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Abstract

Cochlear synaptopathy can result from various insults, including acoustic trauma, aging,
ototoxicity, or chronic conductive hearing loss. For example, moderate noise exposure in mice can
destroy up to ~50% of synapses between auditory nerve fibers (ANFs) and inner hair cells (IHCs)
without affecting outer hair cells (OHCs) or thresholds, because the synaptopathy occurs first in
high-threshold ANFs. However, the fiber loss likely impairs temporal processing and hearing-in-
noise, a classic complaint of those with sensorineural hearing loss. Non-human primates appear to
be less vulnerable to noise-induced hair-cell loss than rodents, but their susceptibility to
synaptopathy has not been studied. Because establishing a non-human primate model may be
important in the development of diagnostics and therapeutics, we examined cochlear innervation
and the damaging effects of acoustic overexposure in young adult rhesus macaques. Anesthetized
animals were exposed bilaterally to narrow-band noise centered at 2 kHz at various sound-pressure
levels for 4 hrs. Cochlear function was assayed for up to 8 weeks following exposure via auditory
brainstem responses (ABRs) and otoacoustic emissions (OAESs). A moderate loss of synaptic
connections (mean of 12-27% in the basal half of the cochlea) followed temporary threshold shifts
(TTS), despite minimal hair-cell loss. A dramatic loss of synapses (mean of 50-75% in the basal
half of the cochlea) was seen on IHCs surviving noise exposures that produced permanent
threshold shifts (PTS) and widespread hair-cell loss. Higher noise levels were required to produce
PTS in macaques compared to rodents, suggesting that primates are less vulnerable to hair-cell
loss. However, the phenomenon of noise-induced cochlear synaptopathy in primates is similar to
that seen in rodents.
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1. Introduction

Acoustic overexposure is a significant health concern in the industrialized world. Vulnerable
populations include military personnel, professional musicians, miners, and construction
workers (McBride, 2004; Humes et al., 2005; Gordon et al., 2016; Schink et al., 2014), but
everyday noise-exposure from leisure activities may also threaten cochlear integrity (e.g.,
Portnuff et al., 2011; Flamme et al., 2012; LePrell et al., 2012; Liberman et al., 2016).
Noise-related damage to the cochlea scales with the intensity, duration, and humber of
acoustic overexposures (Harris, 1950; Eldredge et al., 1973; Hawkins et al., 1976; Bohne
and Clark, 1982), and the perceptual consequences can range from degradations in temporal
processing and speech perception (Plack et al., 2014; Bharadwaj et al., 2014; 2015) to
significant impairments in sound detection.

An acoustic overexposure sufficiently intense to damage or destroy outer hair cells (OHCs)
and/or their stereocilia will induce permanent threshold shifts (PTS) that are detectable by
behavioral audiograms, auditory brainstem responses (ABRs), or distortion-product
otoacoustic emissions (DPOAES) (Wang et al., 2002; Liberman and Dodds, 1984).
Exposures that were once thought to be benign, because hair cells were spared and threshold
shifts were temporary, are now known to produce primary neuronal degeneration (Kujawa
and Liberman, 2009). This degeneration begins immediately as an atrophy of the afferent
cochlear synapses between IHCs and auditory nerve fiber (ANFs), and it is followed by a
slow retraction of the myelinated distal axons of ANFs that finalizes after months or years
with the death of the ANF cell bodies (the spiral ganglion cells) and their central axons
projecting to the cochlear nucleus (Johnsson, 1974; Liberman and Kiang, 1978; Felix et al.,
2002; Kujawa and Liberman, 2009; Lin et al., 2011). Cochlear synaptopathy may be a key
contributor to the differences in speech-in-noise performance among listeners with similar
threshold audiograms, a.k.a. hidden hearing loss (Liberman, 2015; Schaette and McAlpine,
2011).

Most of what we know about cochlear synaptopathy is based on studies in mice and guinea
pigs (reviewed by Kujawa and Liberman, 2015), but several lines of evidence suggest that
humans are less vulnerable to noise damage than smaller mammals (see Dobie and Humes,
2017). Nonetheless, emerging data in humans also suggest that, as in mice and guinea pigs,
cochlear neurons are more vulnerable than hair cells. Because the inner ear cannot be
biopsied, direct evaluation of cochlear synaptopathy in humans must rely on accrual of post-
mortem specimens, and such material is slowly accumulating: normal-aging human ears
show minimal hair-cell loss but a progressive primary neural degeneration, i.e. a steady age-
related loss of spiral ganglion cells (Makary et al., 2011). Based on a small sample of cases,
there appears to be a much more dramatic loss of cochlear synapses in the normal-aging
human than can be seen in counts of ganglion cells (Viana et al., 2015), as has been more
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exhaustively documented in mice (Fernandez et al., 2015). No data are yet available on
noise-induced cochlear synaptopathy in humans.

Here, we chose to study noise-induced cochlear synaptopathy in a non-human primate.
Given that the physiological processes and biomarkers of human ailments are often closely
mirrored in monkeys (e.g., Wendler & Wehling, 2010), these data may be useful in inferring
the patterns of human synaptopathy, and a primate model of noise-induced synaptopathy
could be key in assessing emerging therapies to reconnect surviving ANFs to IHCs (Wan et
al. 2014; Suzuki et al., 2016). We show that rhesus ears are less vulnerable to hair-cell loss
and permanent threshold shifts than other well-studied small mammals (cats, guinea pigs,
mice, and chinchillas). However, as seen in rodent models (Kujawa and Liberman, 2009; Lin
etal., 2011), primate cochlear synapses are more vulnerable than hair cells to acoustic
trauma, and many of the IHCs remaining in acoustically traumatized ears are partially or
largely de-afferented.

