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a b s t r a c t

Reductions in sound-evoked activity in the auditory nerve due to hearing loss have been shown to cause
pathological changes in central auditory structures. Hearing loss due strictly to the aging process are less
well documented. In this study of CBA/CaH mice, we provide evidence for age-related pathology in the
endbulb of Held, a large axosomatic ending arising from myelinated auditory nerve fibers. Endbulbs are
known to be involved in the processing of temporal cues used for sound localization and speech
comprehension. Hearing thresholds as measured by auditory brainstem response (ABR) thresholds
remained stable up to one year, whereas suprathreshold amplitudes of early ABR waves decreased by up
to 50% in older mice, similar to that reported for age-related cochlear synaptopathy (Sergeyenko et al.,
2013). The reduction of ABR response magnitude with age correlated closely in time with the gradual
atrophy of endbulbs of Held, and is consistent with the hypothesis that endbulb integrity is dependent
upon normal levels of spike activity in the auditory nerve. These results indicate that central auditory
pathologies emerge as consequence of so-called “hidden” hearing loss and suggest that such brain
changes require consideration when devising therapeutic interventions.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The consequences of hearing loss are at times baffling. Classic
hearing loss has elevated hearing thresholds and loss of sensory
receptor cells (Schuknecht, 1974). In contrast, many affected lis-
teners, especially the elderly, exhibit impaired temporal processing
and difficulties understanding speech in noise without elevated
thresholds or cognitive impairments (Dubno et al., 1984; Fullgrabe
et al., 2014; Gordon-Salant, 2005; Gordon-Salant and Fitzgibbons,
1993; Ruggles et al., 2012; Snell and Frisina, 2000). Indeed, the
physical substrate of age-related hearing loss in the absence of
sensory receptor cell loss has remained “hidden” until quite
recently (Liberman and Kujawa, 2017).

The CBA inbred mouse strain and its variants (e.g., CBA/J, CBA/
AVCN, anteroventral cochlear
bulb of Held; IHC, inner hair

rst, NSW, 2010, Australia.
Ca, CBA/CaJ, CBA/CaH) have long been used in hearing research
(Berlin, 1963; Ohlemiller et al., 2016; Zheng et al., 1999). These
mouse lines show minimal cochlear pathology and stable auditory
brainstem response (ABR) thresholds over the first two years of life
(Henry and Chole, 1980; Sergeyenko et al., 2013). Consequently, the
CBA genotype has been widely accepted as representing normal
hearing, and its auditory functions have routinely been compared
with those of mice with various forms of hereditary hearing loss
(e.g., Connelly et al., 2017; Limb and Ryugo, 2000; Willott, 1984,
1986; Willott et al., 1991). Recently, however, CBA/CaJ mice older
than two years of age were observed to exhibit increased ABR
thresholds, decreased ABR waveform amplitudes, and increased
hair cell losses (Sergeyenko et al., 2013). Moreover, ribbon synapses
between auditory nerve fibers and inner hair cells (IHCs) declined
in number prior to spiral ganglion cell loss (Kujawa and Liberman,
2009; Stamataki et al., 2006). Thus, even in so-called “normal”
hearing mice with a lifetime of non-damaging sound exposure, the
cochleamay nonetheless exhibit “hidden” hearing loss as a result of
age-related synaptopathy.

The causes of “hidden” and “overt” hearing loss generally orig-
inate in the cochlea. There is a growing consensus, however, that
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many symptoms of hearing loss (e.g., difficulty understanding
speech in noise, loudness distortion, and tinnitus) are exacerbated
by reactive changes within the central nervous system (Parks et al.,
2004). Changes in auditory nerve activity caused by hearing loss
have a ripple effect throughout the central auditory pathway
(Hashisaki and Rubel, 1989; Kral et al., 2005; Moore and
Kowalchuk, 1988; Powell and Erulkar, 1962; Saada et al., 1996;
Schwartz and Higa, 1982; Trune, 1982; West and Harrison, 1973),
and pathologic changes are likely to first emerge at the cochlear
nucleus (CN).

Auditory nerve endings terminate throughout the CN (Muniak
et al., 2016), and have been a subject of extensive studies on
deprivation-induced changes. In particular, attention has focused
on endbulbs of Held (EBs; Held, 1893)dlarge, axosomatic endings
of myelinated auditory nerve fibers that target bushy cells (BCs) in
the anteroventral CN (AVCN). These synaptic endings are among
the largest synapses in the brain (Ryugo and Spirou, 2009) and
show evolutionary conservation across all vertebrates examined to
date (Lenn and Reese, 1966; Ryugo and Parks, 2003). They are a
crucial structure in the timing pathway, delivering auditory spikes
at rapid rates and with high fidelity (Manis et al., 2011). Crucially,
EBs have been shown to be structurally and functionally sensitive to
changes in levels of spike activity, as would occur with deafness or
hearing loss (Connelly et al., 2017; Ngodup et al., 2015; Oleskevich
andWalmsley, 2002; Ryugo et al., 1996, 1997, 1998, 2005; Tsuji and
Liberman, 1997; Wang and Manis, 2006; Zhuang et al., 2017). Thus,
cochlear pathologies have the potential to cascade along ascending
neural pathways, consequently producing deficits in central audi-
tory processing (Frisina and Frisina, 1997; Lorenzi et al., 2006).

