
circles; standard deviation: error bars; range indicated by gray shaded area). The ERB increased

with increasing signal frequency and this was well described by a power function of the signal
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frequency (exponent = 0.098, R’ = 0.8565,
p =3.5x10"'%). Macaque ERB values were
compared to ERB values from humans
(black, all notched-noise; circles: Moore et
al. 1990; unfilled squares: Glasberg and
Moore 1986; triangles: Shailer et al. 1990;
unfilled diamonds: Desloge et al. 2012),
marmosets (blue circles: Osmanski et al.
2013, notched-noise), and chinchillas
(green squares: Niemiec et al. 1992,
notched-noise). Macaque ERB values were
comparable to some human ERB data sets
(compare red circles with unfilled
diamonds, Figure 3.6), but were globally
broader than most human ERB values and

ERBs for marmosets and chinchillas.

Table 3.3 — ERB values in Hz for individual macaques and their mean.

=@-= Current Study Mean
=@= Human 1
=J= Human 2
== Human 3
=Q= Human 4
=@= Marmosets
-l Chinchillas
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Figure 3.6 ERB as a function of frequency. Mean macaque ERB
data from current study (mean: red circles; standard deviation:
error bars) are compared to ERB data obtained using notched-
noise methods for humans (black; filled circles (Humanl): Moore
et al. 1990; unfilled squares (Human2): Glasberg and Moore 1986;
filled triangles (Human3): Shailer et al. 1990; unfilled diamonds
(Human4): Desloge et al. 2012), marmosets (blue; Osmanski et al.
2013), and chinchillas (green; Niemiec et al. 1992). The gray
shaded area shows the range of the macaque ERB values in the

current study.

Frequency Monkey B Monkey C Monkey G Monkey L Mean
(kHz) (Std. Dev.)
0.5 171 171 146 171 165 (13)
1 255 250 233 272 252 (16)
2 452 465 423 576 479 (67)
4 812 847 842 856 839 (19)
8 1488 1576 1250 1194 1377 (184)
16 1963 2000 2570 2415 2237 (302)
24 3028 4229 3380 2807 3361 (625)
32 2560 2826 3107 2777 2817 (225)

Note: ERBs obtained using filters estimated from 30 dB SPL/Hz maskers.
Qers values also reflect this trend, with generally lower Qgrs values for the macaque as

compared to most human data sets (except for data from Desloge et al. 2012), suggesting poorer

frequency selectivity in macaques. Individual and mean Qgrs data are listed in Table 3.4. Figure

3.7 shows mean macaque data (red circles) plotted against behavioral data for humans (black

circles: Moore et al. 1990; unfilled black squares: Glasberg and Moore 1986; black triangles:

Shailer et al. 1990; unfilled diamonds: Desloge et al. 2012; black line: Shera et al. 2002;),
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marmosets (blue circles: Osmanski et al.

2013), and chinchillas (green squares:

Niemiec et al. 1992). Interestingly, both the

marmoset and chinchilla ERB and Qgrs are

comparable to the human values and actually

seem to suggest narrower spectral tuning than

humans and macaques depending upon which

data set and frequencies are being compared.

Frequency (Hz)
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Figure 3.7 Qers as a function of frequency. Mean macaque
behavioral Qers data (red circles; standard deviation error
bars) are compared to behavioral Qgrs data for humans
(black; filled circles (Human1): Moore et al. 1990; unfilled
squares (Human2): Glasberg and Moore 1986; filled triangles
(Human3): Shailer et al. 1990; unfilled diamonds (Human4):
Desloge et al. 2012; solid line (Human5): Shera et al. 2002;),
marmosets (blue; Osmanski et al. 2013), and chinchillas
(green; Niemiec et al. 1992). The gray shaded area shows the
range of the macaque Qers values in the current study.

Table 3.4 —Qers values for individual monkeys and their mean.

Frequency Monkey B Monkey C Monkey G Monkey L Mean

(kHz) (Std. Dev.)
0.5 2.93 2.93 343 2.93 3.05 (0.25)

1 3.93 4.00 4.30 3.68 3.98 (0.26)

2 4.43 4.30 4.73 3.48 4.23 (0.54)

4 4.93 4.73 4.75 4.68 4.77 (0.11)

8 5.38 5.08 6.40 6.70 5.89 (0.78)

16 8.15 8.00 6.23 6.63 7.25(0.97)

24 7.93 5.68 7.10 8.55 7.31(1.2)
32 12.50 11.33 10.30 11.53 11.41 (0.90)

Note: Qers values obtained using filters estimated from 30 dB SPL/Hz maskers.

3.5 DISCUSSION

This study provides a comprehensive description of behavioral auditory filters in

nonhuman primates. Changes in filter shape and bandwidth according to frequency, noise masker

level, and asymmetry were similar to those observed in humans and other non-primate species.

Macaque filters were generally broader than those for humans, suggesting poorer frequency

selectivity.
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3.5.1 Effect of noise level and signal frequency on auditory filter shapes

The present study is one of the first to examine auditory filters across the audible
frequency range of a species and to use sample frequencies across the audible range to check for
frequency dependent effects of noise level or asymmetry. Macaque auditory filters were broader
and more asymmetric at the higher masker level and at higher signal frequencies. The majority of
previous studies site similar effects of noise level (e.g. Rosen and Stock 1992; Patterson 1971;
Pick 1980; Moore and Glasberg 1987) and signal frequency (e.g. Weber 1977; Pick 1980; Rosen
and Stock 1989; Moore et al. 1990; Glasberg and Moore 1986; Shailer et al. 1990), though some
report no effect of masker level on filter width (see Pick (1980) for further discussion). It is
likely that methodological differences, such as masker type or stimulus frequency, or even the
details of the task itself, contribute to these discrepancies, due to cochlear nonlinearity (Rosen
and Stock 1992; Lopez-Poveda and Eustaquio-Martin 2013).

Humans and macaques have different audible frequency ranges: the macaque audible
range is approximately 55 Hz-45 kHz (Pfingst et al. 1978; Stebbins et al. 1966), while humans
can hear from 20 Hz-20 kHz (Sivian and White 1933; Hawkins and Stevens 1950). The lowest
tone thresholds of macaques are between 1 and 16 kHz (Pfingst et al. 1978; Dylla et al. 2013)
whereas the lowest tone thresholds of humans are between 0.5 and 8 kHz (Sivian and White
1933; Hawkins and Stevens 1950). It is likely that frequency-specific characteristics of auditory
filters will vary among species based on this difference. For example, Shailer et al. (1990) noted
smaller ERB values at 8 and 10 kHz in humans than expected based on extrapolation of classical
filter bandwidth values. However, this reduction from a linear relationship was not observed in
the macaques in the current study until 16 kHz. The large variability across subjects in auditory
filter shape observed at 8 and 10 kHz with increasing noise level in humans (Shailer et al. 1990)
may also be related to the variable filter asymmetry and bandwidth with increasing noise levels
we observed for our macaques at 16 kHz. Therefore, we suggest that similarities in frequency-
specific filter effects may emerge if the species’ audible range is taken into account.

3.5.2 Describing macaque frequency selectivity

In evaluating an animal’s utility as a model for human hearing, one needs a basic
understanding of the animal’s psychophysical auditory abilities, such as frequency selectivity
(Fay 1988). One previous review suggests that small laboratory animals, such as mice (Ehret

1976), rats (Gourevitch 1965), chinchillas (Niemiec et al. 1992), and cats (Nienhuys and Clark
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1979; Pickles 1979), have broader auditory filters than humans (see Figure 8 in Fay 1988), which
may implicate an evolutionary aspect of frequency selectivity. In contrast, a more recent review
comparing only among data obtained using a fixed masker level suggests comparable tuning
across mammals and birds (Ruggero and Temchin 2005). A perfunctory comparison of our
macaque data suggests broader tuning than for the human, marmoset, and chinchilla (see Figure
3.7, all notched-noise data).

However, as described in the introduction, methodology is known to have a significant
impact on estimates of frequency selectivity (Glasberg et al. 1984; Niemiec et al. 1992;
Eustaquio-Martin and Lopez-Poveda 2011; Lopez-Poveda and Eustaquio-Martin 2013), so data
comparisons must be made sensibly. When comparing to one study that employed a similar fixed
signal level methodology, our BW3dB, ERB and Qgrs values suggest that frequency selectivity
is similar for monkeys and humans (e.g. Desloge et al. 2012). However, comparisons to most
other human studies indicate sharper tuning for humans compared to macaques (e.g. Moore et al.
1990; Glasberg and Moore 1986).

Previous studies have compared frequency selectivity across species using comparisons
across methodologies. For example, Shera et al. (2002) found lower Qgrg values for cats and
guinea pigs than for humans using fixed signal level SFOAE measurements, indicating broader
frequency selectivity in these animals (see their Figure 1). While these data could be interpreted
together due to the use of similar methodologies (though this is questioned in Lopez-Poveda and
Eustaquio-Martin 2013), they should be compared to the current behavioral data, obtained with a
fixed masker level, with caution. Qgrg values calculated from our behavioral measurements in
macaques were considerably lower than those obtained previously using SFOAEs and in ANF
recordings (Joris et al. 2011; data not shown). When comparing human SFOAE data to human
behavioral data, a similar disparity in Qgrs values obtained by behavioral and physiological
methodologies was noted. However, the utility of this comparison is questionable, since the
physiological estimates of frequency selectivity were obtained using a fixed signal level and the
behavioral estimates were obtained using a fixed masker level (for a discussion of the problems
with these comparisons, see Eustaquio-Martin and Lopez-Poveda 2011; Lopez-Poveda and
Eustaquio-Martin 2013).

Some of the variation in estimates of frequency selectivity at high frequencies may also

be a result of not taking into account the frequency response of the transducer (Moore et al.
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1990; Shailer et al. 1990). In our study, calibrations were routinely performed to ensure that all
signals and masking noises were presented at equivalent levels across subjects and testing
sessions. Thus, the observed narrowing of filter bandwidths at high frequencies may reflect a true
characteristic of the macaque auditory system. Previous work has suggested that a modified a
priori notched-noise method yields more symmetrical, steep filters at high frequencies (10 kHz)
by taking into account the middle ear transfer function (Glasberg and Moore 1990, 2000;
Kowalewski 2014).

In summary, these data will serve as comparisons for ongoing physiological measures of
frequency selectivity in single units along the auditory pathway. These investigations of neuronal
frequency selectivity will contribute toward an understanding of the underlying computations,
circuitry, and transformations that generate perceptual frequency selectivity in normal hearing

and hearing impaired subjects.
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SECTION II: CHANGES IN COCHLEAR ANATOMY., AUDITORY PHYSIOLOGY,
AND AUDITORY PERCEPTION IN MACAQUE MONKEYS FOLLOWING NOISE-
INDUCED PERMANENT THRESHOLD SHIFTS

CHAPTER 4

Changes in audiometric threshold and frequency selectivity correlate with cochlear

histopathology in macaque monkeys with permanent noise-induced hearing loss

As reviewed in Chapter 1, acoustic overexposure can cause permanent hearing
impairment associated with damage to the cochlea, such as hair cell loss. Although the
audiogram is the standard clinical metric for assessing cochlear hearing loss, it can be a poor
predictor of the severity and location of damage within the cochlea. We previously established a
nonhuman primate model of noise-induced sensorineural hearing loss. As described in
publications prepared with my colleagues (Valero et al. 2017, Hauser et al. 2018), acoustic
overexposure abolished distortion product otoacoustic emissions, elevated auditory brainstem
response thresholds, and caused significant loss of outer hair cells, inner hair cells, and ribbon
synapses. Behavioral measures of hearing sensitivity, threshold shift rate, and temporal
resolution revealed significant hearing impairments in quiet, steady-state noise, and amplitude-
modulated noise. Audiometric thresholds and threshold shift rates were significantly correlated
with the severity of cochlear histopathology.

In this study, we evaluated frequency selectivity, another aspect of hearing abilities, in
macaques before and after acoustic overexposure. We then correlated this perceptual measure
with hearing sensitivity loss and with metrics of cochlear histopathology: inner hair cell, outer
hair cell, and ribbon synapse counts. The results suggested that audiometric thresholds and
auditory filter widths were highly correlated with each other, as well as the severity and location
of cochlear damage. Using more sophisticated statistical modeling than in our previous study
(Hauser et al. 2018) allowed us to show that the best predictions of hearing abilities came from

models that included both hair cell and synapse counts.
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Burton, J. A., Mackey, C. A., MacDonald, K. S., Hackett, T. A., & Ramachandran, R. (2020).
Changes in audiometric threshold and frequency selectivity correlate with cochlear
histopathology in macaque monkeys with permanent noise-induced hearing loss. Hear Res, 398,

108082. https://doi.org/10.1016/j.heares.2020.108082

4.1 ABSTRACT

Exposure to loud noise causes damage to the inner ear, including but not limited to outer
and inner hair cells (OHCs and IHCs) and IHC ribbon synapses. This cochlear damage impairs
auditory processing and increases audiometric thresholds (noise-induced hearing loss, NIHL).
However, the exact relationship between the perceptual consequences of NIHL and its
underlying cochlear pathology are poorly understood. This study used a nonhuman primate
model of NIHL to relate changes in frequency selectivity and audiometric thresholds to indices
of cochlear histopathology. Three macaques (one Macaca mulatta and two Macaca radiata)
were trained to detect tones in quiet and in noises that were spectrally notched around the tone
frequency. Audiograms were derived from tone thresholds in quiet; perceptual auditory filters
were derived from tone thresholds in notched-noise maskers using the rounded-exponential fit.
Data were obtained before and after a four-hour exposure to a 50-Hz noise centered at 2 kHz at
141 or 146 dB SPL. Noise exposure caused permanent audiometric threshold shifts and
broadening of auditory filters at and above 2 kHz, with greater changes observed for the 146-dB-
exposed monkeys. The normalized bandwidth of the perceptual auditory filters was strongly
correlated with audiometric threshold at each tone frequency. While changes in audiometric
threshold and perceptual auditory filter widths were primarily determined by the extent of OHC
survival, additional variability was explained by including interactions among OHC, IHC, and
ribbon synapse survival. This is the first study to provide within-subject comparisons of auditory
filter bandwidths in an animal model of NIHL and correlate these NIHL-related perceptual
changes with cochlear histopathology. These results expand the foundations for ongoing

investigations of the neural correlates of NIHL-related perceptual changes.
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4.2 INTRODUCTION

Hearing impairment causes significant perceptual deficits across the frequency and time
domains (e.g. Moore, 1995). These deficits have been studied for decades using psychophysical
measures in humans and animal models in order to quantify the perceptual changes underlying
the global hearing difficulties reported by hearing impaired patients. Temporal and frequency
resolution are impaired for many patients with hearing loss (e.g. Florentine et al. 1980; Hall and
Grose 1989; Moore 1985; Moore 1995; Reed et al. 2009), with the degree of impairment often
being related to severity of hearing loss. While quantifying these behavioral impairments helps
guide appropriate treatment and rehabilitation strategies, the identification of specific underlying
cochlear damage and associated neural changes provides an additional therapeutic target and
helps elucidate the variability in rehabilitative success.

The link between auditory perception and indices of cochlear histopathology has been
examined in animal models of ototoxicity, age-related hearing loss, and noise-induced hearing
loss. Many of these studies were conducted in small-animal models (e.g. chinchilla: Ward &
Duvall 1971, Clark & Bohne 1978, Ryan et al. 1979, Hamernik et al. 1989; cat: Miller et al.
1963; see early review by Saunders et al. 1991), and there is a comparatively smaller literature in
nonhuman primates (reviewed in Burton et al. 2019). Most of this work was limited to
examinations of audiometric thresholds, with little characterization of higher level auditory
perceptual characteristics (however, see Radziwon et al. 2019). Systematic studies using the
macaque model are relatively new and may serve as a bridge between the rodent and human
literatures on noise-induced hearing loss (NIHL).

Our laboratory previously established a model of NIHL in macaque monkeys (Valero et
al. 2017; Hauser et al. 2018). The macaque NIHL model provides the advantages of a close
phylogenetic relationship to humans, thorough knowledge of the history of noise exposure, the
ability to successfully complete complex listening tasks, and the opportunity to utilize more
invasive neuroscientific methodologies such as single-unit neurophysiology and post-mortem
cochlear histology and neuroanatomy (Burton et al. 2019). Noise overexposure to a narrowband
stimulus resulted in frequency-specific but variable loss across subjects of outer hair cells
(OHCs), inner hair cells (IHCs), and inner hair cell ribbon synapses (Valero et al. 2017). This
anatomical damage was accompanied by perceptual deficits as measured by elevated tone

detection thresholds in quiet, decreased threshold shift rates during masked tone detection, and
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decreased release from masking during tone detection in sinusoidally amplitude modulated noise
masker (Hauser et al. 2018). The characterization of this NIHL model is extended here to
examine perceptual frequency selectivity measured using the notched-noise method in noise-
exposed macaques. The aims of this study were 1) to examine the relationship between severity
of noise-induced hearing loss and loss of frequency selectivity and 2) to examine the relationship
between indices of cochlear histopathology as measured by OHC, IHC, and ribbon synapse
survival and loss of hearing sensitivity and frequency selectivity. To the best of the authors’

knowledge, this is the first report of perceptual auditory filters in an animal model of NIHL.

4.3 METHODS

Experiments were conducted on one male rhesus macaque (Macaca mulatta, Monkey L,
ten years old at the time of noise exposure) and two male bonnet macaques (Macaca radiata,
Monkey E and G, eleven and nine years old at the time of exposure, respectively), as well as a
cohort of non-exposed male control subjects with normal hearing sensitivity (Macaca mulatta, n
=5, 6-10 years old). Macaques were maintained on a 12:12-h light:dark cycle and all procedures
occurred between 8 AM and 6 PM during their light cycle. Monkeys E and G were socially
housed; however, all other subjects were individually housed, per incompatibility for social
housing as identified by repeated behavioral assessments. The macaques had visual, auditory,
and olfactory contact with conspecifics maintained within the housing room, as well as daily
visual, auditory, or olfactory supplemental enrichment. All procedures were approved by the
Animal Care and Use Committee at the Vanderbilt University Medical Center and were in strict
compliance with the National Institutes of Health guidelines for animal research.

Experiments were conducted in sound treated booths (Industrial Acoustics Corp, NY;
Acoustic Systems, Austin, TX). During the task, monkeys sat in an acrylic primate chair that was
custom designed for comfort and with no obstruction to sounds on either side of their heads
(Audio chair, Crist Instrument Co., Hagerstown, MD). Monkeys were head-fixed via a
surgically-implanted titanium head holder and trained to perform a Go/No-Go lever release task
using fluid reward as positive reinforcement (for details about surgical preparation and
behavioral task, see Dylla et al. 2013; Burton et al. 2018a). The monkey’s head was fixed to the
chair such that the head and ears directly faced the center of a loudspeaker at a distance of 36

inches. The loudspeaker (SA1 loudspeaker, Madisound, WI) and amplifier (SLA2, Applied
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Research Technologies, Rochester, NY) were able to deliver sounds between 50 Hz and 40 kHz.
Calibration using a 1/4” probe microphone (model 378C01, PCB Piezotronics Inc., Depew, NY)
placed at the approximate entrance of the subjects’ ear canals revealed that the output of the
speakers varied by approximately +3 dB across the frequency range. Tones and noise were
delivered from the same loudspeaker.
4.3.1 Noise exposure

The details of the noise exposure matched those in in Valero et al. (2017) and Hauser et
al. (2018). Briefly, the monkeys were treated with atropine (0.04 mg/kg) and sedated with a
mixture of ketamine (10-15 mg/kg) and midazolam (0.05 mg/kg IM) prior to intubation.
Sedation was maintained with 1-2% isoflurane and vital signs were monitored throughout the
procedure. The noise exposure was conducted in a sound treated booth (Acoustic Systems,
Austin, TX) while the monkey was lying prone on a table with the head slightly elevated.
Closed-field loudspeakers (MF1, Tucker-Davis Technologies) were coupled to the subject’s ears
using 10 cm long PE tubing and pediatric ER-3A insert earphones that were trimmed and deeply
inserted into each ear canal. A 50-Hz band of noise centered at 2 kHz was presented
simultaneously to both ears via the insert earphones for four hours.

Monkey L was exposed at 141 dB SPL and Monkeys E and G were exposed at 146 dB
SPL. This design allowed us to examine changes in frequency selectivity with varying degrees of
hearing impairment and cochlear damage. The level of the exposure stimulus varied by less than
0.3 dB SPL over the course of the four-hour procedure. The monkeys were monitored intensively
for a minimum of 72 hours post-procedure. Auditory brainstem responses and distortion product
otoacoustic emissions were measured in separate sedated procedures pre- and post-exposure to
supplement behavioral measures of hearing impairment (for further details, see Hauser et al.
2018).
4.3.2 Behavioral task

The behavioral task was identical to the methods described in Burton et al. (2018a).
Briefly, the monkeys were trained to detect tones in quiet or embedded in noise maskers. To
initiate a trial, the monkey pressed down on a lever (Model 829 Single Axis Hall Effect Joystick,
P3America, San Diego, CA). After a variable hold time, a signal (tone, 80% of trials) or catch
trial (no tone, 20% of trials) was presented. Upon correct lever release on signal trials, the

monkey received a fluid reward. If the monkey did not release the lever during a signal trial, this
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was taken to indicate non-detection, and no reward or penalty was administered. Lever release on
catch trials resulted in a timeout penalty.

The experiments were controlled by a computer running OpenEx software (System 3,
TDT Inc., Alachua, FL). Within each block, tone sound pressure levels spanned a 60 dB range
and were randomly interleaved with catch trials. Flat spectrum broadband noise was generated
from a uniform distribution and band-limited to 40 kHz. In experiments using masking noise, the
level was constant at 50 dB SPL.
4.3.2.1 Tone detection in quiet

Pre- and post-exposure audiograms for each monkey were determined from tone
detection performance in quiet, as reported previously (Hauser et al. 2018). Signal frequencies of
0.125,0.25,0.5, 1, 1.414, 2, 2.828, 4, 8, 16, and 32 kHz were chosen to span the audible range of
macaques (Pfingst et al. 1978; Dylla et al. 2013) in octave steps with additional resolution near
the noise exposure band. Audiograms were obtained prior to noise exposure and serial
audiograms were obtained over the course of several weeks following noise exposure.
Audiometric threshold shifts at each frequency were quantified by taking the difference between
the post-exposure and pre-exposure tone detection thresholds in quiet at that frequency.

Here, we report audiometric threshold shifts from two post-exposure timepoints. The first
set of audiometric threshold shifts were obtained a minimum of 5 weeks after the subject’s noise
exposure and just prior to collection of the data used to estimate frequency selectivity (Figure
4.1A; “Early Post-Exposure”). Post-exposure frequency selectivity data were not collected until
a minimum of 60 days after the exposure, well after initial temporary threshold shifts had
stabilized.

The second set of post-exposure audiometric thresholds were obtained following
frequency selectivity data collection (Figure 4.1B; “Late Post-Exposure”). Due to the large
behavioral task sets for each subject and variable completion rates for each task, post-exposure
survival times were variable across subjects. Unexpectedly, we observed extensive changes in
audiometric thresholds throughout post-exposure survival for two of the three subjects (Monkeys
E and G). Late post-exposure audiometric thresholds were collected within one month of
euthanasia for Monkeys L and E. Audiometric thresholds could not be obtained at a later time
point for Monkey G, due to limited behavioral performance and likely profound deafness in the

mid to high frequencies.
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4.3.2.2 Tone detection in notched-noise masker

Modeled after Patterson and Nimmo-Smith (1980) and Glasberg et al. (1984b), the
notched-noise methods used here were similar to those described in Burton et al. (2018a). In
brief, tone detection performance was measured in the presence of two 50 dB SPL narrowband
noise maskers (bandwidth = 0.4*f) placed symmetrically and asymmetrically around the tone
frequency. Signal frequencies (fy) were 0.5, 1, 1.414, 2, 2.828, 4, 8, and 16 kHz. (Note: 32 kHz
was not tested due to bandwidth limitations of the speaker, which prevented the upper notched-
noise bands from being presented at the specified level.) The normalized half notch widths (Af/f)
of the symmetric noise notches were 0.0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.6, 0.65, and 0.8. Upward and
downward shifted asymmetric notches were generated by shifting the high frequency edge of the
lower band of noise 0.2fy closer or farther from f, respectively, while maintaining a particular
notch width (Af/fo = 0.3, 0.4, 0.5, 0.6, 0.65, and 0.8). Detection performance was measured and
filters estimated pre-exposure and beginning a minimum of 60 days after noise exposure.
4.3.3 Calculation of behavioral thresholds

Behavioral performance was analyzed according to signal detection theoretic methods, as
described in Dylla et al. (2013), Bohlen et al. (2014), and Burton et al. (2018a). Briefly, at each
tone level (level), hit rate was calculated (H(level)) based on the proportion of releases on trials
with the tone at that sound level. False alarm rate (FA) was calculated based on the proportion of
releases on catch trials. Based on signal detection theory, H(level) and F'A were then converted
into units of standard deviation of a standard normal distribution (z-score, norminv in MATLAB)
to estimate d’ according to d’' (level) = Z(H (level)) — z(FA) (Macmillan and Creelman 2005).
Because we wanted these results to serve as a baseline for neurophysiological studies where we
would measure (noise) and (signal+noise) representation distributions, we converted the Yes/No
analysis to a 2-alternative forced choice analysis and calculated the behavioral accuracy at each
tone level using the probability correct (pc) metric as follows: pc(level) = z~1(d'(level)/2).
Here, the inverse z transform (z'!) converts a unique number of standard deviations of a standard
normal distribution into a probability correct (normedf in MATLAB). The conversion of d’ to
the pc measure was to facilitate the comparison of psychometric functions with neurometric
functions obtained from neuronal responses using distribution free methods. The traditional

threshold estimated at d =1 corresponds to pc(level)=0.76.
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The psychometric functions were fitted with a modified Weibull cumulative distribution

level k

function (cdf) according to pc(level) iy = ¢ — d * e_(T) , where level was the tone level (in
dB SPL), 4 represents the threshold parameter and & corresponds to the slope parameter. ¢
represents the saturation probability correct, and d was the estimate of chance performance.
Threshold was calculated from the fit as the tone level that resulted in a pcyi; value of 0.76.
4.3.4 Filter shape and bandwidth analyses

Assuming that each side of the auditory filter was a rounded exponential, estimates of
filter shape were obtained from the tone detection thresholds as a function of notch width, as
reported in Burton et al. (2018a). Briefly, asymmetric filter estimates were obtained using the
default settings in the publicly available ROEX3 program, developed by B. C. J. Moore and B.
R. Glasberg. The rounded exponential (roex) filter shape is described by: W(g) = (1 — 1) *

(1 +p*g)*e P9 4+ r, where g is the normalized deviation from the tone frequency (g = 4f/f),
and p and r are adjustable parameters. A larger value of p indicates a larger slope and therefore a
narrower filter. For asymmetric filters, p; and p, are used to describe the lower and upper sides of
the filter, respectively. r corresponds to the shallow tail of the filter. The W(g) filter parameter
values were iteratively adjusted in the software so as to achieve the smallest RMS difference
between the predicted and actual threshold values.

Equivalent rectangular bandwidths were calculated from the p; and p,, values, according
to Glasberg et al. (1984b): ERB(f,) = f, * (2/p; + 2/p,). Change in frequency selectivity with
hearing impairment was quantified according to the ratio:

ERByost—exposure (fo)/ ERBpasetine (fo).
4.3.5 Cochlear histological preparation and quantification

Histology and imaging were performed using procedures detailed previously (Valero et
al. 2017). Briefly, following completion of the behavioral assays, animals were euthanized by an
overdose of sodium pentobarbital (130 mg/kg), followed immediately by transcardial perfusion
(2 liters 0.9% phosphate-buffered saline, PBS; 2 liters 4% phosphate-buffered paraformaldehyde,
PFA). The round and oval windows were opened, cochleas perfused through the scala tympani
with PFA, submerged in PFA for 2 hours, then transferred to 0.12 M EDTA for decalcification.

Decalcified cochleas were dissected into quarter turns to obtain epithelial whole mounts

of the organ of Corti containing the hair cells and most of the osseous spiral lamina at each
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location from base to apex. Immunohistochemistry was used to label pre-synaptic ribbons
(mouse IgG1 anti-CtBP2 (C-terminal binding protein 2); BD Transduction Labs; 1:200); ii)
glutamate receptor patches (mouse IgG2 anti-GluA2; Millipore; 1:200), iii) hair cell cytoplasm
(rabbit anti-myo7a (myosin VIla); Proteus Biosciences; 1:200), and iv) cochlear afferent and
efferent fibers (chicken anti-NFH (neurofilament-H); Chemicon; 1:1000). Tissue was incubated
in species-appropriate fluorescent secondary antibody conjugates (AlexaFluor) for secondary
detection.

The tissue was imaged on a Leica SP8 confocal microscope, using a 63X glycerol
objective (1.3 N.A.), to acquire 3-dimensional image stacks at each of 8 octave-spaced positions
along the cochlear spiral from 0.125 to 32 kHz, with half-octave spacing in regions of significant
hair cell loss. The frequency correlate of each image stack was computed from a cochlear
frequency map based on a Greenwood function (Greenwood 1990), assuming an upper
frequency limit of 45 kHz. OHC, THC, and ribbon synapse counts were averaged across two
adjacent stacks for each cochlear place. Amira software (Visage Imaging) was used to quantify
IHC afferent synapses from confocal z-stacks by identification of thresholded CtBP2-labeled
puncta within hair cells. Normative ribbon synapse counts (per IHC) were defined as the mean
count within non-exposed ears for each frequency region. Synapse counts from the exposed
cochleas were compared to the normative values to determine percentage synapse survival along
the cochlear length. Hair cell survival was assessed in low-power confocal z-stacks by counting
cuticular plates normalized to the expected number of hair cells within each row.

4.3.6 Statistical analyses

All statistical analyses were completed in MATLAB (2018a; Mathworks Inc.). One-
sample #-tests were used to compare post-exposure ERB values for each subject to mean ERB
values compiled from pre-exposure and control macaques across different tone frequencies.
Bonferroni corrections were applied to adjust for multiple comparisons. Specifically, p-values of
0.05, 0.01, and 0.001 were adjusted to 0.0023, 4.55 x104, and 4.55 x107, respectively, since
twenty-two comparisons were completed.

Using the “fitlm” and “fitnlm” functions in MATLAB, simple linear regressions and
exponential nonlinear regressions were applied to the normalized ERB (ERB/fy) by absolute
audiometric threshold data (Figure 4.6A) to compare with previous literature. All data points

were included in each regression analysis. The best model was determined according to the
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lowest Bayesian information criterion (BIC) value, which adds a penalty for the number of
model parameters in order to avoid overfitting. These same analyses were completed for data
comparing the ERB ratio and audiometric threshold shift (Figure 4.6B), and for data comparing
OHC, IHC, and ribbon synapse survival with audiometric threshold shift (Figure 4.8) and ERB
ratio (Figure 4.9). Finally, stepwise multivariate linear regression models (“stepwiselm”, with
and without interactions included) were used to describe the relationship between audiometric
threshold shift or ERB ratio with frequency and indices of cochlear histopathology (OHC, THC,
and ribbon synapse survival). This model fitting procedure systematically removes factors and
interaction terms that do not add significant explanatory power to the model. The
“plotResiduals” function was used to assess whether linear regressions were appropriate for use
in the models.

In an attempt to provide the most legitimate comparisons, we used audiometric threshold
shift data from two post-exposure timepoints (see Section 4.3.2.1) in the following ways: 1)
audiometric threshold shifts from the early post-exposure timepoint were compared to frequency
selectivity metrics due to the close relationship in time and 2) audiometric threshold shifts from
the late post-exposure timepoint were compared to the indices of cochlear histopathology (OHC,
IHC, and ribbon synapse survival) due to their closer relationship in time. While regressions
between the frequency selectivity data and cochlear histology are inconvenienced by a long and
variable time delay between behavioral data collection and cochlear harvesting, we believe that
this represents a conservative comparison that still provides meaningful insight into the

relationship between cochlear integrity and a facet of auditory perception.

4.4 RESULTS
4.4.1 Tone detection in quiet

Tone detection in quiet was assessed before and after noise exposure in order to assess
the degree of permanent hearing impairment. Figure 4.1A shows audiometric threshold shifts for
the three noise-exposed subjects, roughly 5 weeks post-exposure and just prior to measurement
of frequency selectivity (“Early Post-Exposure”). Significant threshold shifts were observed at
and above the center frequency of the exposure band (grey box; 2 kHz), as reported in Hauser et
al. (2018). Threshold shifts were similar for Monkeys L and E and greatest for Monkey G, even
though both Monkeys G and E were exposed at 146 dB SPL, and Monkey L was exposed at 141
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dB SPL. All monkeys showed a peak in threshold shift roughly one half octave above the
exposure band, which is similar to the high frequency, notched configuration observed in
humans with noise-induced hearing loss (Gelfand 2009). Both monkeys exposed at the higher
level showed a second peak in their threshold shift patterns at the highest frequency tested. This
extreme basal peak, while tonotopically inappropriate given the exposure band, is typical of

permanent threshold shifts after acute exposures (e.g. Moody et al. 1978).
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Figure 4.1. Audiometric threshold shift (dB) plotted as a function of frequency (kHz) for Monkey
L (X), Monkey E (O), and Monkey G (). Threshold shift was calculated as (post-exposure
threshold — pre-exposure threshold). A. Early post-exposure threshold shifts collected a minimum
of 5 weeks after the noise exposure and just prior to frequency selectivity data collection. B. Late
post-exposure threshold shifts collected just prior to euthanasia (Monkey L and E) or at a later time
point several months after frequency selectivity data collection (Monkey G).

Audiometric thresholds were monitored for 7 to 27 months post-exposure (Figure 4.1B;
“Late Post-Exposure”). While the general patterns remained similar, the severity of threshold
shift increased for the two cases exposed at 146 dB SPL (Monkeys E and G). Such ongoing
threshold shifts are consistent with reports of accelerated age-related audiometric shifts in mice
and humans with NIHL (Fernandez et al. 2015; Gates et al. 2000). Due to this change in
audiometric thresholds over time, each timepoint was utilized for different comparisons, as
outlined in Section 4.3.6.
4.4.2 Auditory filters

Tone detection thresholds in notched-noise maskers were obtained from psychometric
functions (Figure 4.2). Prior to noise exposure (Figure 4.2A), tone detection threshold (dashed
line) decreased with increasing notch width (g = 4f/fs;, normalized deviation from the tone

frequency) as expected (e.g. Patterson and Nimmo-Smith 1980; Burton et al. 2018a). Post-
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exposure, at frequencies with significant threshold elevation (such as 2.828 kHz, Figure 4.2B),
thresholds decreased less for the same increase in notch width. At the same frequency and notch
widths, Monkey G (with the poorest tone in quiet thresholds) also had higher masked thresholds
than Monkey L and E.

Figure 4.3 compares pre- and post-exposure thresholds in notched-noise maskers

centered around different tone frequencies, plotted as a function of g value. As reported
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Figure 4.2. Psychometric functions for the detection of tones in notched noise. A: Psychometric
functions for detection of a 2.828 kHz tone in a 50 dB SPL/Hz masker in a normal hearing macaque
(Monkey L, pre-exposure). Lines of different colors represent various g values. g-values shown are
0 (black), 0.2 (red), 0.5 (green), and 0.8 (blue). B: Similar to A, but following noise exposure at 141
dB SPL for 4 hours (Monkey L, post-exposure). In both panels, horizontal dashed line represents pc
= 0.76, and the vertical lines represent the tone levels required to evoke such performance.

previously, pre-exposure threshold vs. g functions had negative slopes (Figure 4.3A-C) (Burton
et al. 2018a). Post-exposure (Figure 4.3D-F), these functions were usually shallower for
frequencies > 2 kHz (red lines). In particular, the 2-8 kHz functions were nearly flat post-
exposure, suggesting broader filters after damage.