2. Methods

2.1 Animals and groups

Ten rhesus monkeys (Macaca mulatta) 6.5-11 yrs of age were included in this study. Seven
(5 male, 2 female) were housed at Vanderbilt University, and three (males) at Boston
University. At both institutions, animals were on a 12 hr light/dark cycle with access to food
and water ad /ibitum, except for 12 hrs prior to physiological testing, noise-overexposure,
and euthanasia. Four macaques (3 from Boston University, 1 from Vanderbilt) served as
histological controls. The remaining six (from Vanderbilt) were subjected to acoustic
overexposure. For all noise-exposed monkeys, cochlear function was measured before and
immediately after the exposure, as well as 3-8 times during the 8-9 wks post exposure. All
housing and procedural protocols were approved by the respective Institutional Animal Care
and Use Committees and were in strict compliance with the guidelines established by the
National Institutes of Health.

2.2 Acoustic overexposure

Monkeys were treated with atropine (0.04 mg/kg), anesthetized with a mixture of ketamine
and dexmedetomidine (2-6 mg/kg and 5-15ug/kg), intubated, and maintained on 1-1.5%
isofluorane for the duration of each 4-hr exposure to a 50-Hz noise band centered at 2 kHz.
Noise levels varied for different exposures, and some animals were exposed more than once
(Table 1). Noise was presented binaurally via closed-field speakers (MF1 speakers, TDT
Inc., Alachua, FL) coupled to the ears with foam inserts. The stability of the transducer
output (x 0.3 dB) was verified by replacing the monkey with a %" microphone (Model
378C01, PCB piezotronics) during a 4-hr exposure session.

2.3 Cochlear function tests

Cochlear function tests were conducted in a double-walled sound-attenuating booth at
Vanderbilt University (RE-246, Acoustic Systems) under ketamine/dexmedetomidine
anesthesia (10-12 mg/kg/hr ketamine, periodic boluses of dexmedetomidine). DPOAES were
measured using a Bio-logic Scout OAE system (Natus) at 8 points per octave from £#=0.5-8
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kHz, with /£=1.22 and L,/L,=65/55. For ABRS, tone bursts were generated and presented
at a rate of 27.7 Hz by BioSigRZ software (TDT Inc.), amplified by an SLA2 amplifier
(ART Pro Audio, Niagara Falls, NY), and delivered binaurally via SA1 speakers (Selah
Audio). At each test frequency, tone-burst level was varied between 30 and 90 dB SPL in 5-
or 10-dB steps. Responses were measured via subdermal needle electrodes, vertex-to-
mastoid, with the ground at the shoulder. An RA4 preamplifier coupled with a RA4LI
amplifier (TDT) amplified the signal (10,000X), and the waveform was digitally filtered
between 10 Hz-3 kHz. 1024 artifact-free waveforms were averaged to produce a final ABR
trace, and two traces were collected at each stimulus level. Analysis was based on inspection
of stacked waveforms. Threshold was defined as the lowest SPL to produce a repeatable
waveform =120nV at the appropriate latency.

2.4 Histological preparation

Monkeys from Vanderbilt (all noise-overexposed and one control) were euthanized via an
overdose of sodium pentobarbital (130 mg/kg). The three histological control monkeys from
B.U. were euthanized by transcardial perfusion with 4°C Krebs buffer (pH 7.4) followed by
4% paraformaldehyde (pH 7.4), while deeply anesthetized with sodium pentobarbital (25
mg/kg to effect). Following euthanasia, the cochleas were exposed, the round and oval
windows were punctured, and cochlear scalae were perfused with the same fixative.
Cochleas were submersion-fixed for 2 hrs and then transferred to 0.12M EDTA for
decalcification. EDTA was refreshed weekly for 3-5 wks, and decalcified tissue was
trimmed at each change. Decalcified cochleas were dissected into quarter- or half-turns, and
the tissue was cryoprotected in 30% sucrose for 15 min and frozen on dry ice to
permeabilize. The pieces were thawed, rinsed in phosphate-buffered saline (PBS; pH 7.3),
and incubated in a blocking reagent (5% NHS with 1% Triton-X in PBS) for 1 hr at room
temperature. Then, the tissue was transferred to a solution containing primary antibodies (in
1% NHS with 1% Triton-X) to label (1) pre-synaptic ribbons, with mouse (IgG1) anti-
CtBP2 (C-terminal binding protein 2; BD Transduction Labs;1:200); (2) glutamate receptor
patches, with mouse (1gG2) anti-GluA2 (Millipore; 1:200) (3) hair cell cytoplasm, with
rabbit anti-myo7a (myosin Vlla, Proteus Biosciences; 1:200); and (4) cochlear afferent and
efferent fibers, with chicken anti-NFH (neurofilament-H; Chemicon; 1:1000). Following an
18-hr incubation in primary antibodies at 37°C, the tissue was rinsed in PBS and incubated
in species-appropriate secondary antibodies (coupled to AlexaFluor fluorophores) in two
separate 1-hr incubations. Finally, the tissue was rinsed and mounted in order (apex to base)
in Vectashield (Vector Laboratories, Inc.), and the coverslips were sealed with nail polish.
GIuA2 immunostaining was unsuccessful in one case (at 1:1000).

