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Abstract

Afferent innervation of the cochlea by the auditory nerve declines during aging and potentially
after sound overexposure, producing the common pathology known as cochlear synaptopathy.
Auditory-nerve-fiber loss is difficult to detect with the clinical audiogram and has been proposed
to cause ‘hidden hearing loss’ including impaired speech-in-noise perception. While evidence

that auditory-nerve-fiber loss causes hidden hearing loss in humans is controversial, behavioral
animal models hold promise to rigorously test this hypothesis because neural lesions can be
induced and histologically validated. Here, we review recent animal behavioral studies on the
impact of auditory-nerve-fiber loss on perception in a range of species. We first consider studies
of tinnitus and hyperacusis inferred from acoustic startle reflexes, followed by a review of operant-
conditioning studies of the audiogram, temporal integration for tones of varying duration, temporal
resolution of gaps in noise, and tone-in-noise detection. Studies quantifying the audiogram show
that tone-in-quiet sensitivity is unaffected by auditory-nerve-fiber loss unless neural lesions exceed
80%, at which point large deficits are possible. Changes in other aspects of perception, which
were typically investigated for moderate-to-severe auditory-nerve-fiber loss of 50-70%, appear
heterogeneous across studies and might be small compared to impairment caused by hair-cell
pathologies. Future studies should pursue recent findings that behavioral sensitivity to brief tones
and silent gaps in noise may be particularly vulnerable to auditory-nerve-fiber loss. Furthermore,
aspects of auditory perception linked to central inhibition and fine neural response timing, such as
modulation masking release and spatial hearing, may be productive directions for further animal
behavioral research.
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Introduction

Sensorineural hearing loss is a common pathology in humans that involves damage to

the delicate hair cells of the cochlear sensory epithelium and reduced innervation density

of inner hair cells by auditory-nerve afferent synapses, known as cochlear synaptopathy
(Kujawa and Liberman, 2009). While hair-cell damage is generally detectable with a clinical
audiogram and causes well-known deficits in real-world listening abilities (Dubno et al.,
1982; Halpin and Rauch, 2009), auditory-nerve-fiber loss is clinically difficult to detect
(Makary et al., 2011; Schuknecht and Woellner, 1953) and has unclear consequences on
perception. Loss of auditory-nerve input to the central nervous system has been proposed to
cause real-world listening difficulties including tinnitus and impaired perception of complex
sounds in noise (Bharadwaj et al., 2014; Kujawa and Liberman, 2009; Plack et al., 2014;
Schaette and McAlpine, 2011), called ‘hidden hearing loss’ because these problems are

not readily detected with standard clinical tests including the audiogram. However, despite
over a decade of intensifying research on this pathology, it is currently unclear whether
auditory-nerve-fiber loss causes hidden hearing loss (Bramhall et al., 2019).

Studies of hidden hearing loss in humans have produced conflicting results, with some
finding associations between putative metrics of auditory-nerve health and complex-sound
perception or tinnitus (Liberman et al., 2016; Schaette and McAlpine, 2011; Shehorn et

al., 2020) and others finding no such relationships (Grose et al., 2017; Johannesen et al.,
2019; Le Prell et al., 2018; Marmel et al., 2020; Prendergast et al., 2019, 2017; Yeend et al.,
2017). While possibly due to a weak or heterogeneous effect of auditory-nerve-fiber loss on
perception (Oxenham, 2016), null results might also reflect other factors. First, most studies
focused on young subjects with normal audiograms, who may lack the degree of auditory-
nerve synaptic injury necessary to produce a detectable perceptual difference. Second,
these studies generally used wave-I amplitude of the auditory brainstem response (ABR),
the far-field compound action potential of the auditory nerve, to provide a physiological
metric of auditory-nerve status. While reasonably effective in animal models due to close
proximity of recording electrodes to auditory-nerve-fiber generators (Yuan et al., 2014),

use of ABR wave-I in humans is more difficult due to its lower signal-to-noise ratio

and relatively high inter-subject variability even among young normal-hearing individuals
with presumably full complements of auditory-nerve fibers/cochlear synapses. More direct
measures of auditory-nerve injury (Makary et al., 2011; Viana et al., 2015; Wu et al., 2019)
may be needed to rigorously evaluate the possibility of hidden hearing deficits, but note

the difficulty of obtaining direct histopathological measures in human subjects for whom
controlled measures of real-world listening abilities and tinnitus are also available.

Alternatively, others have proposed that differential measures, for which the outcome is
influenced by auditory-nerve-fiber loss to different extents across conditions, might reveal
hidden hearing deficits caused by auditory-nerve-fiber loss if they exist (Plack et al., 2016).
For example, Prendergast et al. (2017) calculated several differential behavioral measures as
the difference in performance between high and low sound levels, based on the assumption
that auditory-nerve-fiber loss disproportionately impairs encoding of high-level signals due
to greater loss of units with low spontaneous rates (Furman et al., 2013) (but see Cochlear
Anatomy and Auditory-Nerve-Fiber Loss, below). Differential measures should theoretically
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be less influenced by extraneous factors such as central processing and cognition because
these factors putatively impact performance at both sound levels; thus, in the differential
measure, the effect of extraneous factors is effectively subtracted away. However, differential
measures have largely not yet clarified the relationship between auditory-nerve injury and
hidden hearing loss in humans (Prendergast et al., 2019, 2017).

Given the limitations inherent to human studies, studies in non-human animal models
appear well suited to test the hypothesis that auditory-nerve-fiber loss causes real-world
listening difficulties including impaired perception of complex sounds (i.e., hidden

hearing loss) and tinnitus. Animal models are advantageous because auditory-nerve injury
can be experimentally induced with controlled noise exposure, surgical methods, or
neurotoxic drugs, and quantified using well-validated physiological measures and direct
histopathological techniques. Furthermore, measurements of behavioral performance can
be obtained both before and after auditory-nerve injury, increasing the probability of
detecting perceptual deficits if they exist but are small (e.g., within the range of inter-subject
variability in control groups). On the other hand, the challenge emerges of quantifying
perception in animal subjects that must be trained to report behavioral decisions in
response to a seemingly arbitrary acoustic stimuli, a laborious process requiring often
extended periods of carefully controlled behavioral data collection and specialized operant-
conditioning procedures to maintain animals’ motivation to perform the task.

Here we review existing studies in behavioral animal models on the impact of
experimentally induced auditory-nerve-fiber loss on auditory perception and possible hidden
hearing loss. A brief overview of the basic anatomy and physiology of the cochlea and
auditory nerve is provided first, followed by hypotheses proposed regarding which aspects
of auditory perception might be most impacted by auditory-nerve injury, and underlying
mechanisms. Thereafter, successive sections review the effects of auditory-nerve-fiber loss
on hyperacusis and tinnitus inferred via startle responses and on the audiogram, temporal
integration, temporal resolution, and signal detection in noise based on behavioral results in
trained animals. Finally, possible directions are introduced for future research.