Perceptual auditory filters obtained using asymmetric notches are shown in Figure 4.4 for
each subject before and after noise exposure. Pre-exposure, relative filter bandwidths (Figure
4.4A-C) decreased with increasing tone frequency, consistent with previous reports (e.g. Moore
and Glasberg 1987; Burton et al. 2018a). Post-exposure, filters appear unchanged at frequencies
<2 kHz (Figure 4.4D-F; black) and were generally broader at frequencies > 2 kHz (Figure 4.4D-
F; red), except at 16 kHz for Monkey L and at 8 and 16 kHz for Monkey E.

120



=~ 16 kHz -4 2.828 kHz C
-@- 8kHz -l 2kHz
- 4kHz -@- 1.414kHz 90
= 1 kHz
- 5kHz 70

50

30

Threshold (dB SPL)

Monkey L Pre-Exposure
T L] L] L] L} 1 1 L 1 T 1 T T L] | T T I 1 T T L] T L] T
0 0.1 0203 04 05 06 0.7 08 0 0.1 0203 04 05 06 0.7 Z% 0 0.1 0203 04 05 06 0.7 0.8

10 4 Monkey G Pre-Exposure

0

o

@)

om

Z

k)

o

=

[0}

o

£

= 10 II\Ilor:keyl leost-'Exr:osulre 10 II\Ilor:keyI EF:ost:Exeoere — lI\Ilor:keylG F:OStI-EX?OSl;II‘el .
0 0.1 020304 0506 07 08 0 0.1 0.2 03 04 05 06 07 08 0 0.1 0203 04 05 06 07 08

Value of g Value of g Value of g

Figure 4.3. Threshold (in dB SPL) as a function of g, the normalized notch width. A-C: Pre-exposure data for
Monkey L, E, and G, respectively. D-F: Post-exposure data for Monkey L, E, & G, respectively. Frequencies
below the noise exposure band are shown in black (0.5 kHz: O, 1 kHz: X, 1.414 kHz: O). Frequencies at and
above the noise exposure band are shown in red (2 kHz: [0, 2.828 kHz: A, 4 kHz: <, 8 kHz: O, 16 kHz: X).
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Figure 4.4. Asymmetric auditory filters across the macaque audible frequency range. A-C: Pre-exposure filters
estimated for Monkey L, E, and G, respectively. D-F: Post-exposure filters estimated for Monkey L, E, and G,
respectively. Filters for frequencies below the noise exposure band are shown in black (0.5-1.414 kHz). Filters
for frequencies at and above the noise exposure band are shown in red (2-16 kHz). Gray bars illustrate the
spectral range of the noise exposure stimulus.

121



To quantify filter shapes, the equivalent A

. . 10 = *k%k
rectangular bandwidth (ERB) was measured (Figure 5
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Figure 4.5. Filter bandwidth estimates. A: Equivalent rectangular bandwidth (ERB) as a function of frequency.
Mean data (+ one standard deviation) for pre-exposure and control macaques (<) and post-exposure data for
Monkey L (X), Monkey E (O), and Monkey G ([J). Post-exposure ERB values that significantly differed from
mean control values are marked with asterisks (see Table 4.2 for statistics). B: ERB ratio (post-exposure/pre-
exposure, red) as a function of frequency for Monkey L (), Monkey E (O), and Monkey G (). The horizontal
dashed line represents an ERB ratio of 1, and indicates equal pre- and post-exposure ERB values. Early post-
exposure audiometric threshold shifts for each subject (from Figure 1A) are plotted in gray for comparison with
the same symbol designations. Gray bars illustrate the spectral range of the noise exposure stimulus.

Table 4.1 — ERB values (in Hz) of asymmetric auditory filters for a cohort of normal hearing

macaques and for Monkey L, Monkey E, and Monkey G before and after noise exposure.

Frequency | Mean (stdev) Monkey L ERB Values | Monkey E ERB Values Monkey G ERB Values

(kHz) Normative ERB | Pre- Post- Pre- Post- Pre- Post-
Values Exposure | Exposure Exposure | Exposure Exposure | Exposure

0.5 133.1 (15.22) 124.7 120.9 160.5 156.0 130.7 125.6

1 246.2 (25.54) 234.7 222.9 305.6 282.4 237.7 2225

1.414 390.3 (8.34) 384.7 342.6 391.2 3573 - -

2 483.8 (64.83) 532.5 606.1 607.4 1173.0 405.5 3296.7

2.828 735.8 (105.3) 762.9 1243.1 918.6 1961.5 - -

4 1002.2 (182.8) 895.7 2539.7 1283.9 3410.4 825.5 5548.0

8 1932.8 (393.0) 2693.8 3364.9 1799.8 1389.8 1729.6 7229.4

16 2491.3 (425.2) 3023.2 3189.1 2067.9 2218.5 1947.1 8869.6
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Table 4.2 — One-sample #-tests comparing post-exposure ERB values for Monkey L, Monkey E,

and Monkey G to mean ERB values from a normal hearing cohort (including pre-exposure values

for Monkeys L, E, and G).

Frequency df Monkey L Monkey E Monkey G

(kHz) (n-1) t p-value t p-value t p-value

0.5 5 -1.96 0.1078 3.68 0.0142 -1.20 0.2839

1 7 -2.58 0.0365 4.00 0.00518 -2.63 0.0338
1.414 4 -12.80 0.00022%** -8.86 0.00090%* - -

2 7 5.34 0.00108* 30.07 0.00001*** 122.73 0.00001***
2.828 6 12.75 0.00001*** 30.80 0.00001*** - -

4 7 23.79 0.00001*** 37.26 0.00001*** 70.33 0.00001***
8 7 10.31 0.00002%** -3.91 0.005831 38.12 0.00001***
16 7 4.64 0.00237 -1.82 0.1124 42.43 0.00001***

* significant at p < 0.05 level after Bonferroni correction to p = 0.0023
** significant at p < 0.01 level after Bonferroni correction to p = 4.55%10™*

4% gignificant at p < 0.001 level after Bonferroni correction to p = 4.55%10™

The ERB ratio (post-exposure ERB/pre-exposure ERB) allows for within-subject
normalization, with values > 1 indicating broader filters post-exposure. Plotting ERB ratios (red
in Figure 4.5B) with the audiometric threshold shifts from Figure 4.1A (grey in Figure 4.5B)
shows that filter bandwidths were wider at frequencies with larger threshold shifts, consistent
with previous reports in humans (e.g. Tyler et al. 1984; Glasberg and Moore 1986; Desloge et al.
2012).

4.4.3 Frequency selectivity as a function of hearing impairment

To further compare frequency selectivity and audiometric threshold shift, normalized
ERB (ERB/fy) was plotted as a function of absolute audiometric threshold (dB SPL) for each
subject using pre- and early post-exposure values (Figure 4.6A), after Glasberg and Moore
(1986). Linear and nonlinear regressions were compared to determine the best fit. The relation
between normalized ERB and audiometric threshold was best described by a one-term
exponential function (y = 0.2368 + 0.0086 * ¢(0-0836*X); R2 — () 885, p = 1.54x10""?) according
to the BIC, as shown by the solid black line.
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The relation Figure 4.6. Relationship between
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relatively unaffected with
up to approximately 30 dB of audiometric threshold shift, but degrades rapidly as thresholds rise

above that value.

4.4.4 Audiometric threshold shift and frequency selectivity as a function of cochlear
histopathology

Cochleas were extracted for histopathological analysis at various delays after the late
post-exposure audiometric threshold shifts in Figure 4.1B (for details, see Section 4.3.2.1). As
expected, hair cell loss was more extensive among OHCs than IHCs, and was worse at high-
frequency regions (above the exposure band) than below (Figure 4.7). The loss of IHC ribbon
synapses extended a bit further apically than the loss of IHCs (Figure 4.7B’’, 4.7C’’). However,
all three survival metrics in each ear followed similar apical-basal patterns. The degree of lesion
asymmetry between the two ears was unexpectedly large for two of the subjects. Nevertheless,
since the behavioral measures were obtained free-field, we elected to average the
histopathological metrics across both ears of each animal. This approach is supported by several
studies reporting that binaural thresholds are lower than monaural thresholds, implying binaural

summation during signal detection (e.g. Gage 1932; Shaw, Newman, & Hirsh, 1947; Hirsh 1948;
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Pollack 1948; Hempstock, Bryan, & Webster 1966; Heil 2014) as opposed to listening with the
“better ear”. Consistent with this, the regression and mixed effects analyses that were conducted
using the “better ear” or the “poorer ear” histological data generally resulted in poorer, often

non-significant models (data not shown).
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Figure 4.7. Percentage survival of outer hair cells (A, B, C), inner hair cells (A’, B’, C”), and ribbon synapses
(A”, B”, C”) as a function of cochlear frequency place for each of the noise-exposed monkeys. Data are shown
for each subject (Monkey L: A-A”’; Monkey E: B-B”’; Monkey G: C-C”) with separate traces for the left ear
(blue) and right ear (red). Gray bars illustrate the spectral range of the noise exposure stimulus.

Figure 4.8 shows the relations between late post-exposure audiometric threshold shifts
and each histopathological metric at the appropriate cochlear place. As expected, threshold shifts
were negatively correlated with all three metrics. According to the BIC, one-term exponential
functions provided the best fit for mean survival of OHCs (y = 0.0095 + 72.71 % e(70:0236=x),
R>=0.701, p = 1.56e-07), THCs (y = 4.128 * + 69.54 % ¢(700199"%): R2 — ( 554, p = 2.76¢-05),

125



and ribbon synapses (y = —63.19 * + 130.11 * ¢(70-0057%); R2 — (0 586, p = 1.04e-05). These
models suggest that audiometric threshold shift increases exponentially with increasing severity

of cochlear damage.
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Figure 4.8. Relationship between audiometric threshold shift and cochlear histopathology. A: Late post-
exposure audiometric threshold shift as a function of outer hair cell survival at each corresponding
signal/cochlear frequency place for Monkey L (<), Monkey E (O), and Monkey G (L). The solid black line is
a one term exponential fit to all data points (v = 0.0095 + 72.71*exp(x*(-0.0236))). B: Same as in A, but for
inner hair cell survival. Data are fit with a one term exponential function (y = 4.128 + 69.54*exp(x*(-
0.0199))). C: Same as in A and B, but for ribbon synapse survival. Data are fit with a one term exponential
function (y =-63.19 + 130.11*exp(x*(-0.0057))).

ERB ratio was also negatively correlated with survival of OHCs, IHCs, and ribbon
synapses (Figure 4.9). However, for this outcome measure, linear models provided the best fit for
mean survival of OHCs (y = 4.7965 + x*(-0.045429) ; R’ = 0.603, p = 2.13e-05), IHCs (y =
4.5207 +x*(-0.03125) ; R = 0.28, p = 0.011), and ribbon synapses (y = 4.4397 + x*(-0.031949) ;
R?=0.326, p = 0.0055). These models suggest that ERB ratio increases linearly with increasing
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Figure 4.9. Relationship between frequency selectivity and cochlear histopathology. A: ERB ratio as a
function of outer hair cell survival at each corresponding signal/cochlear frequency place for Monkey L (X)),
Monkey E (O), and Monkey G (LJ). The solid black line is a linear fit to all data points (y = 4.7965 + x*(-
0.045429)). An ERB ratio of 1 (horizontal dashed line) indicates equivalent pre- and post-exposure ERB
values. B: Same as in A, but for inner hair cell survival. Data are fit with a linear function (y = 4.5207 + x*(-
0.03125)). C: Same as in A and B, but for ribbon synapse survival. Data are fit with a linear function (y =
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severity of cochlear damage. Similar models were obtained for normalized ERB (data not
shown). Considering the long and variable delay between behavioral testing and histological
analysis, the observed correlations may underestimate the strength of this relationship.

Since many of these measures co-varied, stepwise multivariate linear regression was used
to model their relative contributions to audiometric threshold shift (Table 4.3.1 and 4.3.2) and
frequency selectivity (Table 4.4.1 and 4.4.2). Models contained frequency and mean OHC, IHC,
and ribbon synapse survival as predictor variables, and either audiometric threshold shift (late
post-exposure timepoint) or ERB ratio as the dependent variable. When excluding variable
interactions, the models included OHC survival as a significant coefficient (see Table 4.3.1 and
4.4.1 for coefficient statistics):

Threshold Shift ~ 1+ OHC (R> = 0.626, p = 3.24¢-07)

ERB Ratio ~ 1 + OHC + Frequency (R’ =0.797, p = 2.67e-07)

However, when including interaction components, the models included several main effects and
interaction terms (see Tables 4.3.2 and 4.4.2 for coefficient statistics):

Threshold Shift ~ 1 + Frequency + OHC + IHC + Synapses + OHC * Frequency + [HC *

Frequency + Synapses * Frequency + OHC = IHC + IHC = Synapses (R> = 0.893,

p=2.00e-07)

ERB Ratio ~ 1 + Frequency + OHC + IHC + Synapses + Synapses * I[HC + Synapses *

OHC + Synapses * Frequency + IHC * Frequency (R’ = 0.953, p = 2.2e-07)

Models including interaction terms provided higher R’ values and were more favorable than the
models excluding interaction terms according to the BIC values (see Table 4.5). It is important to
note that the BIC aggressively penalizes models with a greater number of parameters in order to
avoid overfitting. Overall, these models suggest that audiometric threshold shift and frequency
selectivity may be primarily attributed to OHC loss, but additional variability may be determined

by complex patterns of cochlear damage and interactions across cochlear components.
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Table 4.3.1 — Stepwise multivariate linear regression model (without interactions) for describing

audiometric threshold shift as a function of frequency and mean OHC, IHC, and ribbon synapse

survival.
Term Coefficient p-value
Intercept 61.641 1.76e-10
OHC -0.61654 3.24e-07

Table 4.3.2 — Stepwise multivariate linear regression model (with interactions) for describing

audiometric threshold shift as a function of frequency and mean OHC, IHC, and ribbon synapse

survival.
Term Coefficient p-value
Intercept 60.444 6.58e-05
Frequency 0.51428 0.38596
OHC -5.1493 0.0045536
HC 0.53219 0.031685
Synapses 2.5694 0.1508
OHC:Frequency 0.057208 0.045242
IHC:Frequency -0.092825 0.0049246
Synapses:Frequency 0.067793 0.086125
OHC:IHC 0.050427 0.0071199
IHC:Synapses -0.03513 0.055364

Table 4.4.1 — Stepwise multivariate linear regression model (without interactions) for describing

frequency selectivity as a function of frequency and mean OHC, IHC, and ribbon synapse

survival.
Term Coefficient p-value
Intercept 6.8806 1.46e-09
Frequency -0.21248 0.00043
OHC -0.064223 5.91e-08
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Table 4.4.2 — Stepwise multivariate linear regression model (with interactions) for describing

frequency selectivity as a function of frequency and mean OHC, IHC, and ribbon synapse

survival.
Term Coefficient p-value
Intercept 5.2072 1.30e-05
Frequency -0.049711 0.46
OHC -0.3574 1.29¢-05
HC 0.32491 5.31e-05
Synapses -0.15587 0.0043
IHC:Frequency -0.033111 7.60e-05
Synapses:Frequency 0.039443 0.00015
Synapses:OHC 0.0038163 9.07e-05
Synapses:IHC -0.0023705 0.0015

Table 4.5 — Comparing stepwise multivariate linear regression models with and without

interactions for describing audiometric threshold shift and frequency selectivity as a function of

frequency and mean OHC, IHC, and ribbon synapse survival.

Audiometric Threshold Shift ERB Ratio
Stepwise Linear R? p-value BIC R? p-value BIC Value
Regression Model Value
Without Interactions 0.626 3.24e-07 250.48 0.797 2.67e-07 66.50
With Interactions 0.893 2.00e-07 241.14 0.953 2.2e-07 53.02

4.5 DISCUSSION

These findings provide the first pre- and post-noise exposure, within-subject comparisons

of auditory filter bandwidths in an animal model, along with post-exposure cochlear histological

characterization. Due to the sophisticated behavioral capabilities of these subjects, hearing

impaired macaques provide a valuable model system for investigating the mechanisms

underlying the degradation of auditory performance following cochlear damage (Stebbins 1982;

Burton et al. 2019). The relationship between cochlear damage and auditory performance is

expected to be complex, since perception is the product of many neurophysiological and

computational processing steps. These investigations will help draw connections between the
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extensive literature on human psychoacoustics in the presence of hearing loss and physiological
and anatomical investigations of animal auditory neuroscience.

4.5.1 Relationship between frequency selectivity and audiometric threshold following noise
exposure

Macaque perceptual filter widths increased with increasing severity of NIHL, indicating
poorer frequency selectivity with greater hearing impairment. Since the current study used an
identical masker level for pre- and post-exposure measurements, differences in filter width
cannot be attributed to differences in masking condition — a factor that often complicates
comparisons between normal hearing and hearing-impaired listeners. These findings recapitulate
numerous studies of auditory filters in humans with hearing impairment (e.g. Tyler et al. 1984;
Glasberg and Moore 1986; Peters and Moore 1992; Leek and Summers 1993; Bernstein and
Oxenham 2006; Hopkins and Moore 2011; Desloge et al. 2012; Shen et al. 2019). Furthermore,
this study provides additional evidence for a relationship between degree of hearing loss and
perceptual filter bandwidth for losses beyond a mild hearing impairment. Although some
previous studies (e.g. Glasberg and Moore 1986; Laroche et al. 1992) have suggested using a
linear fit for thresholds beyond a mild hearing loss (i.e. using a ~30 dB inflection point to
delineate normal vs. impaired frequency selectivity), the current data and others (Dubno & Dirks
1989; Shen et al. 2019) support an exponential relationship. This exponential relationship may
not have been apparent in the former studies because the data were collected at one tone
frequency (1 kHz) across many subjects without regard to the frequency of greatest impairment
(Glasberg and Moore 1986; Laroche et al. 1992). The current data and that of Shen et al. (2019)
was compiled across multiple signal frequencies and subjects. Further factors that may contribute
to the different trends observed include the inclusion of ERB values greater than 1.0, as well as
differences in species.

As demonstrated here and in many previous investigations, perceptual frequency
selectivity is typically normal or near normal for audiometric thresholds up to 30-40 dB HL and
variably impaired in subjects with more than a mild hearing loss (Ryan et al. 1979; Hall et al.
1984; Glasberg and Moore 1986; Peters and Moore 1992; Florentine 1992; Laroche et al. 1992;
Leek and Summers 1993; Sommers and Humes 1993; Moore 1995; Hopkins and Moore 2011;
Desloge et al. 2012; Shen et al. 2019). Subsequently, auditory filter shapes are also highly

variable across individuals with hearing impairment. For example, the low- and high- frequency
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sides of filters can be affected independently (Tyler et al. 1984), as was seen in the 8 kHz filter
from Monkey L (see Figure 4.4A and 4.4D). Additionally, measures of frequency selectivity can
remain variable even when hearing thresholds (Lutman et al. 1991) or stimulus presentation level
(Leek and Summers 1993; Sommers and Humes, 1993; Florentine et al. 1980; Desloge et al.
2012) were accounted for, with filter widths ranging from normal to 4-5 times the normal
bandwidth for thresholds of 50 dB HL (Pick et al. 1977).
4.5.2 Relationship between noise-induced audiometric threshold shift and cochlear
histopathology

An inverse relationship between indices of cochlear histopathology and hearing
sensitivity has consistently been observed (e.g. Schuknecht 1955; Miller et al. 1963; Stebbins et
al. 1979; Hauser et al. 2018). Several animal studies point to OHC loss as the primary
determinant of the first 30-50 dB of hearing impairment (e.g. Ryan & Dallos 1975; Hawkins et
al. 1976; Stebbins et al. 1979; Hamernik et al. 1989), whereas fractional IHC loss and selective
ribbon synapse loss (i.e. synaptopathy) typically do not result in permanent threshold shifts (e.g.
Lobarinas et al. 2013; Kujawa & Liberman 2009; Liberman & Kujawa 2017; Burton et al.
2018b). Liberman & Dodds (1984) report that both OHC and IHC damage can result in
decreased sensitivity, but with distinct effects on other regions of the tuning curve. However,
audiometric thresholds remain variable and difficult to predict purely based on OHC or IHC
survival counts (e.g. Clark & Bohne 1978; Ward & Duvall 1971; Hunter-Duvar & Bredberg
1974; Hunter-Duvar & Elliott 1972, 1973; Moody et al. 1978; Luz et al. 1973; Suga & Lindsay
1976; Lonsbury-Martin et al. 1987; Ward & Duvall 1971; Schuknecht & Gacek 1993; Landegger
et al. 2016). Stereocilia condition may be an important determinant of threshold shifts (Liberman
& Dodds 1984; Engstrom 1984; Wang et al. 2002), since surviving hair cells are often severely
compromised. Unfortunately, we have not yet developed methods to assess stereocilia condition
in cochleas also prepared for counting ribbon synapses and hair cells.

The current data and stepwise multivariate linear regression modeling suggest that, while
OHC damage plays a predominant role in determining audiometric threshold, interactions among
cochlear structures may also contribute to the variability observed in previous work. While
ribbon synapse loss alone is not known to cause audiometric threshold shifts (i.e. hidden hearing
loss), the accumulation of additional cases and types of cochlear pathologies alongside

immunohistochemical quantification of multiple cochlear components could improve
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understanding of the relationship between audiometric threshold shift and bilateral OHC, THC,
and ribbon synapse loss.

Finally, a high degree of inter-subject and across-ear variability was observed in degree
of noise-induced audiometric threshold shift and cochlear damage. Inter-subject differences in
noise susceptibility have been reported previously (Bohne et al. 1999), and appear to be
significantly greater for more genetically heterogeneous species (i.e. guinea pigs, nonhuman
primates) compared to inbred mouse strains (Wang et al. 2002). However, a unique and
unexpected finding in this study was the marked asymmetry in cochlear histopathology for two
of the subjects. This contrasts with studies that suggest a high degree of within-subject across-ear
symmetry (Bohne et al. 1999), but is consistent with reports of differential susceptibility between
ears in humans (Chung et al. 1983; Landegger et al. 2016).

4.5.3 Relationship between noise-induced changes in perceptual frequency selectivity and
cochlear histopathology

In the current study, little or no change in frequency selectivity was observed at
frequencies with very little or no OHC, IHC, or ribbon synapse loss. Frequency selectivity
degraded with increasing damage; in particular, OHC survival seemed to be a large contributor
to auditory filter width. Previous work by Smith and colleagues (1987) showed impaired
psychophysical tuning curves in patas monkeys with selective damage to outer hair cells. Taken
together, these data are consistent with the idea that the active mechanism of the OHCs is a
predictor of both the absolute sensitivity and frequency selectivity of the normal cochlea, as has
been previously suggested (Glasberg & Moore 1986). These data are also consistent with reports
that OHC loss is a major contributor to the first 30-40 dB of permanent hearing loss (Saunders et
al. 1991).

Individual differences in frequency selectivity of hearing-impaired subjects may be
explained in part by differences in underlying pathology. Even when the etiology of hearing loss
is matched (e.g. noise-induced), filter widths may still be significantly variable for a given
degree of threshold elevation (Laroche et al. 1992). This variability may be accounted for by the
interaction components identified in the stepwise multivariate linear regression model. For
example, frequency selectivity may be even broader when there is both OHC and ribbon synapse

loss (i.e. OHC*Synapses interaction), as compared to OHC loss alone. Evaluation of stereocilia
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condition may provide additional predictive power (Liberman & Dodds 1984) and should be
assessed in future studies.

The relationship between cochlear damage and perceptual frequency selectivity remains
highly variable, even in controlled animal studies (Ryan et al. 1979; Nienhuys and Clark 1979;
Marean et al. 1998). These three studies examined changes in frequency selectivity as measured
by psychophysical tuning curves (Ryan et al. 1979) or auditory filter widths (Nienhuys & Clark
1979; Marean et al. 1998) before and after ototoxic kanamycin treatment in animal models. Ryan
et al. (1979) observed variable elevation of tuning curve thresholds, loss of tuning curve tips, and
slight broadening of tuning curve widths in chinchillas with greater than 50 dB of hearing loss,
which was typically associated with combined OHC and IHC loss. Similarly, Neinhuys and
Clark (1979) found that filter bandwidths were unaffected in kanamycin-treated cats, even in the
presence of complete OHC loss in the implicated frequency regions, unless IHC loss also
exceeded 40%, providing further support for a model including interaction components. Finally,
changes in notched-noise derived auditory filter width correlated with audiometric threshold shift
in kanamycin-treated starlings (Marean et al., 1998), which exhibit mixed OHC and IHC loss.
These correlations persisted throughout the course of kanamycin treatment and audiometric
threshold recovery following hair cell regeneration. Given that estimates of perceptual frequency
selectivity vary with methodology (e.g. Glasberg et al. 1984a, Eustaquio-Martin and Lopez-
Poveda 2011), methodological differences should be noted and comparisons with the present
study should be made with caution. While differences in species and methods of hearing loss
induction also make comparisons difficult, these studies are still instructive for interpreting the
present results, as they support a model in which perceptual frequency selectivity is determined
by survival of multiple cochlear structures. This multivariate relationship was strongly supported
in the current study (R’ = 0.953), despite the long time delay (~4-18 months) between behavioral
data collection and cochlear histopathological characterization that varied across subjects. The
authors predict that the model could even be strengthened if the time delay was minimized.
4.5.4 Future directions: Frequency selectivity in other noise-induced cochlear pathologies

The approach of the present study could be extended to assess the relationship between
cochlear histopathology and auditory perception in other pathologies. Recent investigations of
noise-induced temporary threshold shifts (TTS) reveal that IHC ribbon synapse loss occurs prior
to the OHC loss that is typically associated with permanent NIHL (Kujawa and Liberman, 2009;
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Valero et al. 2017). Though TTS-induced synapse loss, or synaptopathy, does not result in
decreased hearing sensitivity, it is suspected to affect suprathreshold auditory processing (e.g.
Bharadwaj et al. 2014; Plack et al. 2014; Oxenham 2016). Frequency selectivity following TTS
and the associated sub-clinical damage to the auditory periphery is not well-described. In a study
of noise-exposed industrial workers, Bergman and colleagues (1992) found variable changes in
frequency selectivity estimates accompanied by equally variable TTS after a work day. Acute
TTS in humans also worsens frequency selectivity in noise-exposed normal hearing subjects
(Feth et al. 1979; Klein and Mills 1981). However, the impaired frequency selectivity reported in
these studies is likely dominated by reversible damage to OHCs during the TTS. Broader
auditory filters and impaired frequency selectivity have been reported for normal hearing
participants with impaired speech-in-noise perception, some of whom likely experienced
synaptopathy subsequent to TTS (Pick and Evans 1983; Badri et al. 2011). Contributions from
OHC loss cannot be ruled out in this study either, since many participants had subclinical
audiometric notches and poorer extended high frequency thresholds compared to controls. Future
studies examining frequency selectivity in animal models of synaptopathy could provide key
evidence for distinguishing the contributions of specific cochlear components to impaired
frequency selectivity and establishing appropriate therapeutic targets. These studies would also
help establish the clinical utility of new methods for acquiring auditory filters, which may be
both clinically feasible and sensitive to different hearing impairments (Shen et al. 2014; Shen et

al. 2019).
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SECTION III: COCHLEAR ANATOMY. AUDITORY PHYSIOLOGY. AND
AUDITORY PERCEPTION IN MACAQUE MONKEYS FOLLOWING TEMPORARY
NOISE-INDUCED HEARING LOSS

CHAPTER 5

General Introduction to Cochlear Synaptopathy

Of the 60 million Americans that experience hearing difficulties (Goman & Lin, 2016;
Hoffman et al., 2017), approximately 5-20% present with normal audiological test results
(Billings et al., 2018; Cooper & Gates, 1991; Grant et al., 2021; Hannula et al., 2011; Hind et al.,
2011; Koerner et al., 2020; Kumar et al., 2007; Parthasarathy et al., 2020; Spankovich et al.,
2018; Tremblay et al., 2015). This “hidden hearing loss” is commonly associated with difficulty
listening in background noise, despite good hearing sensitivity (Kohrman et al., 2020; Schaette &
McAlpine, 2011). Efforts to identify the specific site(s) of lesion underlying these hearing
impairments have been a primary focus of hearing research in recent years.

Loss of inner hair cell ribbon synapses, or cochlear synaptopathy (SYN), is a newly
discovered inner ear pathology thought to contribute to these hidden hearing difficulties (Kujawa
& Liberman, 2006, 2009). SYN results in degradation of afferent auditory nerve fibers, including
a disproportionate loss of those with low spontaneous firing rates (LSR) and high sound-evoked
thresholds (Furman et al., 2013; Liberman et al., 2015; Schmiedt et al., 1996, but see Suthakar &
Liberman, 2021). Because these more susceptible LSR neurons encode signals in noise
(Costalupes, 1985), SYN is hypothesized to underlie hearing-in-noise impairments in the
absence of overt hearing loss and outer hair cell dysfunction (Bharadwaj et al., 2014; Oxenham,
2016; Plack et al., 2014).

SYN can occur naturally with aging (Gleich et al., 2016; Sergeyenko et al., 2013;
Steenken et al., 2021) or following acoustic overexposure that causes temporary threshold shifts
(Kujawa & Liberman, 2009; Lin et al., 2011; Valero et al., 2017). Further, SYN both precedes
and accompanies sensorineural hearing loss (Fernandez et al., 2020). SYN has been documented
in several mammalian species including: mice (Fernandez et al., 2015; Kujawa & Liberman,

2009; Sergeyenko et al., 2013; Shi et al., 2015; Valero et al., 2018), gerbils (Gleich et al., 2016;
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Steenken et al., 2021; Tziridis et al., 2021), rats (Lee et al., 2020; Mohrle et al., 2016; Singer et
al., 2013), guinea pigs (Furman et al., 2013; Hickman et al., 2020; Lin et al., 2011; Liu et al.,
2012; Shi et al., 2013; Song et al., 2016), chinchillas (Bharadwaj et al., 2021; Hickman et al.,
2018), macaques (Valero et al., 2017), and humans (per temporal bone specimens) (Makary et
al., 2011; Sagers et al., 2017; Viana et al., 2015; Wu et al., 2019; Wu et al., 2020, 2021). SYN
may be reversible through innate regeneration (Hickman et al., 2020, 2021; Shi et al., 2015; Song
et al., 2016) or therapeutic interventions (Chen et al., 2018; Sly et al., 2016; Suzuki et al., 2016;
Wan et al., 2014), but can lead to accelerated auditory nerve degeneration over time (Fernandez
et al., 2015; Kujawa & Liberman, 2009).

SYN was first identified in animal studies and emerged as a potential explanation for
hidden hearing loss. Since its discovery, numerous studies in animal models and in humans have
attempted to identify physiological and perceptual indices of this pathology and hearing-in-noise
impairments. This approach diverges from traditional biomedical research, in which a symptom
or patient complaint is identified and then experiments are conducted to determine the
underlying mechanism. In this case, both the mechanism and patient complaint were known, but
required further research to establish causality.

After more than ten years of research, the literature on correlations between SYN
biomarkers and hearing-in-noise difficulties in humans yields inconsistent conclusions
(Bharadwaj et al., 2019; Bramhall et al., 2019; DiNino et al., 2021; Hickox et al., 2017).
Although scientists are no stranger to conflicting data, these mixed results have created doubt
and confusion within the audiology and otolaryngology communities about the clinical
significance of SYN (Dobie & Humes, 2017; Hall, 2017; Musiek et al., 2018; Salanger & Parker,
2018; Tumolo, 2020; Zeng, 2015). The manifestations of SYN may be subtle, dynamic over
time, and difficult to capture with a standard clinical test battery (i.e. “hidden’). Because SYN
cannot be histologically verified in living subjects, parallel research in animal models of SYN
and humans at risk for SYN is essential for an enhanced understanding of SYN pathology and
translation of diagnostic and treatment strategies to clinical practice.

In Section III, we describe a series of experiments investigating cochlear anatomy,
auditory physiology, and hearing-in-noise abilities of macaques that underwent a single, high-
level noise exposure intended to cause SYN. The exposure parameters were chosen based on

prior studies of noise-induced hearing loss in nonhuman primates (reviewed in Chapter 1, Burton
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et al., 2019), including previous work in our laboratory that established macaque models of
noise-induced sensorineural hearing loss and SYN (Chapter 4, Burton et al., 2020; Hauser et al.,
2018; Mackey et al., 2021; Valero et al., 2017). As discussed in Chapter 1, macaques are an ideal
animal model for studying hearing disorders, given their similarity to human inner ear anatomy,
auditory physiology, and susceptibility to noise-induced hearing loss (Burton et al., 2019).
Macaque auditory function can be probed with complementary noninvasive physiological tests
and behavioral psychoacoustic tone detection tests, resulting in a comprehensive account of the
effects of experimental manipulations like SYN. Our study design includes characterization of
hearing-in-noise abilities, physiological function, and cochlear histopathology in the same
subjects, enabling direct correlations between structure and function.

Section III is organized as follows. General methods relevant to multiple chapters are
described in Chapter 6. Each of the next five chapters discusses a different anatomical,
physiological, or perceptual characteristic of our macaque model of SYN. Pertinent background
literature is discussed in each chapter to motivate the experimental rationale. First, the inner ear
histopathology generated by the acoustic overexposure is described in Chapter 7. This
anatomical characterization is a critical component of this Section and serves as a foundation for
the following chapters. Chapters 8 and 9 describe changes in afferent and efferent physiology
following noise exposure using otoacoustic emissions, acoustic reflexes, and auditory brainstem
response measures. In Chapters 10 and 11, the perceptual consequences of noise-induced
temporary threshold shifts are described for six psychoacoustic paradigms. These data are among
the first reports of how SYN pathologies can affect hearing-in-noise. Section III ends with a
general discussion in Chapter 12, which attempts to synthesize the anatomical, physiological,
and perceptual data together to form a revised understanding of SYN and identify areas for

further research.
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CHAPTER 6

General Materials and Methods

6.1 SUBJECTS

Young adult rhesus macaques (Macaca mulatta, n = 25; 5 females; 6-10 years old) were
utilized in these studies. Subjects were randomly allocated to different groups for study as
described in Table 6.1. Specific chapters and experiments will have the number and sex of

subjects specified.

Table 6.1 Experimental groups and testing conditions

Group Exposure Experiments Post-Exp. Total
Parameters Survival Time
n =9 male
Pre-exposure Physiology (M10, M22, Cel, Ch,
I N/A only N/A De, Du, El, Ju, No),
1 female (M13)
120 dB SPL OBN . n =5 male
11 (2-4 kHz), 4 h Physiology only 2 months (Alb*, Ced*, Do, Ki**, Ca)
Physiology & Behavior 10 months n =4 male (Ar, Bi, Ga, Ha),
(Detection) 4 female (Lu, Ne, Op, Pi)

120 dB SPL OBN
(2-4kHz), 4 h Physiology & Behavior
(Discrimination; not part 10 months n =2 male (Da, Is)
of this dissertation)

I

*Pre-exposure audiogram, tone in steady-state noise, and overshoot were collected for these subjects

**Post-exposure audiogram and tone in steady-state noise data were collected for this subject

In addition to the cohort of subjects listed in Table 6.1, data from two subjects with sensorineural
hearing loss (one with noise-induced permanent threshold shifts, one with likely congenital high
frequency hearing loss) were included for comparison in some studies. Details about these
subjects are included in Chapter 11.