2.5 Cochlear frequency mapping

Low-magnification images of each cochlea piece were acquired, montaged, and imported
into Image J. A custom plug-in (freely available at www.masseyeandear.org/research/
otolaryngology/investigators/laboratories/eaton-peabody-laboratories/epl-histology-
resources) produced a cochlear frequency map: for each cochlear piece, user-defined points
traced along the cuticular plates of IHCs were fit with a spline function, and the total length
of the resultant curves was summed. Cochlear frequencies were computed using a
Greenwood function (Greenwood, 1990), assuming an upper frequency limit of 45 kHz
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(Pfingst et al., 1978; Heffner et al., 2004): f{in kH2) = 360 x (102-1(1-9 _ 0.85), where d is
the fractional distance from the cochlear base (0-1). Frequency positions between 0.125-32
kHz (*2-octave intervals) were marked on the montaged images, and frequency maps were
used for reference during image acquisition.

2.6 Image acquisition

Confocal z-stacks were acquired with a 63x glycerol-immersion objective (N. A.=1.3) on a
Leica TCS SP8 confocal microscope. Cochleas were imaged at places corresponding to each
of the test frequencies in the physiological assays. At each place, one stack with x-y raster
size of 1024x1024 (Fig. 3A’-A"") was acquired at 1x digital zoom to count IHCs and
OHCs (Fig. 2). For quantification of IHC synapses, two adjacent stacks were acquired with
an x-y raster size of 1024x512 and z-steps of 0.33 gm using 2.41x digital zoom. Each stack
included the full length (from base to stereocilia tips) of 6-9 IHCs (Fig. 3).

2.7 Quantifying synapses and hair cells

Amira software (version 6.0, Visage Imaging) was used to quantify hair cells and afferent
synapses in IHC confocal z-stacks. Hair cell survival was assessed in low-power confocal z-
stacks (Fig. 2): cuticular plates were counted in the myosin 7a channel and normalized to the
expected number of hair cells within each row. To quantify synapses, the “connected
components” function algorithmically identified the x-y-z-coordinates and volumes of
CtBP2-puncta that 1) exceeded a user-defined intensity threshold and 2) contained at least
10 contiguous pixels. The intensity threshold was set to maximize the inclusion of small
ribbons within each stack and minimize ribbon-overlap in the voxel space, and a surface
contour of each connected component was displayed along with a maximum projection.
Then, any puncta not within hair cells, as determined by myo7a staining, were removed
using the “volume edit” function.

To determine whether pre-synaptic ribbons were each paired with an apposing glutamate
receptor, a custom C++ program was used to generate an array of high-power thumbnail
images from the confocal z-stack using the x-y-z-coordinates in the Amira output. Each
thumbnail displayed the x-y projection of a 1-um voxel cube centered on a ribbon and
included any GIluA2-positive pixels, representing apposed glutamate receptor patches.
“Paired synapses” were those with colocalized red and green puncta (i.e., ribbons with
apposed glutamate receptor patches), as determined by visual inspection of the thumbnail
arrays, and “orphan ribbons” (solo red puncta; Fig. 3C, white arrows) were excluded from
final synapse counts.

2.8 Statistics

Statistics were performed in SPSS (IBM, version23). A Kruskall-Wallis test was used to test
for significance in threshold shifts, and Wilcoxon-Mann-Whitney rank sum tests, with post-
hoc Holm-Bonferroni corrections, were used to assess the significance of group differences.
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3. Results
3.1. Cochlear Pathophysiology - titrating noise levels to produce TTS vs. PTS

Four monkeys were exposed for 4 hrs to a narrow-band noise (50 Hz bandwidth, centered at
2 kHz) at 108 dB SPL. Although this exposure would likely produce significant permanent
threshold shift (PTS) and hair cell damage in guinea pigs (Lin et al., 2011), chinchillas
(Hickox et al., 2016), and cats (Miller et al., 1963; 1997), it caused only a temporary
threshold shift (TTS) in these monkeys. The immediate, ~20 dB reduction in DPOAE
magnitudes (Fig. 1C, black vs. teal) recovered within 2 wks (hot shown), and ABR
thresholds and DPOAE magnitudes remained normal 8 wks post-exposure (Fig. 1B, D teal).
Two of the four monkeys exposed at 108 dB SPL constituted the “TTS group’ for cochlear
histopathology. The remaining two were subsequently exposed to higher noise levels.

Four wks following the 108-dB SPL exposure, monkey M1 was re-exposed to the same
noise band at 120 dB SPL. Once again, ABR thresholds fully recovered by 1.5 wks post-
exposure (not shown). Six wks following this exposure, subject M1 and a naive monkey
(M3) were exposed at 140 dB SPL. Although DPOAE magnitudes did not fully recover to
baseline levels by 8 wks post-exposure, only a small mean PTS (~ 15-18 dB between 2-4
kHz) remained at this time point (Fig. 1B, orange). Thus, a final exposure at 146 dB SPL
was presented to the three previously exposed monkeys and an additional naive animal
(M4). This exposure produced a severe (30-55 dB) PTS in ABRs between 2-16 kHz (Fig.
1B, red), and DPOAESs were immediately and permanently reduced to the noise floor at all
frequencies (Fig. 1C, D, red). These 4 monkeys constituted the ‘PTS group’ for cochlear
histology. Threshold shifts at 32 kHz are undefined because baseline thresholds ranged from
50-75 dB SPL and all post-exposure thresholds at this frequency exceeded the limit of the
acoustic system (90 dB SPL). This frequency approaches the upper limits of audibility,
where the audiogram steeply slopes in monkeys as young as 5-7 yrs, so high baseline
thresholds at 32 kHz may not be pathological (Pfingst et al., 1978; Dylla et al. 2013; Bohlen
et al. 2014). Note that ABR threshold shifts in the naive macaque (M4 in Fig. 1B, Table 1)
were similar to those seen in animals with more complicated exposure histories.