Age-related synaptopathy between auditory nerve fibers and
IHCs (Sergeyenko et al., 2013) would render the affected primary
fibers unresponsive to sound. Given the known role of activity on
central synapse structure of the auditory nerve, we asked whether
there would be a structural correlate of age-related hearing loss
expressed centrally in EBs. We first examined our database of his-
torical ABR records for CBA/CaH mice up to one year of age to
corroborate and extend recent observations (Sergeyenko et al.,
2013). Next, we examined EB morphology in a subset of these
mice at specific age-groups. We hypothesized that age-related
cochlear synaptopathy, as inferred from reductions in ABR wave-
form amplitudes, would result in atrophy of EB morphology remi-
niscent of observations in animals with overt hearing loss (e.g.,
Connelly et al., 2017; Limb and Ryugo, 2000; Ryugo et al., 1997).

2. Methods

2.1. Animals

All procedures were performed in accordance with NHMRC
guidelines and approved by the Animal Ethics Committee of the
Garvan Institute of Medical Research and St. Vincent's Hospital,
UNSWAustralia. A total of 22 normal hearing CBA/CaHmice of both
sexes (11 male, 11 female) were used in this study. Age at time of
study ranged from 4 to 52wks. Ten mice were of the CBA/CaH
genotype. The remaining 12 mice were transgenic CBGlyT2-EGFP
mice, which expressed enhanced green flourescent protein
(EGFP) under the influence of the glycine transporter 2 (GlyT2)
gene promoter (Zeilhofer et al., 2005). Parent GlyT2eEGFP mice
with a C57Bl/6 background were donated by Prof. H.U. Zeilhofer
(University of Zurich, Switzerland). Congenic CBGlyT2-EGFP mice
were obtained by backcrossing the transgene into CBA/CaH mice
for at least 10 generations. All mice were bred in our colony at the
Australian BioResources facility (Moss Vale, NSW, Australia). Pups
wereweaned from their mothers at 3wks of age and transported to
the animal care facility of the Garvan Institute of Medical Research.
All mice were given standard chow (6% fat, 23% protein; Gordon's
Specialty Stock Feeds, Yanderra, NSW, Australia) and water ad
libitum.

Four of the CBA/CaH mice were monitored over their lifespan
and continuously housed in standard cages in the animal care fa-
cility where the internal average ambient sound level was
60e65 dB SPL (RMS; 2e200 kHz filter). Mice were only exposed to
normal everyday vivarium acoustics, and there were no overt
damaging levels of sound. The remaining 18 mice were also reared
and housed in standard conditions until they were selected for
observation over an 8-wk period beginning at 4, 8, 12, 24, 32, or
44wks of age. During this period, subjects were housed in acous-
tically treated sound boxes where the average ambient sound level
was reduced to 47 dB SPL (RMS) and were instead exposed to a
controlled sound environment delivered via an overhead speaker
(MF1; Tucker Davis Technologies [TDT], Alachua, FL) mounted
26 cm above the floor of the mouse cage. Sounds consisted of
randomized ultrasonic environmental recordings and synthesized
frequency sweeps spanning the mouse hearing range (2e60 kHz).
The average intensity of stimulus delivery, measured at the level of
a mouse's head, was fixed to 55 dB SPL (RMS) and peak intensity
was limited to 65 dB SPL. The sound stimulus was randomly
interleaved with 50% silence and delivered daily between 7pm and
7am.

We also included ABRmeasurement data from an additional 147
CBA/CaH mice (55 male, 92 female) that were tested in our labo-
ratory in relation to other experiments using identical procedures.
Ages ranged from 3 to 44wks of age. 127 of these mice were of the
CBA/CaH genotype, and the remaining 20 were transgenic
CBGlyT2-EGFP mice. Animals were either sourced from our colony
at Australian BioResources or purchased from Animal Resources
Centre (Canning Vale, WA, Australia). Normal vivarium housing
conditions applied to all of these subjects. Due to the high vari-
ability of sampling at different age-groups, N-values are provided
for each measurement in Tables 1 and 2.

2.2. Auditory brainstem responses

Mice were anaesthesised with 100mg/kg ketamine and 20mg/
kg xylazine and placed on an infrared heating pad inside a sound-
attenuating chamber (Sonora Technology, Gotenba, Japan).
Ophthalmic ointment was applied to both eyes to prevent corneal
irritation. ABRs were differentially recorded using subcutaneous
platinum needle electrodes that were positioned over the vertex of
the skull (active), the right bulla (reference), and muscle of the hind
leg (ground). The right pinna was positioned 10 cm away from and
at the same level as a free-field speaker (MF1). Alternating click (0.1
ms square wave pulse) and tone stimuli at 4, 8, 16, 24, 32, 40, and
48 kHz (5ms duration, 0.5ms rise/fall) were generated using a
software-controlled signal processor (RZ6/BioSigRZ; TDT) and
delivered at a rate of 10/s in 10-dB decremental steps from 90 dB to
below any detectable response. Responses were amplified
(RA16PA/RA4LI; TDT), bandpass filtered from 0.5 to 3 kHz, notched
at 50 Hz, and averaged over 512 stimuli presentations (RZ6; TDT).

Following Sergeyenko et al. (2013), we will refer to individual
components of the ABR as Waves 1e5 to distinguish them from
Waves IeV as defined in larger mammals (Melcher and Kiang,
1996). Offline analysis of ABR readings began in BioSigRZ, where
peak-to-trough positions of Waves 1e5 were manually marked.
Data files were subsequently ported to a custom ABR viewer in
MATLAB (vR2016a; MathWorks, Natick, MA) for further analysis.
Response thresholds were independently determined by two ob-
servers using a blinded procedure: stacked waveform sets (e.g.,
Fig. 1A) were presented in random order with no identifying in-
formation (e.g., stimulus frequency, mouse id, mouse age), with the



Table 1
Summary of ABR thresholds.