Animals were maintained on a 12:12-h light:dark cycle. Veterinary assessments and
experimental procedures occurred between 8:00 am — 5:00 pm during their light cycle. Four
animals were socially housed. All other animals were individually housed due to incompatibility
for social housing, but had visual, auditory, and olfactory contact with conspecifics maintained

within the housing room. A commercial primate diet (Lab Diet 5037 or 5050, PMI Nutrition

146



International, Brentwood, MO) was provided twice daily and was supplemented with fresh
produce and/or foraging items (seeds, dried fruit, nuts, etc.). Animals were provided
manipulanda as well as auditory, visual, and olfactory enrichment on a rotational basis. Filtered
municipal water was provided at least once a day as the animals were maintained on fluid
restriction for study purposes. All animals were under the continuous care of veterinary staff and
received semiannual comprehensive physical exams, including standard blood work (annual) and
tuberculosis testing. Cranial implants (used for head fixation during psychophysical testing of
parallel studies) were regularly cleaned with topical agents.

All research procedures were approved by the Institutional Animal Care and Use

Committee at Vanderbilt University Medical Center.

6.2 PSYCHOPHYSICAL TONE DETECTION TASKS

Subjects (n=11, 4 females) were trained to perform a reaction-time Go/No-Go lever
release task using fluid reward as positive reinforcement, as described previously (e.g. Bohlen et
al., 2014; Burton et al., 2018; Dylla et al., 2013; Rocchi et al., 2017). Experiments were
conducted in sound treated booths (Industrial Acoustics Corp, NY; Acoustic Systems, Austin,
TX). During the task, subjects were seated in an acrylic primate chair that was custom designed
for comfort and with no obstruction to sounds on either side of the head (Audio chair, Crist
Instrument Co., Hagerstown, MD). During task performance, subjects were head-fixed via a
surgically-implanted titanium head holder (for details about surgical preparation, see Dylla et al.,
2013). The monkey’s head was fixed to the chair such that the head and ears directly faced the
center of a loudspeaker at a distance of 36 inches. The loudspeaker (SA1 loudspeaker,
Madisound, WI) and amplifier (SLA2, Applied Research Technologies, Rochester, NY) were
able to deliver sounds between 50 Hz and 40 kHz. Calibration using a 1/4” probe microphone
(model 378C01, PCB Piezotronics Inc., Depew, NY) placed at the approximate entrance of the
subjects’ ear canals revealed that the output of the speakers varied by approximately +3 dB
across the frequency range. Tones and noise were delivered from the same speaker. All
psychophysical tasks were performed in these diotic, open field testing conditions.

The behavioral task was identical to the methods described in Burton et al. (2018).
Briefly, the monkeys were trained to detect tones in quiet or embedded in noise maskers. To

initiate a trial, the monkey pressed down on a lever (Model 829 Single Axis Hall Effect Joystick,
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P3America, San Diego, CA). After a variable hold time, a signal (tone, 85% of trials) or catch
trial (no tone, 15% of trials) was presented. Upon correct lever release on signal trials, the
monkey received a fluid reward. If the monkey did not release the lever during a signal trial, this
was taken to indicate non-detection, and no reward or penalty was administered. Lever release on
catch trials resulted in a timeout penalty.

The experiments were controlled by a computer running OpenEx software (System 3,
TDT Inc., Alachua, FL). Within each block, tone sound pressure levels spanned a 60 dB range
and were randomly interleaved with catch trials. Flat spectrum broadband noise was generated
from a uniform distribution and band-limited to 40 kHz.

Behavioral performance was analyzed according to signal detection theoretic methods, as
previously described (e.g. Bohlen et al., 2014; Burton et al., 2018; Dylla et al., 2013; Rocchi et
al., 2017). Briefly, at each tone level (level), hit rate was calculated (H(/evel)) based on the
proportion of releases on trials with the tone at that sound level. False alarm rate (F4) was
calculated based on the proportion of releases on catch trials. Based on signal detection theory,
H(level) and FA were then converted into units of standard deviation of a standard normal
distribution (z-score, norminv in MATLAB) to estimate d” according to d'(level) = z(H(level)) —
z(FA) (Macmillan and Creelman, 2005). Because we wanted these results to be able to serve as a
baseline for neurophysiological studies where we would measure (noise) and (signal+noise)
representation distributions, we converted the Yes/No analysis to a 2-alternative forced choice
analysis and calculated the behavioral accuracy at each tone level using the probability correct
(pc) metric as follows: pc(level) = z''(d'(level)/2). Here, the inverse z transform (z™!) converts a
unique number of standard deviations of a standard normal distribution into a probability correct
(normcdf in MATLAB). The conversion of d’ to the pc measure was to facilitate the comparison
of psychometric functions with neurometric functions obtained from neuronal responses using
distribution free methods. The traditional threshold estimated at d” = 1 corresponds to pc(level) =
0.76.

Psychometric functions were fitted with a modified Weibull cumulative distribution
function (cdf) according to:

pc(level) = c —d * e » —(level/ 1)
where level was the tone level (in dB SPL), 4 represents the threshold parameter, and &

corresponds to the slope parameter. ¢ represents the saturation probability correct, and d was the
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estimate of chance performance. Threshold was calculated from the fit as the tone level that
resulted in a pcsi value of 0.76.

Tone detection paradigms were designed to assess hearing sensitivity, growth of
masking, frequency selectivity, overshoot, and forward masking. Other tasks probing temporal
resolution and spatial hearing were also performed by other researchers in the laboratory,
generating a test battery that required approximately 10 months to complete. Specific stimulus
parameters for the different tone detection tasks will be described in each chapter (Chapter 10:
audiogram, tone in steady-state noise, tone in notched-noise; Chapter 11: overshoot, forward
masking). Psychophysical performance was assessed before and after noise exposure; specific

data collection timelines will be discussed in each chapter.

6.3 ANESTHETIC PROCEDURES

Animals were anesthetized for auditory brainstem response and otoacoustic emissions
testing, as well as the noise exposure procedure. Initial sedation was induced with an
intramuscular injection of ketamine (10 mg/kg) and midazolam (0.05 mg/kg). Animals were
intubated and anesthesia was maintained with isoflurane (1-2%). All anesthetized procedures
were conducted in a sound-treated booth (Industrial Acoustics Corp, NY; Acoustic Systems,

Austin, TX). Subjects were monitored intensively for a minimum of 72 hours post-procedure.

6.4 NON-INVASIVE AUDIOLOGICAL ASSESSMENTS
6.4.1 Otoscopy and tympanometry

Prior to electrophysiologic testing or noise exposure, otoscopic examination (Welch
Allyn) and tympanometry were conducted to assess the status of the external and middle ear.
Using an Otowave 102-4 tympanometer (Amplivox, Eden Prairie, MN), a 226 Hz probe tone
was presented while a pressure sweep (+200 to -400 dPa) was generated under a hermetic seal of
the ear canal. We previously reported normal and abnormal tympanometric findings for
macaques (Burton et al., 2022; Stahl et al., submitted). Middle ear fluid and tympanic membrane
perforations were criteria for exclusion from the study.
6.4.2 Auditory brainstem response (ABR) testing

Auditory brainstem response (ABR) recording methods overlapped with previous

publications from our laboratory (Hauser et al., 2018; Stahl et al., submitted; Valero et al., 2017).
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ABRs were measured using subdermal needle electrodes (Rhythmlink) placed on the mastoid
(active), vertex (reference), and shoulder (ground) connected to a Medusa 4Z preamplifier
(Tucker-Davis Technologies). Impedances for subdermal needle electrodes were consistently
less than 1 kQ. A closed-field speaker (MF1, Tucker-Davis Technologies) was coupled to the ear
with a pediatric ER-3A foam tip for stimulus delivery.

Stimuli were created in SigGenRZ and generated by an RZ6 Multi-I/O Processor
(Tucker-Davis Technologies). Stimuli were presented at 27.7/s with an alternating stimulus
polarity for two separate runs of 1024 repetitions. Stimuli were calibrated (+/- 1 dB) using a
0.5cc coupler and verified in the ear canal using a probe microphone system (Fonix 8000, Frye).
Stimulus presentation, signal acquisition, and data analysis was completed using BioSigRZ
software.

During online recording, the incoming signal was digitally filtered from 300-3000 Hz.
Signals with amplitudes greater than 1 mV were rejected using the Artifact Rejection feature in
BioSigRZ, and not included in the average. During offline analysis, the two artifact-free
waveforms were averaged, inverted, and low-pass filtered at 1500 Hz to product a single ABR
trace per condition (2048 repetitions).

ABR threshold was defined as the lowest sound level that elicited a visually identifiable
response greater than the noise floor (40 nV). ABR Wave I, II, and IV peak-to-peak amplitudes
and peak latencies were visually identified for each stimulus and level in order to derive input-
output functions. Specific stimulus parameters for ABR testing are described in Chapter 9.

6.4.3 Otoacoustic emissions (OAE) testing

OAE testing was completed using a Scout Bio-logic OAE System (Natus, Pleasanton,
CA). Recording methods overlapped with previous publications from our laboratory (Hauser et
al., 2018; Stahl et al., submitted; Valero et al., 2017). A probe containing two speakers and one
microphone was coupled to the ear with a pediatric foam tip.

Distortion product otoacoustic emissions (DPOAEs) were measured in response to tone
pairs (f> = 0.5-10kHz, 8 points per octave; f>/f; = 1.22; L;-L> =10 dB; L; =70-25dB in 5 dB
steps). As previously described (Stahl et al., submitted), DPOAE amplitudes and input-output
functions were derived. DPOAE threshold was defined as the lowest sound level that elicited a
significant DP amplitude (>0 dB SPL, >6 dB signal to noise ratio). Transient-evoked otoacoustic

emissions (TEOAEs) were measured in response to click trains (80us, 80 dB pSPL).

150



6.5 NOISE EXPOSURE

Following baseline physiological and psychophysical characterization, subjects
underwent a single noise exposure intended to generate cochlear synaptopathy. The details of the
noise exposure were similar to those previously reported by our laboratory (Burton et al., 2020;
Hauser et al., 2018; Valero et al., 2017). Following anesthetic induction and intubation, the
subject was laid prone on a table with the head slightly elevated in a sound treated booth. Closed-
field speakers (MF1, Tucker-Davis Technologies) were coupled to the ears using 1.5 PE tubing
and pediatric ER-3A insert earphones that were deeply inserted into each ear canal. Octave-band
noise (2-4 kHz) was presented simultaneously to both ears at 120 dB SPL for four hours. The
level of the exposure stimulus varied by less than 0.3 dB SPL over the course of the four-hour
procedure. As discussed in detail in Chapter 10, the noise exposure induced temporary threshold
shifts that resolved within 3 weeks post-exposure as measured by DPOAEs and behavioral
audiometry. Physiological and psychophysical assessments were completed before and after

noise exposure; specific timelines for each experiment are detailed in their chapter.

6.6 COCHLEAR HISTOLOGICAL PREPARATION AND QUANTIFICATION
Following completion of the study, macaques were euthanized via overdose of sodium
pentobarbital and sodium phenytoin (Euthasol; >120 mg/kg IV) and transcardially perfused with
0.9% phosphate-buffered saline and 4% phosphate-buffered paraformaldehyde (PFA). Temporal
bones were extracted in order to harvest the cochlear tissue. The round and oval windows were
opened, cochleas were perfused through the scala tympani with PFA, submerged in PFA for 2
hours, and then transferred to 0.12 M EDTA for decalcification. Decalcified cochleas underwent
dissection, imaging, and immunohistochemical analysis as previously described (Valero et al.
2017). Briefly, decalcified cochleas were dissected into quarter turns to obtain epithelial whole
mounts of the organ of Corti containing the hair cells and most of the osseous spiral lamina at
each location from base to apex. Immunohistochemistry was used to label 1) presynaptic ribbons
(mouse IgG1 anti-CtBP2 (C-terminal binding protein 2); BD Transduction Labs; 1:200); ii)
glutamate receptor patches (mouse IgG2 anti-GluA2; Millipore; 1:200), and iii) hair cell
cytoplasm (rabbit anti-myo7a (myosin VIla); Proteus Biosciences; 1:200). A fourth channel was

used to label either cochlear afferent and efferent fibers (chicken anti-NFH (neurofilament-H);
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Chemicon; 1:1000) or cochlear efferent fibers (goat anti-choline acetyltransferase (ChAT);
Millipore #AB144P; 1:100). A fifth channel was included on some tissue to label the hair cell
stereocilia (anti-ESPN (espin); Sigma #HPA028674; 1:200). Tissue was incubated in species-
appropriate fluorescent secondary antibody conjugates (AlexaFluor) for secondary detection.

The tissue was imaged on a Leica SP8 confocal microscope, using a 63X glycerol
objective (1.3 N.A.), to acquire 3-dimensional image stacks at each of 8 octave-spaced positions
along the cochlear spiral from 0.125 to 32 kHz, with half-octave spacing in regions near the
noise exposure band. The frequency correlate of each image stack was computed from a cochlear
frequency map based on a Greenwood function (Greenwood, 1990), assuming an upper
frequency limit of 45 kHz.

Hair cell survival was assessed in low-power confocal z-stacks by counting cuticular
plates normalized to the expected number of hair cells within each row. Amira software (version
2019.4, Visage Imaging) was used to quantify IHC and OHC afferent synapses from confocal z-
stacks by identification of thresholded CtBP2-labeled puncta within hair cells. Ribbon counts in
each section were normalized to the number of hair cells (ribbons per hair cell). Amira software
was also used to quantify efferent terminal density in the region near the outer hair cells (medial
olivocochlear area) and near the inner hair cells (lateral olivocochlear area). Pixel counts of

stained area were quantified using ImageJ software.

6.7 NOTES ABOUT SOUND LEVELS AND FIGURE CONVENTIONS

Throughout Section III, sound levels will be reported in “dB spectrum level” unless
otherwise specified (such as MEMR elicitor levels, which are in dB SPL). Spectrum level refers
to the sound pressure level in a 1 Hz band. This convention provides the most transparent
reporting of sound level. Overall level (dB SPL) can be derived from spectrum level according to
the following formula:

Overall Level = Spectrum Level + 10 * logio(bandwidth of the signal in Hz)

A few figure conventions are also worth mentioning. In figures showing mean data, error
bars always illustrate + 1 standard deviation from the mean. Many figures with frequency on the
x-axis will include a gray box to illustrate the spectrum of the noise exposure band (2-4 kHz).

Colors are used throughout figures to differentiate groups. Black typically indicates control data.

152



Green indicates data from human subjects. Pink and blue are used for female and male groups,
respectively. Red indicates post-exposure data, with lighter shades for earlier time points and
darker shades for later time points. Symbols are used to indicate different subjects or provide

redundancy to color indices.
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CHAPTER 7

Cochlear histopathological characterization of a macaque model of noise-induced

synaptopathy: Effects of post-exposure survival time

7.1 INTRODUCTION

Acoustic overexposure causes damage to the inner ear and alters auditory physiology and
perception. High sound levels generate large movements of the basilar membrane, causing
mechanical stress on the inner and outer hair cells (IHCs, OHCs). The relationship between
acoustic injury and hair cell loss have been a primary focus in the decades of research on noise-
induced hearing loss (e.g. Hawkins et al., 1976; Liberman & Kiang, 1978; Lurie et al., 1944;
Spoendlin & Brun, 1973). OHC loss is a hallmark of noise-induced and age-related sensorineural
hearing loss (SNHL), but is only weakly correlated with the magnitude of hearing sensitivity loss
and perceived hearing difficulties (e.g. Hunter-Duvar & Elliott, 1973; Landegger et al., 2016;
Liberman & Kiang, 1978; Schuknecht & Gacek, 1993).

The functional inter-dependence of inner ear cell types and subcellular processes
complicates the study of acoustic injury. In addition to hair cell loss, noise exposure causes
excitotoxic swelling of afferent auditory nerve fibers (Le Prell et al., 2004; Puel et al., 1998) and
damage to or loss of presynaptic IHC ribbons (Kujawa & Liberman, 2009). IHC ribbon loss, or
cochlear synaptopathy (SYN), accompanies OHC loss (Fernandez et al., 2020; Valero et al.,
2017) and also occurs in isolation (Kujawa & Liberman, 2009; Lin et al., 2011). SYN represents
a naturally occurring deafferentation of the auditory system that reduces neurophysiological
redundancy (e.g. fewer fibers discharging synchronously). Ribbon loss and hair cell loss are
correlated (Valero et al., 2017; Wu et al., 2021), but SYN tends to outpace the manifestation of
SNHL (Fernandez et al., 2015). SYN may underlie variability in hearing abilities among
individuals with the same audiometric loss, as well as individuals who report hearing difficulties
in background noise despite normal hearing sensitivity (i.e. hidden hearing loss; Schaette &
McAlpine, 2011).

The advent of advanced imaging and staining techniques enabled detailed anatomical
characterization of noise-induced hearing pathophysiology. Identifying the specific sites of

lesion associated with noise damage will inform diagnostic and treatment options for individuals
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with hearing difficulties. Important aspects to consider are: i) the time course of noise-induced
inner ear pathology, including damage, repair, and progression; ii) species differences in the
response to acoustic injury; iii) the relationship between inner ear integrity, auditory physiology,
and hearing abilities.

Time-based changes in histopathology are a prominent feature noise-induced pathologies,
including SYN. Some aspects of acoustic injury recover over time, while others accumulate or
progress over time. For example, noise-induced temporary threshold shifts and associated outer
hair cell dysfunction require time to fully recover; typically 1-3 weeks, depending on the species
and exposure conditions (e.g. Furman et al., 2013; Kujawa & Liberman, 2009). Simultaneous
with this recovery is the trigger of accelerated age-related hearing impairment and associated
cochlear neural degeneration (Fernandez et al., 2015; Kujawa & Liberman, 2006). Although THC
ribbon loss was initially thought to be permanent or progressive with age, ribbon regeneration
has been reported in guinea pigs (Hickman et al., 2020, 2021; Shi et al., 2013; Song et al., 2016)
and some mouse strains (Kim et al., 2019; Shi et al., 2015). The functional consequences of IHC
ribbon regeneration are unknown, but could have major implications for the dynamics of central
compensation following peripheral injury.

Nonhuman primates are a useful model for human inner ear pathologies due to their
phylogenetic similarity and comparable auditory anatomy and physiology. Like humans,
nonhuman primates are less susceptible to acoustic injury than other animal models (Burton et
al., 2019; Valero et al., 2017). We previously demonstrated that macaque monkeys exhibit
isolated SYN (Valero et al., 2017) and ribbon synapse loss accompanying SNHL (Burton et al.,
2020; Hauser et al., 2018; Mackey et al., 2021; Valero et al., 2017) following acoustic
overexposure. Here, we provide a more comprehensive anatomical characterization of our
macaque model of noise-induced SYN. We quantified OHC and IHC counts, OHC and IHC
ribbon counts and sizes, and olivocochlear efferent terminal density following an acute noise
exposure that caused a temporary threshold shift. Due to the overarching design of our study,
macaques were divided into two experimental timelines, allowing us to assess the effect of post-
exposure survival time on the dynamics of noise-induced inner ear damage by examining

cochlear tissue at 2 months and 10 months post-exposure.
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Please note that this Chapter only includes data from half of the subjects in this study, so
the findings are preliminary. Final experiments and tissue processing are ongoing for the

remaining animals and will be included in future analyses and publications.

7.2 MATERIALS AND METHODS
7.2.1 Subjects

Cochlear tissue was obtained from sixteen adult rhesus macaques (Macaca mulatta, 7-10
years old, 1 female). As described in the General Methods, subjects comprised three groups:
unexposed controls (rn = 10), short-term post-exposure survival (2 months; n = 2), and long-term
post-exposure survival (10 months; n = 4).
7.2.2 Cochlear histology

Following completion of the study, subjects were euthanized and cochlear tissue was
harvested for dissection and immunohistochemistry. Complete details of the histological
preparations can be found in Chapter 6: General Methods. Immunolabeling and confocal
imaging of cochlear whole mounts was conducted to quantify IHC and OHC counts, IHC and
OHC ribbon counts and sizes, and efferent terminal densities. Data from noise-exposed subjects
were compared to unexposed subjects to assess anatomical integrity along the cochlear length.
7.2.3 Statistical analyses

Statistical analyses were conducted using linear mixed effects models (“fitlme” in
MATLAB 2018a). The dependent variable in the models was hair cell count, ribbon count,
ribbon size, or efferent terminal density. Ear laterality, frequency, noise exposure status, and
post-exposure survival time were entered as fixed effects into the model, while intercepts for
individual subjects were entered as random effects. In all cases p-values were obtained by
likelihood ratio testing of the model with the effect in question against the model without the
effect in question. A significant p-value was defined as p < 0.05. T-statistics are reported for each
model, similar to the F-statistic that is often reported for such models.

Ribbon volume distributions were compared using Kolmogorov-Smirnov two sample
tests (“kstest2” in MATLAB 2018a). A Bonferroni correction was applied to adjust the

significance level for multiple comparisons (18 comparisons, adjusted p-value = 0.0028).
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7.3 RESULTS
7.3.1 Outer and inner hair cell counts

Control 2 mo Post-Exp. Myo7a

10 mo Post-Exp. Myo7a

GluA2

200 um *©

Figure 7.1 Confocal microscopic images (XY projection) of cochlear outer hair cells and inner hair cells at the
5.6kHz frequency place in a control (A) and in noise exposed subjects (B: 2 months, C: 10 months post-
exposure). OHC = outer hair cell. IHC = inner hair cell.

Like humans, macaques have three to four rows of OHCs and one row of IHCs (Figure
7.1; Bredberg, 1968; Johnsson & Hawkins, 1967; Lonsbury-Martin et al., 1988). Hair cell
survival along the cochlear length was calculated as the number of hair cells present divided by
the total number of hair cells expected. Unexposed controls had nearly full complements of
OHCs and IHCs across frequencies (Figure 7.1A; Figure 7.2, black symbols). Similar to controls,
little to no IHC loss was observed at 2 and 10 months post-exposure (Figure 7.1B-C, Figure
7.2B; R’ =0.15, #(df) = 0.25(296), p = 0.558), although there was a significant effect of
frequency driven by the 5% IHC loss at 32kHz across groups (#(df) = -3.81(296), p = <0.000).
OHC loss was also minimal and not different from controls at 2 months post-exposure (Figure
7.1B; Figure 7.2A, red open symbols; R? = 0.00, #(df) = 0.53(205), p = 0.593). In contrast, there

was statistically significant

>
w

OHC loss at 10 months post- %:‘31 00 §1 -
exposure compared to controls cé, _E’
(Figure 7.1C; Figure 7.2A, 3 s
= 80 1 a 801
dark red symbols; R’ = 0.0, = €
8 -e- Control (n=6-16 ea_rs) 8 -e- Control (n=6-16 ea_rs)
Hdf) =-3.1417(244), p = £ 0le jomoPosibxp nsbeart) & go ) e f0mo Postixp (nedbears)
0.002). Inter-subject and 010204 1 2 4 10 20 40 010204 1 2 4 10 20 40
Cochlear frequency place (kHz) Cochlear frequency place (kHz)

across-ear variability was : , , , ,
Figure 7.2 Outer hair cell survival (A) and inner hair cell survival (B) as a

substantial, with 2 out of 8 function of cochlear frequency place in controls (black, n = 6-16 ears per
. o frequency) and at 2 (red, n = 4 ears) and 10 (dark red, » = 8 ears) months post-
cars showing <5% OHC loss exposure. Error bars indicate + 1 standard deviation from the mean. Gray

boxes illustrate the noise exposure band.
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and 6 out of 8 ears showing 12-32% OHC loss. This modest reduction (up to 11% on average) in

OHC survival for frequencies near the noise exposure band did not significantly affect

otoacoustic emission amplitudes or thresholds (see Chapter 8, Figure 8.7 and Tables 8.10, 8.11,

8.12, and 8.13).

7.3.2 Inner hair cell ribbons

IHCs contain presynaptic
ribbon proteins that oppose
postsynaptic glutamate receptors on
afferent auditory nerve fibers. In Figure
7.3, IHC presynaptic puncta are labeled
with the CtBP2 immunolabel (red) and
postsynaptic glutamate receptor puncta
in opposing auditory nerve fibers are
labeled with the GluA2 immunolabel
(green). The co-localization of pre- and
postsynaptic puncta indicate a properly
aligned synapse with the potential for
afferent functional connectivity.

IHC ribbon counts are plotted

as a function of cochlear frequency
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10 mo Post-Exp.

Myo7a

Figure 7.3 Confocal microscopic images of cochlear inner hair cells
at the 5.6kHz frequency place in a control and in subjects 2 months
post-exposure and 10 months post-exposure. A,B,C: XY projection.
A’,B’,C’: YZ projection.

C
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Figure 7.4 A,B. Mean ribbons per inner hair cell (A) and mean inner hair cell ribbon volume (B) as a function
of cochlear frequency place in controls (black, n = 8-15 ears per frequency) and at 2 (red, n = 4 ears) and 10
(dark red, n = 8 ears) months post-exposure. Error bars indicate + 1 standard deviation from the mean. C,D.
Cumulative distribution functions of THC ribbon volume at 2 kHz and 5.6 kHz cochlear frequency places.
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place in Figure 7.4A. As reported previously (Valero et al. 2017), IHC ribbon counts were
greatest in the mid-frequencies. At 2 months post-exposure, there was a significant reduction of
IHC ribbons at frequencies near the noise exposure band (Figure 7.3B and B’, Figure 7.4A,
Table 7.1). In contrast, there was no significant difference in IHC ribbon counts for the 10 month

post-exposure group compared to controls (Figure 7.3C and C’, Figure 7.4A, Table 7.2).

IHC Ribbon Count 2 Month ~ Exposure + Frequency, R>=0.35

Table 7.1 Linear mixed effects model for IHC ribbon count in controls vs. 2 months post-

exposure
Variable T-statistic (df) p-value
Exposure -2.15 (183) 0.033
Frequency -3.00 (183) 0.003

IHC Ribbon Count 10 Month ~ Frequency, R>=0.41

Table 7.2 Linear mixed effects model for IHC ribbon count in controls vs. 10 months post-

exposure
Variable T-statistic (df) p-value
Exposure -0.23 (226) 0.815
Frequency -3.68 (226) <0.001

IHC ribbon volumes were measured for all ribbons at a given cochlear frequency. Figure
7.4B illustrates mean IHC ribbon volumes as a function of cochlear frequency place in controls
and at 2 and 10 months post-exposure. IHC ribbon volumes were similar on average across
frequencies and groups, but highly variable within and across groups. Cumulative distribution
functions revealed significant differences in IHC ribbon volume distributions across groups
(Figure 7.4C-D). At 2 months post-exposure, there was a larger proportion of enlarged ribbons at
frequencies near the noise exposure band compared to controls, as shown by the rightward shift
and long upper tail in the cumulative distribution functions (red lines in Figure 7.4C-D; Table
7.3). At 10 months post-exposure, there was also a larger proportion of enlarged ribbons at 2 and

5.6 kHz compared to controls (dark red lines in Figure 7.4C-D; Table 7.3).
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Table 7.3 Kolmogorov-Smirnov tests comparing IHC ribbon volume distributions from controls,

2 months post-exposure, and 10 months post-exposure

Frequency 2 Mo Post-Exp. 10 Mo Post-Exp.
(kHz) K-statistic p-value K-statistic p-value
1 0.105 0.007 0.086 0.018
2 0.148 <0.000* 0.212 <0.000%*
4 0.209 <0.000* 0.098 0.010
5.6 0.257 <0.000* 0.159 <0.000%*
8 0.168 <0.000%* 0.049 0.552
32 0.131 0.026 0.104 0.087

*significant after Bonferroni correction

7.3.3 Outer hair cell ribbons

OHC:s also contain presynaptic ribbons
that oppose Type Il afferent auditory nerve
fibers. In Figure 7.5, OHC presynaptic puncta
are labeled with the CtBP2 immunolabel (red).
There are fewer ribbons per OHC compared to
IHCs and these ribbons are distributed in both
the basal (“synaptic”) and apical
(“supranuclear”) portions of the OHCs
(Liberman & Liberman, 2016; Sobkowicz et al.,
1986; Wood et al., 2021). Unfortunately, OHC
ribbon staining in the 2 month post-exposure
tissue was qualitatively poorer than the control
and 10 month post-exposure samples, so those
data were excluded from analyses.

OHC ribbon counts are plotted as a
function of cochlear frequency place in Figure
7.6A. The number of ribbons per OHC

decreased with increasing frequency. Although
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Figure 7.5 Confocal microscopic image of cochlear outer

and inner hair cells at the 5.6kHz frequency place in a control

(A) and in a noise-exposed subject (B, 10 months post-
exposure). A,B: XY projection. A’,B’: YZ projection.




there was a significant effect of frequency on OHC ribbon count, there was no significant

difference in OHC ribbon counts between controls and 10 months post-exposure (Table 7.4).
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Figure 7.6 A,B. Ribbons per outer hair cell (A) and mean outer hair cell ribbon volume (B) as a function of
cochlear frequency place in controls (black, n = 3 ears per frequency) and at 10 (dark red, » = 7 ears) months
post-exposure. Error bars indicate + 1 standard deviation from the mean. C,D. Cumulative distribution
functions of OHC ribbon volume at 4kHz and 5.6 kHz cochlear frequency places.

OHC Ribbon Count 10 Month ~ Frequency, R*=0.73

Table 7.4 Linear mixed effects model for OHC ribbon count in controls vs. 10 months post-

exposure
Variable T-statistic (df) p-value
Exposure -0.91 (56) 0.366
Frequency -3.30 (56) 0.002

OHC ribbon volumes were measured for all ribbons across OHC rows at a given cochlear
frequency place. Figure 7.6B illustrates mean OHC ribbon volumes as a function of cochlear
frequency place in controls and at 10 months post-exposure. Like IHC ribbons, OHC ribbon
volumes were similar on average across frequencies and groups, but highly variable within and
across groups. Cumulative distribution functions revealed significant differences in OHC ribbon
volume distributions across groups (Figure 7.6C-D). At 10 months post-exposure, there was a
larger proportion of enlarged ribbons compared to controls at frequencies near the noise
exposure band as shown by the rightward shift in the cumulative distribution functions (Figure

7.6C-D, Table 7.5).
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Table 7.5 Kolmogorov-Smirnov tests comparing OHC ribbon volume distributions from controls

and 10 months post-exposure

Frequency K-statistic p-value
(kHz)

1 0.098 <0.001*
2 0.097 <0.001*
4 0.151 <0.001*
5.6 0.129 <0.001*
8 0.085 0.013
32 0.062 0.635

*significant after Bonferroni correction

7.3.4 Efferent terminal density
Olivocochlear efferent neurons
are cholinergic and can be detected by
a choline acetyltransferase antibody
(ChAT; blue in Figure 7.5, white in
Figure 7.7). Medial olivocochlear
(MOC) neurons innervate the OHCs,
whereas lateral olivocochlear (LOC)
neurons innervate Type I afferent
auditory nerve fibers near their synapse
with the IHCs (Guinan, 2006). MOC
and LOC innervation density were
estimated from the area of ChAT
staining within the OHC or IHC
region, respectively (Figure 7.7; after
Liberman & Liberman, 2019).
Tunneling fibers and large axons were

removed prior to analysis.

A Control - MOC Control - LOC
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Figure 7.7 Immunolabeled (ChAT) olivocochlear efferent terminals at
the 8kHz cochlear frequency place (XY projection). A. Medial
olivocochlear neuron terminals in the outer hair cell region. A’. Lateral
olivocochlear neuron terminals in the inner hair cell region. B,B’.
Same as A and B, except from a noise-exposed subject (10 months
post-exposure).

MOC innervation was densest in the mid- to high-frequency regions (Figure 7.8A), as

previously reported in humans, cats, and rodents (Liberman & Liberman, 2019; Liberman et al.,
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1990). MOC innervation density

[0

o

[0

o
1

was also greater for OHC Row 1
than 2 than 3 (Brown, 2016;
Liberman et al., 1990). There

D

o

[22]

o
f

MOC Total Area (kpixels) >
N B
o o

LOC Total Area (kpixels) g
N
o

N
o
f

was no significant effect of noise

-o- Control (n=6 ears) -o- Control (n=3-6 ears)
od-e 10 mo Post-Exp. (n=8 ears) 0d-* 10 mo Post-Exp. (n=1-6 ears)

. 02505 1 2 4 8 16 32 02505 1 2 4 8 16 32
density at 10 months post- Cochlear frequency place (kHz) Cochlear frequency place (kHz)

exposure on MOC innervation

exposure (Figure 7.8A, «(df) = Figure 7.8 A. Medial olivocochlear efferent terminal area (kilopixels) as a
11 _ function of cochlear frequency place for controls (black, n = 6) and at 10
0.98(119), p = 0.33). months post-exposure (dark red, » = 8 ears) months post-exposure. Error bars
LOC innervation density indicate +1 standa.rd deviation from the mean. B. Same as A, but for lateral
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decreased with increasing
frequency (Figure 7.8B), as previously reported in humans and cats (Liberman & Liberman,
2019; Liberman et al., 1990). LOC area was comparable to estimates in humans at corresponding
cochlear frequency places (Liberman & Liberman, 2019). There was no significant effect of
noise exposure on LOC innervation density at 10 months post-exposure (Figure 7.8B, #(df) = -

1.14(55), p = 0.26).

7.4 DISCUSSION

Here, we characterized cochlear anatomy in rhesus macaques with and without acoustic
overexposure. Similar to our previous study (Valero et al., 2017), this macaque model of noise-
induced SYN exhibited 1) little to no IHC loss, i1) mild OHC loss at 10 months post-exposure, iii)
20-30% IHC ribbon loss at 2 months post-exposure that recovers by 10 months, iii) sustained
enlargement of both IHC and OHC ribbons, and iv) no change in MOC or LOC innervation
density. Overall, the cochlear histological consequences of noise exposure seem to be dynamic
over long post-exposure survival times in macaques. Pending data from the remaining short- and
long-term post-exposure survival subjects will help strengthen our conclusions, in light of the
high inter-subject variability observed in some of the histological metrics.
7.4.1 Normal cochlear anatomy in the rhesus macaque

Macaques have three to four rows of OHCs and one row of IHCs (Figure 7.1 & 7.5;
Johnsson & Hawkins, 1967; Lonsbury-Martin et al., 1988) like humans (Bredberg, 1968;

Johnsson & Hawkins, 1967). As most mammals exhibit only three rows of OHCs, the functional
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significance of these supernumerary OHCs in nonhuman primates and humans is unclear. Some
research suggests that supernumerary hair cells may result from regenerative processes (Lefebvre
et al., 2001; Rask-Andersen et al., 2017) and fourth row OHCs may alter the strength of
otoacoustic emissions (Lonsbury-Martin et al., 1988). Regardless of their origin or function, this
irregular feature appears common to nonhuman primates and humans.

Macaque IHC and OHC ribbon counts were similar to rodents (Furman et al., 2013;
Hickox et al., 2017; Liberman & Liberman, 2016; Liberman et al., 2015; Wood et al., 2021) and
estimates in humans (Wu et al., 2019). IHC ribbon counts also showed the characteristic
inverted-U shape as a function of frequency. Macaque OHC ribbon counts decreased with
increasing frequency as in cats (Liberman et al., 1990), whereas OHC ribbon counts in mice are
similar across frequencies (Liberman & Liberman, 2016; Wood et al., 2021). The functional
significance of this species difference is unknown, due to limited knowledge of the role of OHC
ribbons and their opposing Type II afferent fibers.

Macaque IHC and OHC ribbons had variable volumes and shapes, as previously reported
in other species (Weisz et al., 2012). The relative size of IHC and OHC ribbons seems to vary
across species. Cats have larger [HC ribbons than OHC ribbons (Liberman et al., 1990); rats
have similar [HC and OHC ribbon volumes (Weisz et al., 2012); and macaques have
significantly smaller IHC ribbons than OHC ribbons (k= 0.16, p < 0.001). Whether these
differences in synaptic body size and shape translate to functional differences is unknown.