3.2. Cochlear Histopathology

Unexposed controls had nearly full complements of IHCs and OHCs throughout the
cochlear spiral (Fig. 2A). In each noise-exposed group, IHCs were less vulnerable than
OHCs. The scattered loss of OHCs in TTS cochleas (Fig. 2B) was insufficient to reduce
DPOAE magnitudes, at least to moderate-level primary tones (Fig. 1D). Large swaths of hair
cells were missing in all PTS cochleas (Fig. 2C): at the 4-kHz frequency place, ~54-100% of
OHCs were missing in all except the left ear of monkey M3, in which only ~16% of OHCs
were missing. At 8 kHz and above, most PTS ears showed minimal OHC survival (<3%
occasionally remaining), except for the left ear of M3, in which most OHCs survived (3%
loss). At the 32-kHz frequency place, no hair cells remained in any of the PTS ears. Note
that cytocochleograms in monkey M4 were similar to the mean traces of the other 3 PTS
monkeys (Fig. 2C).
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Regions where IHCs, OHCs, and supporting cells were replaced by a thin layer of
unspecialized epithelial cells (not shown) were seen in PTS cochleas under light microscopy.
These wipe-outs of the organ of Corti were always seen at the basal tip (beyond the 32 kHz
place), but wipeouts of varying widths were also observed at mid-cochlear regions (4 kHz
region and higher) in many of the cochleas (not shown).

Depending on species and cochlear frequency, IHCs in healthy cochleas are typically
innervated by 5-30 ANFs (Liberman et al., 1990). With few exceptions, each ANF
terminates in a single synapse on a single IHC (Spoendlin, 1969; Liberman, 1980). Thus,
counts of ribbons paired with post-synaptic glutamate-receptor patches (e.g., Fig. 3C)
provide an accurate metric of the number of ANFs contacting each IHC. In unexposed
controls (Fig. 3A-C, 4A), ANF innervation density was similar to other mammalian species
(e.g., mice: Kujawa and Liberman, 2009; Aumans. Viana et al., 2015; guinea pigs. Furman et
al., 2013), i.e., there were, on average, 13-18 synapses/IHC, with lowest densities seen in the
apical and basal extremes (Fig. 4A). Synaptic counts were very similar between monkeys
housed in separate vivaria (Fig. 4A, thin traces).

Synapse survival after noise (Fig. 4B) was estimated by normalizing synaptic counts in
exposed ears to mean control values (Fig. 4A). Monkeys in the TTS group (Fig. 3A’-C")
lost, 12-27% of IHC synapses in the basal half of the cochlea, when averaged between 2-32
kHz). At the 32 kHz frequency place, individual ears were missing between 13-50% of their
synapses (mean=27.1%) (Fig. 4B, teal). Monkeys with PTS suffered more severe
synaptopathy; ranging from 59 - 88% (mean=75%) at the 4-kHz region, one octave basal to
the exposure frequency (Fig. 4B, red), even following a single 146-dB SPL exposure (Fig.
4B, case M4). When basal IHCs survived (i.e., at 32 kHz), they were severely de-afferented
as well (Fig. 4B, red).

Typically, OHC loss was similar between ears at matched frequency places: the mean
interaural difference (across all imaged frequencies) ranged from 4.9-16.2% in all but
monkey M3, in which the mean interaural difference was 48.1% (Fig. 5). Nevertheless, ABR
threshold shifts in M3 were similar between ears in the two ears (not shown) and, like the
three other PTS monkeys, DPOAEs in both ears were immediately and permanently
immeasurable (with moderate-level primary-tones), suggesting that stereocilia on surviving
basal-turn OHCs were likely damaged (Liberman and Dodds, 1984). In monkey M3; (Fig.
5A vs. 5B), the magnitude of synaptopathy in mid-cochlear regions was similar between
ears and similar to other PTS cochleas (Fig. 4), despite OHCs being spared in the left ear.
This case shows that, in primates, surviving IHCs can lose 60-70% of their afferent synapses
in regions with only minimal OHC loss (Fig. 5A), suggesting that, as in mice (Kujawa and
Liberman, 2009) and guinea pigs (Lin et al., 2011), the IHC synapses are the first structures
in the organ of Corti to degenerate as noise-induced damage increases in severity.