Cochlear Anatomy and Auditory-Nerve-Fiber Loss

Sound-induced vibrations within the human cochlea are transduced into a receptor potential
by ~3,000 inner hair cells arranged in a single row spanning the length of cochlear frequency
axis (Fig. 1A). Each inner hair cell receives redundant afferent synaptic contact from

5-15 type-1 auditory-nerve fibers in the healthy ear, with greatest innervation density at
mid-frequency locations (Spoendlin and Schrott, 1989). Inner-hair-cell synapses are of the
ribbon type, specialized for high temporal precision (Nouvian et al., 2006), and exclusive in
that each auditory-nerve-fiber neuron makes just one afferent synaptic contact with a single
inner hair cell. Auditory-nerve cell bodies are located in the spiral ganglion at the center of
the cochlear spiral and send a projection (axon) to the cochlear nucleus carrying acoustic
information into the central nervous system in the form of action potentials. Auditory-nerve
fibers show V-shaped frequency tuning in response to tones with characteristic frequencies
(the frequency of greatest sensitivity) consistent with the cochlear frequency region at which
they make synaptic contact with an inner hair cell (Liberman, 1984). Most auditory-nerve
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fibers in mammals have high spontaneous discharge rates in the absence of sound [greater
than 18 spikes/second; ~60% of fibers in cat and gerbil (Liberman, 1978; Schmiedt, 1989)]
with remaining fibers having low (<0.5 spikes/second) or medium (0.5-15 spikes/second)
spontaneous rates.

Of ~30,000 total type-I auditory-nerve fibers innervating each human cochlea at birth (Otte
et al., 1978), an estimated 7.7% of synapses are lost each decade of life culminating in
average auditory-nerve survival of 70% at 40 years of age and 40% at age 80 (Fig. 1B)
(Wu et al., 2019). While traditionally considered to be a secondary consequence of inner-
hair-cell loss or damage (McFadden et al., 2004; Spoendlin, 1984), recent investigations
show that loss of auditory-nerve synapses exceeds inner-hair-cell loss by a factor of 2.6
(Wu et al., 2019) and can even occur in the absence of hair-cell related pathologies
(Makary et al., 2011; Viana et al., 2015). Moreover, recent studies in animal models show
that sound overexposures cause auditory-nerve synaptic injury even at moderate levels

that are insufficient to cause permanent hair-cell damage (Kujawa and Liberman, 2009;
Lin et al., 2011). The striking implication of this work is that noise exposures that were
previously assumed to be safe based on preservation of the audiogram and outer-hair-cell
function might in fact permanently damage auditory-nerve synapses and cause hidden
hearing loss. These findings have led to a flurry of research efforts to detect auditory-nerve-
fiber loss, reveal possible hidden hearing loss including real-world listening difficulties
and tinnitus, determine exposure levels at which auditory-nerve synaptopathy occurs, and
even pharmacologically prevent and repair synaptic injury — an intriguing possibility since
auditory-nerve neurons survive for sometimes extended time periods in the spiral ganglion
despite being functionally disconnected from inner hair cells by initial synaptic breakage
due to glutamate excitotoxicity (Liberman and Kujawa, 2017; Young, 2013).

Shortly after the discovery of noise-induced cochlear synaptopathy, it was reported that
low- and medium-spontaneous-rate auditory-nerve fibers were lost at a greater rate than
high-spontaneous-rate fibers in guinea pigs following moderate noise overexposure (Furman
et al., 2013). In large samples of auditory-nerve-fiber spontaneous activity recorded from

14 control animals and 9 previously exposed to noise, the proportion of low- and medium-
spontaneous-rate responses was 47% in the control sample and 29% in the noise-exposed
sample. These results suggest that medium and low-spontaneous-rate fibers could be more
vulnerable to noise-induced synaptopathy, which is a potentially disconcerting possibility if
it is also assumed that these fiber groups play a dominant role in suprathreshold auditory
perception (e.g., based on their sometimes wider dynamic range in response to tones of
varying level). On the other hand, the role of different auditory-nerve spontaneous-rate
groups in auditory perception is controversial (Delgutte, 1996; Sachs and Young, 1979;
Young and Sachs, 1979), and a recent study in mice found similar loss of auditory-nerve
fibers across spontaneous-rate groups following moderate noise overexposure (Suthakar and
Liberman, 2021). Given these uncertainties, it seems unclear whether or how selective loss
of low-spontaneous-rate fibers should be included in designing differential measures and
predicting perceptual consequences of auditory-nerve injury.
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Hypothesized perceptual consequences of auditory-nerve-fiber loss

Auditory-nerve-fiber loss is generally thought not to affect behavioral thresholds for tone
detection in quiet (i.e., the clinical audiogram), an assumption consistent with human
temporal-bone, retrospective studies (Makary et al., 2011), but rather to impair real-world
perception of complex sounds for which integration of auditory-nerve input across a larger
number of fibers may be required to support behavioral performance. Tasks requiring fine
timing of neural responses might be particularly affected, such as sound localization and
processing of temporal fine structure and envelope fluctuations, because auditory-nerve-fiber
loss is expected to degrade population-level neural encoding of temporal features based

on the volley principle (i.e., pooling across redundant neural inputs) (Bharadwaj et al.,
2014; Lopez-Poveda and Barrios, 2013). In contrast, a modeling study based on signal
detection theory predicted equal impairment of psychoacoustic performance across a wide
range of tasks including tone detection in quiet and in noise, frequency discrimination,

level discrimination, and binaural lateralization (Oxenham, 2016). Moreover, the framework
predicted small threshold shifts well within the range of normal inter-subject variation for
mild-to-moderate cochlear synaptopathy, and just 5 dB of threshold elevation for a profound
90% loss of auditory-nerve fibers.

Perceptual deficits could also arise from specific central processing disorders caused by
diminished afferent input to the central auditory pathway. Schaette and McAlpine (2011)
described a framework in which homeostatic plasticity acts to stabilize mean neural activity
level in central auditory processing centers over long time scales through changes in

the strength of excitatory and inhibitory synapses. In response to reduced afferent input,

this mechanism appears to cause an increase in ‘central gain’ and/or neural excitability
(Chambers et al., 2016; Hickox and Liberman, 2014; Salvi et al., 2017; Wang et al.,

2011; Wilson et al., 2021) (Fig. 2) that could amplify spontaneous activity, a potential

cause of tinnitus, and adversely impact neural encoding of suprathreshold auditory stimuli
(Schaette and McAlpine, 2011). Relationships between hearing damage, tinnitus, and speech
comprehension in humans, including the hypothesis that tinnitus is a byproduct of ‘neural
noise’ added to the system to improve sensitivity through stochastic resonance, are further
discussed by Gollnast and colleagues (Gollnast et al., 2017). Indeed, many fundamental
aspects of central processing on which speech perception likely depends are shaped by

the balance of excitatory and inhibitory inputs, including frequency selectivity, binaural
sensitivity, and amplitude-modulation tuning (Burger and Pollak, 1998; Caspary et al., 2008,
2002; Davis et al., 1999; Palombi and Caspary, 1996; Zhang and Kelly, 2003), and therefore
might be degraded by changes in central gain related to auditory-nerve-fiber loss.