In macaques, MOC innervation density was greatest in the mid-frequencies, whereas
LOC innervation density was greatest in the low frequencies. These findings are consistent with
the apical-basal gradients reported in humans (Liberman & Liberman, 2019). Macaque MOC
innervation is intermediate to that of rodents (dense) and humans (sparse), whereas LOC
innervation densities appear similar across species (Liberman & Liberman, 2019).

7.4.2 Cochlear histopathology in rhesus macaques following noise exposure: Species
comparisons and effects of post-exposure survival time
7.4.2.1 Outer and inner hair cell survival

Rodent models of noise-induced SYN exhibit IHC ribbon loss in the absence of hair cell
loss (e.g. Kujawa & Liberman, 2009). At 2 months post-exposure, macaques had minimal OHC
and THC loss. However, an average of 10% OHC loss was observed near the exposure band at 10

months post-exposure with substantial inter-subject and across-ear variability. Genetically
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heterogeneous species, such as guinea pigs and macaques, show greater inter-animal variability
in their response to acoustic injury than inbred mice (Wang et al., 2002).

Delayed emergence of OHC damage may indicate progression of inner ear injury over
time (Fernandez et al., 2015; Kujawa & Liberman, 2006). In mice, a post-exposure survival of 10
months encompasses at least one quarter of the lifespan, introducing the confound of age-related
decline. Macaques live up to 30-40 years, and age-related hearing loss begins around 15 years of
age (Engle et al., 2013; Ng et al., 2015; Torre et al., 2004). Our macaques were 6-10 years old at
the time of noise exposure and thus did not reach the onset of age-related hearing loss.
Progressive OHC damage may be a characteristic of SYN previously attributed to aging. OHC
loss may occur over time due to reduced strength of MOC feedback, which then renders the
OHCs more vulnerable to damage.

Hook lesions, or complete hair cell loss in the basal tip of the cochlea, are reported in
some models of noise-induced SYN (Liberman et al., 2015). There was no evidence of a hook
lesion in our macaques, as there was normal OHC and IHC survival in the basal-most cochlear
frequency region.
7.4.2.2 Inner hair cell ribbon counts

IHC ribbon loss occurs secondary to glutamate excitotoxicity (Hu et al., 2020; Kim et al.,
2019). Our noise exposure reduced macaque IHC ribbon counts by 20-30%, and up to a
maximum of 40%, at 2 months post-exposure. This model may represent a milder form of SYN
compared to rodent models, which typically exhibit 50% IHC ribbon loss (Bharadwaj et al.,
2021; Kujawa & Liberman, 2009; Lin et al., 2011; Singer et al., 2013). Given the high cost of
nonhuman primates (Burton et al., 2019), it is not feasible to titrate noise level in the same way
possible with rodents (Fernandez et al., 2020).

The THC ribbon loss that was apparent at 2 months post-exposure was not present in
macaques with 10 month post-exposure survivals. This finding is consistent with synaptic repair
or regeneration, although there is no direct evidence for this conclusion. IHC ribbons are
regenerated following acoustic overexposure in guinea pigs (Hickman et al., 2020, 2021; Shi et
al., 2013; Song et al., 2016), but only in some mouse strains (Kim et al., 2019; Kujawa &
Liberman, 2009; Liberman et al., 2015; Shi et al., 2015). In rodents that do show regeneration,

ribbon recovery occurs within 1 month post-exposure. Therefore, it is possible that some IHC
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ribbon loss had already recovered by 2 months post-exposure in our macaques. It is unknown
whether the recovered ribbons and synapses function like native synapses.

Despite the absence of sustained IHC ribbon loss, we do observe significant, permanent
changes in physiological function and perceptual abilities in our noise-exposed macaques (see
Chapters 8 and 9). These data suggest that even a mild and temporary loss of synapses and their
recovery can have lasting effects on auditory physiology and perception. Repaired or regenerated
synaptic physiology may differ from innate synapses (Vincent et al., 2022). Additionally, SYN-
related changes to the central auditory physiology, such as the inferior colliculus (Bakay et al.,
2018; Shaheen & Liberman, 2018) and auditory cortex (Asokan et al., 2018), may not be
reversed by peripheral repair.
7.4.2.3 Inner hair cell ribbon volumes

Enlarged IHC ribbon volumes have been observed in noise-induced SYN and age-related
hearing loss (Furman et al., 2013; Hickman et al., 2020; Kim et al., 2019; Song et al., 2016;
Stamataki et al., 2006; Valero et al., 2017). Ribbon enlargement occurs immediately following
noise exposure (Liberman et al., 2015), but is independent of glutamate excitotoxic processes
(Kim et al., 2019). Sustained ribbon enlargement is consistently observed up to 1-2 weeks post-
exposure (Furman et al., 2013; Hickman et al., 2020; Kim et al., 2019; Liberman et al., 2015;
Song et al., 2016), may be evident in guinea pigs through 1-6 months post-exposure (Hickman et
al., 2020; Song et al., 2016), at 2 months post-exposure in macaques (Valero et al., 2017), and
now appears as a persistent phenotype through even later post-exposure times in macaques.

The functional significance of enlarged ribbon volume is unknown, but likely affects
synaptic physiology and Type I afferent auditory nerve fiber function. The capacity for tethering
and fusing readily releasable vesicles varies with ribbon size (Becker et al., 2018; Matthews &
Fuchs, 2010; Moser et al., 2020). Larger ribbons may tether more vesicles (Song et al., 2016),
yielding greater multivesicular release and larger postsynaptic potentials. In a recent study of
single-unit auditory nerve responses in synaptopathic mice, Suthakar and Liberman (2021)
reported enhanced onset and sustained firing rates in response to tones in quiet and in noise. The
SYN model used in this study also shows enlarged THC ribbon volumes (Liberman et al., 2015),
supporting the hypothesis that enlarged ribbons facilitate increased sound-evoked auditory nerve

activity. However, auditory nerve recordings in guinea pigs do not show this same gain-of-
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function (Song et al., 2016), so further work is needed to reconcile the discrepancies in these
studies.
7.4.2.4 Outer hair cell ribbon synapses

Little work has investigated OHC ribbons, let alone in the context of noise exposure. The
OHC afferent synapse does not appear to experience glutamate excitotoxicity like the IHC
afferent synapse. OHC afferents, or Type II auditory nerve fibers, do not express the same type
of AMPA receptors as IHC Type I afferent fibers (Liberman et al., 2011) and have not been
reported to exhibit terminal swelling under conditions that are excitotoxic to Type I afferents.

Wood et al. (2021) provided the first characterization of OHC ribbons in a mouse model
of noise-induced SYN. At 7 days post-exposure, mice exhibited increased counts and sizes of
OHC ribbons compared to controls. Temporary threshold shifts had not yet resolved, but OHC
loss was not significantly different from controls.

Our macaques showed larger OHC ribbon volumes, but no change in OHC ribbon counts.
As suggested by Wood et al. (2021), changes in OHC ribbons may reflect a response to maximal
acoustic stimulation or as compensation to mechanical trauma. Perhaps the increase in OHC
ribbon count in the Wood et al. study is an acute response to acoustic injury, whereas enlarged
OHC ribbons may reflect a chronic change in peripheral function following acoustic injury. As
with IHC ribbons, the functional significance of enlarged OHC ribbons is not known. In this
case, Type II afferent signaling could be impacted, and the functional contribution of these
neurons is also debated (Liu et al., 2015; Maison et al., 2016; Weisz et al., 2012; Zhang & Coate,
2017). Impending data from macaques with shorter post-exposure survival durations will provide
valuable insight to the nature of noise-induced OHC synaptic changes and how they compare to
histopathologic changes of IHC ribbons.
7.4.2.5 Efferent terminal density

Olivocochlear efferent neurons project from the brainstem to the cochlea and mediate
cochlear responses to incoming sound (Guinan, 2018). The MOC system mediates OHC
motility, resulting in anti-masking and otoprotective functions (Guinan, 2006; Lopez-Poveda,
2018). MOC neurons are thought to receive input from low spontaneous rate ANFs (Liberman,
1988), which may be preferentially lost in SYN (Furman et al., 2013; Liberman et al., 2015;
Schmiedt et al., 1996; but see Suthakar & Liberman, 2021), so MOC innervation and function

could be impacted by IHC ribbon loss. Some studies in mice show reduced MOC innervation
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density following noise-induced SYN (Boero et al., 2018; Qian et al., 2021) or age-related
hearing loss (Boero et al., 2020; Grierson et al., 2022), and reduced MOC innervation in aging
humans with minimal OHC loss (Liberman & Liberman, 2019). However, this study and others
find no change in MOC innervation density in noise-exposed (Grierson et al., 2022) or aging
mice (Kobrina et al., 2020). Etiology of inner ear damage may differentially affect the MOC
system. MOC innervation and function may also change dynamically over time and vary across
species.

Less is known about the unmyelinated LOC neurons, which synapse onto Type I afferent
auditory nerve fiber dendrites (Guinan, 2018). As seen in the present data, LOC innervation
density appears less affected by noise (Grierson et al., 2022) and age (Kobrina et al., 2020;
Liberman & Liberman, 2019), although the location of LOC terminals may shift from afferent
dendrites to IHCs in aging (Lauer et al., 2012).
7.4.2.6 Other inner ear structural elements

The inner ear sensory epithelium contains many other elements critical to its healthy
function. Though not investigated here, the condition of hair cell stereocilia, supporting cells,
and the stria vascularis can become pathological in response to a cochlear insult. Stereocilia
fusion or damage can occur in the absence of hair cell loss, rendering hair cells functionally
compromised (Engstrom, 1984; Liberman & Dodds, 1984a, 1984b; Liberman & Kiang, 1984;
Wang et al., 2002). Supporting cells play an important role in inner ear response and homeostasis
following injury, and may be less susceptible to inner ear damage than hair cells (Liu et al.,
2015; Sugawara et al., 2005; Wan et al., 2013; Wang et al., 2002). Strial atrophy is a component
of age-related hearing loss that minimally contributes to speech recognition abilities (Landegger
et al., 2016; Wu et al., 2020, 2021), but some studies indicate changes in strial structure
following noise exposure (Wang et al., 2002). Characterization of these and other inner ear
structures will enhance our understanding of the relationship among inner ear cell types and their
response to acoustic injury.

Another open question is whether ears with ribbon loss and recovery show degeneration
of spiral ganglion cells. Delayed spiral ganglion cell degeneration is a hallmark of SYN in mice
with permanent ribbon loss (Kujawa & Liberman, 2009), but this has not been investigated in
animal models with ribbon recovery.

7.4.3 Implications for diagnostic testing
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Anatomical characterization of SYN identifies sites of lesion to guide the development of
diagnostic testing and therapeutic treatment strategies. Unlike SNHL, which can be readily
diagnosed using otoacoustic emissions assays of OHC function, the more subtle cochlear
changes accompanying SYN remain hidden from current clinical diagnostic approaches. If
ribbon volume is indeed a prominent and permanent consequence of SYN, then physiological or
psychophysical measures that probe according changes in synaptic physiology would be
successful. If spiral ganglion cell degeneration does accompany ribbon loss and recovery, then
assays probing gross auditory nerve function may be successful. In subsequent chapters, we

discuss these and other possibilities in greater depth.
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CHAPTER 8

Otoacoustic emissions, medial olivocochlear reflexes, and middle ear muscle reflexes in

macaque monkeys following noise exposure intended to cause cochlear synaptopathy

8.1 INTRODUCTION

The loss of inner hair cell ribbon synapses, or cochlear synaptopathy (SYN), is a recently
discovered inner ear pathology thought to contribute to hearing difficulties in background noise
(Kujawa & Liberman, 2006, 2009). SYN results in degradation of afferent auditory nerve fibers,
especially those with low spontaneous firing rates (LSR) and high thresholds to sound
stimulation (Furman et al., 2013; Liberman et al., 2015; Schmiedt et al., 1996; but see Suthakar
& Liberman, 2021). Hearing sensitivity is maintained by preserved outer hair cell (OHC)
function and intact high spontaneous firing rate fibers with low sound thresholds. In contrast, the
more susceptible LSR fibers encode signals in noise (Costalupes, 1985), leading to the
hypothesis that SYN causes impaired auditory perception in background noise (Bharadwaj et al.,
2014; Oxenham, 2016; Plack et al., 2014). Although SYN can be induced, measured, and
verified in animal models, evidence for SYN in humans is mixed (Bharadwaj et al., 2019;
Bramhall et al., 2019; DiNino et al., 2021; Hickox et al., 2017).

Among the top candidate biomarkers of SYN are assays that probe LSR fiber function,
such as encoding of suprathreshold sounds. In addition to their role in afferent processing of
signals in noise, LSR neurons may provide input to two auditory efferent pathways: the medial
olivocochlear reflex (MOCR; Liberman, 1988) and middle ear muscle reflex (MEMR; Kobler et
al., 1992; Liberman & Kiang, 1984; Liberman & Simmons, 1985). These feedback pathways
contribute to unmasking of signals in noise and protect the ear from acoustic injury (Guinan,
2006; Kawase et al., 1993; Liberman & Guinan, 1998; Lopez-Poveda, 2018). If MOCR and
MEMR inputs are diminished due to SYN-related loss of LSR fibers, these pathways may also
degrade, further accentuating hearing in noise difficulties and increasing susceptibility to injury.
Furthermore, MOCR and MEMR strength varies extensively in normal hearing adults (Backus &
Guinan, 2007). This variability may cause intrinsic differences in hearing abilities (Abdala et al.,
2014; Bidelman & Bhagat, 2015; de Andrade et al., 2011; de Boer & Thornton, 2008; de Boer et
al., 2012; Giraud et al., 1997; Lauer et al., 2021; Mahoney et al., 1979; Mertes et al., 2019;
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Shehorn et al., 2020; Smart et al., 2019) or susceptibility to acoustic injury (Fuente, 2015;
Maison & Liberman, 2000; Smith & Keil, 2015), and may underlie differences in hearing
abilities in background noise among normal hearing listeners (i.e. hidden hearing loss).

Aside from gross electrophysiological tests, such as the auditory brainstem response and
envelope following response, the MEMR is the leading assay in studies of SYN. MEM
motoneurons attenuate sound conduction through the middle ear by stiffening the ossicular chain
via stapedius muscle contraction (Moller, 1962). Noninvasive MEMR measurements record
changes in sound pressure levels of a probe stimulus in the ear canal. These changes in sound
level increase with elicitor level and activate quickly after elicitor onset. The MEMR is reduced
in rodents with noise-induced SYN (Bharadwaj et al., 2021; Valero et al., 2016; Valero et al.,
2018) and in some humans at risk for SYN (Bharadwaj et al., 2021; Bramhall et al., 2022;
Mepani et al., 2020; Shehorn et al., 2020; Wojtczak et al., 2017) (but see Causon et al., 2020;
Guest et al., 2019; Higson, Morgan, et al., 1996).

Investigations of MOC efferent innervation and functional integrity following SYN are
also emerging. MOC efferent neurons indirectly decrease sound-evoked excitation of inner hair
cells by suppressing OHC amplification of incoming sounds (i.e. the cochlear amplifier)
(Guinan, 2006; Lopez-Poveda, 2018). Otoacoustic emissions (OAEs) are a measure of OHC
function routinely used in clinical audiology (Kemp, 1978). OAEs are suppressed in the presence
of noise via the MOCR (Berlin, Hood, Wen, et al., 1993; Collet et al., 1992; Kujawa et al.,
1993). One study reported decreased OAE suppression in a mouse model of noise-induced SYN,
but this finding was attributed to the MEMR rather than the MOCR and efferent innervation was
not histologically assessed (Valero et al., 2016). Other studies demonstrated reduced MOC
innervation in synaptopathic mice, but did not functionally characterize MOCR strength (Boero
et al., 2018; Boero et al., 2020; Maison et al., 2013; Qian et al., 2021). MOC projections and
function also decline with age independent of OHC loss and elevated hearing thresholds (Abdala
et al., 2014; Fu et al., 2010; Jacobson et al., 2003; Kim et al., 2002; Liberman & Liberman, 2019;
Radtke-Schuller et al., 2015; Zhu et al., 2007), suggesting that MOC degradation may
accompany age-related SYN. These converging anatomical and physiological consequences of
SYN to the MOC pathway identify the MOCR as a candidate diagnostic test that requires further

investigation.
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Both the MOCR and MEMR can be elicited by noise, but their activation and responses
differ in spectrum, intensity, and time course. The MOCR is elicited by moderate and high level
broadband noise and reaches peak strength after 100 ms (Guinan, 2006). In contrast, the MEMR
is maximally elicited by high level, low frequency noise and activates almost instantaneously
after sound onset (Feeney et al., 2017; Margolis et al., 1980). Given the ease of measurement and
similarity to current clinical tests, the MOCR and MEMR could be readily implemented for the
diagnosis of SYN if they are sufficiently sensitive and specific (Bharadwaj et al., 2019; Bramhall
et al., 2019; Hickox et al., 2017). Evaluation of the MOCR and further validation of the MEMR
as SYN biomarkers is warranted, especially in an animal model with human-like auditory
anatomy and physiology and susceptibility to noise-induced hearing loss (Burton et al., 2019).

Here, we measured OAEs, MOCRs, and MEMRs in macaques before and after noise
exposure known to cause synaptopathy (Chapter 7). First, we characterized normative OAE,
MOCR, and MEMR responses in normal hearing macaques and compared these responses to
young normal hearing adults. Then, we repeated these measures in macaques following noise
exposure known to cause SYN to monitor changes in OHC, MOCR, and MEMR function. The
cross-species and within-subject design aspects allowed us to simultaneously assess the

sensitivity and translatability of candidate SYN biomarkers.

8.2 MATERIALS AND METHODS
8.2.1 Subjects

Auditory function, as assessed by OAEs and MOCRs, was characterized in 15 adult
rhesus macaques (Macaca mulatta, 7-9 years old, 4 female). Of these, 13 macaques (4 female)
underwent testing before and after noise exposure. Only 4 macaques underwent MEMR testing,
all after noise exposure.

Eleven young adults (20-30 years old, 6 female) were recruited to assess species
differences in OAE, MOCR, and MEMR responses. Subjects had no self-reported history of
middle-ear dysfunction, significant noise exposure, or neurological disorders. Prior to testing,
audiometry was performed using insert earphones and a standard clinical audiometer to ensure
normal hearing status (<25 dB HL) from 250-8000 Hz.

All research procedures were approved by the Institutional Animal Care and Use

Committee and the Institutional Review Board at Vanderbilt University Medical Center.
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Identical equipment and stimulus conditions were used for macaque and human testing.
All testing was conducted in a sound-treated booth (ETS-Lindgren Acoustic Systems, Cedar
Park, TX). For all human testing (awake), participants were seated in a chair and asked to remain
quiet and still during testing. For awake measurements in macaques, subjects were seated in an
acrylic primate chair and head-fixed for the duration of testing (approximately 10-20 minutes per
session) in order to maintain stable probe placement in the ear and to minimize movement-
related noise in the measures. For details about anesthetized measurements in macaques, see
General Methods > Anesthetized Procedures.

8.2.2 Otoacoustic emission (OAE) and medial olivocochlear reflex (MOCR) testing

Distortion product otoacoustic emissions (DPOAESs) and transient evoked otoacoustic
emissions (TEOAEs) were measured according to the methods described in General Methods >
OAE Testing. Additional DPOAE testing was completed in some macaques using an ER10X
probe system (Etymotic, Elk Grove Village, IL). Stimulus parameters were identical to those for
the Scout DPOAE measurements, except f> = 1-32 kHz, 4 points per octave.

The MOCR was probed by suppression of OAEs by contralateral noise. A closed field
speaker (MF1, Tucker-Davis Technologies) was coupled to the contralateral ear using an ER-3
or ER-3A foam ear tip. A broadband white noise (400-40000 Hz) was generated using Tucker-
Davis Technologies hardware (RZ6 Multi I/O Processor) and OpenEx software. Noise was
continuously presented at 40, 50, or 60 dB spectrum level while either DPOAEs (f> = 1-10kHz, 4
points per octave; f>/f; = 1.22; L;/L> = 65/55 dB SPL) or TEOAEs were being measured in the
ipsilateral ear. OAE suppression was defined as the difference in OAE amplitudes when there
was no contralateral noise and when the noise was present (suppression = OAEnoise — OAE o noise)-
8.2.3 Middle ear muscle reflex (MEMR) testing

Wideband middle ear muscle reflexes (WB-MEMRs) were measured using a FireFace
audio interface (RME, Haimhausen, Germany) and the ER10X probe system following the
methods of Keefe et al. (2017) and Bharadwaj et al. (2021). A train of 7 clicks (90 dB pSPL)
were presented in alternation with 120 ms-long ipsilateral noise elicitors (500-8500 Hz, 60-108
dB SPL). For each elicitor level, this click + elicitor train was presented either 15 (humans) or 32
times (macaques) with an inter-trial interval of 1.5 seconds. The immittance measured in
response to clicks two through seven were averaged and compared to the immittance measured

in response to the first click. The resulting change in ear canal pressure, or absorbance, was
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quantified as a function of frequency. The absolute value of this function between 500-2000 Hz
was summed to derive the MEMR metric: A4 absorbed power, in dB.
8.2.4 Additional animal procedures

Following baseline characterization, macaques underwent a single noise exposure
intended to generate cochlear synaptopathy (see General Methods). DPOAE amplitudes and
thresholds, TEOAE amplitudes and suppression, and MEMRs were tested periodically following
noise exposure (see Figure 8.1) to monitor changes in outer hair cell, MOCR, and MEMR
function over time. After completion of the study, macaques were euthanized and cochlear

tissues were harvested to assess cochlear integrity (Chapter 7).
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Figure 8.1 Timeline of post-exposure data collection in macaques. DPOAE amplitudes and thresholds were
measured immediately post-exposure and at 2 and 9-10 months post-exposure. Some subjects also had
abbreviated DPOAE testing at 1 day, 1 week, and 1 month post-exposure. TEOAE suppression was measured
monthly post-exposure. MEMRs were measured in some subjects bi-monthly post-exposure.

8.2.5 Statistical analyses

Statistical analyses were conducted using linear mixed effects models (“fitlme”) in
MATLAB 2018a. The dependent variable in the models assessing the effects of species and
noise exposure status was either OAE amplitude, OAE suppression, or MEMR threshold.
Species, sex, ear laterality, DPOAE or TEOAE frequency, and noise exposure status (for
macaques) were entered as fixed effects into the model, while intercepts for individual subjects
were entered as random effects. In all cases p-values were obtained by likelihood ratio testing of

the model with the effect in question against the model without the effect in question. A
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significant p-value was defined as p < 0.05. T-statistics are reported for each model, similar to

the F-statistic that is often reported for such models.
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emissions (TEOAEs) were measured Figure 8.2 Mean otoacoustic emission amplitudes in macaques (black

circles; awake: filled, anesthetized: open) and in humans (green squares;
awake). A. DPOAE amplitude as a function of /> frequency. B. TEOAE
Figure 8.2 illustrates mean DPOAE amplitude as a function of frequency. Error bars indicate + 1 standard
deviation from the mean.

in awake macaques and humans.

(A) and TEOAE amplitudes (B) for
both species. Macaques had larger DPOAE amplitudes than humans from 2-10 kHz (Table 8.1),
which may reflect differences in nonlinear distortion mechanisms across species, as well as
differences in their audible ranges. In contrast, macaques and humans had similar TEOAE
amplitudes across frequency components, suggesting that the mechanisms driving these
reflection emissions are similar across species. This similarity is advantageous when measuring
OAE suppression, as differences in OAE amplitudes could contribute to differences in the
magnitude of OAE suppression measured.

Linear mixed effects models were used to evaluate differences in DPOAE and TEOAE
amplitudes according to species, sex, ear laterality, and frequency. DPOAE amplitudes differed
across species, sex, and frequency according to:

DPOAE Amplitude ~ Species + Frequency + Species*Sex + Species*Frequency,; R’ = 0.6399
Table 8.1 Linear mixed effects model for DPOAE amplitude and species

Variable T-statistic (df) p-value
Species -2.91 (754) 0.004
Frequency -11.12 (754) <0.001
Species*Sex 2.94 (754) 0.003
Species*Frequency 20.30 (754) <0.001
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TEOAE amplitudes did not differ significantly by species, sex, ear laterality, or frequency (all p-
values > 0.05). These findings are consistent with previous reports that OAE amplitudes differ
between humans and macaques, males and females, but not left and right ears (Lasky et al.,
2000; Lasky et al., 1995; McFadden et al., 2009; McFadden et al., 2006).

Anesthesia is known to affect OAEs in animals and humans. Anesthesia typically results
in smaller OAE amplitudes, but with differences across species and anesthetic agents
(Cederholm et al., 2012; Ferber-Viart et al., 1998; Guven et al., 2006; Harel et al., 1997; Kim et
al., 2012; Sheppard et al., 2018). DPOAE and TEOAE amplitudes from macaques under
isoflurane anesthesia are shown in Figure 8.2 (open circles; compare to filled circles). DPOAE
amplitudes were generally smaller under anesthesia than in awake subjects. Low frequency
TEOAEs were also smaller under anesthesia, but high frequency TEOAE components were not
different. Linear mixed effects models supported these observations, according to the following

models (Table 8.2 and 8.3):

DPOAE Amplitude ~ State + State*Frequency,; R*=0.51
Table 8.2 Linear mixed effects model for macaque DPOAE amplitude and state

Variable T-statistic (df) p-value
State -4.80 (964) <0.001
State*Frequency 3.20 (964) 0.001

TEOAE Amplitude ~ Sex + State*Frequency, R*> = 0.4226
Table 8.3 Linear mixed effects model for macaque TEOAE amplitude and state

Variable T-statistic (df) p-value
Sex 2.12 (140) 0.036
State*Frequency 2.62 (140) 0.010

These observations contribute knowledge about the effects of isoflurane anesthesia on DPOAEs
and TEOAESs in macaques. OAE amplitude reductions may be caused by changes in cochlear or
cerebral blood flow, middle-ear pressure or mechanics, or direct suppression of OHC function
via unknown pharmacological effects of isoflurane that vary along the cochlear length

(Cederholm et al., 2012; Ferber-Viart et al., 1998; Harel et al., 1997; Sheppard et al., 2018).
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DPOAE and TEOAE amplitudes were compared within-species from 1-4kHz. Both

species showed significant differences in DPOAE vs. TEOAE amplitudes with significant effects

of frequency. Human TEOAEs were larger than DPOAESs (Table 8.4), whereas macaque

DPOAESs were larger than TEOAEs (Table 8.5), consistent with previous reports after

accounting for differences in stimulus level (Gorga et al., 1993; Lasky et al., 2000).

Human OAE Amplitude ~ DPvsTE + DPvsTE*Frequency,; R* = 0.5572

Table 8.4 Linear mixed effects model for human DPOAE vs. TEOAE amplitudes

Variable T-statistic (df) p-value
DPvsTE 2.71 (209) 0.007
DPvsTE*Frequency 2.75 (209) 0.007

Macaque OAE Amplitude ~ DPvsTE + Frequency; R’ = 0.5993
Table 8.5 Linear mixed effects model for macaque DPOAE vs. TEOAE amplitudes

Variable T-statistic (df) p-value
DPvsTE -3.10 (149) 0.002
Frequency 2.02 (149) 0.045

8.3.2 Medial olivocochlear reflex as measured by otoacoustic emission suppression in

macaques and humans

DPOAEs and TEOAEs
were measured in awake
macaques and humans in quiet and
in the presence of contralateral
broadband noise (40, 50, or 60 dB
spectrum level) to elicit OAE
suppression, a measure of the
MOCR. An example of TEOAE
suppression is shown for Monkey Al
in Figure 8.3. OAE amplitudes were
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Figure 8.3 Exemplar TEOAE suppression data from Monkey Al, left ear.
A. TEOAE amplitudes as a function of frequency in the presence of no
noise (black) and 40, 50, or 60 dB spectrum level broadband noise (dark
gray to light gray) presented in the contralateral ear. B. TEOAE
suppression as a function of frequency with 40, 50, or 60 dB noise
elicitors (dark gray to light gray, as in A).

largest when there was no contralateral elicitor (Figure 8.3A, black, labeled ‘No Noise’) and
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reduced in the presence of contralateral noise (gray). OAE suppression was calculated as the
difference in OAE amplitude with and without contralateral noise (suppression = OAEoise —
OAE 0 noise; Figure 8.3B).

Figure 8.4 shows mean DPOAE suppression (A-C) and TEOAE suppression (A’-C’) as a
function of frequency with 40 (A, A’), 50 (B, B’), and 60 (C, C’) dB spectrum level contralateral
noise elicitors. Compared to humans (green squares), macaques had greater OAE suppression
across most conditions. DPOAE and TEOAE suppression were greater in the low frequencies, as
previously reported (Keppler et al., 2010; Kim et al., 2002; Kumar et al., 2013).

Species and its interactions were among the major contributing variables in linear mixed
effects models assessing differences in OAE suppression according to species, ear, frequency,
noise level (Tables 8.6 and 8.7). Of note, no female monkeys underwent DPOAE suppression

testing, so the effects of sex on OAE suppression were not assessed.

DPOAE Suppression ~ Species + Species*Ear + Species*Frequency + Ear*Frequency, R*> =
0.0994

Table 8.6 Linear mixed effects model for DPOAE suppression and species

Variable T-statistic (df) p-value
Species -2.39 (1078) 0.017
Species*Ear 2.03 (1078) 0.043
Species*Frequency 3.51 (1078) <0.001
Ear*Frequency -2.71 (1078) 0.007

TEOAE Suppression ~ Species + Frequency + Species*Ear + Frequency*Noise Level; R’ =
0.4705
Table 8.7 Linear mixed effects model for TEOAE suppression and species

Variable T-statistic (df) p-value
Species -2.68 (559) 0.007
Frequency -2.00 (559) 0.046
Species*Ear 2.76 (559) 0.006
Frequency*Noise Level 2.62 (559) 0.009
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Figure 8.4 Mean OAE suppression in macaques (black circles; awake:
filled, anesthetized: open) and in humans (green squares; awake). A, B,
C. DPOAE suppression as a function of /> frequency with the 40, 50, or
60 dB spectrum level contralateral elicitor. A’, B’, C’. TEOAE
suppression as a function of frequency with the 40, 50, or 60 dB
spectrum level contralateral elicitor. Error bars indicate + 1 standard
deviation from the mean.
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DPOAE and TEOAE suppression magnitudes were compared within-species from 1-
4kHz using linear mixed effects models. Humans and monkeys showed no significant difference
in DPOAE vs. TEOAE suppression across frequencies (all p-values > 0.05).

OAE suppression was also measured in anesthetized macaques. Consistent with previous
reports (Boyev et al., 2002; Chambers et al., 2012; Guitton et al., 2004; Valero et al., 2016),
OAE suppression was essentially absent under anesthesia across all stimulus conditions (Figure
8.4, open circles). State (awake vs. anesthetized) was one of the major contributing variables in
linear mixed effects models assessing differences in OAE suppression according to state, ear,

frequency, and noise level (Tables 8.8 and 8.9).

DPOAE Suppression ~ Ear + Noise Level + Ear*Noise Level + State*Frequency; R’ = 0.2215

Table 8.8 Linear mixed effects model for macaque DPOAE suppression and state

Variable T-statistic (df) p-value
Ear -2.44 (494) 0.015
Noise Level -2.33 (494) 0.020
Ear*Noise Level 2.29 (494) 0.022
State*Frequency -3.35 (494) 0.001

TEOAE Suppression ~ Noise Level + Noise Level*Frequency + State*Frequency +
State*Noise Level; R>=0.6633

Table 8.9 Linear mixed effects model for macaque TEOAE suppression and state

Variable T-statistic (df) p-value
Noise Level -4.55 (440) <0.001
Noise Level*Frequency 3.38 (440) <0.001
State*Frequency -4.38 (440) <0.001
State*Noise Level 4.24 (440) <0.001
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OAE suppression test-retest reliability was assessed as the absolute value of the
difference in OAE suppression across two separate test sessions. Average DPOAE and TEOAE
suppression test-retest values are plotted as a function of frequency in Figure 8.5. Across elicitor
levels and frequencies, TEOAE suppression test-retest was lower, with average values of 1.36
and 1.17 dB for macaques and humans, respectively. In comparison, average DPOAE
suppression test-retest was 1.89 and 1.77 dB for macaques and humans, respectively. The higher
test-retest values for DPOAE suppression were likely driven by poorer reliability in the lowest
and highest frequencies. The greater test-retest reliability of TEOAE suppression over DPOAE
suppression is consistent with previous reports in humans (Kumar et al., 2013), and may be
related to observations that DPOAE suppression is highly sensitive to minor changes in primary
tone frequencies and levels (Wagner et al., 2007). The fact that both DPOAE and TEOAE
suppression varies as a function of frequency suggests that TEOAE (but not DPOAE)
suppression at lower frequencies may be the most reliable MOCR metric (i.e. larger suppression

values and proportionally less test-retest variability).
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Figure 8.5 Mean OAE suppression test-retest reliability (absolute value
(suppressiontest — suppressionretest)) in macaques (black) and humans
(green). A. DPOAE suppression test-retest reliability as a function of /2
frequency with a 40 (circles), 50 (triangles), or 60 (squares) dB spectrum
level contralateral elicitor. B. Same as A, but for TEOAE suppression
test-retest reliability.

8.3.3 Middle ear muscle reflexes in humans

Wide-band middle ear muscle reflexes (WB-MEMRs) were measured in humans by
assessing the change in click intensity evoked by an interleaved ipsilateral noise elicitor.
Exemplar MEMRs from two human subjects are shown in Figure 8.6A & A’. Change in click
level measured in the ear canal (A absorbed power) is plotted as a function of frequency for each

of the elicitor levels. As elicitor level increased, the change in absorbed power also increased.
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The absolute value of the change in absorbed power between 500-2000 Hz was summed and

plotted as a function of elicitor level in Figure 8.6B. The level at which this function exceeded

0.1 dB was defined as the MEMR threshold. Figure 8.6C shows the mean MEMR threshold for
humans (85.1 dB SPL; n = 18 ears). The distribution of MEMR thresholds revealed a wide range
of values (73-99 dB SPL) that appeared to cluster in two groups. MEMR thresholds did not

differ significantly according to sex or ear laterality (p-values > 0.05).

Unfortunately, the WB-MEMR assay was not developed in time to measure responses

from macaques before noise exposure. Normative WB-MEMR measurements from a separate

cohort of control macaques is pending. Post-exposure data are discussed in Section 8.3.6.
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Figure 8.6 A,A’. Exemplar MEMR spectra from two female human subjects across
elicitor levels. B. Change in absorbed power between 0.5-2kHz as a function of elicitor
level. Functions are derived from the data in A and A’. Dashed line indicates the
threshold cutoff value of 0.1 dB. C. Mean MEMR thresholds for humans (square; n =
18 ears). Error bars indicate = 1 standard deviation from the mean. Individual data
(stars) are also plotted to show the distribution of MEMR thresholds.

8.3.4 Otoacoustic emissions in macaques following noise exposure

We measured DPOAE amplitudes and thresholds in macaques following noise exposure

intended to cause SYN to monitor OHC function. We elected to use DPOAE:s since they are a

routine component of clinical audiology assessments. Additionally, the larger amplitudes of
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DPOAE:s increase the sensitivity of DPOAE testing to subtle changes in OHC function compared
to smaller amplitude TEOAEs.