Threshold (dB SPL)

Click 4 kHz 8 kHz 16 kHz 24 kHz 32 kHz 40 kHz 48 kHz

Age (weeks) 4 38.8± 5.2 (24) 73.1± 8.3 (13) 40.7± 11.0 (15) 25.7± 6.8 (15) 29.3± 11.6 (15) 38.3± 11.8 (15) 48.1± 8.3 (13) 53.3± 5.8 (3)
8 38.9± 5.2 (19) 72.5± 7.6 (8) 36.7± 6.6 (9) 25.0± 5.0 (9) 27.8± 6.7 (9) 36.7± 4.3 (9) 49.4± 7.8 (8) 53.3± 5.8 (3)
12 36.8± 4.6 (88) 65.9± 10.3 (32) 32.3± 8.0 (32) 23.0± 5.9 (32) 26.7± 7.6 (32) 36.8± 9.0 (30) 48.8± 10.0 (25) 67.1± 9.1 (7)
16 39.2± 5.0 (24) 69.4± 9.8 (8) 36.2± 8.8 (8) 26.1± 8.2 (9) 30.0± 5.6 (9) 41.1± 10.5 (9) 49.4± 11.0 (9) 62.5± 9.6 (4)
20 37.8± 6.7 (9) 72.5± 6.9 (6) 35.0± 6.3 (6) 25.0± 7.6 (8) 30.0± 9.6 (8) 40.6± 5.6 (8) 48.6± 10.3 (7) 65.0± 10.0 (4)
24 40.0± 3.5 (17) 72.5± 10.0 (14) 40.7± 7.6 (14) 28.0± 6.2 (15) 33.9± 10.8 (14) 38.6± 8.1 (11) 44.5± 10.8 (11) 60.7± 8.4 (7)
28 41.4± 4.1 (14) 72.3± 8.3 (13) 38.1± 8.8 (13) 29.6± 7.2 (13) 37.7± 9.3 (13) 44.1± 15.0 (11) 46.7± 9.7 (9) 64.2± 8.0 (6)
32 43.0± 4.8 (10) 75.6± 8.8 (9) 37.8± 8.3 (9) 25.6± 5.3 (9) 32.5± 4.6 (8) 36.2± 4.4 (8) 43.3± 4.3 (9) 63.6± 4.8 (7)
36 47.5± 4.2 (6) 75.8± 11.1 (6) 40.0± 6.3 (6) 30.0± 7.1 (5) 30.0± 0.0 (5) 40.0± 0.0 (6) 44.2± 9.2 (6) 62.0± 4.5 (5)
40 42.5± 5.0 (4) 85.0± 5.8 (4) 45.0± 13.2 (3) 31.2± 2.5 (4) 36.7± 5.8 (3) 45.0± 10.0 (4) 50.0± 8.2 (4) 60.0± 0.0 (3)
44 48.0± 4.5 (5) 78.0± 11.5 (5) 35.0± 5.0 (5) 31.2± 2.5 (4) 37.5± 9.6 (4) 48.3± 2.9 (3) 56.7± 5.8 (3) 66.7± 5.8 (3)
48 45.0± 5.8 (4) 71.7± 7.6 (3) 37.5± 5.0 (4) 27.5± 5.0 (4) 37.5± 9.6 (4) 42.5± 5.0 (4) 46.7± 5.8 (3) 65.0± 15.0 (3)
52 50.0± 0.0 (3) 70.0± 10.0 (3) 40.0± 0.0 (3) 30.0± 0.0 (3) 33.3± 5.8 (3) 36.7± 5.8 (3) 50.0± 10.0 (3) 66.7± 5.8 (3)

Values are mean± SD. Sample size in parentheses.

Table 2
Summary of ABR amplitudes.