Behavioral consequences of cochlear synaptopathy in animal models

Behavioral studies of experimentally induced auditory-nerve injury have been conducted in
a variety of nonhuman animal model species including several mammals [mouse (Chambers
et al., 2016; Hickox and Liberman, 2014; Resnik and Polley, 2021), rat (Lobarinas et al.,
2017), chinchilla (Lobarinas et al., 2020, 2016, 2013), cat (Schuknecht and Woellner, 1953),
gerbil (Tziridis et al., 2021)] and the budgerigar, an avian species (Henry and Abrams,
2021; Wong et al., 2019). These studies used diverse methods to induce auditory-nerve
damage including bandlimited noise exposures, surgical ablation, and the neurotoxic agents
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ouabain and kainic acid. This review also includes studies employing carboplatin exposure
in chinchillas (Lobarinas et al., 2020, 2016, 2013), for which inner hair cells are lost in
addition to auditory-nerve fibers (Fig. 1C). These carboplatin studies are considered because
the sensitivity and frequency tuning of surviving auditory-nerve fibers are thought to remain
relatively normal unless inner-hair-cell loss is profound (Salvi et al., 2000; Wang et al.,
1997), as seems to be the case for pure synaptopathy (Furman et al., 2013). Several studies
are first reviewed that used behavioral startle reflexes to provide insight into possible tinnitus
and hyperacusis following auditory-nerve injury. Subsequent sections focus on behavioral
responses of trained animals assessed using operant-conditioning procedures, to gain insight
into the impact of auditory-nerve-fiber loss on different aspects of auditory perception.
Perceptual consequences of auditory-nerve-fiber loss are reviewed on the audiogram,
temporal integration for tones of varying duration, temporal resolution of silent gaps in
noise, and tone-in-noise detection.

Studies of hyperacusis and tinnitus

Hyperacusis and tinnitus are common problems in individuals with sensorineural hearing
loss and indicate abnormal discomfort in response to loud sounds and ‘ringing of the

ears’ in the absence of sound, respectively. Several studies have investigated the potential
contribution of auditory-nerve injury to hyperacusis and tinnitus using startle reflexes, based
on the hypothesis that auditory-nerve-fiber loss causes abnormal elevation of central gain
that leads to these perceptual phenomena. Hickox and Liberman (2014) induced auditory-
nerve injury in mice through moderate bilateral overexposure to bandlimited noise (8-

16 kHz; 100 dB SPL; 2 h), which caused approximately 40% reduction of tone-evoked
ABR wave-1 amplitude and a concomitant loss of auditory-nerve afferent synapses in the
32-kHz region of the cochlea (the region withstanding the greatest synaptic injury) assessed
11 weeks after the noise exposure (Hickox and Liberman, 2014). Hair cells showed no
permanent damage post-exposure except in the extreme base, where scattered loss of outer
hair cells was found. The amplitude of acoustic startle reflexes and the extent to which
startle amplitude could be inhibited by preceding sounds were compared over a 10-week test
period, starting one day after noise overexposure, between noise-exposed mice and an age-
matched control group. Mice with noise-induced auditory-nerve damage showed evidence
of post-exposure hyperacusis including enhanced acoustic startle reflexes in noise (Fig. 3A)
and greater inhibition of acoustic startle reflexes by an immediately preceding low-level
tone (heightened pre-pulse inhibition; Fig. 3B). On the other hand, similar inhibition of
acoustic startle responses by a preceding silent gap suggested no role of a tinnitus sensation
“filling in the gap” in noise-exposed animals though the validity of this behavioral tinnitus
phenotype is an area of active debate and investigation (Zeng et al., 2020). In summary,
acoustic startle results in mice with noise-induced auditory-nerve injury appeared consistent
with possible hyperacusis but perhaps not tinnitus.

Chambers at al. (2016) found quite different results in mice with profound unilateral
auditory-nerve injury induced through application of 1-mM ouabain solution to the round
window membrane. Pharmacological induction of auditory-nerve damage has the advantage
of producing cochlear neural lesions that are larger and more diffuse across cochlear
frequency regions compared to the moderate focal lesions produced by bandlimited noise,
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and thus more closely resemble the neuropathy commonly observed in aging human ears
(Makary et al., 2011). The extent of auditory-nerve-fiber loss in the ouabain-exposed

ear, assessed through reduction of ABR wave-I amplitude one week and 30 days after
exposure and validated histologically, was profound (>95%) yet with complete preservation
of both inner and outer hair cells (Chambers et al., 2016). Intriguingly, though still able

to behaviorally detect low-level tones presented to the exposed ear several weeks post-
exposure as described below (see Behavioral Audiograms), acoustic startle reflexes for
suprathreshold tones presented to the exposed ear were completely abolished (yet preserved
in the control ear). Elimination of acoustic startle reflexes, in contrast to enhancement
observed in mice exposed to bandlimited noise at 100 dB SPL (Hickox and Liberman,
2014), appears inconsistent with hyperacusis in ouabain-exposed mice and could be due to
the fact the auditory-nerve injury was unilateral and/or far more pronounced. On the other
hand, startle reflexes were clearly dissociated from behavioral measures of tone perception
in ouabain-exposed mice, and therefore might not provide the best index of abnormal
loudness perception. Indeed, hyperactivity of cortical responses in ouabain-exposed mice
(Chambers et al., 2016; see also Salvi et al., 2017) suggest a possible neural substrate for
hyperacusis in these animals.