Figure 8.7A shows DPOAE amplitudes as a function of /> frequency before exposure and
immediately, 2 months, and 9-10 months post-exposure. DPOAE amplitudes were significantly
reduced immediately following noise exposure, but recovered to pre-exposure amplitudes by 2
months post-exposure and were stable or increased (positive 7-statistic) at 9-10 months post-
exposure (Table 8.10). DPOAE thresholds followed a similar trend (Figure 8.7B): thresholds
were elevated immediately after exposure, returned to pre-exposure values or improved slightly
(negative T-statistic) by 2 months post-exposure, and were stable or improved at 9-10 months
post-exposure (Table 8.11). These apparent improvements in DPOAE amplitudes and thresholds
at 9-10 months post-exposure may be due to sampling, as not all subjects have reached this time

point yet. Noise floors were consistent across testing time points.
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Figure 8.7 Mean macaque DPOAE amplitudes and thresholds before and after noise exposure. A. DPOAE
amplitude as a function of /> frequency before noise exposure (black) and immediately (open red), 2 months
(filled red), and 9-10 months (dark red) post-exposure. B. Same as A, except DPOAE threshold as a function of
f2 frequency. C. DPOAE amplitude as a function of f2 frequency measured in awake macaques 1 day (open red),
1 week (filled red), or 1 month (dark red) post-exposure. D. Same as A, except DPOAEs were measured using a
high frequency system (1-32 kHz; note the x-axis).
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Table 8.10 Linear mixed effects models for macaque DPOAE amplitudes before and after noise

exposure

Post-Exposure | R-squared Variable T-statistic (df) | p-value

Time Point

Immediate 0.54 Exposure -12.98 (1992) <0.000
Frequency 18.87 (1992) <0.000
Exposure*Frequency -16.14 (1992) <0.000

2 Months 0.44 Frequency 14.56 (1959) <0.000

9-10 Months 0.47 Exposure 7.30 (1408) <0.000
Frequency 18.28 (1408) <0.000
Exposure*Frequency -1.53 (1408) <0.000

Table 8.11 Linear mixed effects models for macaque DPOAE thresholds before and after noise

exposure

Post-Exposure | R-squared Variable T-statistic (df) | p-value

Time Point

Immediate 0.52 Exposure 15.67 (1796) <0.000
Frequency -13.90 (1796) <0.000
Exposure*Frequency 9.10 (1796) <0.000

2 Months 0.29 Exposure -3.26 (1809) 0.001
Frequency -10.64 (1809) <0.000

9-10 Months 0.33 Exposure -7.92 (1215) <0.000
Frequency -12.886 (1215) | <0.000
Exposure*Frequency -3.50 (1215) <0.000

In some macaques, DPOAEs were also measured while subjects were awake and head-
fixed at 1 day, 1 week, and 1 month post-exposure to assess the time course of recovery from
noise-induced temporary threshold shifts (Figure 8.7C). DPOAE amplitudes were significantly
smaller at 1 day post-exposure, but similar at 1 week and 1 month post-exposure (see statistics in

Table 8.12), suggesting recovery of outer hair cell function within 1 week.
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Table 8.12 Linear mixed effects models for awake macaque DPOAE amplitudes before exposure

and at early post-exposure times

Post-Exposure | R-squared Variable T-statistic (df) | p-value

Time Point

Immediate 0.56 Exposure -13.26 (311) <0.000
Frequency -5.39 (311) <0.000
Exposure*Frequency 7.13 (311) <0.000

2 Months 0.10 none

9-10 Months 0.23 none

Additionally, high frequency DPOAEs were obtained in some subjects before and after
noise exposure. High frequency DPOAESs provide information about OHC function through the
extreme base (hook region) of the cochlea, which can be affected in noise exposures (Hawkins et
al., 1976; Liberman et al., 2015; Liberman & Kiang, 1978). Similar changes in DPOAE
amplitude were observed using this apparatus (Figure 8.7D), with significant reductions at
frequencies near the noise exposure band immediately following exposure, but normal

amplitudes at 2 and 9-10 months post-exposure (Table 8.13).

Table 8.13 Linear mixed effects models for macaque high frequency DPOAE amplitudes before

and after noise exposure

Post-Exposure R-squared | Variable T-statistic (df) | p-value

Time Point

1 Day vs. 1 Week 0.43 Exposure 4.73 (696) <0.000
Frequency 3.59 (696) <0.000

1 Week vs. 1 Month | 0.46 Frequency 4.13 (692) <0.000

As a component of post-exposure TEOAE suppression testing (see next section),
TEOAEs were measured monthly in noise-exposed macaques (data not shown). Similar to
DPOAEs, TEOAE amplitudes were not different from pre-exposure values at 1 week, 1 month,
or 2 months post-exposure (all p-values > 0.05), although sex differences persisted (1 week: #(df)
2.37(92) =, p=0.020; 1 month: #«(df) = 3.11 (92), p = 0.003; 2 months: #(df) =2.28 (92), p =
0.025).
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8.3.5 Medial olivocochlear reflex in macaques following noise exposure

TEOAE suppression was measured monthly in macaques following noise exposure
intended to cause SYN in order to probe changes in MOCR strength. We elected to use TEOAEs
due to the similar TEOAE amplitudes among macaques and humans, and the better TEOAE
suppression test-retest reliability over DPOAE suppression. These factors increase the likelihood
of successful translation of this candidate biomarker to human populations at risk for SYN.

TEOAE suppression was monitored monthly in macaques following noise exposure.
Figure 8.8 illustrates mean TEOAE suppression as a function of post-exposure time at various
frequency components (each panel). Data were combined across contralateral noise elicitors, due
to similar trends across levels. Repeated measures ANOVAs were used to make comparisons
between pre-exposure suppression values and each post-exposure time point. TEOAE
suppression was weaker in the low frequencies at 1 and 2 months post-exposure (Table 8.14).
Suppression was also reduced in the mid-frequencies at 4 months post-exposure. There were no

changes in TEOAE suppression beyond 4 months post-exposure at any frequency component.

Table 8.14 Repeated measures ANOVA comparing macaque TEOAE suppression before and

after noise exposure

Frequency (kHz) | Post-Exposure Time Point | p-value
1 1 Month 0.003*

2 Months 0.002*
1.5 2 Months 0.000*
2 1 Month 0.001*

2 Months 0.001*

4 Months 0.002*
3 4 Months <0.000*
4 none

*significant after Bonferroni correction to p = 0.005
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Figure 8.8 Mean macaque TEOAE suppression as a function of post-
exposure time. Data are combined across 40, 50, and 60 dB
contralateral noise elicitors. Each panel represents a different TEOAE
frequency component. Color indicates number of ears: black = 10; dark
gray open = §; gray filled = 6; light gray open = 4. Dashed lines
illustrate 0 dB suppression. Pre. = pre-exposure. Asterisks (*) indicate
statistically significant differences compared to pre-exposure (see
Table 8.14).
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8.3.6 Middle ear muscle reflexes in macaques following noise exposure

WB-MEMRs were measured in awake macaques following noise exposure intended to
cause SYN. Exemplar MEMRs from Monkey Pi (9 months post-exposure) and Monkey Da (3.5
months post-exposure) are shown in Figure 8.9A & A’. Compared to the human MEMR traces in
Figure 8.6A & A’, both monkeys showed attenuated responses. This difference is further
illustrated in Figure 8.9B, which shows A absorbed power as a function of elicitor level for the
same noise-exposed macaques (red) compared to humans (green).

WB-MEMRs were also measured in two noise-exposed macaques under isoflurane
anesthesia. Awake and anesthetized MEMR functions from Monkey Pi left ear are shown for
direct comparison in Figure 8.9B. No measurable MEMR responses were obtained under

anesthesia (n = 4 ears; data not shown).
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Figure 8.9 A,A’. Exemplar MEMR spectra from two awake, noise-exposed macaques
across elicitor levels. B. Change in absorbed power between 0.5-2kHz as a function of
elicitor level. Red functions are derived from the data in A and A’. Green functions are
replotted from human data in Figure 6B. One function from an anesthetized subject
(open red circles) is shown for comparison. Dashed line indicates the threshold cutoff
value of 0.1 dB. C. Mean MEMR thresholds for humans (green square; n = 18 ears)
and noise-exposed monkeys (red circle; n = 8 ears). Error bars indicate + 1 standard
deviation from the mean. Individual data (symbols) are also plotted to show the
distribution of MEMR thresholds for each group.
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Figure 8.9C shows mean MEMR thresholds for awake, noise-exposed macaques (101.4
dB SPL; n = 8 ears; red) to the re-plotted human data from Figure 8.6C (green). Monkeys were 3
(Da, diamonds), 5 (Is, triangles), 8 (Lu, stars), and 9 months (P1i, circles) post-exposure at the
time of testing. Noise-exposed macaque MEMR thresholds were significantly higher than the
human MEMR thresholds (#(df) = 4.86 (24), p < 0.001); there were no significant effects of sex
or ear laterality (p-values > 0.05). Due to the small size of this preliminary dataset, analyses of

MEMR threshold as a function of post-exposure time were not pursued.

8.4 DISCUSSION

Here, we expanded on previous work describing normal auditory function in rhesus
macaques with large datasets of DPOAEs and TEOAEs, DPOAE and TEOAE suppression, and
WB-MEMRs. We also compared these normative macaque data to measurements in young
normal hearing humans using the same stimuli and apparatuses for direct species comparisons.
Finally, we measured TEOAE suppression and WB-MEMRs in macaques following noise
exposure intended to cause SYN to evaluate noise-induced changes in auditory efferent function.
Although it is difficult to tease apart the relative contributions of the MEMR and MOCR in some
physiological assays and species (Marks & Siegel, 2017; Valero et al., 2018; Xu et al., 2017),
these measures still represent candidate biomarkers of SYN agnostic to the specific driving
mechanism.
8.4.1 Otoacoustic emissions in macaques and humans

Evoked otoacoustic emissions arise from two different mechanisms: linear reflection
components (TEOAEs) and nonlinear distortion components (DPOAESs) (Shera & Guinan,
1999). Macaques are known to have robust DPOAEs and TEOAEs (Lasky et al., 1995;
McFadden et al., 2006; Park et al., 1995) that decline with age (Fowler et al., 2010; Torre et al.,
2004) and following experimental manipulations such as noise exposure (Hauser et al., 2018;
Valero et al., 2017). The macaque DPOAE and TEOAE amplitudes reported here are consistent
with previous reports (Lasky et al., 1995; McFadden et al., 2006; Park et al., 1995). We confirm
previous work that shows larger DPOAE amplitudes in macaques than humans except at low
frequencies (Lasky et al., 2000; Lasky et al., 1995- compare our Figure 8.2A with their Figure 1)
and little or no sex differences in DPOAE amplitudes for macaques (McFadden et al., 2006) and
humans (Dhar et al., 1998; McFadden et al., 2009; Moulin et al., 1993). In contrast, TEOAE
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amplitudes are similar in macaques and humans, as previously reported (McFadden et al. 2006;
but see Lasky et al. 2000). TEOAE amplitudes are larger in females of both species and show
small species-specific ear differences (left > right in macaques, right > left in humans; McFadden
et al., 2009; McFadden & Pasanen, 1998; McFadden et al., 2006). Of note, our macaque OAE
data were collected throughout the year, and thus do not account for seasonal changes in
hormone levels (McFadden et al., 2006).

Consistent with prior reports, macaque DPOAE amplitudes were larger than TEOAE
amplitudes at corresponding frequencies (Lasky et al., 2000). In contrast, human DPOAE
amplitudes were similar or slightly smaller than TEOAE amplitudes in this study (Figure 8.2)
and in Gorga et al. (1993), but the opposite in McFadden et al. (2009). Differences across studies
and species could be impacted by click and primary tone levels or the proportion of males and
females. (Note: Our macaque TEOAE data have a larger proportion of females than the DPOAE
data). Alternatively, differences in DPOAE vs. TEOAE measures in macaques and humans may
reflect species differences in cochlear reflection and distortion mechanisms.

Following resolution of noise-induced temporary threshold shifts, macaques showed
stable or improved DPOAE and TEOAE amplitudes and DPOAE thresholds, consistent with
other animal models of noise-induced SYN (Bharadwaj et al., 2021; Kujawa & Liberman, 2009;
Lin et al., 2011). Intact OAEs and only minimal loss of OHCs (Chapter 7, Figure 7.2A) indicate
isolated synaptopathic damage with our noise exposure, minimizing confounds of hair cell
damage in the interpretation of our physiological and behavioral findings.

8.4.2 Medial olivocochlear reflex: Species differences and effect of noise exposure

OAE suppression is a simple, non-invasive measure of MOCR efferent strength.
Normative characterization is essential because OAE suppression varies extensively across
species and measurement methods. This study provides the first report of OAE suppression in
macaques. Awake macaques showed robust contralateral suppression of DPOAEs and TEOAEs
across frequencies, which increased with increasing noise elicitor level (Hood et al., 1996).
Macaques exhibited similar magnitudes of TEOAE and DPOAE suppression (TEOAE: mean =
2.76 dB, range = 1.4-4.64 dB; DPOAE: mean = 1.77 dB, range = 0.40-5.25 dB).

Previous reports of human contralateral OAE suppression range from 0.5-2 dB for
TEOAESs (Berlin et al., 1995; Collet et al., 1992; Keppler et al., 2010; Mertes & Leek, 2016;
Stuart & Daughtrey, 2016; Veuillet et al., 2001) and 0.5-2.25 dB for DPOAEs (Abdala et al.,
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2014; Kim et al., 2002; Kumar et al., 2013; Wagner et al., 2007; Wicher & Moore, 2014). Here,
we observed similar magnitudes of OAE suppression in humans (TEOAE: mean = 1.34 dB,
range = 0.30 — 2.86 dB; DPOAE: mean = 1.06 dB, range = -0.38 — 2.34 dB). Macaque
contralateral OAE suppression is significantly stronger than human suppression, as demonstrated
by our direct within-study comparison and comparison to previous reports.

It is difficult to compare our data with OAE suppression measured in other animals, as
most studies utilize low dose anesthesia to immobilize subjects during testing. This is
problematic because anesthesia is known to attenuate the MOCR (see Figure 8.5; also Boyev et
al., 2002; Chambers et al., 2012; Guitton et al., 2004; Valero et al., 2016). Awake DPOAE
suppression by contralateral noise has been reported in single studies of mice (Chambers et al.,
2012) and guinea pigs (Guitton et al., 2004), with suppression values of 6-14 dB and 5-6 dB,
respectively. Taken together with the present macaque and human data, OAE suppression
magnitude seems to mimic MOC innervation density: mice have dense MOC innervation and
large DPOAE suppression, whereas humans have sparse MOC innervation and little DPOAE
suppression, and guinea pigs and macaques lie in between (Liberman & Liberman, 2019).

Although OAE suppression is often attributed to the MOCR, contributions from the
MEMR are known to occur for some species including mice (Valero et al., 2016), rabbits
(Whitehead et al., 1991), and humans (Mertes, 2020), and vary with stimulus level and anesthetic
state. We were not able to include experimental manipulations (e.g. nerve sectioning, chemical
blocks, genetic modifications) or time-course analyses (Marks & Siegel, 2017; Xu et al., 2017) to
isolate MEMR vs. MOCR responses. However, the noise-exposed macaque ipsilateral MEMR
thresholds were approximately 94 dB SPL or greater, which exceeds or matches the three levels
of contralateral noise used in the OAE suppression testing. Although ipsilateral and contralateral
MEMR thresholds may not be symmetric, contralateral MEMR thresholds tend to be higher than
ipsilateral (Borg & Moller, 1968; Fria et al., 1975; Guinan & McCue, 1987; Higson, Stephenson,
et al., 1996; Kobler et al., 1992; Moller, 1962), suggesting minimal MEMR contributions to the
measured OAE suppression. Pending MEMR data from unexposed macaques will be more
informative for assessing MEMR contributions to OAE suppression in normal hearing monkeys.

Prior to changes in hearing sensitivity or outer hair cell function, the MOCR decreases
with age in humans (Abdala et al., 2000; Kim et al., 2002) and rodents (Jacobson et al., 2003;

Zhu et al., 2007), which mimics age-related decreases in MOC innervation prior to loss of OHCs
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in humans (Liberman & Liberman, 2019) and rodents (Fu et al., 2010; Radtke-Schuller et al.,
2015). The MOCR is also absent in individuals with auditory neuropathy (Abdala et al., 2000;
Berlin, Hood, Cecola, et al., 1993; Hood et al., 2003), who have intact OHC function but grossly
abnormal auditory nerve function (Moser & Starr, 2016; Starr et al., 1996). In mouse models of
age-related and noise-induced SYN, MOC innervation density is reduced (Boero et al., 2018;
Boero et al., 2020; Qian et al., 2021). Contrary to our predictions and these lines of evidence
from the literature, we did not observe permanent changes in macaque MOCR strength as
measured by contralateral suppression of TEOAEs. TEOAE suppression was reduced at 1-4
months post-exposure, but not at later post-exposure times. Differential explanations of this
finding include: 1) the time course of synapse loss and recovery parallels the temporal dynamics
of the MOCR, 2) central auditory system compensatory changes enhance top-down MOCR
inputs, therefore cancelling out changes in afferent drive (Knudson et al., 2014), or 3) alternative
MOCR assays may be more sensitive to SYN that contralateral TEOAE suppression. However,
the lack of permanent changes in OAE suppression mimics the lack of change in MOC
innervation density at late post-exposure times (Chapter 7, Figure 7.8A).

In future investigations of the MOCR and SYN, MOCR measurements could be
optimized by 1) using elicitor levels known to fall below MEMR thresholds, 2) using binaural
noise elicitors, which are known to elicit stronger MOCR magnitudes (Berlin et al., 1995), or 3)
using compound action potential MOCR measures, which also result in larger MOCR
magnitudes (Puria et al., 1996). Careful attention to contributions from MEMR vs. MOCR will
help specify the site of lesion in SYN pathology. Refined MOCR methodology may reveal subtle
permanent changes in MOC function that were not captured in this study. Of note, OAE-MOCR
measures provide a faster and less invasive option than ABR-MOCR measures, especially for
testing in animals or humans that would not tolerate extended ABR testing. [f ABR-MOCR
assays are pursued, results must be interpreted intelligently, as changes in afferent drive will also

affect ABR responses.

8.4.3 Middle ear muscle reflex: Measurement and species differences, effect of noise
exposure
MEMRs can be measured in a variety of ways, including ipsilateral vs. contralateral

stimulation, tone vs. noise elicitors, and single frequency vs. wideband probes, resulting in a
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range of threshold estimates and complicating comparisons across studies (Schairer et al., 2013).
For example, MEMR thresholds are typically lower for ipsilateral elicitors (Wiley et al., 1987),
noise elicitors (Margolis et al., 1980; Silman et al., 1978), and wideband probes (Feeney et al.,
2017).

Few studies have reported MEMRSs in nonhuman primates. In a single prior study of
macaque MEMRSs, an ipsilateral probe tone (220 Hz) was presented with ipsilateral pure tone
elicitors (Mangham et al., 1982). MEMR thresholds were approximately 85 dB SPL for 0.5, 1,
and 2 kHz, and just over 100 dB SPL for 4 kHz. Contralateral pure-tone MEMR thresholds in
squirrel monkeys (probe = 1200 Hz) were similar (80-100 dB SPL, although with higher
thresholds for low than high frequency tones), and contralateral broadband noise MEMR
thresholds were approximately 80 dB SPL (Jerger et al., 1978a). Importantly, Mangham et al.
(1982) found comparable MEMR thresholds in macaques and humans measured under identical
conditions.

MEMRs are routinely measured in the audiology clinic using a probe tone and ipsilateral
or contralateral tone or noise elicitors. Under these clinical testing parameters, human MEMR
thresholds to broadband noise are typically 65-75 dB SPL (Dallos, 1964; Margolis et al., 1980;
Silverman et al., 1983; Wiley et al., 1987; Wilson & McBride, 1978), with lower thresholds for
ipsilateral than contralateral noise, although with considerable inter-subject variability
(thresholds range from 55-95 dB SPL; Feeney et al., 2017; Wiley et al., 1987).

In this study, we used a wideband MEMR (WB-MEMR) that assesses changes in ear
canal pressure across frequencies (Bharadwaj et al., 2021; Keefe et al., 2017). These wideband
measures may result in lower MEMR threshold estimates than clinical MEMR paradigms using
pure-tone probes (Feeney et al., 2017). Previous reports of ipsilateral WB-MEMR thresholds to
broadband noise range from 65-70 dB SPL in humans (Bharadwaj et al., 2021; Feeney et al.,
2017; Keefe et al., 2017) and 73 dB SPL in chinchillas (Bharadwaj et al., 2021); contralateral
thresholds range from 77 dB SPL in humans (Bramhall et al., 2022) to 80 dB SPL in mice
(Valero et al., 2018).

Macaques and humans exhibited band-pass absorbance functions, with peak changes in
admittance between 500-2000 Hz and considerable variability in the peak of this function across
subjects (Bharadwaj et al., 2021; Feeney et al., 2017). These functions mimic the tuning
characteristics of stapedius motoneurons (Kobler et al., 1992). Mean human WB-MEMR
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thresholds were 85 dB SPL and ranged from 73 to 99 dB SPL. This higher mean and large
variability is intriguing, given the small sample size and small age range of the participants (20-
30 years). Though individual studies of human WB-MEMRs do not show this extensive range of
thresholds, this variability becomes apparent when comparing across studies (Feeney et al.,
2017; Wiley et al., 1987). Pending data from normal hearing macaques will provide an
interesting species comparison and could help elucidate the source of this variability (e.g.
MEMR apparatus vs. subject sample).

MEMRs show variable sensitivity to sensorineural hearing loss, but generally decrease in
amplitude and increase in threshold with more than a mild hearing loss (Jerger et al., 1978b;
Letien & Bess, 1975; Lindgren et al., 1983; Margolis, 1993; Silman et al., 1978). Patients with
auditory neuropathy consistently show elevated or absent MEMRs (Berlin et al., 2005). It
follows that MEMRs may be sensitive to SYN (Bharadwaj et al., 2019; Bramhall et al., 2019), as
the MEMR is seemingly uncoupled from audiometric hearing and more representative of neural
function (Hickox et al., 2017). Indeed, animal studies show higher WB-MEMR thresholds and
smaller WB-MEMR amplitudes in mice and chinchillas with histologically-verified SYN
(Bharadwaj et al., 2021; Valero et al., 2016; Valero et al., 2018). Our noise-exposed macaques
followed this trend, showing significantly elevated (n = 5 ears) or absent (n = 3) WB-MEMR
thresholds compared to normal hearing humans. Although this is not an ideal comparison, such a
stark difference in responses suggests impaired MEMR function in our macaques following
noise exposure. Interestingly, our macaque WB-MEMR thresholds did not seem to vary with
post-exposure time. This contrasts with our histological data that suggest recovery of SYN
(Chapter 7). Though both the MEMR and histology datasets are preliminary, these findings
could suggest persistent physiological changes despite recovery of inner hair cell ribbon counts.
In the future, within-subject comparisons of MEMRs should be made before and after noise
exposure, monitored over time, and coupled with cochlear histology to better assess the
relationship between SYN dynamics and MEMR function.

In contrast to the consistent findings in animal research, studies of the MEMR in humans
at risk for SYN (e.g. normal hearing sensitivity + older age, tinnitus, history of noise exposure,
or reported hearing difficulties) show mixed findings. Clinical noise-elicited MEMR thresholds
are higher in older adults with normal hearing compared to young adults, but this is not the case

for tone-elicited MEMRs (Gelfand & Piper, 1981; Silman, 1979; Silverman et al., 1983). More
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recently, studies using noise-elicited ipsilateral and contralateral WB-MEMRs show an
association between greater SYN risk and higher MEMR thresholds or lower amplitudes
(Bharadwaj et al., 2021; Brambhall et al., 2022; Mepani et al., 2020; Shehorn et al., 2020;
Wojtczak et al., 2017). However, some studies using noise and tone elicitors of clinical MEMRs
did not observe this same association (Causon et al., 2020; Guest et al., 2019; Higson, Morgan, et
al., 1996). It is possible that the subjects did indeed have SYN, given the wide range of MEMR
thresholds reported, but that the risk metrics were not predictive of inner ear status. Our
participants also showed considerable variability in WB-MEMR thresholds, which could indicate
underlying differences in cochlear integrity. Inter-subject variability in MEMR function may be
intrinsic or related to risk factors that are unknown or difficult to quantify. Alternatively, noise-
elicited WB-MEMRs may be a more sensitive biomarker of SYN than MEMRs measured with
probe tones (Bharadwaj et al., 2019; Bramhall et al., 2019). Overall, our human and noise-
exposed macaque MEMR data preliminarily support the utility of the WB-MEMR in the
diagnosis of SYN.
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CHAPTER 9

Auditory brainstem responses to masked clicks in macaque monkeys following noise

exposure intended to cause cochlear synaptopathy

9.1 INTRODUCTION

Cochlear synaptopathy (SYN) is an inner ear pathology characterized by the selective
loss of inner hair cell ribbon synapses, resulting in deafferentation of the auditory system and
eventual degeneration of afferent auditory nerve fibers (Kujawa & Liberman, 2006, 2009). Some
research has suggested that SYN leads to a preferential loss of auditory nerve fibers with low
spontaneous firing rates and high sound-evoked thresholds (Furman et al., 2013; Liberman et al.,
2015; Schmiedt et al., 1996; but see Suthakar & Liberman, 2021), which are more resistant to
masking by background noise (Costalupes, 1985) and may be important for encoding signals in
noisy environments (Bharadwaj et al., 2015; Bharadwaj et al., 2014). Because hair cells remain
intact and only a small number of nerve fibers are needed to maintain hearing sensitivity, SYN
has been described as “hidden hearing loss” as it is not readily identified using standard clinical
audiometric approaches but may lead to poor signal encoding in noise (Schaette & McAlpine,
2011).

Due to the “hidden” nature of SYN, significant efforts have been made over the past
decade to identify diagnostic biomarkers that are sensitive and specific to this subclinical
pathology. Physiological assays that are designed to reveal responses from high threshold
neurons may be of particular utility (Bharadwaj et al., 2019; Bharadwaj et al., 2014; Brambhall et
al., 2019). In rodents, Wave I of the auditory brainstem response (ABR) can reliably predict the
location and extent of synapse loss. Although ABR thresholds are unchanged, Wave I amplitudes
are reduced at suprathreshold levels for stimuli within the region of synapse loss (Kujawa &
Liberman, 2009). This change may reflect the loss of high threshold neurons that contribute to
evoked potential responses at high stimulus levels (but see Bourien et al., 2014). This metric has
shown mixed results in humans at risk for SYN. In some human studies, reduced Wave I
amplitudes correlate with greater SYN risk or poorer performance on speech-in-noise tests
(Bramhall et al., 2017; Burkard & Sims, 2002; Grant et al., 2020; Liberman et al., 2016; Ridley
et al., 2018; Schaette & McAlpine, 2011; Skoe & Tufts, 2018; Suresh & Krishnan, 2020), but not

196



in others (Fulbright et al., 2017; Grinn et al., 2017; Guest et al., 2018; Prendergast et al., 2019;
Spankovich et al., 2017). Additional ABR metrics, such as the SP/AP ratio and Wave V/I or IV/I
ratios, have also shown mixed results (Bharadwaj et al., 2021; Liberman et al., 2016; Mepani et
al., 2020; Suresh & Krishnan, 2020), suggesting that the ABR may not be the most sensitive
biomarker for SYN in humans. In this vein, alternative physiological biomarkers, such as the
middle-ear muscle reflex (see Chapter 8) and envelope following response (Bharadwaj et al.,
2015; Bramhall et al., 2021; Keshishzadeh et al., 2020; Paul et al., 2017; Race et al., 2017;
Shaheen et al., 2015; Vasilkov et al., 2021; Verhulst et al., 2018) (but see Chen et al., 2019;
Prendergast et al., 2019), have shown more consistent sensitivity to SYN across rodents and
humans.

Our laboratory previously established normative ABR responses in macaque monkeys
(Stahl et al. submitted). Like humans (Prendergast et al., 2018), monkeys have small ABR Wave
I amplitudes, likely due to larger head size and greater distance between surface electrodes and
the auditory nerve compared to rodents. Preliminary data from noise-exposed macaques showed
small and variable effects of noise exposure on ABR amplitudes, consistent with a species-
dimorphic sensitivity of this metric. In an effort to exhaust the diagnostic possibilities of the
ABR, which is already available in the clinic and thus is readily implementable, we expanded
our post-exposure ABR dataset and pursued ABR paradigms that utilize masking noise. Masked
ABRs are designed to saturate low threshold neurons and therefore isolate responses from high
threshold neurons, which may be preferentially lost with SYN (Furman et al., 2013; Liberman et
al., 2015; Schmiedt et al., 1996; but see Suthakar & Liberman, 2021). Of note, there is debate
about the extent to which suprathreshold or masked ABRs actually represent the response of high
threshold neurons, as opposed to the robust contributions from low threshold neurons (Bourien et
al., 2014; Verhulst et al., 2018).

Masking paradigms have been described since nearly the beginning of evoked potential
studies (e.g. Dewson, 1967), using both ipsilateral (e.g. Burkard & Hecox 1983a,b, 1987a,b;
Owen & Burkard 1991) and contralateral noise (e.g. Humes & Ochs 1982, Rosenhamer &
Holmkvist 1983, Reid et al. 1984; Hatanaka et al. 1990). The addition of ipsilateral masking
reduces wave amplitudes and increases wave latencies due to a reduced number of neural
components responding to the stimulus, disrupted neural synchrony, and longer latencies of high

threshold neurons (Beattie et al., 1994; Boezeman et al., 1983; Burkard & Hecox, 1983). In the
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presence of SYN, masked ABR amplitudes may be significantly reduced due to loss of auditory
nerve fibers and therefore an even smaller pool of neurons available to respond (Burkard &
Sims, 2002; Giraudet et al., 2021). Masked ABR latencies may also be affected by SYN
(Burkard & Sims, 2002; Mehraei et al., 2016), but predictions regarding the direction of change
are dependent upon the population of neurons lost (i.e. short vs. long onset latency, one type or
multiple types and in what proportion).

There is a small but mixed literature on the effects of subclinical hearing loss on masked
ABR responses in both animal models and humans at risk for SYN. Rodent studies globally
indicate sensitivity of masked ABR metrics for identifying subclinical hearing pathologies.
Compared to young gerbils, older gerbils with near-normal ABR thresholds in quiet showed
higher ABR thresholds to signals in low-pass noise, suggesting excessive upward spread of
masking (Boettcher et al., 1995). Similar results were observed for on-frequency-masked evoked
potentials recorded in the inferior colliculus of aging chinchillas (McFadden et al., 1997). More
recently, Giraudet et al. (2021) showed significantly reduced or absent masked ABR Wave I
amplitudes in mice with histologically-verified noise-induced SYN compared to controls;
latencies were not reported for masked ABR conditions. In another set of experiments
investigating mice with SYN, Mehraei et al. (2016) focused on latency metrics from the more
easily identifiable ABR Wave IV (in rodents, Wave V in humans). Following noise exposure,
mice exhibited shallower latency by noise level slopes, which may be caused by loss of high
threshold auditory nerve fibers with delayed onset responses (Bourien et al., 2014).

In contrast, studies assessing masked ABRs in humans at risk for SYN (e.g. normal
hearing + history of noise exposure or older age) show mixed findings. Burkard and Sims (2002)
compared masked click ABRs in young and older adults with normal hearing sensitivity. Like
the animal studies described above, older normal hearing adults showed longer latencies and
smaller amplitudes for Waves I and V than young adults. However, older adults actually showed
enhanced ABR Wave I amplitudes in low level noise compared to in quiet, unlike the young
adults. In addition to the mouse data described above, Mehraei et al. (2016) found that human
click-evoked ABR Wave V latency shifts were correlated with performance on a psychophysical
temporal acuity task that may be predictive of SYN (envelope interaural time difference
threshold; Bharadwaj et al., 2015). A shallower Wave V latency shift was only weakly observed
in the older adult data from (Burkard & Sims, 2002). Suresh and Krishnan (2020) measured
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masked click ABRs in young adults with normal hearing and either little to no history of
recreational or occupational noise exposure (low-risk for SYN) or a minimum of 5 years
participating in marching band (high-risk for SYN). Similar to Burkard and Sims (2002), the
high-risk participants showed relatively smaller decreases in Wave I amplitude with the addition
of masking noise compared to the low-risk group, but no differences in Wave V amplitude
reductions with noise. In contrast to (Mehraei et al., 2016), the low- and high-risk groups did not
differ in noise-induced Wave V latency shifts. In sum, research suggests that SYN may cause an
increase or decrease in susceptibility to masking noise as evidenced by changes in masked ABR
amplitudes or latencies. These mixed findings could be due to i) differences in the masked ABR
stimulus parameters used (clicks vs. tonebursts; noise levels), ii) the chronicity of synapse loss
and central compensation, iii) the presence of comorbid inner ear pathologies in the different
populations studied (aging, noise-exposed), and/or iv) species differences in the manifestation of
SYN pathology.

In this study, we measured auditory brainstem responses to clicks in quiet and ipsilateral
broadband noise in nonhuman primates before and after noise exposure intended to cause SYN.
This report provides the first characterization of masked ABR responses in rhesus macaques,
which are phylogenetically similar to humans and serve as a translational bridge between rodent
and human research (Burton et al., 2019). We hypothesized that i) masked ABR wave
amplitudes would be reduced following noise exposure due to loss of high threshold neurons, ii)
masked ABR wave latencies would be increased following noise exposure due to longer latency
of the remaining fibers, and iii) masked ABR amplitudes would predict the extent of cochlear

synapse loss.

9.2 MATERIALS AND METHODS
9.2.1 Subjects

Eleven adult rhesus macaques (Macaca mulatta, 7-10 years old, four female) underwent
auditory brainstem response testing. Of these, nine subjects (four female) had testing completed
before and after noise exposure.
9.2.2 Auditory brainstem response (ABR) testing

ABRs were measured as described in the General Methods. In this set of experiments,

suprathreshold clicks (100us; 70, 80, 90 dB SPL) were presented in quiet or with continuous
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ipsilateral broadband noise (0.4-40kHz, 30-60 dB spectrum level in 5 dB steps). Clicks and noise
were analog summed using a SM5 Signal Mixer (Tucker-Davis Technologies). ABR Wave I, 11,
and IV amplitudes and latencies were visually identified for each stimulus and level in order to
derive input-output functions for each click level and noise level. Responses were considered
present if they were repeatable and larger than the recording noise floor (40 nV). ABR testing
was completed prior to noise exposure and at 2 months post-exposure. Details of the noise
exposure are described in the General Methods.
9.2.3 Statistical analyses

Statistical analyses were conducted using linear mixed effects models (“fitime”) in
MATLAB 2018a. The dependent variable in the models was ABR wave amplitude or latency.
Sex, ear laterality, click level, noise level, and noise exposure status were entered as fixed effects
into the model, while intercepts for individual subjects were entered as random effects. In all
cases p-values were obtained by likelihood ratio testing of the model with the effect in question
against the model without the effect in question. A significant p-value was defined as p < 0.05.
T-statistics are reported for each model, similar to the F-statistic that is often reported for such

models.

9.3 RESULTS

9.3.1 Auditory brainstem responses to unmasked and masked clicks in normal hearing

macaques
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addition of masking noise, with noticeable reductions in wave amplitudes and increases in wave
latencies.

Average ABR peak-to-peak amplitudes and peak latencies for Waves I, I, and IV in
response to unmasked clicks are shown in Figure 9.2 (filled circles) as a function of click level.
As click level increased, wave amplitudes increased (positive slope) and wave latencies
decreased (negative slope). Wave Il amplitudes were largest, followed by Wave IV and then
Wave 1. Mean click-evoked Wave I, II, and IV amplitudes and latencies are listed in Table 9.1 (n
= 20 ears). Linear mixed effects models for each wave amplitude and latency indicated a
significant effect of click level (Table 9.2). Wave II and IV amplitudes differed across sexes,
with significantly larger amplitudes for females than males, consistent with prior reports in
monkeys (Fowler et al., 2002) and humans (McFadden et al., 2021). There were no differences in
unmasked click ABR amplitudes or latencies according to ear laterality.