Wave 1 Amplitude (mV) Wave 2

Click 8 kHz 16 kHz 24 kHz Click 8 kHz 16 kHz 24 kHz

Age (weeks) 4 5.21± 1.59 (24) 1.02± 0.48 (15) 2.11± 0.91 (15) 1.99± 1.06 (15) 6.92± 2.41 1.28± 0.61 2.14± 1.04 2.23± 1.18
8 5.81± 1.53 (19) 1.01± 0.36 (8) 2.08± 0.52 (9) 1.95± 0.40 (7) 7.87± 2.09 1.62± 0.65 2.30± 1.18 2.07± 0.67
12 6.28± 1.46 (88) 1.18± 0.36 (31) 2.19± 0.50 (29) 1.97± 0.49 (30) 8.06± 2.27 1.69± 0.59 2.02± 0.92 2.02± 0.65
16 5.50± 1.39 (21) 1.18± 0.35 (8) 1.99± 0.32 (8) 1.77± 0.20 (8) 7.47± 2.10 1.75± 0.56 2.19± 0.52 1.88± 0.42
20 5.22± 1.16 (8) 0.88± 0.17 (3) 1.82± 0.23 (6) 1.61± 0.31 (6) 6.98± 1.93 1.88± 0.43 2.01± 0.83 1.92± 0.65
24 4.47± 1.25 (15) 0.97± 0.42 (11) 1.31± 0.50 (11) 1.47± 0.59 (11) 6.08± 1.56 1.33± 0.48 1.49± 0.63 1.59± 0.55
28 3.35± 1.02 (13) 0.81± 0.27 (10) 1.25± 0.31 (10) 1.13± 0.40 (10) 4.89± 2.02 1.48± 0.65 1.48± 0.80 1.46± 0.67
32 2.98± 1.30 (9) 0.46± 0.18 (9) 0.91± 0.30 (9) 1.03± 0.38 (9) 4.15± 1.75 0.96± 0.41 1.14± 0.67 1.30± 0.64
36 2.17± 0.18 (4) 0.49± 0.14 (6) 0.85± 0.16 (6) 1.03± 0.10 (6) 2.65± 0.43 0.85± 0.20 0.81± 0.38 1.01± 0.16
40 2.96± 1.50 (3) 0.48± 0.19 (4) 0.82± 0.28 (4) 0.83± 0.36 (4) 2.97± 1.56 0.60± 0.14 0.40± 0.20 0.87± 0.22
44 2.43± 1.09 (4) 0.56± 0.26 (5) 0.78± 0.24 (5) 0.98± 0.38 (5) 3.24± 2.34 1.11± 0.34 0.93± 0.44 0.91± 0.45
48 2.01± 0.24 (3) 0.41± 0.10 (4) 0.75± 0.11 (4) 0.85± 0.13 (4) 3.57± 0.49 0.86± 0.34 0.68± 0.09 0.63± 0.14
52 1.87± 0.31 (3) 0.37± 0.18 (3) 0.74± 0.25 (3) 0.85± 0.17 (3) 3.46± 0.51 1.03± 0.12 1.05± 0.32 1.08± 0.29

Values are mean± SD. Wave 1 sample sizes (in parentheses) also apply to Wave 2 measurements.
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user required tomanually select the lowest sound level that evoked
a repeatable response waveform. Differences between the two
observers were never greater than ±10 dB and were averaged.
Waveform amplitude was calculated as the difference (in mV) be-
tween the peak and following trough of a given wave.

2.3. Cochlear surgery and auditory nerve injection

After the final ABR session, 17 mice were subjected to cochlear
surgery and auditory nerve injection to label auditory nerve fibers
and endings in the AVCN (Connelly et al., 2017). Micewere prepared
for injection using aseptic techniques. Anesthesia was induced
using isoflurane (5% in 0.6 L/min O2) and maintained (1.5e2%) for
the duration of the surgery. Each mouse was visually monitored for
respiration rate, and checked for an eye and paw reflex prior to
incision and throughout the procedure. Ophthalmic ointment was
applied to both eyes to prevent corneal drying. The anesthetized
mouse was secured in a nose cone with a bite bar and placed on its
left side to ensure the right ear was facing upward. The hair behind
the right ear was removed, skin swabbed with Betadine solution,
and 0.01mL bupivacaine applied around the exposed area. A pos-
terior auricular incision was then made, the skin was raised, and
subcutaneous tissue along the cartilaginous external auditory canal
was reflected downward until the bulla was reached. Using a
toothed forcep, the posterior inferior aspect of the bulla was chip-
ped away to expose the otic capsule. At this junction, a blunt dis-
ssection was made into the cartilaginous external auditory canal so
as to remove the tympanic membrane, malleus, and incus. The
stapedial artery was then cauterized with a low-temperature cau-
tery (Medtronic, North Ryde, NSW, Australia) at its inferior and
superior portion so that the stapes could be freed from its attach-
ment to the oval window membrane. After the stapes had been
removed, a fine-end curved hook was inserted into the round or
oval window to chip off the lateral wall of the otic capsule. The
modiolus was located in the cochlea and an acupuncture needle
was used to gently poke 2e3 holes in its apical and middle turns. A
glass micropipette, 80e90 mm diameter, filled with 5% neurobiotin
(SP-1120; Vector Laboratories, Burlingame, CA), was used to
pressure-inject 5 ml of dye into themodiolus of cochlea (Nanoject II;
Drummond Scientific Company, Broomall, PA). After allowing the
dye to settle for 5min, the pipette was subsequently withdrawn
and incision suture closed. Animals were administered buprenor-
phine (0.05mg/kg) and sterile saline (~0.5mL) subcutaneously and
allowed to survive for 4e6 h to permit tracer diffusion throughout
the auditory nerve.

2.4. Tissue preparation

At the end of the survival time, animals were intraperitoneally
administered a lethal dose of sodium pentobaribitone (55mg/kg).
When the animal was areflexic to a paw pinch, the thorax was
opened to expose the heart and 0.02mL heparinized saline was
injected directly into the right ventricle to reduce clotting. The
heart was then transcardically perfused through the left ventricle
with 2mL 1% NaNO2 in 0.1M phosphate buffered saline prewash,
followed by 60mL of 4% paraformaldehyde in 0.1M phosphate