Startle reflexes have also been used in rats to evaluate possible auditory perceptual changes
following auditory-nerve damage. Lobarinas et al. (2017) exposed rats to bandlimited
noise and found modest but persistent reduction of ABR wave-I amplitude two weeks
post-exposure with no accompanying change in hair-cell generated otoacoustic emissions,
consistent with selective auditory-nerve injury. Inhibition of air-puff startle reflexes by
narrowband signals in noise was evaluated before and after auditory-nerve damage to

gain insight into possible perceptual changes caused by this neuropathy. Rats showed less
inhibition of air-puff startle reflexes by the acoustic signal two weeks following auditory-
nerve damage, a finding at odds with the apparent hyperacusis observed in mice (Hickox
and Liberman, 2014) with a similar degree of neural loss. Rather than hyperacusis, reduced
startle inhibition by narrowband signals in noise was interpreted as possible evidence of
reduced hearing-in-noise ability, though note the indirect relationship between pre-pulse
inhibition of startle reflexes and conditioned responses of behaviorally trained animals
(Behrens and Klump, 2016, 2015; Greene et al., 2018). Whether different results in rats and
mice reflect use of different elicitors for the startle reflex (air puff vs. sound) or perhaps

a species difference remains unclear. Indeed, even different inbred mouse strains can show
substantial differences in startle reflexes (Paylor and Crawley, 1997).

Finally, in gerbil, Tziridis and colleagues (2021) evaluated the potential role of auditory-
nerve-fiber loss in tinnitus using a moderate-level tone exposure intended to damage
auditory-nerve-fiber synapses without causing much permanent hearing loss. Change in the
extent to which a preceding silent gap in narrowband noise inhibited acoustic startle reflexes,
between time points before and 13 days after exposure, was used as a behavioral correlate of
tinnitus based on the previously mentioned framework that tinnitus “fills in the gaps” in the
stimulus. Hearing loss was evaluated with ABR thresholds measured before and 3-5 days
after acoustic overexposure, and ranged from none up to 10-15 dB. Auditory-nerve injury
was assessed at the conclusion of behavioral testing. In contrast to Hickox and Liberman’s
(2014) findings in mice, for which no correlate of tinnitus was found, gerbils showed startle-
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based evidence of tinnitus following acoustic overexposure that was positively associated
with the extent of auditory-nerve-fiber injury yet unrelated to the degree of apparent (minor)
hearing loss (Tziridis et al., 2021). Notable differences between these studies include the
choice of species and the use of a differential behavioral response measure gerbils (i.e.,
based on pre- and post-exposure assessment of startle reflexes), thereby potentially reducing
the impact of cross-animal variability.

Behavioral audiograms

The behavioral audiogram, pure-tone detection thresholds in quiet as a function of
frequency, is the standard clinical tool for detecting sensorineural hearing loss in humans
and is particularly sensitive to hair-cell pathologies due to the primary role of outer hair
cells in amplifying sound induced-cochlear vibrations. The effects of auditory-nerve-fiber
loss on the behavioral audiogram have been examined in a number of animal models, all

of which show minimal impact of this pathology except in cases where neuropathy was
profound. In an early study of cats, Schuknecht and Woellner (1953) induced auditory-nerve
injury through partial surgical lesions of the auditory-nerve trunk near where it intersects
the brainstem. Behavioral audiograms were determined before and from 2—7 months after
surgical damage using a shock-avoidance paradigm, and the density of spiral ganglion
neurons was evaluated (i.e., percent of average normal) at the conclusion of behavioral
testing to quantify the extent and pattern of cochlear neural injury. The behavioral results in
cats showed that strikingly, greater than 80% loss of auditory-nerve innervation was required
to produce significant elevation of pure-tone thresholds in quiet (Schuknecht and Woellner,
1953).

More recently, Lobarinas et al. (2013) quantified the impact of inner hair cell loss

from carboplatin on behavioral audiograms evaluated using a shock-avoidance paradigm

in chinchillas. Single injections of 75 mg/kg carboplatin caused inner-hair-cell lesions
ranging from 15-100% across animals and cochlear frequency regions based on histological
analyses conducted at the conclusion of behavioral testing (Fig. 4A). Behavioral audiograms
were assessed before carboplatin exposure and over a five-day period beginning 21-28 days
after the exposure. Strikingly, greater than 80-90% loss of inner hair cells was required

to produce significant elevation of behavioral pure-tone detection thresholds in quiet (Fig.
4B). Lesions greater than 90% were associated with heterogeneous outcomes with some
animals showing normal performance and others showing threshold elevation of up to 80 dB
(Lobarinas et al., 2013).

In mice, Chambers et al. (2016) assessed the impact of unilateral auditory-nerve-fiber loss
induced with 1-mM ouabain on behavioral detection of 8-kHz tones by animals trained
using a shock-avoidance paradigm. Behavioral testing was conducted three weeks after
ouabain exposure. Perhaps surprisingly, given the loss of the acoustic startle reflex and the
profound extent of neural injury (>95% synaptic loss), most (3/4) ouabain-exposed mice
showed normal behavioral sensitivity to 8-kHz tones presented to the lesioned ear across
the full range of sound levels tested (10-90 dB SPL). On the other hand, one animal was
unable to behaviorally detect tones with the lesioned ear, suggesting heterogenous outcomes
for >90% synaptic loss. Preservation of behavioral tone sensitivity was perhaps possible due
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to a compensatory increase in central gain that restored the magnitude of neural responses to
these relatively simple stimuli following ouabain exposure. Indeed, extracellular multi-unit
neural recordings in primary auditory cortex, and to a lesser extent in the inferior colliculus,
showed remarkable recovery/plasticity of suprathreshold neural responses over 30 days
following the ouabain exposure (Fig. 2A), consistent with downregulation of inhibitory input
to these processing centers and a concomitant increase in central gain (Chambers et al.,
2016).

Finally, Wong et al. (2019) found no effect of auditory-nerve damage from kainic acid on
the behavioral audiogram in budgerigars. The budgerigar is a small parrot species with the
ability to mimic speech. Much is known about their auditory perceptual abilities (Dooling
et al., 2000), some of which is summarized here since this species has been used in several
recent behavioral studies of auditory-nerve damage. Budgerigar behavioral performance is
similar to that of humans on a variety of simple and complex listening tasks including tone
detection in quiet and in noise (Dooling and Saunders, 1975; Henry et al., 2020; Okanoya
and Dooling, 1987; Saunders et al., 1978), amplitude modulation detection (Carney et

al., 2013; Dooling and Searcy, 1981; Henry et al., 2016), gap detection (Dooling et al.,
2000), and frequency discrimination of tones and synthetic vowel formants (Dent et al.,
2000; Henry et al., 2017a, 2017b). On the other hand, the cochlea in budgerigars and

other avians is uncoiled and shorter than in mammals, with up to 30 hair cells across its
width (Manley et al., 1993; Takasaka and Smith, 1971). Rather than having distinct inner
and outer hair cells, as in mammals, avian hair-cell shape changes gradually across the
width of the sensory epithelium from tall to short, with tall hair cells located closest to

the auditory-nerve ganglion and receiving primarily afferent synaptic innervation with up
to four synapses per hair cell. Short hair cells are thought to supply cochlear amplification
and receive primarily efferent synaptic input (Gleich, 1989; Koppl et al., 2000; Smolders
et al., 1995). Despite these anatomical differences, the avian cochlea is tonotopic and avian
auditory-nerve fibers show fundamentally similar response properties to those of mammals,
including V-shaped frequency tuning curves, limited dynamic range of rate-level functions,
and phase-locking up to a maximum frequency of several kHz (Gleich, 1989; Manley et
al., 1985; Sachs et al., 1974; Salvi et al., 1992). Furthermore, while budgerigars and other
avians differ from mammals in that they can regenerate hair cells within several weeks
after noise trauma or exposure to ototoxic drugs (Corwin and Cotanche, 1988; Ryals et

al., 2013), birds nonetheless lack the ability to regenerate auditory-nerve soma following
neuropathy as in mammals (Henry and Abrams, 2018; Ryals et al., 1989; Sun et al., 2001)
and even show age-related irreversible decline of cochlear auditory-nerve innervation (Ryals
and Westbrook, 1988)