The addition of low level (30 dB spectrum level) masking noise reduced wave amplitudes
and increased wave latencies for all click levels and wave components (open circles, Figure 9.2).
Linear mixed effects models identified significant differences in Wave I and II amplitudes and
latencies according to click level, as well as Wave I amplitudes and Wave I and II latencies
according to sex (Table 9.3). There were no significant differences in Wave IV amplitudes or

latencies according to sex, ear laterality, or click level.

Table 9.1 Mean (standard deviation) ABR wave amplitudes (nV) and latencies (ms) to clicks in

quiet and in 30 dB spectrum level ipsilateral broadband noise.

Stimulus Wave I Wave 11 Wave IV

Amplitude Latency Amplitude Latency Amplitude Latency
90 dB SPL click | 283.34 (126.58) | 1.42(0.10) | 933.09 (239.15) | 2.46 (0.09) | 562.90 (343.50) | 4.13 (0.27)
+ 30 dB noise 89.70 (57.44) 1.54 (0.16) | 392.58 (152.97) | 2.76 (0.12) | 242.22(110.98) | 4.54 (0.30)
80 dB SPL click | 282.04 (120.49) | 1.52 (0.09) | 913.69 (268.95) | 2.57 (0.07) | 477.55(267.19) | 4.29 (0.22)
+ 30 dB noise 66.93 (42.90) 1.68 (0.09) | 251.06 (120.80) | 2.89 (0.13) | 196.20 (98.06) | 4.93 (0.35)
70 dB SPL click | 236.03 (95.86) 1.64 (0.09) | 815.67 (256.48) | 2.69 (0.06) | 465.65(267.00) | 4.39 (0.16)
+ 30 dB noise 23.84 (9.76) 1.88(0.14) | 104.05(50.71) | 3.13(0.31) | 138.71(83.68) | 5.18(0.41)
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Table 9.2 Linear mixed effects models for normative ABR wave amplitudes and latencies to

clicks in quiet.

ABR Component | R-squared Variable T-statistic (df) | p-value
Wave [ Amplitude | 0.81 Click Level 2.17 (54) 0.034
Wave I Latency 0.94 Click Level -4.94 (54) <0.000
Wave II Amplitude | 0.95 Click Level 4.25 (54) 0.001
Sex 3.83 (54) 0.000
Sex*Click Level | -4.98 (54) 0.018
Wave II Latency 0.93 Click Level -5.61 (54) <0.000
Wave IV 0.93 Sex*Click Level | 2.37 (54) 0.021
Amplitude
Wave IV Latency 0.67 Click Level -2.78 (54) 0.008

Table 9.3 Linear mixed effects models for normative ABR wave amplitudes and latencies to

clicks in 30 dB spectrum level ipsilateral broadband noise.

ABR Component | R-squared Variable T-statistic (df) | p-value

Wave I Amplitude 0.73 Sex 2.11 (48) 0.040
Click Level 4.65 (48) 0.000
Sex*Click Level | -2.46 (48) 0.018

Wave I Latency 0.69 Sex -2.59 (48) 0.013
Click Level -3.54 (48) 0.001
Sex*Click Level | 2.57 (48) 0.013

Wave II Amplitude | 0.85 Click Level 5.20 (52) 0.000

Wave II Latency 0.74 Sex 2.40 (52) 0.020
Sex*Click Level | -2.12 (52) 0.039

Wave IV 0.77 none

Amplitude

Wave IV Latency 0.79 none
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9.3.2 Auditory brainstem responses to unmasked clicks are unchanged following noise
exposure

Figure 9.3 shows input-output functions for suprathreshold clicks in quiet (filled
symbols) before (black) and after (red) noise exposure. Although there was still a significant
effect of click level on wave latencies, there was no significant effect of noise exposure on ABR
amplitude or latency for any wave component or click level (Table 9.4).
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Figure 9.3 Same as Figure 9.2, except showing group data (n = 18
ears) before (black) and after (red) noise exposure.
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Table 9.4 Linear mixed effects models of the effect of noise exposure on ABR wave amplitudes

and latencies to clicks in quiet.

ABR Component R-squared Variable T-statistic (df) | p-value
Wave I Amplitude 0.77 none

Wave I Latency 0.90 Click Level -4.41 (108) <0.000
Wave II Amplitude 0.76 none

Wave II Latency 0.88 Click Level -4.81 (108) <0.000
Wave IV Amplitude | 0.90 none

Wave IV Latency 0.65 Click Level -2.58 (108) 0.011

9.3.3 Auditory brainstem responses to masked clicks are unchanged following noise
exposure
9.3.3.1 Fixed noise level

Figure 9.3 also shows input-output functions for suprathreshold clicks in the presence of
30 dB spectrum level ipsilateral broadband noise (open symbols) pre- and post-exposure (black
and red, respectively). There was no significant effect of noise exposure on wave amplitudes or
latencies across all wave components and click levels (Table 9.5). These analyses were not
pursued for other noise levels, since ABRs to 70 dB SPL clicks with more than 30 dB spectrum
level noise were often absent or very small in amplitude. Because there was no interaction of
noise exposure status and click level, analyses of amplitude and latency slopes (as a function of

click level) were also not pursued.

Table 9.5 Linear mixed effects models of effect of noise exposure on ABR wave amplitudes and

latencies to clicks in 30 dB spectrum level ipsilateral broadband noise.

ABR Component | R-squared Variable T-statistic (df) | p-value

Wave I Amplitude 0.65 Click Level 2.442 (96) 0.016

Wave I Latency 0.71 Click Level -4.37 (96) <0.000

Wave II Amplitude | 0.72 Click Level 2.89 (104) 0.005

Wave II Latency 0.68 Sex 2.51 (104) 0.013
Sex*Click Level | -2.28 (104) 0.025

Wave IV 0.67 none

Amplitude

Wave IV Latency 0.39 none
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9.3.3.2 Fixed click level

Input-output functions were also derived for ABR responses to clicks at a fixed level (e.g.
90 dB SPL) as a function of noise level (30 to 60 dB spectrum level) as shown in Figure 9.4.
Surprisingly, Wave I, II, and IV amplitudes were significantly larger post-exposure, especially at
lower noise levels (Table 9.6). There was no significant effect of noise exposure on masked click
ABR wave latencies. Similar trends were observed for 80 and 70 dB SPL clicks (data not

shown).
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Figure 9.4 Mean (n = 18 ears) input-output functions for ABR Wave I, I, and IV
amplitudes and latencies to a 90 dB SPL click as a function of noise level (dB
spectrum level) before (black) and after (red) noise exposure. Q indicates response
to click in quiet for reference.
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Table 9.6 Linear mixed effects models of effect of noise exposure on ABR wave amplitudes and

latencies to 90 dB SPL clicks in ipsilateral broadband noise.

ABR Component R-squared Variable T-statistic (df) | p-value

Wave I Amplitude 0.53 Exposure 397 (113) <0.000
Exposure*Noise -3.49 (113) 0.001
Level

Wave I Latency 0.57 none

Wave II Amplitude 0.63 Exposure 4.03 (191) <0.000
Exposure*Noise -3.25(191) 0.001
Level

Wave II Latency 0.44 none

Wave IV Amplitude | 0.64 Exposure 2.68 (190) 0.008
Noise Level 2.60 (190) 0.010

Exposure*Noise -2.35 (190) 0.020
Level Sex*Noise | -5.90 (190) <0.000
Level

Wave IV Latency 0.26 Noise Level 2.02 (190) 0.045

In order to examine whether the relative reduction in wave amplitudes or latency shifts
was different from pre- to post-exposure, we normalized the masked ABR data within-subject to
the pre-exposure response in 30 dB spectrum level noise from the same click level. Wave
amplitude ratios (amplitudex / amplitudepre-exp 30 dB noise) and latency shifts (latencyx — latencypre-
exp 30 dB noise) are plotted as a function of noise level for each wave component in Figure 9.5. In
comparison to the raw data in Figure 9.4, this depiction emphasizes the increase in wave
amplitudes and relative stability of wave latencies on a within-subject level (Table 9.7), though
with considerable variability especially in Wave IV.

Previous studies observed changes in latency shift rates with noise level (e.g. Mehraei et
al. 2016). Given this and the interactions between exposure and noise level on raw masked ABR
wave amplitudes (Table 9.6), we also normalized the masked ABR data within-subject to the
response in 30 dB spectrum level noise from the same click level and same time point (pre- or
post-exposure). Wave amplitude ratios (amplitudex / amplitudeso 4B noise) and latency shifts
(latencyx — latencyso dB noise) are plotted as a function of noise level for each wave component in

Figure 9.6. There was no significant effect of noise exposure on the relative reduction of wave
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amplitudes or latency shifts when comparing pre- and post-exposure data (Table 9.8). Together
with the data in Figure 9.5, these findings suggest a constant increase in ABR wave amplitudes
independent of stimulus level or signal-to-noise ratio, as opposed to a change in amplitude

growth function slopes.
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Figure 9.5 Same as Figure 9.4, except amplitude and latency values are normalized
within-subject to the pre-exposure 90 dB SPL click in 30 dB noise response.
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Figure 9.6 Same as Figure 9.4 and 9.5, except amplitude and latency values are
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Table 9.7 Linear mixed effects models of effect of noise exposure on normalized (re: pre-
exposure click in 30 dB noise) ABR wave amplitudes and latencies to 90 dB SPL clicks in

ipsilateral broadband noise.

ABR Component R-squared Variable T-statistic p-value
(@

Wave I Amplitude 0.61 Exposure 2.60 (113) 0.010

Wave I Latency 0.24 none

Wave II Amplitude 0.51 Sex 2.40 (191) 0.017
Exposure 2.95(191) 0.004
Exposure*Noise Level | -2.11 (191) 0.036

Wave II Latency 0.22 none

Wave IV Amplitude | 0.46 Sex 3.28 (190) 0.001
Exposure 2.76 (190) 0.006
Sex*Noise Level -2.36 (190) 0.019
Exposure*Noise Level | -2.02 (190) 0.045

Wave IV Latency 0.34 Noise Level 2.24 (190) 0.027

Table 9.8 Linear mixed effects models of effect of noise exposure on normalized (re: click in 30
dB noise from same time point) ABR wave amplitudes and latencies to 90 dB SPL clicks in

ipsilateral broadband noise.

ABR Component R-squared Variable T-statistic (df) | p-value

Wave I Amplitude 0.63 Sex -2.51(113) 0.014
Noise Level -5.40 (113) <0.000
Sex*Noise Level | 3.21 (113) 0.002

Wave I Latency 0.13 none

Wave II Amplitude 0.76 Noise Level -6.55 (191) <0.000
Sex*Noise Level | 2.26 (191) 0.025

Wave II Latency 0.44 none

Wave IV Amplitude | 0.81 Noise Level -6.92 (190) <0.000

Wave IV Latency 0.42 Sex 2.04 (190) 0.043
Noise Level 4.47 (190) <0.000
Sex*Noise Level | -3.31 (190) 0.001
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9.4 DISCUSSION
9.4.1 Normative unmasked and masked click ABRs in macaque monkeys

In normal hearing macaques, ABR amplitudes increased and latencies decreased with
increasing click level. Wave II and IV amplitudes were larger for female than male monkeys
(Fowler et al., 2002) and this difference was quite large compared to humans (McFadden et al.,
2021). This may be due to a greater difference in head size across sexes in macaques than
humans.

Consistent with human studies (e.g. Beattie et al., 1994; Boezeman et al., 1983; Burkard
& Hecox, 1983), the addition of ipsilateral masking noise reduced ABR amplitudes and
increased latencies in macaques. There was a significant effect of sex on some masked ABR

components, but these effects were small compared to the effect of click level.

9.4.2 Effects of noise exposure on unmasked and masked click ABRs in macaque monkeys.

Across all conditions tested and metrics assessed, unmasked click ABRs were not
different in our macaque model of noise-induced SYN. These findings contrast a multitude of
research demonstrating significant reductions of suprathreshold ABR Wave I amplitudes
following noise-induced SYN in several rodent species (e.g. Bharadwaj et al., 2021; Furman et
al., 2013; Kujawa & Liberman, 2009; Lee et al., 2020; Lin et al., 2011).

Masked click ABR amplitudes significantly increased following noise exposure, but
without significant changes to wave latencies. Although these data are consistent with some
studies of humans at risk for SYN (Burkard & Sims, 2002; Suresh & Krishnan, 2020) and could
support the utility of masked ABR biomarkers for the clinical diagnosis of SYN, the findings
contrast previous rodent studies (Giraudet et al., 2021; Mehraei et al., 2016) that showed smaller
masked ABR amplitudes or increased masked ABR latencies. In the following sections, we
discuss potential explanations for the divergent observations in the present study.
9.4.2.1 Macaque model of SYN

The absence of reduced suprathreshold ABR Wave I amplitudes to clicks in quiet informs
the nature of our macaque model of SYN and highlights possible species differences in the
manifestation of SYN pathology. Unlike rodent models of SYN, which commonly exhibit 50%
ribbon loss (Bharadwaj et al., 2021; Kujawa & Liberman, 2009; Lin et al., 2011; Singer et al.,

2013), our macaque model may represent a mild phenotype with an average of 20-30% ribbon
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loss and a maximum of 40% loss only in some ears at 2 months post-exposure (Chapter 7, Figure
7.4A). It is possible that greater amounts of ribbon loss would lead to the expected
suprathreshold ABR amplitude reductions and different changes in masked ABR responses.
Additionally, the cochlear histological data in Chapter 7 and the ABR data presented here are
from different subjects; histological analyses of the subjects discussed in this chapter is ongoing.

The possibility of synaptic repair or regeneration in macaques (discussed in Chapter 7)
also complicates interpretation of the current data, as the precise time course of damage and
recovery is unknown. (Further, we do not yet have cochlear histology for the subjects included in
this Chapter.) The temporal dynamics of our macaque model of SYN afford the opportunity to
examine changes in SYN pathology over time, but also complicate comparison to acute SYN
models in rodents. One study in guinea pigs showed partial recovery of suprathreshold ABR
Wave I amplitudes through 1 month post-exposure (Song et al., 2016), and this recovery may be
nearly complete by 2 months post-exposure (Dan Tollin and colleagues, personal
communication). ABR amplitude recovery may be an index of the ribbon repair or regeneration
that is known to occur within 1-2 months in guinea pigs (Hickman et al., 2020, 2021; Shi et al.,
2015; Song et al., 2016).

Although unmasked ABR amplitudes are apparently unaffected in macaques at 2 months
post-exposure — when subjects are known to show reduced ribbon counts (Chapter 7, Figure
7.4A), we still observe changes in hearing abilities (Chapters 10 and 11). Perhaps low amounts
of (and possibly transient) auditory nerve fiber loss does not noticeably impact the small ABR
amplitudes of macaques. But this loss can still manifest as significant downstream changes in
central auditory system encoding and perceptual deficits due to divergent connections in the
ascending auditory pathway. Overall, our research emphasizes the importance of species
considerations when modeling auditory pathologies.
9.4.2.2 Mechanisms contributing to suprathreshold and masked ABRs and their alteration by
SYN

When interpreting findings from far-field electrophysiological assays, underlying
mechanisms must be considered. Evoked potentials represent summed synchronous activity of a
population of neurons. Higher sound levels recruit responses from a larger population of
neurons. The addition of masking noise may saturate the responses of low threshold neurons and

thus isolate responses from neurons that have high sound-evoked thresholds. A reduced neuronal
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population should result in smaller evoked potentials, as demonstrated in rodent models of SYN-
related deafferentation (e.g. Kujawa & Liberman, 2009). Preferential loss of high (or low)
threshold neurons may alter ABR wave latencies, due to differences in first spike latencies (Heil
& Peterson, 2015).

The stable unmasked ABR amplitudes reported here may indicate that not enough
neurons were lost or that the remaining neuron population was sufficient to produce the
suprathreshold and masked ABRs. This rationale is supported by reports that high threshold
neurons contribute little to suprathreshold ABRs (Bourien et al., 2014) or that SYN may result in
loss of both low and high threshold neurons (Suthakar & Liberman, 2021). Similarly, the
unchanged ABR latencies may indicate that the remaining neuron population had a preserved
proportion of low and high threshold neurons, thus maintaining the latency of the population
response.

More perplexing is the apparent increase in masked ABR wave amplitudes. The effect of
steady-state noise on auditory physiology combines mechanisms of saturation, adaptation (short,
long, dynamic range), suppression and inhibition, cross-channel processing, and more among
diverse populations of neurons within interacting auditory nuclei (Costalupes et al., 1984; Harris
& Dallos, 1979; Heil & Peterson, 2015; Sachs et al., 1983; Smith, 1979; Wen et al., 2009).
Identifying which mechanism is driving an observed effect is challenging if not impossible at the
gross electrophysiological level.

One candidate mechanistic explanation comes from a recent study, which found
enhanced onset responses in auditory nerve fibers of mice with noise-induced SYN (Suthakar &
Liberman, 2021). This contrasts previous studies that saw no change in onset responses (Furman
et al., 2013; Song et al., 2016), though species differences and the time course of synaptic
damage and repair muddy the comparison of these studies. However, enhanced onset encoding
following SYN may be a compensatory mechanism that could overcome neuronal loss and result
in “unchanged” — or reduced but compensated — or even larger ABR Wave I amplitudes in both
quiet and in noise.

The increase in masked ABR amplitudes supports our finding that tone detection
performance in steady-state noise does not change following noise exposure (Chapter 10, Figure

10.6). These findings converge to suggest that the total effect of steady-state broadband noise on

213



auditory function following such noise exposures may be minimal, but individual components

may change and compensate dynamically over time.

9.4.3 Future directions for noninvasive physiological biomarkers of SYN

Our findings are an important contribution to the literature on diagnostics for SYN. The
inconsistent changes in suprathreshold and masked ABRs in noise-exposed macaques compared
to rodent models of SYN may help make sense of the mixed findings in humans at risk for SYN.
Humans and monkeys have small ABR Wave I amplitudes compared to rodents (Stahl et al.,
submitted; Prendergast et al., 2018), which may contraindicate the clinical utility of Wave I
metrics for diagnosing SYN in humans. Other ABR wave components (II and IV in macaques,
IIT and V in humans) are larger and more readily identified, and therefore may offer greater
clinical utility.

Alternative ABR stimulus paradigms may be worth pursuing. For example, stimulus and
masker paradigms with temporal complexity, such as forward masking, may be sensitive to SYN
(Lee et al., 2020; Mehraei et al., 2017; Song et al., 2016; also see discussion of psychoacoustic
masking paradigms in Chapter 11). Another candidate masking paradigm uses high-pass noise to
isolate responses of auditory nerve fiber populations along the cochlear length (Burkard &
Hecox, 1987; Don & Eggermont, 1978; Earl & Chertoff, 2012). By sequentially increasing the
high-pass cutoff frequency, regions of deafferentation may be identified as plateaus in ABR
amplitude growth functions (Earl & Chertoff, 2012).

Although our null and conflicting results are an important contribution to an already
mixed literature, our findings ultimately do not provide support for a SYN diagnostic test.
Unmasked and masked ABR amplitudes were highly variable across subjects before and after
noise exposure. Though we were able to see group-level and within-subject changes in masked
ABR amplitudes following noise exposure, it seems unlikely that any ABR metric will have the
sensitivity to diagnose an individual with SYN, unless a change can be documented in the same
patient over time. This work underscores the need for continued research efforts in the search for
SYN biomarkers. We did observe other physiological changes and perceptual deficits in our
noise-exposed macaques (see Chapters 8 and 11). Future work should draw on the findings from
our parallel studies to identify novel biomarkers. Furthermore, as the literature on the

physiological and perceptual consequences of SYN continues to expand, findings should be
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synthesized together in order to identify common mechanisms of change, which can then be

developed into targeted diagnostic tests.
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CHAPTER 10

Tone detection in quiet and in steady-state noise are unchanged following noise exposure

designed to cause cochlear synaptopathy

10.1 INTRODUCTION

Cochlear synaptopathy (SYN) is an inner ear pathology characterized by the selective
loss of inner hair cell ribbon synapses and subsequent loss of auditory nerve fibers (Kujawa &
Liberman, 2009). Physiological and modeling studies show that this deafferentation, especially
loss of low spontaneous firing rate fibers, results in impaired encoding of suprathreshold sounds,
such as signals in noise (Bharadwaj et al., 2014; Furman et al., 2013). These changes in
suprathreshold sound encoding are hypothesized to underlie a clinical presentation called
“hidden hearing loss” — difficulties hearing in background noise despite an absence of overt
hearing loss. Indeed, approximately 15% of individuals seeking audiologic care have normal
audiometric test results, but report hearing difficulties (Cooper & Gates, 1991; Grant et al., 2021;
Hind et al., 2011; Kumar et al., 2007; Spankovich et al., 2018; Tremblay et al., 2015). SYN
provides a possible site of lesion that may contribute to this clinical presentation. Many research
groups have attempted to identify biomarkers that correlate with these reported perceptual
deficits, but with mixed results (Bramhall et al., 2019; DiNino et al., 2021; Henry, 2022; Hickox
etal., 2017).

Leading biomarkers for SYN in rodents include reduction of auditory brainstem response
Wave I amplitude and middle ear muscle reflex magnitude (Bharadwaj et al., 2021; Kujawa &
Liberman, 2009; Valero et al., 2016; Valero et al., 2018). These same metrics have been assessed
in human populations at risk for SYN, including older adults and individuals with a significant
history of noise exposure who also have normal hearing sensitivity. Some human studies have
shown an association between greater SYN risk or poorer performance on speech-in-noise tests
and reduced ABR Wave I amplitudes (Bramhall et al., 2017; Burkard & Sims, 2002; Grant et al.,
2020; Harris et al., 2021; Liberman et al., 2016; Ridley et al., 2018; Schaette & McAlpine, 2011;
Skoe & Tufts, 2018; Suresh & Krishnan, 2020) or reduced MEMR magnitude (Bharadwaj et al.,
2021; Shehorn et al., 2020; Wojtczak et al., 2017), but not in others (ABR: Fulbright et al., 2017,
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Grinn et al., 2017; Guest et al., 2018; Prendergast et al., 2019; Spankovich et al., 2017) (MEMR:
Guest et al., 2019; Mepani et al., 2020).

An alternative approach to understanding the perceptual consequences of SYN is to
psychophysically assess animals before and after experimental induction of SYN. This approach
provides the advantage of histological verification of inner ear pathology, as well as paired
within-subject comparisons. Despite a broad literature searching for noninvasive physiological
assays of SYN, there is little evidence for perceptual deficits in the same subjects (Henry, 2022).
In this and parallel reports from our laboratory, we describe the results from a comprehensive
battery of psychoacoustic tone detection tasks performed by rhesus macaques before and after
noise exposure known to cause SYN.

The overall aim of this work was to assess the functional consequences of SYN in
nonhuman primates. In developing our behavioral test battery, we wanted to include a range of
tasks to probe different facets of hearing abilities. Here, we report findings from paradigms
designed to assess hearing sensitivity, growth of masking, and frequency selectivity. We
previously demonstrated that these three tasks are affected by sensorineural hearing loss and
correlate with the extent of cochlear damage (Hauser et al. 2018, Burton et al. 2020). Here, we
investigate the same tasks in our nonhuman primate model of SYN, which has intact cochlear
mechanics as evidenced by normal otoacoustic emissions (Chapter 8, Figure 8.7) and minimal

loss of hair cells (Chapter 7, Figure 7.2).

10.2 MATERIALS AND METHODS
10.2.1 Subjects

Rhesus macaques (Macaca mulatta, n =9, 4 female) were trained to perform a reaction
time Go/No-Go lever release task to detect pure tone signals (200 ms, 10 ms rise/fall) in quiet
and in steady-state noise under diotic, open field testing conditions.
10.2.2 Psychophysical tone detection tasks

A complete description of our psychophysical tone detection task design and analysis are
described in the General Methods. Details on the stimuli and analyses specific to the tasks
discussed in this chapter are provided here.

10.2.2.1 Hearing sensitivity
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Tone detection was assessed in quiet to construct behavioral audiograms as previously
reported (Burton et al., 2020; Dylla et al., 2013). Signal frequencies of 0.125, 0.25, 0.5, 1, 1.4, 2,
2.8,4,5.6, 8, 16, 24, and 32 kHz were chosen to span the audible range of macaques (Dylla et
al., 2013; Pfingst et al., 1978) in octave steps with additional half-octave resolution near the
noise exposure band. Audiometric thresholds were derived from psychometric functions, as
described in detail in the General Methods. Audiograms were measured monthly before noise
exposure while subjects were completing other psychophysical tasks. Immediately following
noise exposure, audiograms were assessed daily to evaluate for temporary threshold shifts.
Threshold shifts were quantified by taking the difference between the post-exposure and pre-
exposure thresholds at that frequency. A full audiogram could not be completed in one day, so
frequencies of interest were targeted for the first time point (24 hours post-exposure). Subjects
were often less motivated to work the day following noise exposure, since they were well
hydrated from IV fluids given during the procedure and may have anesthesia remaining
anesthesia in the system. Audiograms were monitored for three to four weeks following exposure
until all thresholds had returned to within 2 dB of pre-exposure values (no remaining threshold
shifts). After the first month, post-exposure audiograms were measured monthly to monitor for
changes in hearing sensitivity (see blue boxes in Figure 10.1). Since each subject typically had 5-
10 thresholds for each frequency, audiometric threshold variability (standard deviation) was also
compared before and after exposure.
10.2.2.2 Growth of masking

Tone detection (1, 2, 2.8, 4, 5.6, 8, and 16 kHz) was assessed in continuous, steady-state
broadband noise (0.1-40 kHz). Noise level was varied across a wide range of levels (10-50 dB
spectrum level) to estimate growth of masking as reported previously (Dylla et al., 2013; Hauser
et al., 2018). Detection thresholds were regressed against the noise spectrum level. Threshold
shift rates and intercepts were defined by the slope and y-intercept of the best linear fit of
threshold vs. noise spectrum level. Growth of masking was assessed at all test frequencies before
noise exposure and at 1.5-2 months post-exposure. Frequencies of interest (near the exposure
band) were also probed for some monkeys at 3 (n =3), 5-6 (n =3),7-8 (n =5),and 9-10 (n =
4) months post-exposure (see green boxes in Figure 10.1).

10.2.2.3 Frequency selectivity
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Modeled after Patterson and Nimmo-Smith (1980) and Glasberg et al. (1984), the
notched-noise methods used here were similar to those described previously (Burton et al., 2018;
Burton et al., 2020). In brief, tone detection performance was measured in the presence of
spectrally-notched noise. 30 dB spectrum level noise was used to estimate symmetric auditory
filters at signal frequencies (fy) of 0.5, 1, 2, 4, 8, 16, and 32 kHz. The normalized half-
notchwidths (Af7fy) for the symmetric noise notches were 0, 0.2, 0.4, 0.6, and 0.8. Two 50 dB
spectrum level narrowband noise maskers (bandwidth = 0.4*fy) were placed symmetrically and
asymmetrically around the tone frequency to estimate asymmetric auditory filters at signal
frequencies of 1, 2, 2.8, 4, 5.6, 8, and 16 kHz. In addition to the symmetric normalized half-
notchwidths listed above, upward and downward shifted asymmetric notches were (f/f, values re:
f0) =0.2/0.4, 0.4/0.6, 0.4/0.2, 0.6/0.4. Estimates of filter shape were obtained from the tone
detection thresholds as a function of notch width using the rounded exponential fit as reported
previously (Burton et al., 2018; Burton et al., 2020). Analysis was completed using the publicly
available ROEXPR (symmetric filters) and ROEX3 (asymmetric filters) programs, developed by
Moore & Glasberg. Filter bandwidths were calculated using the equivalent rectangular
bandwidth (ERB) according to Glasberg et al. (1984). Changes in frequency selectivity were
quantified according to the ratio: ERBpost-exposure (f0) | ERBpre-exposure (fo). Frequency selectivity was
assessed at all test frequencies before noise exposure and at 2-3 months post-exposure (n = 3,
males) or 7-8 months post-exposure (n = 4, females). Frequencies of interest were also probed

for the male monkeys at 8-9 months post-exposure (see yellow boxes in Figure 10.1).

Months Post-Exposure
Pre-exposure
Data Collection

Figure 10.1 Timeline for behavioral data collection. Audiograms were collected for the first month to
assess temporary threshold shifts, and then monitored monthly. Growth of masking was assessed at 1-2
months post-exposure and probed at frequencies of interest every 2 months. Auditory filters were
measured at 2-3 or 7-8 months post-exposure and probed at frequencies of interest at 8-9 months post-
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10.3 RESULTS
10.3.1 Audiogram reveals
temporary changes in
hearing sensitivity following
noise exposure

Tone detection was
measured in quiet to assess
hearing sensitivity across the
audible hearing range of the
macaques. Exemplar pre- and
post-exposure psychometric
functions are shown in Figure

10.2A (Monkey Lu, 2 kHz).
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Figure 10.2 A. Psychometric functions for tone detection in quiet. Data from
Monkey Lu (2 kHz tone) before (black circles), 24 hours after (red circles), and 1
month (dark red squares) after noise exposure. Symbols indicate raw data, lines
illustrate Weibull fits of the data. Horizontal dashed line indicates pc = 0.76, and
the vertical dashed lines illustrate these threshold values for each condition. B.
Audiograms from Monkey Lu before (black), 24 hours after (red circles), and 1
month (dark red squares) after noise exposure, illustrating a temporary threshold
shift. Gray box here and in other figures illustrates the noise exposure band.

The rightward shift of the 24 hours post-exposure function (red) illustrates the temporary

threshold shift induced by the noise exposure, which resolves by 1 month post-exposure (dark

red).

The earliest post-exposure behavioral audiogram measurements were conducted at 24

and 48 hours after the end of the exposure to assess for temporary threshold shifts (TTS).

Thresholds in quiet were measured daily for 3-4 weeks to monitor recovery from TTS. Once

thresholds had recovered
to pre-exposure values,
one final audiogram was
obtained, and then
subsequent
psychophysical testing

was pursued. Exemplar
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audiograms from Monkey
Lu are shown in Figure
10.2B. At 24-48 hours
post-exposure, tone

detection thresholds were

Figure 10.3 A. Temporary threshold shifts (post-exposure — pre-exposure) measured
for individual subjects at 24 hours (pink symbols) and 48 hours (red symbols) after
noise exposure. B. Mean threshold shifts plotted as a function of frequency at 24
hours (n = 3-7), 48 hours (n = 3-5), and 1 month (n = 8) post-exposure. Error bars
indicate + 1 standard deviation from the mean. Dashed lines equal 0, indicating no
threshold shift. Dot-dash lines illustrate the 95% confidence interval for audiometric
threshold variability (£ 5.12 dB, two times the median of the pre-exposure

distribution in Figure 10.4).
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elevated at frequencies near the noise exposure band. All thresholds recovered by 1 month post-
exposure.

Figure 10.3A illustrates threshold shifts measured for individual subjects at 24 (pink) and
48 hours (red) post-exposure. Maximum temporary threshold shifts varied from 7.1 — 53.9 dB,
which exceeds the 95% confidence interval for audiometric threshold variability, and typically
occurred at 2, 2.8, or 4 kHz. The noise exposure seemed to generate a bimodal distribution of
TTS, with two subjects (Monkeys Ha & Ne) exhibiting much larger shifts (50.5-53.9 dB max.
TTS) than the other six subjects (7.1-16.3 dB max. TTS). Mean threshold shifts are plotted as a
function of frequency in Figure 10.3B for timepoints of 24 hours (n = 3-7), 48 hours (n = 3-5),
and 1 month (n = 8) post-exposure. Threshold shifts were greatest for frequencies near the noise
exposure band. By 1 month post-exposure, no significant threshold shifts remained for any
subject or tone frequency (all <3 dB), suggesting full recovery of hearing sensitivity.
Audiometric thresholds remained stable (within + 5 dB of pre-exposure values) throughout post-
exposure data collection, including a final timepoint just prior to sacrifice.

SYN could result in less robust encoding, or stochastic undersampling, of incoming
signals (Lopez-Poveda, 2014). To probe this at the behavioral level, we took advantage of the
numerous audiogram measurements available for each subject pre- and post-exposure, and
calculated tone detection threshold variability (one standard deviation from the mean). A linear
mixed effects model revealed no significant differences in threshold variability as a function of
frequency (p > 0.05), so all data were combined into a histogram of pre- (black) and post-

exposure (red) audiometric threshold il

mPost-Exp.

variability values (Figure 10.4). 10
There was a statistically significant
difference in these distributions (k =

0.28, p = 0.010), which had a pre-

Number of Occurrences
»

exposure median of 2.56 dB and a

post-exposure median of 2.19 dB. In 2

contrast to the prediction, this lower

L 05 075 1 12515 175 2 225 25 275 3 325 35 375 4 425 45 475 >5
post-exposure threshold variability Audiometric Threshold Variability
likely represents a practice effect on Figure 10.4 Distribution of audiometric threshold variability values

. pre- (black) and post-exposure (red). Data are combined across subjects
this task. (n = 8) and frequencies (1, 2, 2.8, 4, 5.6, 8, & 16 kHz).
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10.3.2 Tone detection in steady-state noise is unchanged following noise exposure

Tone detection was
measured in steady-state
broadband noise ranging from
10 to 50 dB spectrum level to
estimate threshold shift rates.
Exemplar pre- and post-
exposure psychometric
functions are shown in Figure
10.5A (Monkey Ga, 2.8 kHz).
Threshold increased as noise
level increases, as illustrated by
the rightward shift of the
psychometric functions.
Following noise exposure, there
were no significant changes in
tone detection thresholds,
psychometric function slopes,
or reaction times for any tone

frequency or noise level
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Figure 10.5 A. Psychometric
functions for tone detection in
steady-state broadband noise (10,
30, 50 dB spectrum level). Symbols
indicate raw data, lines illustrate
Weibull fits of the data. Horizontal
dashed line indicates pc = 0.76, and
the vertical dashed lines illustrate
these threshold values for each
condition. Pre-exposure (black and
gray) and post-exposure (red)
values are shown for Monkey Ga,
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2.8 kHz tone. B. Tone detection thresholds from Monkey Ga plotted as a
function of frequency in 10, 20, 30, 40, and 50 dB spectrum level noise. Pre-
exposure thresholds in black, post-exposure thresholds in red. Gray box
illustrates the noise exposure band. C. Pre- (black) and post-exposure (red)
thresholds from panel A (plus additional conditions) plotted as a function of

noise level.

(Mackey, personal communication). Exemplar tone detection thresholds from one subject for all

tone frequencies and noise levels (Figure 10.5B; after Hawkins and Stevens (1950)) illustrate the

consistency in thresholds pre- and post-exposure.

Thresholds were plotted as a function of noise level (exemplar data in Figure 10.5C;

Monkey Ga, 2.8 kHz) in order to calculate threshold shift rate slopes and y-intercepts for each

tone frequency pre- and post-exposure. Slopes provide an estimate of growth of masking as noise

level increases. Intercept values provide information about the absolute masked thresholds

independent of slope.

Figure 10.6 illustrates mean threshold shift rate slopes (A) and y-intercepts (B) as a

function of frequency. Slope values were near to 1 across frequencies, indicating a 1 dB/dB

exchange rate that is well-established in the literature (Dylla et al., 2013; Gibson et al., 1985;
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Hawkins & Stevens,
1950). A linear mixed
effects model indicated no
significant differences in
threshold shift rate slopes
or intercepts according to
sex or exposure status (p-
values > 0.05), and only an
effect of frequency on
intercepts (#(df) =
3.6142(115), p = 0.000).
There was a small but non-
significant trend for
intercept values to
decrease post-exposure,
which is likely a practice
effect.