Fig. 1. CBA mice maintain normal hearing thresholds up to one year of age. (A)
Example ABR waveforms (16 kHz; 0e90 dB SPL) from the same mouse at both 5 (tan)
and 44 (red) wks of age. While threshold remains unchanged (30 dB SPL, late waves), a
reduction in ABR amplitude is evident at 44wks versus 5wks, particularly for Waves 1
and 2. Black bars indicate the peak-to-trough intervals of Waves 1e5 at 44wks and
90 dB SPL. (B) Mean ABR freefield audiograms for CBA mice at 4-wk intervals from 4 to
52wks of age. Click and tone thresholds exhibit only a modest elevation with age.
Values are summarized in Table 1.
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buffered saline solution (pH 7.4). The headwas post-fixed overnight
at room temperature in the same fixative on a shaking platform.
The following day, the brain was dissected from the skull, and the
brain stem was isolated and embedded in a gelatin-albumin
mixture. Coronal sections were cut at 50 mm with a vibrating
microtome (VT1200S; Leica Systems, Nussloch, FRG) and free-
floating tissue sections were collected in 0.12M Tris buffer (TBS).
Thereafter, tissue sections were incubated with streptavidin con-
jugated to Alexa Fluor 568 (1:1000; S-11226; Life Technologies,
Scoresby, VIC, Australia) in 0.12M TBS for 1 h to visualize
neurobiotin-filled EBs in the AVCN. After incubation, tissue sections
were rinsed thrice in 0.12M TBS for 5min, mounted on microscope
slides, and coverslipped using Vectashield (H-1400; Vector Labs,
Burlingame, CA). Slides from all mouse cohorts were intermixed
and coded by a neutral party so that the observerwas blinded to the
ages of the subjects throughout analyses.

2.5. Confocal image acquisition and analysis

Z-stack images of coded tissue sections were acquired with a
confocal microscope (DMI 6000 SP8; Leica Systems; objective:
63�/1.20 water immersion, NA: 1.2, pinhole: 1 Airy unit), using
laser excitation at 561 nm (intensity: 15%), at a resolution of
1024� 1024 pixels, a z-step size of 0.35 mm, and a setting of one
frame and line averaging. Only EBs with an identifiable axon and
complete endings were imaged. The EB is identified as a large
complex ending of the auditory nerve in the AVCN that surrounds
the silhouette of a bushy cell body. The confocal parameters for
image acquisition were kept constant for all cases.

After image acquisition, endbulb z-stacks were ported to Imaris
software (v7.2; Bitplane, Zurich, Switzerland). This software
allowed the visualization of the EB in 3-dimensional space based on
fluorescence intensity and size (Fogarty et al., 2013). No image
processing was done other than median filtering. We first reduced
background noise using a median filter (3� 3� 3); the same filter
was applied to all images and image edges were not altered
(Ronneberger et al., 2008). Next, a solid surface of an EBwas created
in “surpass view” followed by the delineation of the segment of
interest in the image plane.We disabled the “smoothing” tool in the
software as this caused artificial uniformity of a surface, but
enabled the background subtraction option (Fogarty et al., 2013).
The software automatically determined the minimum branch
diameter of the EB structure. This step was followed by manual
thresholding of the EB fluorescence signal; a threshold value was
chosen that was low enough to completely detect the EB of interest
and its fine details. Following thresholding, a solid rendition of EB
structure was created for quantification. The surface area and vol-
ume of each EB was calculated in Imaris after excluding the axon
segment.

2.6. Statistical analyses

Statistical tests were conducted using R (v3.4.3; R Core Team.,
2017). Physiology data (e.g., threshold, amplitude) were evaluated
using multiple linear regression. Unless otherwise stated, additive
models were employed with age as a continuous predictor along
with categorical predictors of stimulus type (e.g., click, 8 kHz), ge-
notype (CBA/CaH vs. CBGlyT2-EGFP), and housing condition (vi-
varium vs. sound box); baseline reference categories for coefficient
reporting were “click”, “CBA/CaH”, and “vivarium”. The relative
importance of regressors was calculated with the R package
relaimpo (v2.2-2; Gr€omping, 2006) following the “lmg” method
(Lindeman et al., 1980, p.119ff), which averages the sequential sum
of squares over orderings of regressors. Cross-sectional conditional
plots with partial residuals were visualized with assistance of the R
package visreg (v2.4-1; Breheny and Burchett, 2017). Endbulb data
were not normally distributed, and group mean comparisons were
made using the Kruskal-Wallis one-way ANOVA followed by
Dunn's post-hoc test for multiple comparisons with the Holm-
�Sid�ak correction via the R package dunn.test (v1.3.5; Dinno, 2017).
The distribution of endbulb data was examined for unimodality
using Hartigans' dip test statistic with the R package diptest (v0.75-
7; Maechler, 2016). Probability density functions for endbulb data
were computed in MATLAB with an adaptive kernel density esti-
mator (Botev et al., 2010). All error values correspond to the stan-
dard deviation (SD) unless otherwise indicated. Statistical
significance was accepted at p< 0.05. Any use of the term
“monthly” specifically denotes 4-wk intervals.

3. Results

3.1. Auditory brainstem response

ABRs were collected from mice beginning at various age points
until they were terminated. Most mice used specifically for this
study underwent ABR testing at multiple ages (range: 1e45wks
duration between first and last reading; median 9wks duration).
Results were assessed in 4-wk intervals; if a mousewas testedmore
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than once within a specific age group (e.g., 7e10wks of age) only
one sample from that timeframe was included for analysis. Of the
147 additional subjects that were included from historical labora-
tory records, only 5 contributed readings for more than one age
group (2e4 readings each).

Four animals were followed on a near-weekly basis over their
lifetime from 5wks up to at least 32wks of agedone mouse was
observed until 49 wksdwhich allowed for direct age comparisons
of ABRs in the same animal. Fig. 1A shows responses to 16-kHz tone
pips at both 5 (tan) and 44 (red) wks of age in a single subject;
thresholds were typically unchanged over this time frame (note the
repeatable late response at 30 dB SPL), but waveform amplitudes
were considerably diminished.