Auditory-nerve damage in budgerigars was induced bilaterally through intracochlear
infusion of kainic acid (Wong et al., 2019), the glutamate analog that damages auditory-
nerve afferent synapses in mammals and birds due to excitotoxicity followed, after several
weeks or months, by irreversible degeneration of neuron cell bodies in the auditory-nerve
ganglion (Bledsoe et al., 1981; Juiz et al., 1989; Sun et al., 2001). Bilateral infusions of 1-
mM kainic acid solution in budgerigars caused permanent, 40—70% reduction of ABR wave-
I amplitude across animals (Fig. 5A) with no accompanying change in hair-cell generated
otoacoustic emissions, consistent with moderate-to-severe auditory-nerve-fiber loss (Wong
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et al., 2019). Behavioral audiograms were measured over several months beginning 5-40
weeks after auditory-nerve injury in animals trained to detect tones using seed reinforcement
and time outs during which the house light was turned off. Pure-tone detection thresholds in
the animal group exposed to kainic acid were as sensitive as those in age-matched controls
across the full range of frequencies tested (0.25-8 kHz), indicating little or no impact of up
to 70% auditory-nerve-fiber loss on the behavioral audiogram (Wong et al., 2019).

Taken together, studies of the behavioral audiogram in animal models show that up to 70—
80% of cochlear afferent innervation can be lost prior to substantial elevation of pure-tone
thresholds in quiet. Greater loss of auditory-nerve input to the central nervous system

may yield heterogeneous results, with some individual animal subjects exhibiting impaired
behavioral performance but others showing essentially normal behavioral tone-detection
thresholds in quiet (Chambers et al., 2016; Lobarinas et al., 2013; Schuknecht and Woellner,
1953).

Temporal integration

Temporal integration of acoustic signals over time is a fundamental aspect of hearing

that results in the well-known improvement of auditory detection and discrimination
thresholds for stimuli of increasing duration. For the simple case of tone detection in

quiet, human thresholds decrease (i.e., become more sensitive) by approximately 3—4

dB for each doubling of stimulus duration due to temporal integration, with no further
improvement observed for tones longer than a few hundred ms (Green et al., 1957; Plomp
and Bouman, 1959; Watson and Gengel, 1969). Similar behavioral patterns of auditory
temporal integration have been found in a wide range of nonhuman animal species (Heil et
al., 2017), suggesting that temporal integration is a general property of auditory processing
shared widely across taxa. A deficit in the ability of the auditory system to integrate

signals over time, if it were to result from auditory-nerve-fiber loss, could cause pronounced
difficulties for perception of steady-state features of speech and other complex sounds under
real-world listening conditions (e.g., tracking vowel fundamental and formant frequencies).

Only one published animal behavioral study has investigated the impact of auditory-nerve
damage on temporal integration, using tones of varying duration in budgerigars exposed

to kainic acid (Wong et al., 2019). This study tested the hypothesis that auditory-nerve-
fiber loss impairs temporal integration, thereby reducing the improvement of pure-tone
detection thresholds typically observed for stimuli of longer duration. Temporal integration
of a 2-kHz pure-tone stimulus was quantified using operant-conditioning procedures for
stimulus durations ranging from 20-160 ms, over a period of several months beginning
5-40 weeks after kainic acid exposure. Contrary to the expected impairment, temporal-
integration functions of budgerigars with estimated 40-70% auditory-nerve-fiber loss were
indistinguishable from those of an age-matched control group, decreasing by 4-5 dB for
each doubling of stimulus duration in all animals, regardless of auditory-nerve status (Fig.
5B) (Wong et al., 2019). Incidentally, unpublished observations in carboplatin-exposed
chinchillas show no impact of diffuse inner-hair-cell loss on temporal integration (Escabi C,
Martin J, Lobarinas E. 2018. Gap detection and temporal summation deficits in chinchillas
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with selective inner hair cell loss [PS 383]. Association for Research in Otolaryngology
Abstracts 41, 252).

The finding that up to 70% loss of afferent cochlear innervation in budgerigars does

not impact behavioral temporal integration of tones (Wong et al., 2019) is interesting
because impaired (flatter) temporal integration functions are commonly observed with
sensorineural hearing damage in humans and in behaviorally trained animals (Gerken et
al., 1990, 1983; Solecki and Gerken, 1990; Watson and Gengel, 1969; Wright, 1968),
including avians (Lauer et al., 2007). A potential implication of this difference is that
impaired temporal integration with sensorineural hearing loss might be caused more by
outer-hair-cell pathologies than by accompanying loss of auditory-nerve synapses (i.e., the
neural component of sensorineural hearing loss). Finally, it should be noted that budgerigars
showed no recovery of auditory-nerve-generated gross potentials throughout behavioral
testing (Wong et al., 2019), consistent with permanent neural injury (Ryals et al., 1989; Sun
etal., 2001).

Temporal resolution of gaps in noise

Effective auditory processing of speech and other complex sounds requires not only
temporal integration but also sensitivity to transient events lasting only a few milliseconds,
such as plosive consonants. Another fundamental property of auditory processing is the
temporal resolution or minimum time interval over which acoustic events can be resolved,
which is sometimes evaluated using a gap-detection paradigm. The impact of auditory-
nerve-fiber loss on gap detection has been evaluated in a single study in chinchillas, for
which 75 mg/kg carboplatin was used to produce diffuse inner-hair-cell loss accompanied
by loss of associated afferent auditory-nerve synapses (Lobarinas et al., 2020). Animals
were trained with a shock-avoidance paradigm and showed ~70% inner-hair-cell loss across
cochlear frequency regions, while preserving outer hair cells and behavioral thresholds for
tone detection in quiet (see also Lobarinas et al., 2013). Behavioral sensitivity to silent
gaps in a wideband noise carrier was evaluated at sound levels from 40-75 dB SPL to
assess the possible impact of carboplatin treatment on temporal resolution. The testing
procedures estimated the shortest silent gap duration detectable by trained animals, both
before carboplatin exposure and after a 21-day recovery period.