In both mice (Liberman et al., 2015) and guinea pigs (Furman et al., 2013; Song et al.,
2016), surviving ribbons in noise-damaged regions were often larger than normal. Surviving
ribbons were also hypertrophied in the noise-exposed macaques (see Fig. 3C, C” vs. C”).
Ribbon volumes increased by nearly 350%, on average, in maximally damaged regions of
PTS cochleas and by ~175% at the basal extreme of TTS cochleas (Fig. 6A). Many of the
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abnormally large ribbons in PTS cochleas appeared “hollow” in the CtBP2-labelled
micrographs (e.g., Fig. 3C”): two independent observers identified ribbons with dimly
labelled cores and brightly labelled outer “shells” (Spearman’s p=0.987). Quantitative
analysis showed that the hollow-ribbon frequency peaked, with a mean of around 35% of
imaged ribbons, in the cochlear region just basal to the noise band (Fig. 6B), just as seen for
the peak in ribbon hypertrophy (Fig. 6A). Some of these hollow, hypertrophied ribbons were
“paired,” or juxtaposed with a post-synaptic glutamate receptor patch (Fig. 3C”, yellow
arrow), whereas others were “orphan” ribbons, not in contact with a post-synaptic glutamate
receptor patch (Fig. 3C” red arrow). Prior ultrastructural studies of normal IHCs reported a
mixture of ribbons with electron-dense and electron-lucent cores (Liberman, 1980;
Merchan-Perez and Liberman, 1996; Stamataki et al., 2006), but the “holes” in normal-sized
ribbons are presumably below the resolving power of the confocal microscope.

In addition to hair-cell loss and pathological ribbons, there were several other
dysmorphologies in noise-exposed IHCs. First, cable-like aggregates of myosin 7a-positive
material (Fig. 7A-B) were common in all PTS cochleas, including the animal exposed only
once at 146 dB SPL (Fig. 7C, case M4). Their frequency peaked in severely noise-damaged
regions (Fig. 7C, red), and they were never seen in control or TTS cochleas. These
resembled ‘cytocauds’, the cable-like actin aggregates seen in IHCs and vestibular hair cells
from rodents with genetically aberrant stereocilia (Anniko et al., 1980; Sobin et al., 1982;
Beyer et al., 2000; Kanzaki et al., 2002; Mathur et al., 2015), suggesting the dysmorphology
may be related to noise-induced stereocilia damage. Second, cytoplasmic extrusions were
observed in noise-exposed IHCs (Fig. 8A-B). In TTS cochleas, they emanated from the
cuticular plate of up to 60% of IHCs in some basal regions (Fig. 8A). Cytoplasmic
extrusions at the cuticular plate have been reported as acute, temporary pathologies
following noise exposure (e.g., Engstrom and Borg, 1983), but here they persisted for up to 8
wks post-exposure. In PTS cochleas, cytoplasmic extrusions were seen extending from the
base of IHCs into the tunnel of Corti, especially at the 4-kHz region (Fig. 8B). Third, noise-
exposed cochleas had sparsely distributed IHCs with myosin7a-positive nuclei (Fig. 8C, left
IHC), a feature never observed in control cochleas. Finally, there was also evidence of
missing or fused stereocilia bundles and/or elongated stereocilia on IHCs of both TTS and
PTS monkeys (e.g., in Fig. 8C, left IHC, few stereocilia remained).

4. Discussion

A longstanding dogma in noise-exposure studies was that hair cells are most vulnerable to
damage, and ANFs degenerate only if they lose their peripheral targets (Bohne et al., 2000;
Johnsson, 1974). Recent animal studies showed that acoustic overexposures can induce
primary neural degeneration, i.e. loss of synapses between ANFs and IHCs, without
damaging OHCs or elevating cochlear thresholds (Kujawa and Liberman, 2009; Furman et
al., 2013; Hickox et al., 2016). This cochlear synaptopathy went undetected for two reasons:
1) retraction of the peripheral axons of ANFs and the ultimate death of spiral ganglion cells
is exceedingly slow (Spoendlin, 1972; Johnsson, 1974), so prior ganglion-cell counts likely
overestimated the number of functional ANFs (Viana et al., 2015), and counting synapses
under light microscopy required development of antibodies to pre- and post-synaptic
proteins; and 2) ANFs with high thresholds and low spontaneous rates (SRs) are most
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vulnerable to noise damage. Although the loss of this subset is undetected by threshold
measures (e.g., Furman et al., 2013; Bourien et al., 2014), the fibers likely contribute to
complex listening tasks in noisy environments (Costalupes et al., 1984).

The observation that cochlear synapses and ANF terminals, rather than hair cells, are most
vulnerable to noise has now been demonstrated in mice, guinea pigs, chinchillas, rats
(reviewed by Hickox et al., 2017), and macaques. Furthermore, cochlear synaptopathy
precedes OHC loss and threshold shifts in normally-aging mice (Sergeyenko et al., 2014), it
progresses more rapidly if mice were noise-exposed as young adults (Fernandez et al.,
2015), and low doses of ototoxic antibiotics can cause cochlear synaptopathy without
destroying hair cells or elevating thresholds (Ruan et al., 2014). Thus, in many types of
acquired sensorineural hearing loss, there may be significant de-afferentation of surviving
IHCs.

The leading hypothesis for the mechanism underlying noise-induced cochlear synaptopathy/
neuropathy is that overstimulation of IHCs induces glutamate excitoxicity in the post-
synapse that causes swelling, bursting, and retraction of the terminal dendrite of type-I
ANFs (see Liberman and Kujawa, 2017; Ruel et al., 2007 for reviews). This is supported by
two observations. First, ANF terminal dendrites swell and retract following application of
glutamate receptor agonists, and this effect is prevented by pre-treatment with glutamate
receptor antagonists (Puel et al., 1991; 1994). Similarly, terminal swelling that follows
acoustic overexposure is prevented by pre-treatment with glutamate receptor antagonists
(Puel and Pujol, 1993). Secondly, following noise trauma, synapses can be regenerated by
treatment with exogenous neurotrophins that function in part by promoting axonal
outgrowth (e.g., Suzuki et al., 2016).