Audiograms were created for each age group (Fig. 1B) based on
mean ABR thresholds from our dataset (Table 1). A remarkable
consistency was observed over time and stimulus fre-
quencydmean thresholds never deviated more than ±15 dB from
4-wk-old readings (mean: 9.7± 2.6 dB), and varied at most by 20 dB
between lowest and highest readings for a given frequency (mean
range: 12.9± 3.0 dB). To test whether age and/or stimulus type
were accurate predictors of ABR threshold, we performed multiple
linear regression. Furthermore, we included two additional pre-
dictor terms describing genotype and housing conditions in order
to account for the heterogeneous distribution of our subjects with
respect to these parameters (see Sections 2.1 and 2.6); we predicted
these additional parameters would have no bearing on measure-
ment outcomes. The resultant linear model adequately predicted
threshold values (adj. R2¼ 0.75, F(10,1013)¼ 309.8, p< 0.001)
largely on the basis of stimulus type (Fig. S1A; b4kHz¼ 31.8,
p< 0.001; b8kHz¼�2.7, p¼ 0.002; b16kHz¼�13.4, p< 0.001;
b24kHz¼�8.6, p< 0.001; b40kHz¼ 8.0, p< 0.001; b48kHz¼ 22.3,
p< 0.001) which accounted for 97% of the explained variance.
However, age was also a significant predictor (bage¼ 0.15,
p< 0.001), supporting our observation that ABR thresholds tended
to increase across the mouse's range of hearing by ~7e8 dB over the
first year. Neither genotype nor housing condition were significant
predictors (Figs. S1BeC), validating the inclusion of all mice in our
dataset.

We limited subsequent analyses to responses for clicks and 8-,
16-, and 24-kHz tone pips, as suprathreshold waveforms were most
robust for these stimuli. Mean ABR thresholds were first replotted
longitudinally (Fig. 2A), which highlights their slight increase over
the course of a year relative to 4-wk readings (Fig. 2B). A model fit
to this threshold shift data (adj. R2¼ 0.14, F(6,604)¼ 17.58,
p< 0.001) reaffirmed that age was a significant predictor for the
modest elevation in threshold over one year (Fig. 2B; bage¼ 0.17,
p< 0.001). Additionaly, despite normalization, responses to 8-kHz
tones remained slightly offset to those of other stimuli (Fig. S1D;
b8kHz¼�4.8, p< 0.001), which is likely due to the slightly elevated
mean response to 8 kHz at 4wks relative to successive age groups.
The primary regressor groups of age and stimulus type were
deemed to have roughly equal importance to this model (45e46%
each). As before, neither genotype nor housing condition factored
into response variability (Figs. S1EeF).

Compared to the relativelymild threshold elevations detected in
our aging animals, far more dramatic changes were observed for
suprathreshold ABR waveform amplitudes. Fig. 3 shows the first
3ms of the mean ABR waveform for each age group to 80-dB SPL
stimuli, demonstrating a decline in mean amplitudes for Wave 1
and 2 across the first year of life (Table 2). Absolute amplitude
values were extremely different for each stimulusdclick-response
waveform amplitudes were routinely 2-3x greater than tonal re-
sponses (Fig. 2C,E)dnecessitating normalization of these values
relative to 4-wk-old measurements to facilitate meaningful com-
parisons. The adjusted results (Fig. 2D,F) suggest that nearly all ABR
waveforms declined at similar rates with age. By 52wks of age,
mean Wave 1 amplitudes for each stimulus were <50% of 4-wk
values, with most responses crossing this threshold by 36wks
(Fig. 2D). This decrease was also reflected in Wave 2 amplitudes,
albiet with more variability (Fig. 2F). A direct comparison of
normalized Wave 1 vs. Wave 2 amplitudes at each age (Fig. 4A)
further demonstrated that both waves show nearly identical de-
clines in amplitude with age, except for 8-kHz Wave 2, which
appeared to lag behind Wave 1 but reduced at a similar rate.

Linear models were again employed to test the hypothesis that
age was a significant predictor for the decline of normalized ABR
wave amplitudes. Indeed, the model for Wave 1 (adj. R2¼ 0.46,
F(6,561)¼ 82.82, p< 0.001) suggested that age accounted for
approximately 58% of the explained variance (bage¼�0.015,
p< 0.001). Additionally, predicted responses were somewhat
stratified by stimulus type, with responses to 16- and 24-kHz
stimuli offset from click and 8-kHz responses (Fig. S2A;
b16kHz¼�0.14, p< 0.001; b24kHz¼�0.13, p< 0.001), which is likely
attributable to the divergence of mean response values at
12e24wks (Fig. 2D). While genotype remained an unimportant
factor (Fig. S2B), the model suggested that mice housed in our
controlled sound environment would tend to have lower ampli-
tudes relative to those allotted to the normal vivarium (Fig. S2C;
bhousing¼�0.22, p< 0.001), with this factor accounting for 20% of
the explained variance. We were perplexed by this result, as
housing conditions were designed to be relatively similar with
respect to overall sound intensity, and this factor did not appear to
impact hearing thresholds (Figs. S1C and F), ruling out overt
cochlear damage. To explore this relationship further, we computed
an alternate model with an additional interaction term (age:-
housing). The output of this model (adj. R2¼ 0.47, F(6,560)¼ 71.96,
p< 0.001) found a somewhat significant interaction (bage¼�0.017,
p< 0.001; bhousing¼�0.32, p< 0.001, bage:housing¼ 0.004, p< 0.05)
and suggested that, if anything, vivarium-housed animals tended to
start with larger amplitudes at young ages compared to those in
sound boxes (Fig. S2C’), but that values from both groups would
nonetheless converge by 52wks. Importantly, amplitude pre-
dictions declined by >50% for both levels of this factordmirroring
group mean observationsdindicating that even if housing condi-
tions truly affected waveform amplitudes, the observed decline
with age remained the dominant effect.