Chinchilla behavioral gap-detection thresholds prior to carboplatin were ~4 ms for
moderate-to-high stimulus levels and increased slightly for lower stimulus levels (i.e., to

7 ms for a noise level of 40 dB SPL) (Lobarinas et al., 2020), similar to prior results

in this and other species, including humans. Thresholds increased significantly following
carboplatin exposure (Fig. 6), with considerable variability across animals and greater
impairment observed for lower stimulus levels (i.e., increasing from 4 to 7 ms at 75

dB SPL, yet from 7 to 17 ms at 40 dB SPL; Fig. 6). These results in chinchilla are
significant because, first, they demonstrate a hidden hearing loss for which impairment of
suprathreshold temporal resolution occurs despite preservation of audiometric thresholds
(Lobarinas et al., 2020). Second, the chinchilla behavioral results are similar to those found
in human listeners with sensorineural hearing loss, who exhibit impaired gap detection at
low sound levels (and at comfortable levels) but relatively normal thresholds for high-level

Mol Cell Neurosci. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henry

Page 12

carrier signals (Fitzaibbons and Wightman, 1982; Glasberg et al., 1998; Nelson and Thomas,
1997).

Tone-in-noise detection

Finally, three recent behavioral studies have investigated the impact of auditory-nerve-fiber
loss on tone detection in noise, providing a potentially more direct test of whether this
pathology impairs real-world listening abilities in noisy backgrounds, as is commonly
expected. One study in chinchillas examined the impact of inner-hair-cell loss due to
carboplatin ototoxicity (Lobarinas et al., 2016), while studies in the budgerigar (Henry and
Abrams, 2021) and mouse (Resnik and Polley, 2021) used targeted auditory-nerve lesions
from kainic acid and ouabain, respectively.

In chinchillas, Lobarinas et al. (2016) assessed tone thresholds in noise using shock-
avoidance conditioning before and after induction of 40-80% inner-hair-cell loss from

a single injection of 75 mg/kg carboplatin. Behavioral results were collected before
carboplatin exposure and after 21 days of recovery over a test period of 4—6 weeks. Tones
were 500 ms in duration presented in continuous background noise. While tone thresholds
in quiet were unaffected by carboplatin, consistent with other reports in the same behavioral
animal model (Lobarinas et al., 2020, 2013), thresholds in 50-dB SPL wideband noise
increased significantly, by 6-11 dB at all test frequencies (250-11,300 Hz), demonstrating
a hidden hearing-in-noise deficit under real-world noisy listening conditions (Lobarinas et
al., 2016). Behavioral thresholds were also evaluated in 70-dB SPL narrowband noise for
tone frequencies ranging from several octaves below to several octaves above the center
frequency of the noise band. Noise center frequencies were 500, 2000, and 4000 Hz

and the bandwidth of the noise was 100 Hz in all cases. Threshold in narrowband noise
prior to carboplatin treatment were highest for tone frequencies within the noise band

and considerably lower (more sensitive) for higher and lower test frequencies, consistent
with the well-known auditory filtering process of sound that occurs within the cochlea

(i.e., frequency decomposition of sound input into bandlimited processing channels). Tone
thresholds in narrowband noise increased following carboplatin treatment consistent with
the wideband tone-in-noise results, but surprisingly, threshold elevation was greater for test
frequencies above and below the noise band compared to test frequencies falling within
the noise band (Lobarinas et al., 2016). This result was unexpected because it suggests
broadened cochlear frequency tuning, yet the outer hair cells responsible for sharp cochlear
frequency tuning were unaffected by the carboplatin treatment.

In contrast to the results of Lobarinas and colleagues (2016), a recent study in budgerigars
found no impact of bilateral 40-70% auditory-nerve damage from kainic acid excitotoxicity
on behavioral thresholds for tone-in-noise detection or on the acoustic cues used by
animals to perform the behavioral task (Henry and Abrams, 2021). Behavioral experiments
were conducted beginning 36—77 weeks after induction of auditory-nerve injury across
animals, over a period of several months. The budgerigar study examined tone sensitivity

in narrowband noise at octave spaced frequencies from 500-4,000 Hz using the same
operant conditioning procedures and seed-reward paradigm described previously. The noise
band was log-centered on the tone frequency in all cases, one-third octave in bandwidth,

Mol Cell Neurosci. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henry

Page 13

and presented concurrently with the tone signal (300-ms duration; simultaneously gated)

at 45 or 85 dB SPL. Furthermore, a challenging roving level condition was included

with unpredictable changes in noise level (+/- 10 dB) from trial to trial, to increase the
complexity of the task and help evaluate the extent to which disruption of single-channel
energy cues might adversely impact behavioral performance. Envelope cues for tone-in-
noise detection (e.g., ‘flattening’ of the normalized temporal envelope upon addition of the
tone) are unaffected by the roving-level manipulation whereas energy cues are degraded;
hence, a threshold shift in roving-level noise compared to the fixed-level condition suggests
that animals use single-channel energy cues to perform the task (Wang et al., 2021).

Surprisingly despite 40-70% estimated auditory-nerve synaptic loss based on permanent
reduction of ABR wave-I amplitude, tone-in-noise detection thresholds of kainic acid
exposed animals were statistically indistinguishable (0.1 +/-1.0 dB; mean difference +/-
SE) from those of an unexposed control group across stimulus conditions (Fig. 7A, left)
(Henry and Abrams, 2021). Moreover, all animals regardless of kainic-acid exposure showed
minimal threshold shifts under the roving-level condition (Fig. 7A, right) suggesting use

of cues other than or in addition to energy by animals to perform the task. Finally, decision-
variable correlation analyses (Sebastian et al., 2017; Sebastian and Geisler, 2018) (Fig. 7B)
were performed to quantify the extent to which trial-by-trial differences in envelope cues and
energy cues could explain behavioral choices made by the animals during testing. Notably,
all animals relied on both cues with slightly stronger perceptual weighting of the energy

cue (Henry and Abrams, 2021). These results in budgerigars suggest that the impact of
auditory-nerve-fiber loss on hearing in noise may be less than is generally expected, even
under a challenging roving level condition known to impair performance in human listeners
with sensorineural hearing loss (Leong et al., 2020).