4.1. Hair cell vulnerability in macaques vs. other mammals

Early primate studies compared behavioral thresholds and cytocochleograms in noise-
exposed macaques, squirrel monkeys, and others (Stebbins 1970; Hunter-Duvar and Elliott,
1972; Hawkins et al. 1976; Jerger et al. 1978; Moody et al. 1978; Stebbins et al. 1982),
concluding that primates are less susceptible to noise-induced PTS and hair-cell loss than
non-primates. In cats and guinea pigs, a PTS of up to ~40-50 dB can be induced by a single
2- or 4-hr exposure to 2-kHz noise between 109-113 dB SPL (cats: Liberman and Dodds,
1984; Miller et al., 1997; guinea pigs. Maison and Liberman, 2000; Lin et al., 2011). In
contrast, in macaques, a continuous 40-hr exposure to 2-kHz noise at 120 dB SPL produced
a peak PTS of only ~20-40 dB (Moody et al., 1978). In squirrel monkeys, inducing a PTS of
~20 dB using a similar traumatic noise required 2-3 exposures totaling 10-14 hrs (Hunter-
Duvar and Elliott, 1972). In humans, a 2-hr exposure at 105 dB SPL caused only a
temporary threshold shift (Ward, 1960), as did a 130-dB SPL exposure to a 2 kHz tone for
30 min (Davis et al., 1950). Here, we showed that, in macaques, a 4-hr exposure to a 2-kHz
noise at 120 dB SPL caused no PTS, and a 4-hr exposure at 140 dB SPL produced a PTS of
< 20 dB. Although differences in anesthesia (Kim et al., 2000) and noise bandwidth
complicate comparisons, it appears that SPLs must be increased 10-fold (20 dB) to produce
a similar degree of moderate PTS in primates vs. non-primates.
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When noise-induced PTS is < 40 dB, there is typically minimal hair-cell loss, as shown in
macaques exposed for 40 hrs to 2 kHz noise (Moody et al., 1978), because permanent
damage to hair-cell stereocilia occurs at lower exposure levels than those producing hair cell
death (Robertson, 1982; Liberman and Dodds, 1984). Thus, given that the 140 dB SPL
exposure produced PTS < 20 dB, it is unlikely that significant hair-cell loss would be
observed histologically. As exposure SPL increases, a “critical level” is reached at which
hair-cell death grows dramatically. In mice and cats, that critical level is ~116 dB SPL for a
2-hr exposure to noise bands centered at mid-cochlear frequency places (Wang et al., 2002;
Liberman and Kiang, 1978): at this level, the reticular lamina ruptures during exposure,
mixing endolymph and perilymph, resulting in a chronic organ-of-Corti wipeout near the
place tuned to the exposure band and widespread OHC loss that spreads basally from that
point (Wang et al., 2002). In macaques, the critical level is likely around 146 dB SPL: this
exposure caused major OHC loss throughout the basal half of the cochlea and organ-of-Corti
wipeouts that appeared usually in mid-cochlear regions, just basal to the exposure frequency,
and always in the basal-most ‘hook’ region.

It appears that the primate ear is dramatically less vulnerable to this type of catastrophic
noise damage. It is unlikely that this resilience is mediated by the middle-ear muscle reflex
(MEMR) or medial olivocochlear reflex (MOCR), based on the observations that central
anesthetics attenuate the strength of both reflexes (MEMR: Borg et al., 1975; Valero et al.,
2017; MOCR: Chambers et al., 2013; Aedo et al., 2015). Such resistance might arise from
the mechanical strength of the reticular lamina and the tight junctions that also provide the
diffusion barrier between endolymph and perilymphatic scalae. It may be significant that one
of the candidate genes in the chromosomal regions linked to differences in noise
vulnerability between inbred mouse strains is one of the claudin genes (Street et al., 2014), a
major component of the tight junctions in the reticular lamina (Gow et al., 2004).

4.2. Synaptic vulnerability in macaques vs. other mammals

Vulnerability to cochlear synaptopathy also varies between species. In mice synaptopathy
can be produced by a single 2-hr exposure to octave-band noise at 94-100 dB SPL (8-16
kHz; Fernandez et al., 2015; Valero and Liberman, 2017), while 106-dB SPL octave-band
noise is required to produce synaptopathy in guinea pigs (4-8 kHz; Lin et al., 2011; Furman
et al., 2013). Synaptopathy can be seen after exposures producing large TTSs ~40-50 dB
(24-hrs post-exposure; e.g., Lin et al., 2011; Hickox and Liberman, 2014; Fernandez et al.,
2015). However, not all exposures producing large TTSs are synaptopathic (Hickox and
Liberman, 2014). Although noise-induced synaptopathy has not been assessed in humans,
there is one human study in which TTS was measured 21-23 hrs (1-d) following exposure to
octave-band noise for 2-hrs at 105-dB SPL, and thresholds recovered within 1.5-3 days post-
exposure (Ward, 1960). Peak TTS at 1-d post-exposure was < 30 dB in 4/6 subjects and ~40
dB in the remaining two. Extrapolating from rodent data, it is possible that this exposure was
synaptopathic in the latter two subjects.