The model for Wave 2 exhibited similar tendencies as that for
Wave 1 (adj. R2¼ 0.39, F(6,561)¼ 52.25, p< 0.001), with age ac-
counting for 35% of the explained variance (bage¼�0.011,
p< 0.001). Predictions were somewhat stratified by stimulus type
(Fig. S2D; b8kHz¼ 0.17, p< 0.001; b16kHz¼�0.13, p< 0.001;
b8kHz¼�0.15, p< 0.001), but not by genotype (Fig. S2E). Housing
condition appeared to be a significant predictor (Fig. S2F; bhous-
ing¼�0.23, p< 0.001), but as with themodel forWave 1, we believe
this can be attributed to the differential distribution of samples
with respect to age (Fig. S2F’).

To examine whether early (Waves 1e2) ABR waveform ampli-
tude declines were reflected in later, more central components of
the response, we also calculated mean Wave 5:1 and Wave 5:2
ratios for each age group, and plotted them relative to mean ratios
at 4wks of age (Fig. 4BeC). While there was considerable vari-
ability, owing in part to the difficulty in accurately measuringWave
5, a clear trend of increasing ratio values was apparent, and not a
single ratio declined with age. A linear model fit to Wave 5:1 data
(on a log2 scale) reflected this variability (adj. R2¼ 0.13,
F(6,561)¼ 15.03, p< 0.001), where the only major predictor was
age (bage¼ 0.022, p< 0.001) and suggested this ratio doubled from
4 to 52wks. Wave ratios to 8-kHz tones exhibited a slight offset
(b8kHz¼ 0.21, p¼ 0.02), but all other predictors were deemed un-
important (Figs. S3AeC). A model fit to Wave 5:2 data (adj.



Fig. 2. Age-related changes in ABR waveforms across frequencies.Mean ABR measurements at 4-wk intervals from 4 to 52wks of age are shown for click and 8-, 16-, and 24-kHz
stimuli presented at 80 dB SPL. Top row (A, C, E) shows absolute means ± SD, bottom row (B, D, F) replots these data following normalization by subtracting (B) or dividing by (D, F)
mean 4-wk-old values. Hearing thresholds (AeB) exhibit relatively minor shifts within the first year of age, and vary within a ±10 dB window. In contrast, wave 1 amplitudes (CeD)
begin to decline after 12wks of age, and drop to approximately half of their original value after 36wks. Wave 2 amplitudes (EeF) also decline with age, following a similar trend to
Wave 1. Dashed lines (B, D, F) show the partial effect of age from multiple regression, with the 4-wk value fixed to 0 dB (B) or 1.0 (D, F). Values are summarized in Table 2.

Fig. 3. ABR waveforms in aging mice show a reduction in amplitude. Mean ABR
waveforms at different ages are shown for click and 8-, 16-, and 24-kHz stimuli pre-
sented at 80 dB SPL. The first 3ms contains both cochlear (summating potential [SP],
Wave 1) and early brainstem (Wave 2) components of the ABR. Horizontal lines
indicate mean peak-to-trough duration for Waves 1 and 2 at 12wks of age where mean
amplitudes were largest. A gradual reduction in amplitude with age is evident for both
Waves 1 and 2.
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R2¼ 0.013, F(6,561)¼ 10.03, p< 0.001) also found age to be a sig-
nificant factor in predicting ratio values (bage¼ 0.05, p< 0.001;
Figs. S3DeF) and suggested a ~50% increase from 4 to 52wks.
3.2. Endbulbs of Held

Cochlear injections of neurobiotin were made in 17 animals at
12, 16, 20, 40, or 52wks of age (Fig. 5A). Of these animals, 12 mice
had also contributed longitudinal ABR data, whereas the remaining
5 were age-matched mice. All of these subjects were housed in the
controlled acoustic environment for 8wks prior to injection. After
histological processing, labeled auditory nerve fibers and their
endings were successfully recovered in 13 subjects. Labeled EBs
were identified based on published criteria (Limb and Ryugo, 2000;
Lorente de N�o, 1981; Ryugo and Fekete, 1982), and were the largest
endings in the AVCN. Each EBwas composed of a primary axon stalk
that branched and gave rise to a complex axosomatic arbor that
exhibited multiple en passant and terminal swellings (Fig. 5B).
Well-isolated EBs were selected for 3D reconstruction and analysis
using Imaris (Fig. 5C). Importantly, all analyses were performed on
blinded slides; the observer had no knowledge as to the identity or
age of any subject until all analyses were completed. At least 50 EBs
were collected from each age group (Table 3), with a total of
349 EBs included in our analyses.