Finally, Resnik and Polley (2021) tested for hidden hearing deficits in mice by examining
the impact of ~70% ouabain-induced auditory-nerve injury on behavioral tone-in-noise
sensitivity. Mice were trained to detect a 12-kHz tone in quiet and in continuous 50-dB
SPL background noise using operant-conditioning procedures and a water-reinforcement
paradigm. Tones were 50-ms long for the quiet condition and either 50 or 500 ms for
wideband noise. Behavioral experiments were conducted before ouabain exposure and over
a 10-day test period beginning 20 days post-ouabain. Notably, all treated mice showed

a dramatic ~15-dB increase in thresholds for detecting 50-ms tones in noise following
ouabain, but no change in behavioral thresholds for tones in quiet or for the 500-ms

tone duration in noise (Fig. 8; see supplemental figures in Resnik and Polley, 2021).
Impaired behavioral sensitivity to short tones in noise following ouabain exposure was
accompanied by changes in the response properties of cortical excitatory and inhibitory
neurons that served to increase hyperactivity and neural gain, potential correlates of
hyperacusis and tinnitus, while also decreasing neural adaptation to background noise.
Furthermore, highly correlated bursts of spontaneous activity were observed that coincided
with missed behavioral responses to target stimuli, suggesting that increased cortical noise
may underlie this manifestation of hidden hearing loss (Resnik and Polley, 2021).

While seemingly at odds with the results of Henry and Abrams in budgerigars (2021),
note that tone-in-noise deficits in ouabain-exposed mice were restricted to 50-ms signals,
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a duration substantially shorter than the 300-ms duration used in the budgerigar tone-in-
noise study. For longer 500-ms stimuli in mice, for which the median behavioral reaction
time was ~200 ms, similar to budgerigar reaction times to 300-ms signals (Wong et al.,
2019), mice exhibited no impairment of tone-in-noise detection thresholds, similar to the
findings in kainic-acid exposed budgerigars. The possibility was also raised that birds might
not show the same forms of central plasticity thought to underlie tone-in-noise detection
deficits in mice, based on reports that European starlings show minimal reorganization of
auditory forebrain regions following death and regeneration of cochlear hair cells from
aminoglycoside ototoxicity (Irvine et al., 2009). On the other hand, following auditory-nerve
injury the far-field neural potentials in budgerigars suggest a substantial increase in central
gain that maintains the amplitude of forebrain generated middle-latency responses, despite
persistent 70% reduction of compound auditory-nerve responses (Wilson et al., 2021) (Fig.
2B).

The reasons for different results from Lobarinas et al. (2016) in carboplatin exposed
chinchillas are unclear (i.e., impaired behavioral sensitivity to long tones in noise), but
several possible factors are worth noting. First, the degree of auditory-nerve-fiber loss

was not directly quantified in carboplatin-exposed chinchillas, and could in fact have been
greater than the degree of inner-hair-cell loss if some “‘primary’ neural injury occurred in
addition to the secondary loss expected following hair-cell death. Consistent with this idea,
the amplitude of compound auditory-nerve action potentials following carboplatin injections
is lower than would be expected based on the extent of inner-hair-cell loss alone (Trautwein
et al., 1996; Wang et al., 1997). Second, carboplatin injection can in some cases disrupt

the physiological response properties of surviving inner hair cells (inferred from auditory-
nerve recordings), particularly when inner-hair-cell survival drops below 20% (Salvi et al.,
2000; Wang et al., 1997). Impaired tone-in-noise detection in chinchillas (and perhaps gap
detection as well; Lobarinas et al., 2020) might therefore partly reflect abnormal response
properties of surviving inner hair cells.

Finally, differences in the timeline of behavioral testing exist between these three studies
that could contribute to different results. Whereas chinchillas were tested over 4—-6 weeks
beginning 21 days after carboplatin injection (Lobarinas et al., 2016) and mice were tested
for 10 days beginning 20 days after ouabain exposure (Resnik and Polley, 2021), budgerigar
behavioral testing commenced several months after auditory-nerve injury and lasted for 3-4
months, giving animals ampler opportunity to adapt to the peripheral injury.

Conclusions

In summary, behavioral studies of auditory-nerve damage in animal models show that
sensitivity to tones in quiet is relatively unaffected by this pathology unless synaptic loss
exceeds 80%, at which point large threshold shifts are possible but not always observed
(Chambers et al., 2016; Lobarinas et al., 2013; Schuknecht and Woellner, 1953; Wong et al.,
2019). Behavioral studies of temporal processing suggest possible impairment of temporal
resolution by auditory-nerve injury (Lobarinas et al. 2020; in a study of inner-hair-cell
damage) but not temporal integration (Wong et al., 2019), whereas studies of tone-in-noise
detection have produced varying results. Specifically, a study in ouabain-exposed mice
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found impaired behavioral sensitivity to 50-ms tones in noise (Resnik and Polley, 2021). In
contrast, behavioral sensitivity to longer tones in noise appears unaffected by auditory-nerve
damage in mice (Resnik and Polley, 2021) and budgerigars (Henry and Abrams, 2021), but
is adversely impacted by inner-hair-cell loss in carboplatin-exposed chinchillas (Lobarinas
et al., 2016). One possible interpretation is that auditory-nerve-fiber loss adversely impacts
perception of short target signals in noise, but not longer signals for which there is ampler
opportunity for temporal integration.

Future animal behavioral research might benefit from focusing on tasks linked to central
inhibition, which appears to decrease following auditory-nerve injury, such as modulation
detection, modulation masking, and forward masking. Aspects of perception that rely on
especially fine timing of neural responses, such as sensitivity to interaural time differences
and sound localization, might also be productive directions for future research since
separation of target signals from maskers based on spatial cues is an important aspect of
auditory perception under noisy, real-world listening conditions.

With the small number of behavioral studies conducted so far in a fairly wide range

of animal models, the extent to which divergent results reflect species differences rather
than differences in stimuli and experimental design remains unknown. Further testing with
the same stimuli in different species will be needed to help resolve this open question.
Other factors that could influence study outcomes include the timing and duration of
behavioral testing, which began several weeks following auditory-nerve injury in some
studies (Chambers et al., 2016; Lobarinas et al., 2020, 2017, 2016, 2013; Resnik and Polley,
2021) and several months post-exposure in others (Henry and Abrams, 2021; Schuknecht
and Woellner, 1953). These details likely impact the extent of compensatory changes in
central processing present at the time of behavioral testing (Chambers et al., 2016; Salvi
etal., 2017). Future studies would benefit from tracking behavioral performance over a
longer timeframe, beginning as soon as possible after auditory-nerve injury and extending
for several months thereafter to evaluate longitudinal changes in auditory perception caused
by this common cochlear pathology.
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Highlights
Auditory-nerve-fiber loss occurs with age and following sound overexposure
Nerve-fiber loss in animal models can enhance or suppress acoustic startle reflexes
Behavioral tone-in-quiet sensitivity is unaffected unless fiber loss exceeds 80-90%
Other perceptual changes also appear small compared to effects of hair-cell damage