Here, we show that a single 4-hr exposure to 108-dB SPL noise produces synaptopathy in
primates. These data suggest that although primates may be highly resistant to noise-induced
hair-cell destruction, cochlear synapses are not strikingly more resilient than those in other
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mammals studied to date. The magnitude of synaptopathy in TTS macaques (108-dB SPL
exposure) was ~15-30%, on average (Fig. 4B), which is similar to that observed in guinea
pigs at similar SPLs (Liu et al., 2012; Furman et al., 2013; Song et al., 2016). Little is known
about the growth of synaptopathy with increasing sound pressure levels, as most studies
have concentrated on exposures producing little or no PTS. Here, we show that synaptopathy
can exceed 80% in cochlear regions with significant OHC loss (Figs. 2, 4, 5).

Each missing or orphaned ribbon is taken to represent a missing synapse, and because each
ANF terminates in a single synapse on a single IHC, each missing synapse represents a non-
responsive ANF. Due to redundancy in IHC innervation, normal audiometric thresholds can
be measured in animals missing as many as 80% of ANFs (Schuknecht and Woellner, 1955)
or IHCs (Lobarinas et al., 2013), as long as OHCs remain intact. The subset of ANFs
responsible for threshold detection, i.e. fibers with high SRs, are relatively resistant to
acoustic trauma, while the low-SR fibers with thresholds normally 30-50 dB higher, are
disproportionately disconnected (Furman et al., 2013). Given that low-SR fibers constitute
40-50% of the ANF population (Taberner and Liberman, 2005), and given that thresholds
recovered completely following exposure at 108 dB SPL, synaptopathy in TTS macaques
should be dominated by loss of low-SR synapses. Macaques with PTS, on the other hand,
must be missing both low- and high-SR synapses in maximally damaged regions. Regardless
of which SR groups are involved, a loss of up to 88% of ANFs innervating the surviving
IHCs is likely to have profound effects on hearing performance in complex listening
environments.

Single-fiber labeling of ANFs has shown that low-SR fibers normally terminate opposite
large pre-synaptic ribbons, while high-SR fibers terminate opposite smaller ribbons
(Merchan-Perez and Liberman, 1996). Thus, ribbons surviving acoustic overexposure should
be smaller if the loss is selective for low-SR fibers and if ribbon volumes are static.
However, as seen in mice (Liberman et al., 2015) and guinea pigs (Furman et al., 2013; Song
et al., 2016), ribbons were enlarged in the synaptopathic regions of macaque IHCs,
especially in PTS cochleas (Fig. 6). Given that ribbon size in zebrafish hair cells is
dynamically regulated via negative feedback from synaptic CaZ* entry (Sheets et al., 2012),
these hypertrophic ribbons may reflect reduced baseline CaZ* entry at the synapse. This, in
turn, could arise either from changes in the distribution of voltage-gated Ca%* channels near
the synapse, or from IHC hyperpolarization due to reduced K* flux through the stereocilia.
Indeed, noise-induced disarray, fusion, or loss of stereocilia in IHC hair bundles (Liberman
and Dodds, 1984) should reduce resting currents, hyperpolarize the IHC, and thereby
chronically reduce Ca?* entry at the synapse. The appearance of hollow ribbons in PTS
cochleas may not represent an additional pathology, as both hollow and solid ribbons are
seen in electron micrographs of healthy IHCs (Merchan-Perez and Liberman, 1996), and it's
likely that hollow ribbon cores could only be resolved in the confocal after noise-induced
hypertrophy.
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Highlights
. Cochlear synaptopathy is an important component of sensorineural hearing
loss.
. Cochlear synaptopathy is a primary event following acoustic trauma in
primates
. Primates are resilient to noise-induced hair cell loss and threshold shifts
. Primates do not appear to be more resilient to synaptopathy than non-primates
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Figure 1. ABR thresholds (A), threshold shifts (B) and DPOAE magnitudes (C-D) were measured
before and after acoustic overexposure

A: Mean pre-exposure ABR thresholds for all animals (N=6) and for monkey M4, which
received only a single 146 dB exposure. B: ABR threshold shifts measured 4-8 wks post-
exposure at 108 dB SPL (teal, N=4 ears, 2 monkeys), 140 dB SPL (orange, N=2 ears, 2
monkeys), and/or 146 dB SPL (red, N=4 ears, 4 monkeys). Three of the monkeys exposed at
146 dB SPL were previously exposed to one or more lower noise levels (see Table 1).
Threshold shifts for monkey M4 (exposed only at 146 dB SPL) are overlaid. Each ‘v’
represents an ear that was unresponsive to 90-dB SPL stimuli for a given frequency. C:
Mean pre-exposure DPOAE magnitudes (black, N=6 monkeys) and those measured
immediately post-exposure. Markers represent every other frequency step. Dashed lines
represent mean noise floors. D: Mean pre-exposure DPOAE magnitudes are re-plotted for
reference to those measured 4-8 wks post-exposure at 108 dB SPL (teal, N=4 ears, 2
monkeys), 140 dB SPL (orange, N=4 ears, 2 monkeys), or 146 dB SPL (red, N=8 ears, 4
monkeys). Error bars represent £1 SEM. Asterisks represent statistical significance *P<0.05;
**P<0.01; ***P<0.001. Gray bars represent the exposure band.
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Figure 2. Hair-cell survival was assessed in control (A) and noise-exposed (B-C) cochleas
Micrographs of hair cells are from the 4-kHz region of a Control (A), TTS (B), and PTS (C)