To increase the
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Figure 10.6 A. Mean threshold shift rates as a function of frequency before (black)
and after (red) noise exposure. Error bars indicate + 1 standard deviation from the
mean. B. Same as A, but for threshold shift Y-intercepts. C. Within-subject ratio of
post-exposure:pre-exposure threshold shift rates as a function of frequency. Black
dashed line indicates a ratio of 1. D. Same as C, but for threshold shift Y-
intercepts. Gray boxes illustrate the noise exposure band.

transparency of our data and to illustrate within-subject changes, threshold shift rate slope ratios

(slopepre-exposure / SIOPEpost-exposure) and intercept ratios (interceptpre-exposure / INtETCEPtpost-exposure) Were

calculated for each subject and tone frequency. These ratios are plotted as a function of

frequency in Figure 10.6C and D. Ratios greater than 1 indicate steeper slopes or higher masked

thresholds post-exposure, respectively; ratios less than 1 indicate shallower slopes or lower

masked thresholds post-exposure. Across subjects and tone frequencies, there was no clear trend

in the threshold shift rate slope and intercept ratios, confirming no effect of noise exposure on

tone detection in steady-state noise.

Threshold shift rates were probed at frequencies of interest at later post-exposure time

points. Raw thresholds were within + 3 dB of pre- and 2 month post-exposure thresholds.

Threshold shift rate slopes and intercepts were not significantly different from pre-exposure

values at 3, 5, 7, and 9 months post-exposure (p-values > 0.05; data not shown).
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10.3.3 Frequency selectivity is unchanged following noise exposure

Tone detection in notched A B
11 85+
noise was used to derive
. 3] =
perceptual auditory filters to 2 & 704
3 @
. .. (@] .
estimate frequency selectivity. = 075 % o5
o) <)
Exemplar pre- and post-exposure § @
<] 2 404
psychometric functions and O 05- =
@ Pre-Exp., ERB = 2.3kHz
thresholds as a function of —0 0. e, g=0f 258 PostBxp, ERB =21k
10 30 5 70 90 110 0 0.2 04 06 08
notchwidth are shown in Figure Tone Level (dB SPL) Notchwidth (Af/f)
10.7 (Monkey B, 8kHz, 50 dB Figure 10.7 A. Psychometric functions for tone detection in notched noise
with normalized half notchwidths of 0, 0.4, and 0.8. Symbols indicate raw
noise). Threshold decreased as data, lines illustrate Weibull fits of the data. Horizontal dashed line

. . . indicates pc = 0.76, and the vertical dashed lines illustrate these threshold
notchwidth increased, as illustrated | valyes for each condition. Pre-exposure (black and gray) and post-exposure
. (red) values are shown for Monkey B, 8 kHz tone, 50 dB noise level. B.
by the leftward shift of the Pre- (black) and post-exposure (red) thresholds from panel A (plus
additional conditions) plotted as a function of normalized half notchwidth.

psychometric functions in Figure

10.7A and the negative sloping functions in Figure 10.7B. Following noise exposure, there were
no changes in tone detection thresholds, psychometric function slopes, or reaction times across
notchwidth conditions, tone frequencies, and noise levels (Mackey, personal communication).
Exemplar filter banks are shown in Figure 10.8 for the 30 and 50 dB noise conditions (Monkey
G). No qualitative differences in auditory filter shape were noted when comparing pre- and post-

exposure filters.

A Monkey G, 30 dB Noise
. .. . o 0-
To quantify frequency selectivity, the equivalent g
c .15
rectangular bandwidth (ERB) was calculated for each %
5-30
filter. Figure 10.9A and B illustrate mean ERB values as a s |- Ere Sp.
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3.11(55), p = 0.003) and 50 dB spectrum level maskers

Figure 10.8 Auditory filter banks for Monkey
G in 30 (A) and 50 dB noise (B). Pre-exposure
filters in black, post-exposure filters in red.

Gray boxes illustrate the noise exposure band.
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(t(df) = 2.64(67), p = 0.010). Thus,
there were no significant changes
in ERB values following noise
exposure.

To increase the
transparency of our data and to
illustrate within-subject changes,
the ERB ratio (ERBpost-exposure /
ERBpre-exposure, after Burton et al.
(2020)) is plotted as a function of
frequency in Figure 10.9C and D.
Values greater than 1 indicate a
larger ERB and broader frequency
selectivity post-exposure; values
less than 1 indicate a smaller ERB
and narrower frequency selectivity
post-exposure. Across subjects,

tone frequencies, and noise levels,
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Figure 10.9 A, B. Mean ERB as a function of frequency for all subjects
before (black) and after (red) noise exposure for the 30 (A) and 50 (B)
dB noise conditions. Error bars indicate + 1 standard deviation. C, D.
Within-subject ERB ratio as a function of frequency for the 30 (C) and
50 (D) dB noise conditions. Black dashed line indicates an ERB ratio =
1. Gray boxes illustrate the noise exposure band.

ERB ratios clustered around a value of 1, confirming no effect of noise exposure on auditory

filter widths.

10.4 DISCUSSION

Hearing sensitivity, growth of masking, and frequency selectivity were unchanged

following recovery from noise-induced temporary threshold shifts. Across all tasks, post-

exposure tone detection thresholds in quiet and in noise were not significantly different from pre-

exposure thresholds up to 10-11 months post-exposure. These null observations contrast findings

in parallel experiments that show deficits on other tone detection tasks (Chapter 11). Given the

histopathological findings in our macaques (Chapter 7), up to 40% synapse loss (and putative

synapse recovery) can occur without compromising hearing sensitivity, growth of masking, or

frequency selectivity under our diotic testing conditions.
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Our testing is conducted in an open sound field to mimic real-world listening conditions
that utilize both ears. However, asymmetric inner ear damage (see Chapter 7) is a complicating
factor in the interpretation of our findings. Consistent with previous work by our lab and others,
binaural summation is thought to arise from average function across the two ears (Burton et al.,
2020; Gage, 1932; Heil, 2014; Hempstock et al., 1966; Hirsh, 1948; Pollack, 1948; Shaw et al.,
1947) Future analyses correlating histological and behavioral findings should adopt this
approach.

10.4.1 Hearing sensitivity

It is well-documented across a variety of inner ear pathologies that behavioral hearing
sensitivity is spared in the absence of outer hair cell loss, even with significant inner hair cell loss
(Lobarinas et al., 2013) or auditory nerve fiber loss (Makary et al., 2011; Schuknecht &
Woellner, 1955; Wong et al., 2019). Here, we demonstrate for the first time that noise exposure
intended to cause SYN does not affect behavioral hearing sensitivity or day-to-day threshold
variability. This finding is also consistent with reports that synapse loss does not contribute to
audiometric threshold variability in sensorineural hearing loss (Burton et al., 2020; Gleich et al.,
2016; Wu et al., 2021) (but see Wu et al., 2020).

Previous studies of SYN reported stable hearing sensitivity according to ABR or DPOAE
threshold estimates (e.g. Kujawa & Liberman, 2009). However, behavioral measures are also
important to assess, since functional hearing sensitivity is not always accurately reflected in
physiological estimates. For example, individuals with auditory neuropathy spectrum disorder
typically have normal OAEs and grossly abnormal or absent ABRs, accompanied by audiograms
ranging from normal hearing to profound hearing loss (Starr et al., 1996). ABR and DPOAE
measures typically result in higher threshold estimates than behavioral measures, even after
accounting for differences in stimulus duration (e.g. Lasky et al., 1999, Stahl et al. submitted).
Physiological and behavioral hearing sensitivity estimates following acoustic trauma are also
weakly correlated (e.g. Burke et al., 2021; Pugh et al., 1974) and may not accurately reflect inner

ear damage (reviewed in Burton et al., 2019).

10.4.2 Growth of masking
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SYN is hypothesized to underlie difficulties hearing in background noise in the absence
of overt hearing loss. This hypothesis is supported by previous research assessing tone in noise
detection in animals with SYN-like inner ear pathologies and in humans at risk for SYN.
Lobarinas and colleagues (2016) reported poorer detection of 500 ms tones in noise by
chinchillas with carboplatin-induced inner hair cell loss. The same group found reduced pre-
pulse inhibition of the acoustic startle to 50 ms noise bursts in continuous noise by rats following
noise-induced temporary threshold shifts (Lobarinas et al., 2017). Although inner hair cell loss is
a more extreme form of deafferentation than SYN, and rats were not histologically assessed for
SYN, these studies support the hypothesis that SYN-like pathologies may degrade signal
detection in noise. With another pharmacological deafferentation approach, ouabain-induced loss
of spiral ganglion neurons impaired detection of short duration (50 ms) tones in noise (Resnik &
Polley, 2021), but not longer duration (300-500 ms) tones (budgerigars: Henry & Abrams, 2021;
mice: Resnik & Polley, 2021). Some studies of older adults with normal or near-normal hearing
(who may be at risk for SYN) show higher thresholds for tones in noise (Margolis & Goldberg,
1980; Ralli et al., 2019; Ridley et al., 2018). However, other studies of older adults and a study in
individuals with tinnitus have not observed this deficit (Bernstein & Trahiotis, 2016; Klein et al.,
1990; Marmel et al., 2020; Quaranta et al., 1990). Differences in stimulus paradigm may
contribute to these discrepancies. For example, Bernstein and Trahiotis (2016, 2019, 2020) did
not observe tone in noise detection deficits unless binaural cues were present.

Here, we found that our macaque model of noise-induced SYN did not affect tone
detection in steady-state noise. It is possible that our SYN model is less severe than the other
inner ear pathologies studied and therefore does not impact growth of masking. Alternatively,
more complex tone and masker combinations, such as shorter duration tones, amplitude-
modulated or spatially separated noises, or gated noise maskers, may reveal the predicted

hearing-in-noise deficits (see Chapter 11).

10.4.3 Frequency selectivity

Frequency selectivity is thought to be largely determined by outer hair cell function and
therefore is not predicted to change with SYN. Auditory nerve fiber tuning curves are unchanged
following SYN (Furman et al., 2013; Suthakar & Liberman, 2021) and inner hair cell loss (Wang

et al., 1997), consistent with this prediction. Our behavioral auditory filters also indicate no
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change in frequency selectivity following noise exposure intended to cause SYN. These findings
contrast with previous work showing broader spectral resolution in humans with speech-in-noise
deficits who may be at risk for SYN (Badri et al., 2011; Pick & Evans, 1983). Humans exposed
to noise intended to cause temporary threshold shifts also show broader spectral resolution and
the recovery of hearing sensitivity and perceptual tuning do not always follow the same time
course (Bergman et al., 1992; Feth et al., 1979; Klein & Mills, 1981). However, contributions
from differences in outer hair cell function and high frequency hearing sensitivity cannot be
ruled out in these studies (see Badri et al., 2011, Figure 2). Carboplatin-induced inner hair cell
loss has also been shown to broaden behavioral masking functions (Lobarinas et al., 2016), so it
is possible that physiological and perceptual estimates of frequency selectivity may be
differentially affected by inner ear pathology, emphasizing the importance of assessing both

measurement modalities.
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CHAPTER 11

Reduction of the overshoot effect, but not forward masking, in macaque monkeys following

noise exposure intended to cause cochlear synaptopathy

11.1 INTRODUCTION

Listening difficulty in the presence of background noise is among the top complaints of
patients seeking audiologic care (Hall, 2017; Zhao & Stephens, 1996). While hearing-in-noise
difficulties commonly accompany sensorineural hearing loss, 5-20% of patients have normal
hearing sensitivity (Billings et al., 2018; Cooper & Gates, 1991; Grant et al., 2021; Hannula et
al., 2011; Hind et al., 2011; Koerner et al., 2020; Kumar et al., 2007; Parthasarathy et al., 2020;
Spankovich et al., 2018; Tremblay et al., 2015). The etiology of this “hidden hearing loss” has
been a dominating focus in hearing research over the past decade. One recently discovered inner
ear pathology thought to contribute to these hidden hearing difficulties is cochlear synaptopathy
(SYN), or the selective loss of inner hair cell ribbon synapses (Kujawa & Liberman, 2009). SYN
results in degradation of afferent auditory nerve fibers, especially the subpopulation with low
spontaneous firing rates (LSR) and high thresholds to sound stimulation (Furman et al., 2013;
Liberman et al., 2015; Schmiedt et al., 1996; but see Suthakar & Liberman, 2021). Hearing
sensitivity is maintained by preserved outer hair cell (OHC) function and intact high spontaneous
firing rate fibers with low sound-evoked thresholds. In contrast, the more susceptible LSR fibers
encode signals in noise (Costalupes, 1985), leading to the hypothesis that SYN causes impaired
auditory perception in background noise (Bharadwaj et al., 2014; Oxenham, 2016; Plack et al.,
2014). Evidence for SYN underlying speech perception deficits in humans is mixed (Bramhall et
al., 2019; DiNino et al., 2021), and few studies have assessed behavioral hearing abilities in
histologically-verified animal models of SYN (Gleich et al., 2016; Tziridis et al., 2021).

We developed a nonhuman primate model of noise-induced SYN, which shows 20-30%
inner hair cell ribbon loss that recovers over the course of months (see Chapter 7). As reported in
Chapter 10, tone detection in quiet and steady-state noise is unchanged following noise exposure.
Here, we report the effects of noise exposure intended to cause SYN on signal detection in three
gated noise paradigms: long tones in simultaneously gated noise (“gated noise”), short tones

embedded in gated noise with varying onset asynchronies (“overshoot”), and short tones
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preceded by gated noise with varying delays (“forward masking’). These alternative
psychoacoustic paradigms were selected because they are designed to probe specific mechanisms
hypothesized to change with SYN: adaptation, temporal resolution and evidence accumulation,
and medial olivocochlear-mediated unmasking.

11.1.1 Adaptation

Adaptation refers to the reduction of neuronal responses over time, which is necessary for
dynamic coding of complex stimuli. Neuronal adaptation occurs over a wide range of time
scales, from rapid (<10 ms) and short-term adaptation (tens to hundreds of ms), to long-term
adaptation (seconds to minutes) (Heil & Peterson, 2015; Smith & Zwislocki, 1975). Adaptation
also comes in many forms, including firing rate adaptation, stimulus specific adaptation,
dynamic range adaptation, and local neural inhibition (Anderson et al., 2009; Heil & Peterson,
2015; Rhode & Greenberg, 1994; Wen et al., 2009).

Ribbon synapses are specialized for efficient vesicle replenishment, allowing for
continuous signaling over time with exquisite temporal fidelity (Moser et al., 2006; Nouvian et
al., 2006). Loss, damage, or alteration (e.g. enlargement, see Chapter 7) of IHC ribbons with
SYN could lead to changes in the readily releasable pool and therefore alter adaptation in the
auditory nerve (Moser & Starr, 2016). Neuronal adaptation in single auditory nerve fibers is
altered in some stimulus conditions (Shi et al., 2013; Song et al., 2016), but not others (Furman
et al., 2013). Changes in synaptic transmission in the periphery will also lead to downstream
compensatory changes. One study found impaired neuronal adaptation in the inferior colliculus
of mice with SYN (Bakay et al., 2018). Furthermore, patients with auditory neuropathy, a more
severe form of SYN, show abnormal loudness adaptation compared to normal hearing controls
(Wynne et al., 2013).

Psychoacoustic tasks using gated noise bursts can probe aspects of neuronal adaptation.
We assessed threshold patterns for detection of short duration tones embedded in and following
gated noise bursts to estimate adaptation and recovery from adaptation in macaques following
noise exposure intended to cause SYN.

11.1.2 Temporal resolution and evidence accumulation

Temporally precise neuronal encoding is essential to normal auditory system function

and hearing abilities (Bharadwaj et al., 2014). IHC ribbon synapses are the rate-limiting (or,

perhaps more accurately, “rate-facilitating”) step for temporal coding in the auditory system
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(Moser et al., 2006). IHC ribbon dysfunction desynchronizes vesicle release, therefore disrupting
the precision and robustness of sound encoding over time (Moser & Starr, 2016). For example,
disrupted IHC ribbon function could impair temporal precision of the onset response to a
stimulus. One study of synaptopathic guinea pigs showed no change in first spike latency
variance of single auditory nerve fibers compared to controls (Furman et al., 2013). In contrast,
mice with SYN unexpectedly showed decreased variance in first spike latency, suggesting
enhanced temporal precision at the level of the auditory nerve in these animals (Suthakar &
Liberman, 2021). In addition, loss of IHC ribbons with SYN represents a form of deafferentation
that leads to stochastic undersampling of stimuli due to fewer independent encoding channels
(Lopez-Poveda & Barrios, 2013). This sparse code causes a loss of redundancy and may lead to
poor representation of signals in noise (Lopez-Poveda, 2014; Lopez-Poveda & Barrios, 2013).

It follows that SYN-related IHC ribbon loss or hypertrophy may cause short duration
stimuli to be encoded poorly due to a smaller opportunity for temporal integration. Animals with
other forms of auditory nerve injury show impaired detection of 50 ms (but not 300 ms) tones in
steady-state noise (but not in quiet) (Henry & Abrams, 2021; Resnik & Polley, 2021; Wong et
al., 2019). The use of short duration tones in two of the selected detection paradigms, as well as
short noise-to-tone delays in the forward masking task, provides one way of evaluating temporal
resolution in our macaque model of SYN.

11.1.3 Medial olivocochlear-mediated unmasking

Auditory perception is a product of dynamic feedforward and feedback processing in the
brain. Decreased afferent drive secondary to SYN could result in changes to both afferent and
efferent neuronal signaling. One such pathway, the medial olivocochlear (MOC) efferent system,
contributes to unmasking and protection from acoustic injury by suppressing OHC cochlear
amplification (Guinan, 2018; Kawase et al., 1993; Lopez-Poveda, 2018). Importantly, the MOC
system receives tonotopic input from LSR fibers (Liberman, 1988), which may be preferentially
lost with SYN (Furman et al., 2013; Liberman et al., 2015; Schmiedt et al., 1996; but see
Suthakar & Liberman, 2021). If MOC inputs are diminished due to synaptopathic loss of LSR
fibers, the MOC pathway may also degrade (Boero et al., 2018; Boero et al., 2020; Maison et al.,
2013; Qian et al., 2021), further accentuating hearing in noise difficulties. MOC projections and
function also decline with age independent of outer hair cell loss and elevated hearing thresholds

(Abdala et al., 2014; Fu et al., 2010; Jacobson et al., 2003; Kim et al., 2002; Liberman &
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Liberman, 2019; Radtke-Schuller et al., 2015; Zhu et al., 2007), suggesting that MOC

degradation may accompany age-related SYN. These converging anatomical and physiological

consequences of SYN to the MOC pathway could result in difficulties hearing in noise.

In Chapter 8, we report the effects of SYN on the MOC reflex, as measured by

contralateral suppression of otoacoustic emissions. Following noise exposure, macaques showed

transient changes in OAE suppression that recovered within 2 months post-exposure. In the

psychophysical domain, detection of short duration

signals in gated noise with varying onset

asynchrony (i.e. overshoot) may also probe MOC activation (Jennings et al., 2011; Jennings et

al., 2009; Walsh et al., 2010) (but see Fletcher et al.

11.2 MATERIALS AND METHODS
11.2.1 Subjects

,2015).

Rhesus macaques (Macaca mulatta, n = 8, 4 female) performed a reaction time Go/No-

Go lever release task to detect pure-tone signals in gated noise under diotic, open field testing

conditions. In addition to the cohort of subjects that underwent noise exposure intended to cause

SYN, data from two subjects with sensorineural hearing loss — one with noise-induced

permanent threshold shifts (Burton et al., 2020; Hauser et al., 2018; Mackey et al., 2021), one

with likely congenital high frequency hearing

loss — were included for comparison. A
11.2.2 Psychophysical tone detection tasks
11.2.2.1 Gated Noise

Detection of 200 ms tones (1, 2, 2.8, B.
4,5.6, 8, and 16kHz; 200 ms, 10 ms rise/fall)

was measured in the presence of a
simultaneously gated 200 ms broadband
noise (20 or 30 dB spectrum level, 10 ms C.
rise/fall; see Figure 11.1A). Gated noise :

thresholds were obtained at all frequencies

Gated Noise
200 ms tone

200 ms broadband
gated noise

Overshoot

12.5 ms tone

200 ms broadband
gated noise

0, -50, -100, or -150
ms onset asynchrony

Forward Masking
6.5 ms tone

200 ms narrowband

gated noise

0, -205, -210, -220, or
-240 ms onset asynchrony

ik

before exposure and at 5-6 months post-

exposure (see blue box in Figure 11.2).

Figure 11.1 Stimulus paradigms for the gated noise (A),
overshoot (B), and forward masking (C) tasks. Tones in color,
gated noise in black. Schematic is a roughly accurate portrayal
of relative durations and delay times.
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11.2.2.2 Overshoot

Detection of short duration pure tones (0.5-32kHz; 12.5 ms, 5 ms rise/fall) was measured
in the presence of a 200 ms gated broadband noise (30 dB spectrum level, 5 ms rise/fall).
Stimulus parameters were chosen based on human overshoot studies (Strickland, 2001) one
study of overshoot in macaques (Rocchi et al., 2017), and pilot data from two control macaques
(data not shown). Tone thresholds were obtained for different signal-to-masker onset
asynchronies (0, -50, -100, -150 ms; see Figure 11.1B) in order to estimate overshoot (threshold
difference between 0 and non-zero onset asynchrony conditions). Overshoot was assessed at all
test frequencies before noise exposure and at 5-6 months post-exposure (n = 4, females).
Frequencies of interest were also probed for the female monkeys at 2, 4, 8, and 10 months post-
exposure and for the male monkeys at 10 months post-exposure (see green boxes in Figure 11.2).
11.2.2.3 Forward Masking

Detection of short duration pure tones (fp = 1, 4, and 5.6kHz; 6.5 ms, 2.5 ms rise/fall) was
measured in the presence of a 200 ms (2.5 ms rise/fall) gated narrowband noise (20, 30, and 40
dB spectrum level; bandwidth = 0.8*f)). Stimulus parameters were modeled after forward
masking studies in humans (Jesteadt et al., 1982; Kidd & Feth, 1982; Turner et al., 1994). Noise
bandwidth was selected to maximize the amount of forward masking based on one study of
forward masking in macaques (Rocchi et al., 2017) and pilot data from one control macaque
(data not shown). Tone thresholds were obtained for different signal-to-masker onset
asynchronies (0, -205, -210, -220, -240 ms; see Figure 11.1C). Forward masking functions (after

Jesteadt et al., 1982) were illustrated with forward masking thresholds plotted as a function

Months Post-Exposure

Pre—exposure 0 1 2 3 4 5 6 7 8 9 10
Data Collection | l | | l | | ] ] ] ]

Gated
Noise I
[ [ 1 I

Figure 11.2 Timeline for behavioral data collection. Gated noise was measured at 5-6 months post-
exposure. Overshoot was measured at 5-6 months post-exposure and 10 months post-exposure;
frequencies of interest were also probed at 2, 4, and 8 months post-exposure. Forward masking was
measured at 6-8 months post-exposure.
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masker level or noise-to-tone delay. Forward masking was assessed before and 6-8 months post-

exposure (see yellow box in Figure 11.2).

11.3 RESULTS
. A B
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. . . . o
gated noise is not impaired SCEC ERRRRRS B S S 20dB
. . £ o %0
following noise exposure 5 I
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. o @ 401
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. . :: o Post-Exp. 20 dB —a— Pre-Exp. Gated (n = 8)
measured in simultaneously o “m " O PostExp 30dB 304 —o— Post-Exp. Gated (n = 8)
] 10 03 o850 70 90 1 2 4 10 20
gated broadband noise as a * Tone Level (dB SPL) Frequency (kHz)
training condition for the Figure 11.3 A. Psychometric functions for tone detection in 20 (circles) and 30
dB spectrum level (squares) gated noise. Data from Monkey A (4 kHz tone)
overshoot and forward before (black/gray) and after (red) noise exposure. Symbols indicate raw data,
. lines illustrate Weibull cdf fits of the data. Horizontal dashed line indicates pc =
masking tasks. Exemplar pre- 0.76, and the vertical dashed lines illustrate the threshold values for each

condition. B. Mean tone detection thresholds in 20 (circles) and 30 dB spectrum
level (squares) gated noise before (black/dark gray) and after (red) noise
exposure. For comparison, light gray dashed lines illustrate mean tone detection
thresholds in continuous noise of the same level. Error bars indicate + 1 standard
shown in Figure 11.3A deviation from the mean. Gray box illustrates the noise exposure band.

and post-exposure

psychometric functions are

(Monkey A, 4 kHz), and mean gated noise thresholds are plotted as a function of frequency in
Figure 11.3B for 20 and 30 dB spectrum level noise. Although there were significant main
effects of frequency (#(df) = -5.84(186), p < 0.001) and noise level (#df) =9.79(186), p < 0.001),
gated noise thresholds did not change following noise exposure (#(df) = -0.40(186), p = 0.691).
Thresholds in continuous noise are plotted for comparison (light gray dashed lines). Gated noise
thresholds were similar or slightly higher than continuous noise thresholds, especially for higher
frequency tones, consistent with previous reports in macaques and humans (Bacon & Viemeister,
1985; Campbell, 1969; Green, 1964; Rocchi et al., 2017; Wier et al., 1977). The stability of
gated noise thresholds following exposure is similar to the stability of tone thresholds in
continuous noise (see Chapter 10, Figure 10.6).
11.3.2 Psychophysical overshoot is impaired at late post-exposure times

Short duration tone detection was measured in a broadband gated noise with varying
noise-to-tone onset asynchrony to assess psychophysical overshoot. Exemplar pre- and post-

exposure psychometric functions are shown in Figure 11.4A for the 0 ms (squares) and -100 ms
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Figure 11.4 A. Psychometric functions (same as Figure 11.3A) for the 0
(squares) and -100 ms (circles) onset asynchrony overshoot conditions. Data
Thresholds from Figure 11.4A from Monkey O (8 kHz tone) before (black/gray) and after (red) noise
exposure. B. Tone detection thresholds as a function of onset asynchrony for
(and additional conditions) are Monkey O (8 kHz) before (black) and 6 months after (red) noise exposure.
Overshoot was significantly reduced post-exposure (0.97 dB; compared to
plotted as a function of onset 10.57 dB pre-exposure).

exposure (dark red and red).

asynchrony in Figure 11.4B. Overshoot (thresholdoms — threshold-100ms) was reduced and close to
0 dB at 8 kHz 6 months post-exposure.

Mean overshoot functions (threshold as a function of onset asynchrony; n = 4) are shown
in Figure 11.5 for different tone frequencies before and 6 months after noise exposure.
Thresholds for noise-to-tone asynchronies of -50, -100, and -150 ms were essentially unchanged
after exposure. However, thresholds for the synchronous (0 ms asynchrony) condition were
lower at 4, 5.6, and 8 kHz. This change indicates reduced overshoot at these frequencies
following noise exposure.

Since the frequency dependence of overshoot has not been evaluated in macaques, we
characterized overshoot as a function of tone frequency in a normal hearing cohort (Figure 11.6).
Overshoot was greatest for mid- to high-frequency tones. Mean (standard deviation) overshoot
values were 6.8 (1.6), 8.9 (4.1), and 9.0 (3.0) dB at 4, 5.6, and 8 kHz, respectively. Macaque
overshoot values are comparable to previous reports in humans using similar tone and masker
stimuli (Figure 11.6, open symbols; Jennings et al., 2016; McFadden et al., 2010; Strickland,
2001). Though females tended to have greater overshoot than males as reported in humans
(Wright, 1994), there was no significant effect of sex on overshoot (#(df) = 0.45(50), p = 0.652).

Overshoot was measured bi-monthly after noise exposure in a cohort of 4 female
macaques and at 10 months post-exposure in 4 male macaques (Figure 11.7). Linear mixed

effects models showed a significant effect of post-exposure time on overshoot from 2-8 kHz
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(t(df) = -4.50(122), p < 0.001). Overshoot
was essentially unchanged at 2-4 months
post-exposure (Figure 11.7A). Reductions
in overshoot emerged at 6, 8, and 10 months

post-exposure (Figure 11.7B-C). Of note,

71-e- All Monkeys (n=7-8)
-4 Female Monkeys (n=4)
-m- Male Monkeys (n=3-4)
=0= Humans (n=6-8)

Overshoot (dB)

T %

Frequency (kHz)

Figure 11.6 Overshoot as a function
of tone frequency for normal hearing
macaques (all: black; females: pink;

Figure 11.5 Mean overshoot functions (n = 4) showing
threshold as a function of noise-to-tone onset asynchrony
at different tone frequencies (A-F) before (black) and 6
months after (red) noise exposure. Error bars indicate +1
standard deviation from the mean.

males: blue). Error bars indicate +1
standard deviation from the mean.
Human data are plotted for
comparison (diamonds: Strickland
2001, Jennings et al. 2016; rectangles:
McFadden et al. 2010).
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female subjects (black) before exposure (black) and at 2

exposure (black) and 10 months post-exposure (red).

Figure 11.7 Overshoot as a function of frequency at various post-exposure timepoints. A. Overshoot in four

as A, except at 6 and 8 months post-exposure (red, dark red). C. Overshoot in male and female subjects before

and 4 months post-exposure (red, dark red). B. Same
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this change in overshoot was driven by changes in the synchronous condition thresholds, as
shown in Figure 11.5.

11.3.3 Forward masking is not impaired following noise exposure

Forward masking was A B
. . 1
assessed by measuring detection 754{®
. S - .
of short duration tones preceded o & 6ol
S o0
. Oo75t-----4---
by a narrowband gated noise. 207 S
= % 451
Exemplar psychometric functions ' E . 3
Ke) o
o " @ Pre-Exp. g 30- 40 dB
. . ] ol
are shown in Figure 11.8A & o5 y It i =
L = Sy : Posit 2@
0 ms delay 154 @ FoSt=Xp. . —
(Monkey L, 5.6 kHz, 40 dB 0 20 4 60 80 100 120 S 45 10 20 4050
Tone Level (dB SPL) Delay (ms)

spectrum level noise) for the

. Figure 11.8 A. Psychometric functions (same as Figure 11.3A) for the
simultaneous (0 ms onset simultaneous, 5 ms delay, and 20 ms delay forward masking conditions. Data
from Monkey L (5.6 kHz tone, 40 dB spectrum level gated noise) before
(black/gray) and after (red) noise exposure. Symbols indicate raw data, lines
ms onset asynchrony), and 20 ms illustrate W@ibull fits of .the Qata. Horizontal dashed line indicates pc = 0:76,
and the vertical dashed lines illustrate the threshold values for each condition.
delay (-220 ms onset asynchrony) B. Tone detection thresholds as a function of noise-to-tone asynchrony for
Monkey L (5.6 kHz) in 20 (squares) and 40 (circles) dB spectrum level gated
conditions. Thresholds decreased noise before (black) and 8 months after (red) noise exposure.

asynchrony), 5 ms delay (-205

as the delay between the noise and tone increased, as shown by the leftward shift of the
psychometric functions. Thresholds were essentially the same before and after noise exposure.
Thresholds for 5.6 kHz tones in 20, 30, and 40 dB spectrum level gated noise are plotted as a
function of noise-to-tone delay (Figure 11.8B) to derive forward masking functions after Figure
1 in Jesteadt et al. (1982).

Across subjects, the pre- and post-exposure forward masking functions were highly
variable, possibly due to the difficulty of the task. To facilitate comparisons across subjects,
thresholds for forward masking conditions were normalized to the simultaneous gated condition
(normalized threshold = thresholdsimultancous — thresholdgelay). Normalized thresholds are plotted as
a function of noise-to-tone delay in Figure 11.9 for each subject and noise level at 1, 4, and 5.6
kHz (A, B, and C, respectively) before and after noise exposure. Although normalized forward
masking thresholds differed significantly across tone frequencies (#(df) = -5.58(256), p < 0.001)
and delay conditions (#(df) = -8.97(256), p < 0.001), there was no significant effect of noise
exposure (#(df) = 0.86(256), p = 0.392).
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re: simultaneous (dB)

Normalized Threshold
re: simultaneous (dB)
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To further investigate the possibility of a change in forward masking following noise

exposure, change in threshold (post-exposure — pre-exposure) was calculated for each condition

and subject. Figure 11.10 illustrates this delta threshold metric as a function of noise level (A)

and noise-to-tone delay (B). Although there were significant threshold differences that exceeded

the test-retest variability observed for other tone detection tasks in the same subjects (see Chapter

10, Figure 10.4), these differences were not consistent across subjects, frequencies, noise levels,

or delay conditions. In summary, there were no consistent changes in forward masking following

noise exposure intended to cause SYN.
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Figure 11.9 Forward masking functions with normalized thresholds
(thresholddelay — thresholdsimuitaneous) as a function of noise-to-tone
delay. Data are shown for 1 (A, A’), 4 (B, B’), and 5.6 kHz (C, C’)
tones in 20 (squares), 30 (triangles), and 40 (circles) dB spectrum
level noise before (A, B, C) and after (A’, B’, C’) noise exposure.
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Figure 11.10 Change in forward masking
thresholds (post-exposure — pre-exposure) as a
function of noise-to-tone delay. Data are shown
for 1 (A), 4 (B), and 5.6 kHz (C) tones in 20
(squares), 30 (triangles), and 40 (circles) dB
spectrum level noise. S indicates simultaneous
condition. Dashed lines indicate no threshold




Of note, thresholds for the simultaneous (0 ms onset asynchrony) condition also lacked
consistent changes following exposure, unlike those observed in the overshoot task (see Figure
11.5). Additional data using different combinations of tone duration and gated noise bandwidth
suggested that this was due to the use of a narrowband masker in the forward masking paradigm
(data not shown). This finding is consistent with previous reports that overshoot is smaller when
measured with narrowband noise than broadband noise (Wicher & Moore, 2014; Wright, 1997).
11.3.4 Overshoot and forward masking in macaques with permanent threshold shifts and
outer hair cell loss

Overshoot and forward masking are known to be affected by SNHL (e.g. Bacon &
Takahashi, 1992; Glasberg et al., 1987). Data from two macaques with permanent threshold
shifts are included here for comparison; audiograms are shown in Figure 11.11. Monkey Fr had
likely congenital high frequency hearing loss. Monkey Li underwent a 141 dB SPL noise
exposure to a narrowband noise centered at 2 kHz, which resulted in permanent threshold shifts
through two years post-exposure (Burton et al., 2020; Hauser et al., 2018; Mackey et al., 2021).
Cochlear histological investigations revealed significant outer and some inner hair cell loss in

both subjects; data from Monkey Li are shown in Burton et al. (2020). Both monkeys had absent
overshoot across frequencies (Figure 11.12). Monkey Fr showed greater susceptibility to forward
masking compared to controls (Figure 11.13). Although noise levels were not adjusted to equate

sensation level, the maskers were intense enough to generate threshold shifts at the frequencies

tested.
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Figure 11.11 Audiograms from Monkey Fr Figure 11.12 Same as Figure 11.6, but
(blue squares) and Monkey Li (blue circles). showing data from Monkeys Fr and Li (blue),
Subjects showed permanent threshold shifts who had permanent hearing loss. Mean data (+
compared to controls shown in black (rz = 10). 1 standard deviation) from controls shown in
black (n=4).
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11.4 DISCUSSION

Following noise exposure intended to cause
SYN, macaques show normal tone detection
performance in simultaneously gated noise and in a
forward masking paradigm, but progressive changes in
the detection of short tones in gated noise (overshoot).
These behavioral data provide the first direct evidence
for hearing-in-noise deficits associated with SYN
pathology.