Perception of brief targets in noise, modulation, and spatial hearing need further study
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Figure 1.
Illustrations of the mammalian cochlear sensory epithelium showing afferent innervation of

inner hair cells by type-1 auditory-nerve fibers. Each inner hair cell of the healthy cochlea
(A) is innervated by 5-15 auditory-nerve fibers. Auditory-nerve fibers drawn with a black
outline all innervate a single inner hair cell. Loss of cochlear afferent innervation, known
as cochlear synaptopathy (B), occurs with increasing age and following exposure to noise
and neurotoxic agents including ouabain and kainic acid. Inner-hair-cell loss (C) occurs
following carboplatin exposure in chinchillas and causes secondary loss of auditory-nerve
afferent innervation.
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Figure 2.
Changes in central gain following auditory-nerve damage. Neural responses to tones in

ouabain-exposed mice (A) show transient reduction of firing rate seven days after exposure
followed after 30 days by partial recovery at the midbrain level (inferior colliculus; left) and
full recovery in primary auditory cortex (right). Central recovery occurs despite permanent
depression of auditory-nerve-generated responses, which decrease by 90-95% following
ouabain. Adapted from Chambers et al., 2016 (Fig. 2) and reprinted with permission.
Far-field responses to sinusoidally amplitude-modulated tones in the budgerigar (B) before
and after ~70% loss of auditory-nerve afferent innervation due to kainic acid. Recordings
made prior to kainic-acid exposure (pre-kainate) show the onset and sustained response of
the auditory nerve and a central onset response putatively generated by the forebrain nucleus
Field L. The forebrain response is preserved following kainic-acid exposure (post-kainate)
despite permanent reduction of auditory-nerve generated potentials. Adapted from Wilson et
al. 2021 (Fig. 1) and reprinted with permission.
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Figure 3.
Correlations of sound-evoked startle amplitude (A) and the extent of startle inhibition

provided by a preceding low-level tone (pre-pulse inhibition; B) with wave-I amplitude of
the auditory brainstem response (ABR) in mice. Stimulus frequency is 32 kHz in all cases.
Red symbols indicate results from mice with ~40% noise-induced cochlear synaptopathy in
the 32-kHz frequency region of the cochlea. Black and blue symbols indicate results from
unexposed mice and mice exposed to a lower noise level that did not induce synaptopathy,
respectively. Large symbols indicate group means. Mice with lower wave-1 amplitude,
suggesting greater synaptopathy, show stronger startle responses and greater inhibition

of startle responses by preceding low-level tones, consistent with possible hyperacusis.
Adapted from Hickox and Liberman 2014 (Figs 4 and 7) and reprinted with permission.
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Figure 4.
Effects of inner-hair-cell loss on behavioral sensitivity to tones in quiet in chinchillas.

Cochlear sections stained with succinate dehydrogenase (A) show diffuse loss off inner hair
cells following carboplatin exposure without any accompanying loss of outer hair cells.
Behavioral threshold shifts (B) following carboplatin exposure as a function of the degree of
inner-hair-cell loss. Threshold shifts are minor for inner-hair-cell losses up to 80%, beyond
which large threshold shifts are possible but not observed in all experimental animals.
Symbols indicate different test frequencies. Adapted from Lobarinas et al. 2013 (Figs 3 and
7) and reprinted with permission.
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Figure 5.
Effects of auditory-nerve-fiber loss on behavioral temporal integration in trained

budgerigars. ABRs evoked by high-level clicks (A) show a dramatic reduction of wave-I
amplitude generated by the auditory nerve (thick lines and crosses) in animals exposed
to kainic acid (KA, red). Temporal integration functions (B) show pure-tone detection
thresholds in quiet as a function of stimulus duration. Animals with 40-70% auditory-
nerve-fiber loss from kainic acid show similar improvement of thresholds with increasing
stimulus duration to an unexposed control group, suggesting no change in the capacity
of the system for temporal integration. The black line and gray band indicate the mean
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and standard deviation of behavioral thresholds in an unexposed control group. Open and
closed symbols show results from individual animals with moderate (40-50%) and severe
(65-70%) auditory-nerve-fiber loss, respectively. Adapted from Wong et al. 2020 (Figs 3
and 8) and reprinted with permission.
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Effects of inner-hair-cell loss of behavioral sensitivity to gaps in noise in chinchillas.
Minimum detectable gap durations (gap thresholds) are plotted as a function of the noise
carrier level before and after induction of inner-hair-cell loss with carboplatin exposure. Gap
thresholds increase dramatically following carboplatin exposure, especially at low sound
levels, while sensitivity to tones in quiet remains unchanged indicating a hidden hearing
loss. Adapted from Lobarinas et al. 2020 (Fig. 3) and reprinted with permission.
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Figure 7.

Effects of auditory-nerve-fiber loss on behavioral tone-in-noise sensitivity in trained
budgerigars. Tone-in-noise detection thresholds (A, left) and the impact of roving stimulus
level on tone-in-noise sensitivity (A, right) are similar between animals with 40-70%
auditory-nerve-fiber loss from kainic acid and an unexposed control group. Symbols identify
individual animals. The roving-level condition has +/- 10 dB random variation in stimulus
level across trials, increasing the complexity of the task and discounting the value of single-
channel energy cues to perform the task. Decision-variable-correlation analyses of acoustic
cues for tone-in-noise detection (B) show variation in the probability of subject responses
that the tone was present as a function of the value of the energy cue (£), the value of the
envelope cue (env), and the value of a decision variable combining weighted energy and
envelope cues (£ + env). Budgerigars show slightly stronger normalized weighting of energy
(b*e) than the envelope cue (b*.,,). The correlation of the combined decision variable

to trial-by-trial behavioral responses (r/0p: noise trials; rh07.: tone-plus-noise trials)
ranged from 0.5-0.7 (i.e., explaining 25-50% of the variance in behavioral responses). No
differences in cues used for tone-in-noise detection were found between control animals
(top) and those with 40-70% auditory-nerve-fiber loss from kainic acid (bottom). Adapted
from Henry and Abrams 2021 (Figs 5-7) and reprinted with permission.
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Figure 8.
Effects of auditory-nerve damage on behavioral tone-in-noise sensitivity in mice. Thresholds

for detection of 50-ms tone are unaffected by ~70% auditory-nerve-fiber loss due to ouabain
exposure in quiet (A) but increase by ~15 dB in background noise indicating hidden hearing
loss (B). On the other hand, sensitivity to 500-ms tones in noise appears to be unaffected by
auditory-nerve damage (C), suggesting that hidden hearing-in-noise deficits may be limited
to brief signals. Red lines connect behavioral thresholds measured before and after ouabain
exposure while black lines connect thresholds before and after sham exposures in a control
group. Adapted from Resnik and Polley 2021 (Figs 1 and S1) and adapted with permission.
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