ear. Below each micrograph are mean cytocochleograms for corresponding groups.
Supernumerary OHCs (white arrows in A, B) were excluded from analyses.
Cytocochleograms for monkey M4 (146 dB SPL only) are shown for the right ear, with
OHC survival averaged over the 3 rows. Error bars represent £1 SEM. Legend applies to all
panels. Gray bars represent the exposure band.
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Figure 3. Hair cells and their afferent synapses were visualized by immunohistochemistry
Presynaptic ribbons (CtBP2, red), post-synaptic glutamate-receptor subunits (GIuA2, green),

hair cells (myo7a; gray), and nerve fibers (NFH, blue) were immunolabeled for confocal
microscopy. A-A “ Maximum-intensity projections of confocal z-stacks from Control, TTS,
and PTS ears at the 4-kHz region and displayed in the acquisition plane. B-B ”: Orthogonal
projections of the z-stacks in A-A”. C-C ”: Thumbnail array of magnified x-y projections
surrounding 12 selected synapses, taken from the z-stacks shown in A-B”. Synapses, i.e.
juxtaposed CtBP2 and GIuA2 puncta (yellow arrowheads), and “orphan* ribbons, lacking
GIuA2 puncta (white arrowheads), are shown. Enlarged, hollow ribbons (C %), seen only in
severely damaged regions of PTS cochleas, could be either paired or orphaned (yellow and
red arrowheads in C”, respectively). Images are from an 8 yr-old male control (A-C), an 11
yr-old male with TTS (A ~C ), and a 10 yr-old male with PTS (A *-C ).
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Figure 4. Synapse survival was assessed in IHCs of control (A) and noise-exposed (B) monkeys at
nine cochlear regions

A: Mean synaptic counts for N=7 ears, 4 monkeys are shown by the thick line and filled
symbols. Traces for individual monkeys (thin lines) show no differences between animals
from the two vivaria. B: Synapse survival is computed by normalizing to the mean data in
panel A. TTS (teal) and PTS (red) cochleas had significant, frequency-dependent cochlear
synaptopathy. For monkey M4 (single 146-dB SPL exposure), mean synapse survival (L and
R) is also plotted separately. Statistical significance is reported relative to controls: *P<0.05;
**P<0.01. Error bars represent £1 SEM. Gray bars represent the exposure band.
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Figure 5. Surviving IHCs were significantly de-afferented in regions with little OHC loss
Cytocochleograms, showing IHC and OHC survival in each row (black), are plotted for left

(A) and right (B) ears of a PTS monkey with asymmetric histopathology (M3). The synaptic
counts per surviving IHC are overlaid (red). Gray bars represent the exposure frequency.
Legend applies to both panels.
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Figure 6. Pre-synaptic ribbons were enlarged in noise-exposed cochleas
Normalized volumes for all pre-synaptic ribbons (A) and the percentage of ribbons classified

as “hollow” (B) in controls (black), TTS monkeys (teal), and PTS monkeys (red). Paired and
orphan ribbons were included in both analyses. Gray bars represent the exposure band. Error
bars represent £1SEM. For monkey M4 (single 146-dB SPL exposure), the left and right
cochleas are plotted separately. Legend applies to both panels. Asterisks represent
significance (***P<0.001).
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Figure 7. Cable-like myosin aggregates were common in IHCs of PTS ears
Maximum-intensity projections of confocal z-stacks in the x-z plane (A) and y-z plane (B),

including 7 IHCs from the 2.8 kHz region in a PTS cochlea. Many IHCs (asterisks in A)
show myosin 7a aggregates spanning the apical-basal pole. C: Mean % of affected IHCs for
control (black), TTS (teal), and PTS (red) cochleas (N=7, 4, 8 cochleas, respectively). Error
bars represent £1 SEM. Gray bar represents the exposure band.

Hear Res. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Valero et al.

Page 24

A Cuticular Extrusions B Basal Extrusions

C Myo7a-filled Nuclei

-» Control |
% - TTS
e ) sl e
8 801 o Case M4
T oo 301 o)
B a0 20-
8 ,
£ 20 ] 1 101
< / =
04 - : 01 F=e : . D ® ole
05 05 1 2 4 8 16 32 05 32

Cochlear Frequency (kHz)

Figure 8. IHC pathologies were common in PTS ears
A-C: Confocal micrographs of pathological IHCs are marked with arrows to indicate:

cytoplasmic extrusions from the cuticular plate (A), or the basal pole (B), myosin 7a-positive
nuclei (C), and irregular stereocilia (C, open arrow; not quantified). The yellow dashed line
in (B) traces the edges of the tunnel of Corti. Plots below each micrograph show the
percentage of IHCs affected in each group: For monkey M4 (single 146-dB SPL exposure),
data for each ear are plotted separately. Legend in B applies to all panels. Error bars
represent +1 SEM. Gray bars represent the exposure band.
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Table 1

Noise-exposure history for each macaque with TTS and PTS.

Subject ID

108

120

140 146

M1

M2

M3

M4

M5

M6
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