Auditory perception is the product of countless
intrinsic neuronal response properties among diverse
neuron populations in multiple brain areas, which
interact dynamically over time and depend on stimulus
characteristics and attentional state. Even a small
change at one level of the auditory pathway has the
potential to generate massive changes at the level of
perception. Although the tasks chosen for this study
were designed to probe neuronal adaptation, temporal
resolution, and MOC function, other mechanisms such
as excitation, facilitation, inhibition, and suppression
undoubtedly contribute to the perceptual patterns
observed and their changes following SYN. In the
following discussion, we propose mechanistic
explanations for each of our primary findings.
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Figure 11.13 Same as Figure 11.9, but showing

data from Monkey Fr (blue), who had permanent
hearing loss. Mean data (£ 1 standard deviation)

from controls shown in black (n = 4).

Like our results for tone detection in steady-state noise (Chapter 10, Figure 10.6), we saw

no effect of noise exposure on tone detection in simultaneously gated noise. These findings

suggest that simultaneous masking of longer tones may be insensitive to SYN pathologies,

consistent with findings in animals with chemically-induced deafferentation (Henry & Abrams,

2021; Resnik & Polley, 2021). Compared to short stimuli, encoding of longer tones is less
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dependent on temporal precision and allows for evidence accumulation over time. Alternatively,
our macaques may not have enough synapse loss to impair tone detection in gated noise.
11.4.2 Overshoot

Overshoot refers to the improvement in tone detection threshold when the tone occurs in
the middle of a noise burst versus when it occurs at the noise onset (Elliott, 1965, 1969; Zwicker,
1965). Threshold improvement plateaus after 100 ms noise-to-tone onset asynchronies (Figure
11.5C-F; McFadden et al., 2010). The overshoot effect is greatest for mid- to high-frequency
signals and moderate level broadband noise (Bacon, 1990; Strickland, 2001; Yasin et al., 2014).
These characteristics suggest a possible role of the MOC system, which has a latency of 100 ms
in humans and similar stimulus preferences (Backus & Guinan, 2006; Guinan, 2006). Overshoot
function shapes are also reminiscent of short-term adaptation patterns in neuronal peristimulus
time histograms, with peak firing rates at stimulus onset that adapt down to a firing rate plateau
(Galambos & Davis, 1943; Kiang, 1965; Ruggero, 1992; Smith, 1979; Smith & Zwislocki,
1975). Adaptation of suppression through lateral inhibition in central auditory nuclei has also
been proposed to underlie some aspects of overshoot (Fletcher et al., 2015). Together, forms of
adaptation and MOC-mediated gain reduction are likely contributors to psychophysical
overshoot (Jennings et al., 2011; Jennings et al., 2009; Keefe et al., 2009; Salloom & Strickland,
2021; Walsh et al., 2010).

We observed reduced overshoot in our noise exposed macaque at frequencies near the
exposure band. We hypothesized that SYN-related impairment of adaptation or MOC function
would result in elevated thresholds for the asynchronous conditions. Contrary to this prediction,
changes in overshoot were driven by reduced thresholds in the synchronous condition, when the
tone and noise onset were simultaneous. Although this resulted in a “deficit”, or a “loss of
overshoot”, the threshold improvement is suggestive of a gain-of-function. Of note, detection
thresholds in the asynchronous conditions were comparable to thresholds for the same duration
tones in steady-state noise (data not shown), and temporal integration functions for short tones in
steady-state noise did not change after noise exposure. Gated noise conditions must contain a
unique characteristic that taps into SYN-related dysfunction.

Similar changes in overshoot (i.e. lower thresholds in the synchronous condition) have
been observed in individuals with SNHL (Figure 11.12; Bacon & Takahashi, 1992; Jennings et
al., 2016; Strickland & Krishnan, 2005) (but see Carlyon & Sloan, 1987), as well as during

241



temporary threshold shifts (Champlin & McFadden, 1989) and aspirin administration (McFadden
& Champlin, 1990). Most studies have explained this phenomenon as a loss of cochlear
amplification due to OHC dysfunction, damage, or loss, meaning there is less cochlear gain
available to be reduced (Jennings et al., 2016). However, since we see this same psychophysical
effect in our subjects with no to minimal OHC damage and no change in otoacoustic emission
amplitudes, this theory fails to explain our findings. Interestingly, a few studies have reported
minimal overshoot in some individuals with normal hearing sensitivity (Bacon & Takahashi,
1992), suggesting impairments independent of hearing loss. But two other studies found no
change in overshoot among older adults with normal hearing sensitivity, who may be at risk for
age-related SYN (Jennings et al., 2016; Wong & Cheesman, 2000).

Thus, we consider alternative explanations for improved short tone detection in
simultaneous gated noise. First, the pattern of results seems inconsistent with MOC impairment,
which should result in elevated thresholds in the asynchronous overshoot conditions.
Physiological assessment revealed only temporary reductions of MOC function in our
synaptopathic macaques (Chapter 8, Figure 8.8), which does not parallel the trajectory of
changes in overshoot. However, altered adaptation of MOC activation could impact trial-to-trial
encoding of the gated noise. Adaptation to rapidly changing noise backgrounds is impaired at the
level of the inferior colliculus in putatively synaptopathic mice (Bakay et al., 2018). It is possible
that central changes in adaptation are inherited by the MOC, which receives direct inputs from
the inferior colliculus and auditory cortex (Terreros & Delano, 2015), and result in slower
recovery from MOC-mediated gain reduction.

Second, auditory nerve recordings in mice with SYN show enhanced onset coding to
tones in quiet and in noise (Suthakar & Liberman, 2021), which is also corroborated by our data
showing increased ABR amplitudes to short duration clicks in noise (Chapter 9, Figures 9.4 and
9.5). Elevated firing rates to short duration stimuli may improve the detectability of tones in our
overshoot task. However, changes to onset coding would also increase firing rates to the gated
noise, so there may not be a net improvement in signal-to-noise ratio.

Finally, among the most likely explanations is that across-channel encoding is impaired.
Overshoot magnitude is much smaller or absent when using narrowband noise maskers
(McFadden, 1989; Wicher & Moore, 2014; Wright, 1997), implicating a role for off-frequency

suppression or inhibition mechanisms in generating the threshold patterns. These mechanisms
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are prevalent throughout the auditory system, occurring as early as the cochlea and auditory
nerve (i.e. two tone suppression; Abbas, 1978; Delgutte, 1990) and throughout different neuron
types in central auditory areas (Ramachandran et al., 1999; Rhode & Greenberg, 1994). In higher
levels of the auditory pathway, integration across neurons also occurs in greater abundance,
leading to transformations in neuronal response properties from peripheral to central nuclei (Joris
et al., 2004). If SYN impairs off-frequency suppression or disrupts across-channel synchrony to
the broadband masker, while sparing (or even enhancing) within-channel onset synchrony to the
signal, the net result would be an improved signal-to-noise ratio and lower detection thresholds.
This explanation is favorable, because it is parsimonious with the null findings of our forward
masking experiment (see next section), which used a narrowband masker that may not elicit
much across-channel processing. Other experiments that probe across-channel processing, such
as comodulation masking release (Hall et al., 1984; Verhey et al., 2003), may also be sensitive to
SYN (Singh et al., 2022; but see Tolnai et al., 2022).

Across-channel coding deficits are also a favorable explanation given their dependence
on central processing. It is likely that the progressive manifestation of perceptual deficits
following acute noise-induced SYN is due to dynamic changes in central auditory function.
Central gain, or hyperactivity due to loss of inhibition, occurs in all major central auditory
structures following peripheral injury (e.g. Chambers et al., 2016; Mulders et al., 2011; Schrode
et al., 2018; Vogler et al., 2011). Hyperactivity emerges soon after peripheral injury (Heeringa &
van Dijk, 2016) and this altered excitatory/inhibitory balance appears to be a permanent
compensatory consequence (Mulders & Robertson, 2011; Salvi et al., 2000). Loss of inhibitory
drive in central auditory structures may underlie disrupted across-channel cues in SYN. Beyond
the confines of reductionistic psychophysical tasks, across-channel cues also contribute to
hearing-in-noise abilities through auditory grouping or scene segregation (Viswanathan et al.,
2022). Deficits in auditory scene analysis secondary to impaired across-channel coding could
also help explain the spatial hearing deficits seen in our synaptopathic macaques (Mackey et al.,
in prep).

This across-channel hypothesis could imply a role of the MOC pathway in SYN deficits
after all. The MOC pathway may contribute to a fluctuation-profile coding mechanism (Carney,
2018) important for signal detection in noise. According to this theory, the MOC could combine

afferent inputs from the LSR population about overall sound levels with descending input from
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the inferior colliculus about low-frequency fluctuations, creating a mechanistic feedback loop
that could underlie signal detection in noise. Disruption of LSR inputs combined with changes in
sound-evoked inferior colliculus and auditory cortex activity following noise-induced SYN
(Asokan et al., 2018; Shaheen & Liberman, 2018) could contribute to impaired MOC control of
fluctuation-profile coding. This model would also be consistent with a more dynamic (as
opposed to reflexive) view of the MOC in controlling cochlear gain (de Boer et al., 2012).
11.4.3 Forward masking

Forward masking refers to the influence of a preceding masker on the detectability of a
signal occurring later in time. As with all perceptual tasks, psychophysical forward masking
patterns encompass a variety of neuronal mechanisms, including adaptation and temporal
resolution. At the level of the auditory nerve, forward masking functions using different masker
durations, levels, and spectral content reveal neuronal recovery from short-term adaptation
(Harris & Dallos, 1979; Smith, 1977). However, discrepancies in neuronal and perceptual data
(Turner et al., 1994) suggest that perceptual forward masking may be more accurately described
by models of temporal integration (Oxenham, 2001), consistent with a view of this task as a form
of gap detection (Glasberg et al., 1987). Varying masker bandwidth also affords estimation of
suppression in forward masking paradigms (Dubno & Ahlstrom, 2001). Others find implications
for MOC function in patterns of perceptual forward masking with varying masker duration and
level (Wojtczak & Oxenham, 2010). Finally, contributions from central auditory structures may
also be necessary to fully explain forward masking functions (Gai, 2016; Nelson et al., 2009)

Predictions of how forward masking functions could change following SYN are mixed,
and the finding of a null result further complicates interpretations. On one hand, loss of ribbons
opposing LSR fibers, which have slow recovery from adaptation compared to high spontaneous
rate neurons (Relkin & Doucet, 1991; Shore, 1995), may not impact perceptual forward masking
at all or could even lead to faster recovery from forward masking. On the other hand, damaged
ribbons could have smaller readily releasable pools, impaired timing of vesicle release, and
slower recovery from vesicle depletion, leading to slower recovery from forward masking. It is
also possible that both of these mechanisms are occurring simultaneously, or are compensated at
various levels of the auditory system, ultimately resulting in the absence of an effect on forward

masking.
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Previous studies of SYN or SYN-related pathologies have shown mixed effects on
physiological and perceptual forward masking. Using a paired click paradigm, Wang and
colleagues found prolonged recovery from forward masking in single auditory nerve fibers of
synaptopathic guinea pigs (Song et al., 2016) and in compound action potentials of mice (Shi et
al., 2013), although these effects recovered with post-exposure survival time, as did IHC ribbon
counts. Human listeners with normal hearing show variable susceptibility to physiological and
perceptual forward masking, which may index the extent of SYN effects (Mehraei et al., 2017).
However, McFadden et al. (1997) found no change in evoked potential forward masking
functions measured in the inferior colliculus of older chinchillas with normal hearing compared
to young controls. Similar measurements conducted in chinchillas with carboplatin-induced IHC
loss indicate only subtle changes in forward masking functions (McFadden et al., 1998),
suggesting that central auditory system compensation may be able to overcome peripheral
impairments expected to affect forward masking. Paired click ABR data from our macaque
model of SYN could help to clarify these discrepant findings. In particular, it will be interesting
to examine paired click responses from each ABR wave component to understand the evolution
of SYN-related changes to forward masking along the auditory pathway.

In order to identify mechanisms of perceptual forward masking, it is informative to
compare data from different inner ear pathologies. As shown here for one macaque (Figure
11.13), human subjects with SNHL show prolonged recovery from forward masking compared
to normal hearing subjects (Glasberg et al., 1987; Kidd et al., 1984; Nelson & Freyman, 1987).
In these cases, forward masking deficits may be caused by loss of compression and impaired
temporal resolution secondary to OHC loss in SNHL (Glasberg et al., 1987; Heinz et al., 2002).
It would follow that forward masking should not be affected in cases of isolated SYN.

Although forward masking is greatest when using narrowband noise (Turner et al., 1994),
it may be useful to measure forward masking — and overshoot — using spectrally-notched gated
noise in future investigations. Notched noise minimizes on-frequency suppression and adaptation
while eliminating off-frequency listening (Moore & Glasberg, 1981). This approach would also

help disentangle contributions from adaptation and temporal integration (Oxenham, 2001).

245



CHAPTER 12

General Discussion

12.1 MANIFESTATIONS OF NOISE-INDUCED TEMPORARY THRESHOLD SHIFTS
IN MACAQUE MONKEYS

We previously established the first nonhuman primate model of SYN (Valero et al.,
2017). Following temporary threshold shifts, macaques exhibited minimal hair cell loss, up to
30% inner hair cell ribbon loss, and ribbon enlargement. Physiological characterization with
auditory brainstem responses (ABRs) and otoacoustic emissions (OAEs) revealed no permanent
threshold shifts at 2 months post-exposure. Using a different noise exposure stimulus (2-4kHz, as
opposed to a 50-Hz band centered at 2kHz), we observed a similar pattern of SYN
histopathology in the present study. In subjects that had extended experimental timelines, inner
hair cell ribbon loss seemed to recover, though enlarged ribbons remained.

Here, we strengthened our understanding of SYN manifestations in macaques with a
thorough survey of putative anatomical, physiological, and perceptual biomarkers. Though
suprathreshold ABR Wave I amplitudes to clicks in quiet were not reduced as in most models of
SYN (e.g. Kujawa & Liberman, 2009), we did find an increase in ABR amplitudes to clicks in
ipsilateral broadband noise. Medial olivocochlear reflexes (MOCRs), as measured by
contralateral suppression of OAEs, were temporarily reduced following noise exposure, but
recovered within a few months, consistent with the normal MOC innervation of OHCs seen at 10
months post-exposure. Middle ear muscle reflexes (MEMRs) were weak in noise-exposed
macaques, suggesting sustained dysfunction of the driving low spontaneous rate fiber inputs.
Behavioral hearing sensitivity showed temporary threshold shifts that recovered within 3 weeks
and remained stable for the duration of the study, consistent with normal OHC counts and OAEs.
Measures of hearing in steady-state noise designed to probe growth of masking and frequency
selectivity showed no change following noise exposure. However, detection of short tones in
gated noise improved over the extended post-exposure period.

A unique aspect of our study was the long post-exposure survival duration. Our
anatomical characterization and much of the physiological characterization took place around 2

months and 10 months post-exposure, representing our early and late study time points. These
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time points are much later than the time courses of most rodent studies, which often assess
physiological function around 1-2 weeks (early) and occasionally at 1-2 months (late) post-
exposure (Bharadwaj et al., 2021; Kujawa & Liberman, 2009; Lin et al., 2011; Shi et al., 2013).
The differences in experimental timelines may account for discrepancies between our ABR
results and those commonly reported in the literature. In the future, we would be interested to
conduct physiological and anatomical assessments at shorter post-exposure time points to look
for further evidence of recovery or regeneration. Behavioral data collection was continuous
throughout the duration of the study, allowing us to look at changes in hearing abilities over
time. Although most of the tasks discussed here did not change following noise exposure
(audiogram, threshold shift rate, auditory filters, forward masking), we did observe delayed
emergence of deficits for psychophysical overshoot. Had our behavioral studies ended at 2
months post-exposure, we may have missed this finding altogether.

To summarize, transient deafferentation caused by noise-induced temporary threshold
shifts may contribute to permanent and progressive changes to afferent neural encoding
(increased masked ABR amplitudes, reduced MEMRSs) and some aspects of hearing-in-noise
(overshoot). Heightened onset responses secondary to persistent ribbon enlargement may be one
parsimonious explanation for the larger masked click ABR amplitudes and improvements in
overshoot thresholds. Alterations to neural encoding appear to develop and progress over time,
as the changes in overshoot are delayed relative to the time course of temporary threshold shifts

and ribbon loss.

12.2 COCHLEAR SYNAPTOPATHY: REDEFINING AN INNER EAR PATHOLOGY
Given the growing evidence that IHC ribbons can regenerate (Chapter 7; Hickman et al.,
2020, 2021; Kim et al., 2019; Shi et al., 2015; Shi et al., 2013; Song et al., 2016), but still result
in impaired physiology and perception (Chapters 8, 9, and 11), the definition of SYN may need
to be expanded. “Synaptopathy” is broadly defined as synaptic dysfunction due to structural or
functional disruptions and is thought to contribute to a variety of neurodegenerative disease
processes (Brose et al., 2010). Traditionally, the term “cochlear synaptopathy” was used to
describe the loss of IHC ribbon synapses, swelling of postsynaptic auditory nerve fiber dendrites,
and the process of primary neural degeneration (Kujawa & Liberman, 2015). Over time, it seems

that this definition has been reduced to an oversimplification of SYN as the loss of IHC ribbons.
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This view implies a permanency or chronicity to the cochlear synapse loss and deafferentation,
which may be the case if afferent fibers do not return to regenerated ribbons. While we do see
significant ribbon loss at 2 months post-exposure, it is difficult to say that macaques “have
synaptopathy” at 10 months post-exposure, as their ribbon counts do not differ from unexposed
controls. However, regenerated ribbons may exhibit functional differences from innate synapses
(Vincent et al., 2022), so ears with normal ribbon counts may still exhibit synaptic dysfunction.
As suggested by Shi et al. (2016), a revised definition of SYN could refer to the process of
damage, loss, and repair or regeneration of synapses, which would encompass temporary and
permanent consequences to anatomy, physiology, and perception.

SYN is typically considered a loss of function; deafferentation reduces the amount of
information being transmitted to the central auditory system about incoming sounds. However,
our macaques exhibited evidence for two forms of gain-of-function: increased ABR amplitudes
to clicks in noise and improved thresholds for short duration tones in gated noise. While these
changes are pathologic, in that the native auditory system does not function in this way, the result
is larger neural responses and better sensitivity. Enhanced onset encoding and temporal precision
in the auditory nerve has been reported in one study of SYN (Suthakar & Liberman, 2021).
Sensorineural hearing loss (i.e. hair cell loss and loss of hearing sensitivity; SNHL) also appears
to improve (Henry et al., 2014; Kale & Heinz, 2012; Scheidt et al., 2010) or not affect (Miller et
al., 1997; Parida & Heinz, 2022) onset coding and temporal precision. Additionally, individuals
with SNHL exhibit little to no overshoot, driven by lower thresholds to tones at noise onset
(Bacon & Takahashi, 1992; Jennings et al., 2016; Strickland & Krishnan, 2005). Though these
gains-of-function are seemingly paradoxical, these changes — detected in the context of simplistic
experimental stimuli — may ultimately result in impaired encoding of complex signals in noise
(Monaghan et al., 2020; Parida & Heinz, 2022). Because the primary findings described here are
common to both SYN and SNHL pathologies, and ribbon loss and primary neural degeneration
are known to both precede and accompany SNHL (Fernandez et al., 2020), SYN-related changes
may underlie the variable hearing-in-noise abilities of individuals with SNHL (Figure 12.1).

SYN is a convenient pathology to study because ribbon loss and neural degeneration can
be uncoupled from dysfunction of other inner ear components (OHCs, stria vascularis, etc.).
Physiological and perceptual changes accompanying SYN emphasize the fact that hearing is not

solely determined by the presence or absence of hair cells. Although this is well-accepted in the
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Figure 12.1 Schematic illustrating a unifying hypothesis explaining the primary features of SYN in
macaques. Enlarged inner hair cell ribbons (Chapter 7) result in larger onset responses. This results in
larger neural responses to signals in noise (masked click ABR, Chapter 9), which enhances sensitivity
to short duration tones at noise onset (overshoot, Chapter 11).

more extreme case of auditory neuropathy (characterized by normal OAEs and grossly abnormal
or absent ABRs; Starr et al., 1996), SYN research introduces the clinical relevance of uncoupled
sensory and neural dysfunction to presentations of SNHL and possibly hidden hearing loss
(Moser & Starr, 2016). Identifying the unique contributions and interactions of inner ear
components will continue to enhance our understanding of normal and pathologic cochlear

function and their role in hearing abilities.

12.3 CENTRAL COMPENSATION IN COCHLEAR SYNAPTOPATHY: THE REAL
SOURCE OF HIDDEN HEARING LOSS?

Sensory deafferentation causes massive reorganization in the brain, as beautifully shown
in classic somatosensory lesion studies (Lund et al., 1994; Pons et al., 1991). Cochlear ablation
and ototoxic cochlear damage have been used as models of auditory deafferentation (e.g.
Chambers et al., 2016; Francis & Manis, 2000; Schwaber et al., 1993), resulting in extensive
topographical reorganization (Schwaber et al., 1993) and central gain (hyperactivity due to loss
of inhibition; Mulders & Robertson, 2011; Salvi et al., 2000). Auditory deafferentation by SYN
also does not stop in the periphery; compensatory mechanisms are pervasive throughout the
auditory system, including the brainstem (Chapter 9; Mehraei et al., 2016), midbrain (Bakay et
al., 2018; Mohrle et al., 2016; Shaheen & Liberman, 2018), and cortex (Asokan et al., 2018).
While the act of deafferentation by lesion or acoustic overexposure is acute, peripheral and
central responses are not static. Central compensation begins quickly after peripheral insult and

changes over time (Asokan et al., 2018; Chambers et al., 2016; Mulders & Robertson, 2013;
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Resnik & Polley, 2021). Given this, peripheral repair by intrinsic or therapeutic mechanisms
does not ensure that central pathways will return to pre-insult functionality.

Compensatory mechanisms may also influence other neural pathways, such as efferent
systems and non-auditory brain regions for language processing, attention, and executive
function. Studies by Sharma and colleagues demonstrate massive cross-modal cortical
reorganization in patients with mild hearing loss (Campbell & Sharma, 2013, 2014; Cardon &
Sharma, 2018), including a shift of auditory encoding from temporal to frontal lobe regions.
Impaired signal encoding accompanied by offloading of auditory processing to “non-auditory”
areas may require greater listening effort from the listener. More specifically, an increase in
onset responses to signals in noise may allow more signals to be passed through the auditory
system for processing, thus taxing attentional resources. Listening-related fatigue is commonly
reported by hearing impaired patients (Davis et al., 2021) and recalls the complaints of
individuals with hidden hearing loss (Kamerer et al., 2021; Spankovich et al., 2018; Tremblay et
al., 2015; Zhao & Stephens, 1996).

A broader definition of SYN that incorporates these time-varying compensatory
consequences may clarify the seemingly mixed literature on hidden hearing loss in humans.
Repeated acoustic injury combined with dynamic central compensation could lead to variable
physiological and perceptual manifestations within and across individuals. Studies of humans “at
risk for SYN” due to age, noise exposure history, tinnitus, or measured speech-in-noise deficits
will be difficult to interpret since only an instantaneous view of each participant can be captured.
Furthermore, difficulties hearing in background noise in the absence of overt hearing loss have
been reported under the guise of many different clinical entities (e.g. hidden hearing loss, King
Kopetzky syndrome, obscure auditory dysfunction, auditory processing disorder). These
disorders are typically attributed to “central auditory dysfunction”, with little regard for etiology
and even less evidence for a specific underlying site of lesion. Central compensation following

SYN may be one contributor to these clinical presentations.

12.4 DIAGNOSING COCHLEAR SYNAPTOPATHY
Hearing-in-noise difficulties in the absence of audiometric hearing loss may be caused by
SYN. According to our data, we suggest that these hearing difficulties may arise from ribbon

enlargement. The enlarged ribbons generate larger onset responses to signals in noise, resulting
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in improved detection of signals at noise onset. In this way, the listener may be more sensitive to
the many competing sounds in their environment that occur in accordance with temporal
fluctuations in background noise. With competing sounds being effectively encoded in noise at
more favorable signal-to-noise ratios, the auditory system is bombarded with more information
than can be overcome with built-in hearing-in-noise mechanisms (such as the intact MOCR and
other attentional networks). The listener is left struggling to hear out the signal of interest.

In this study, we provided further evidence for the utility of the MEMR in the diagnosis
of SYN, but called into question the sensitivity of ABR metrics. We also identified
psychophysical overshoot as one of the first behavioral biomarkers for the diagnosis of SYN.
The WB-MEMR can be easily implemented in the clinic, and modifications to the task design
could allow for relatively quick measurement of overshoot. Our collaborator, Dr. Barbara Shinn-
Cunningham, is conducting parallel investigations in human subjects that will shed light on the
sensitivity of overshoot to SYN pathology in humans.

We have also explored other candidate biomarkers of SYN. IHC ribbons are essential for
generating onset responses and precise encoding of sounds over time (Buran et al., 2010; Jean et
al., 2018). Damaged ribbons and associated changes in spike timing could disrupt the integration
of binaural signals and cause spatial hearing deficits (Bharadwaj et al., 2015). Assays that probe
temporal precision as it relates to binaural hearing may be useful for SYN diagnosis (Phatak et
al., 2019). We previously characterized the binaural interaction component (BIC) of the ABR in
macaques (Peacock et al., 2021), which is an objective measure of binaural hearing abilities.
Following noise exposure, macaques show reduced BIC amplitudes and deficits in behavioral
measures of spatial hearing (spatial release from masking; Mackey et al., in prep). Spatial
hearing deficits may result from loss of sensitivity to interaural timing or level difference cues
that are encoded in the lateral and medial superior olives in the auditory brainstem. These
observations could also implicate changes in the olivocochlear system, which resides near the
binaural auditory structures in the superior olivary complex and is thought to play a role in
spatial hearing (Clause et al., 2017; Irving et al., 2011; Lauer et al., 2021).

Assays that probe auditory attention may also prove sensitive to central compensation
following SYN. Selective attention can modulate peripheral and central representations of sound
(Delano et al., 2007, Fritz et al., 2007; Ikeda et al., 2008; Smith et al., 2012; Wittekindt et al.,

2014). High fidelity neuronal encoding is necessary to guide selective attention (Viswanathan et
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al., 2022), so alterations to the neural representations of suprathreshold signals could impair
scene analysis (Bharadwaj et al., 2014; Shinn-Cunningham, 2017). As an example, the MOC
system can be modulated by attention (Bowen et al., 2020; Marcenaro et al., 2021; Srinivasan et
al., 2012) (reviewed in Lauer et al., 2021), highlighting a dynamic (as opposed to purely
reflexive) role of this pathway (de Boer et al., 2012). Attending to a stimulus can enhance
cochlear gain for that signal and reduce cochlear gain for unattended stimuli through MOC-
mediated control of OHC motility. Selective attention is impaired in transgenic mice that lack a9
nicotinic acetylcholine receptors (Terreros et al., 2016), which oppose MOC neuron terminals on
OHCs (Kujawa et al., 1994). Altered signal encoding with SYN could disrupt attentional control
of MOC function and the mediation of cochlear gain, resulting in poorer signal-to-noise ratios
and impaired hearing-in-noise. This type of MOC dysfunction would not be captured in our
MOCR test, which is conducted under passive listening conditions. Interestingly, case studies in
patients with severed olivocochlear bundles actually showed better detection of unexpected
signals compared to controls (Scharf et al., 1997; Scharf et al., 1994). The authors suggested that
this apparent gain-of-function may have resulted from impaired selective attention. This line of
evidence provides an intriguing alternative explanation for our overshoot findings and may imply
the presence of selective attention deficits in SYN pathology (Bharadwaj et al., 2014; Shinn-
Cunningham, 2017).

When discussing the diagnosis of SYN with clinicians, it is important to emphasize the
difference between SYN and hidden hearing loss. SYN refers to a specific pathological
mechanism and process (see Section 12.2). Terms like hidden hearing loss and auditory
processing disorder are merely descriptive labels for a constellation of symptoms, such as
difficulty hearing in background noise. Due to their descriptive nature, these labels are
considered diagnoses of exclusion and are only used after eliminating other explanations for the
symptoms (e.g. hearing loss, cognitive delay or degeneration, language impairment, attention
deficit disorders, traumatic brain injury, psychiatric disease, etc.). However, hearing-in-noise and
selective attention deficits probably always accompany hearing loss, and these symptoms are
comorbid with other disorders, such as dementia (Armstrong et al., 2020) and traumatic brain
injury (Bressler et al., 2017; Han et al., 2021). Although further research is needed to elucidate

the causal relationships among these disorders, SYN, SNHL, and other disorders share common

252



clinical features and may also share common neuropathological substrates. Diagnostic tests for
SYN will require excellent sensitivity and specificity before their implementation in the clinic.
Despite growing evidence of SYN in humans and advances in the search for SYN
biomarkers, many clinicians remain skeptical and struggle to see how SYN diagnosis will change
their clinical practice. Evidence-based conversations about the efficacy and limitations of current
rehabilitative options may enlighten the clinical relevance of SYN. For example, cross-modal
reorganization caused by mild hearing loss appears at least partially reversible with the use of
hearing aids (Glick & Sharma, 2020). However, aided speech-in-noise perception is still highly
variable among hearing impaired listeners (Humes et al., 2013; Humes et al., 2002).
Implementation science is recently developed field dedicated to the effective translation of
scientific findings into clinical practice (Douglas & Burshnic, 2019; Peters et al., 2014). These
efforts aim to improve the dissemination of scientific advances and facilitate their successful and
timely application into evidence-based practices. Collaborative studies conducted by researchers
alongside practicing clinicians can be used to assess the utility and feasibility of implementing a
new test or treatment into a clinical setting. Special interest groups of the American Speech-
Language-Hearing Association (ASHA) have recently pledged their support of implementation
science within communication sciences and disorders research (Finn et al., 2019).
Implementation science efforts among audiologists, otolaryngologists, and hearing scientists will

be increasingly important as therapeutic treatments for hearing disorders become available.

12.5 FUTURE DIRECTIONS
12.5.1 Large-scale analyses integrating anatomical, physiological, and behavioral data

As our large-scale and long-term studies come to a close, we look ahead to synthesizing
our results as a whole. In the future, we plan to do large-scale analyses across all measures
included in our study in order to tease out relationships among anatomical, physiological, and
perceptual biomarkers. For example, previous studies indicate weak relationships between the
magnitude of temporary threshold shifts and the severity of OHC loss (reviewed in Chapter 1).
We aim to expand on these findings by assessing the relationship between temporary threshold
shifts as measured by OAEs and behavioral audiograms, and relating these shifts to the amount
of OHC loss or ribbon enlargement at corresponding frequencies. Another avenue of interest is

using pre-exposure indices to predict susceptibility to noise exposure or post-exposure outcomes.
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Several studies suggest that MOCR strength predicts susceptibility to acoustic injury, with
stronger MOCRs being protective (Maison & Liberman 2000, Luebke & Foster 2002; Maison
2013, Liberman 2014). Here, we can compare pre-exposure TEOAE suppression (our measure of
MOCR strength) with the magnitude of temporary threshold shifts, severity of histopathology,
and post-exposure physiological or perceptual changes to assess whether this metric indexes
inter-subject variability in susceptibility to noise exposure in our macaques.
12.5.2 Chronic noise exposures: Accumulation vs. protection

The acute noise exposure used in our study may not be representative of the conditions
causing SYN in humans (Dobie & Humes, 2017). Chronic, low level noise exposures may also
cause SYN and accumulate to produce “age-related” decline. However, one study implementing
this type of exposure (80 dB SPL, 8 hours per day) did not observe ribbon loss at any time point
examined (Occelli et al., 2022). Alternatively, low level noise exposures may protect against
more severe acoustic insults, as shown in studies of noise conditioning (Brown et al., 1998;
Canlon et al., 1999; Peng et al., 2007; Yin et al., 2020). It is unclear how or under what
conditions noise exposures result in toughening as opposed to injury, but this delineation is of
great relevance to our understanding of SYN pathology. Knowing the normal acoustic
environments of research animals and humans will also be relevant to these types of
investigations. We used an environmental monitoring device (Turner Scientific) to measure
sound levels in our macaque housing rooms (McLeod et al., re-submitted). Mean sound levels
were 58-62 dB SPL, with transients peaks up to 109 dB SPL. These ambient noise conditions
form a baseline for future studies of chronic noise exposure in macaques.
12.5.3 Investigating cellular and molecular consequences of cochlear synaptopathy to
identify treatment strategies

Further characterization of noise-induced changes in neuronal circuitry and response
properties will be important for advancing our understanding of SYN. Investigations throughout
the primary and non-primary auditory pathway, as well as multisensory and higher order brain
areas, will generate a holistic picture of the gross changes in brain function accompanying
hearing loss. As the literature on the central consequences of SYN (Asokan et al., 2018; Bakay et
al., 2018; Shaheen & Liberman, 2018) and related pathologies (Bauer et al., 2008; Chambers et
al., 2016; McFadden et al., 1998; Resnik & Polley, 2021; Wang et al., 2021; Wong & Xu-

Friedman, 2022) continues to grow, studies that consider post-exposure time as a variable will
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help decipher the course of pathology. These approaches will be particularly informative for the
development of therapeutic and rehabilitation strategies for SYN.

Perhaps the first question to answer is whether recovered and/or regenerated synapses
share similar function to native synapses. The presence of a presynaptic ribbon by CtBP2
staining does not imply that the ribbon is structurally or functionally intact compared to non-
pathologic ribbons. Initial in vitro studies of regenerated inner hair cell to auditory nerve fiber
synapses suggest that some functions are similar, while other aspects are functionally distinct
from mature native synapses (Vincent et al., 2022). Although these studies are quite technically
challenging to complete, the data are invaluable for understanding SYN pathology and the
capabilities and limitations of therapeutic treatments that could recover presynaptic ribbons.

One neuronal circuit of interest is that of the small cell cap of the cochlear nucleus. These
neurons receive innervation from LSR fibers (Liberman, 1991), Type II afferents (Hurd et al.,
1999), and MOC collaterals (Hockley et al., 2021). Unsurprisingly, given the response properties
of their neuronal inputs, encoding of signals in noise is a specialty of cochlear nucleus small cells
(Hockley et al., 2021). These neurons also exhibit superior encoding of sound intensity, which is
sharpened by the MOC inputs (Hockley et al., 2022). This circuit seems ripe with opportunities
to change following SYN and manifest as deficits in suprathreshold sound processing and
hearing-in-noise.

The molecular mechanisms underlying ribbon loss, primary neural degeneration, and
ongoing plasticity are also poorly understood (Hu et al., 2020), limiting progress toward
therapeutic strategies for the prevention and treatment of hearing loss. Neurotrophic support is
effective at preventing and reversing SYN (Chen et al., 2018; Sly et al., 2016; Suzuki et al.,
2016), but may only be useful in cases of acute noise-induced SYN and within a small treatment
window. Research from other sensory systems may provide further insight about the molecular
substrates of SYN pathology and approaches to treatment. For example, retinal ganglion cells
can be damaged by blunt ocular trauma (Bricker-Anthony & Rex, 2015) and increased
intraocular pressure in glaucoma (Crish et al., 2010). Investigations of the molecular
consequences of ocular injury and neuronal degeneration as well as the time course of these
changes are emerging (Bernardo-Colon et al., 2019; Naguib et al., 2021). Markers of

inflammation and oxidative stress are key molecular players that show parallels to molecular
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changes in cochlear hearing loss (Honkura et al., 2016; Tan et al., 2016) and may be useful

targets for therapeutic interventions (Koleilat et al., 2020; Sha & Schacht, 2017).
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