EBs exhibit a wide variety of shapes and sizes (Fig. 6). For each
reconstructed EB we calculated its surface area and volume. EB
surface area measurements ranged from 35.6 to 622.0 mm2 (mean:
141.7± 74.2 mm2; median: 128.0 mm2). When grouped by age, a
slight reduction in surface area was evident in older animals
(Table 3; Fig. 7A). Notably, extremely large surface areas were only
seen in younger animals. Probability densitity functions fit to the
these values (Fig. 7A) were suggestive of a multimodal distribution,
but statistical tests (see Section 2.6) failed to reject the null hy-
pothesis (unimodal) in all instances. A one-way ANOVA showed
significant variability (p¼ 0.03), with post-hoc comparisons indi-
cating that mean EB surface area for 12- and 16-wk-old subjects



Fig. 4. Early ABR waves decrease more rapidly than later waves in older animals. Results are shown for responses to click and 8-, 16-, and 24-kHz stimuli presented at 80 dB SPL.
(A) Comparison of mean normalized Wave 1 and 2 amplitudes from all age groups. Nearly all results fall on the identity line (dashed), indicating age-related reductions of Wave 2
occur in concert with Wave 1. The vertical offset of 8-kHz results would suggest similar rates of decline for both waves coupled with consistently stronger Wave 2 responses. (BeC)
Mean± SD shift in Wave 5:1 (B) and Wave 5:2 (C) ratios at 4-wk intervals from 4 to 52wks of age relative to the mean 4-wk value. Data are plotted on a logarithmic axis; a 200%
increase is equivalent in distance to a 50% decrease. Dashed lines show the partial effect of age from multiple regression, with the 4-wk value fixed to 1�. All ratios increase with
age.

Fig. 5. 3D reconstruction of the endbulb of Held. (A) Schematic of injection protocol.
Neurobiotin (red) is injected in the cochlea (see Section 2.3) where it is taken up by
auditory nerve fibers. In the anteroventral cochlear nucleus (CN), auditory nerve fibers
give rise to endbulbs of Held (EB) that terminate on bushy cells (BC). (B) Confocal
photomicrograph (maximum z-projection) of a labeled EB. (C) 3D reconstruction of
ending from (B), showing the incoming axon (white), and analyzed segment (EB; red).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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was significantly larger than 52-wk-old subjects (p¼ 0.03).
EB volume measurements ranged from 9.9 to 145.0 mm3 (mean:

41.1± 21.1 mm3; median: 36.2 mm3). In contrast to surface area, a
one-way ANOVA showed no significant variation (p¼ 0.33) in
mean EB volume when grouped by age (Table 3; Fig. 7B). Indeed,
large EB volumes were observed at both young and old age groups.
As with surface area, we were unable to reject the hypothesis that
measurements for each age group arose from unimodal
distributions.
Table 3
Summary of endbulb of Held measurements.

Sample Size Su

Age (weeks) 12 54 16
16 104 14
20 62 13
40 54 13
52 75 12

Values are mean± SD.
Significance compared to 52-wks: * ¼ p < 0.05, y ¼ p < 0.01, z ¼ p < 0.001.
In order to evaluate the complexity of EB morphology with
respect to age, we calculated a “shape factor” for each endbulb. The
shape factor is a dimensionless quantity that describes the shape of
a particle independent of its size and is calculated as (SA1.5)/(6

ffiffiffi

p
p

V),
where SA and V are the EB surface area and volume, respectively
(DeHoff, 1978). A shape factor of 1.0 represents a perfect sphere,
whereas larger values typify more complex structures. EB shape
factor measurements in our dataset ranged from 1.65 to 10.06
(mean: 3.85± 1.27; median: 3.65). When grouped by age, there was
a notable decrease in mean EB shape factor with age (Table 3;
Fig. 7C). A one-way ANOVA showed significant variation
(p< 0.001), and post-hoc comparisons indicated that 12-wk
(p< 0.001), 16-wk (p¼ 0.003), and 40-wk (p¼ 0.02) EBs were all
significantly more complex in shape compared to that of 52-wk
EBs. Once again, we could not reject the hypothesis that these
values arose from unimodal distributions. A direct comparison of
individual volume and shape factor measurements for all EBs
(Fig. 8) suggests that a mean reduction in surface area is the
causative factor in producing less complex EBs in older animals.
4. Discussion

In this study, we investigated the effects of age-related hearing
loss on the morphology of EBs in the AVCN of mice. It was hy-
pothesized that “hidden” hearing lossda net reduction in sound-
evoked activity in the auditory nerve in the absence of threshold
shifts (Liberman and Kujawa, 2017)dwould result in measurable
changes in EB structure, producing a moderate version of EB pa-
thology observed in mice with progressive acquired hearing loss
(Connelly et al., 2017) or congenital deafness (Limb and Ryugo,
rface Area (mm2) Volume (mm3) Shape Factor

8.1 ± 113.8* 45.1± 26.8 4.40± 1.78z

6.9 ± 69.7* 42.3± 20.5 3.92± 1.17y

8.0± 59.9 39.4± 16.6 3.84± 1.14
5.4± 52.7 39.1± 17.3 3.85 ± 0.94*
3.1± 63.1 39.3± 23.2 3.35± 1.10



Fig. 6. Examples of reconstructed endbulbs of Held from 12 to 52wks of age. For each age group, top row shows six representative confocal photomicrographs (maximum z-
projection), and bottom row shows the corresponding 3D reconstruction. The analyzed endbulb segment is highlighted in red, with volume (mm3) and shape factor values given for
each example. Scale bar applies to all images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Endbulbs of Held exhibit a less complex shape with age.Measurement profiles are shown for endbulb surface area (A), volume (B), and shape factor (C). The distribution of
raw measurements for each age group are presented as a rug plot (black ticks), along with an estimated probability density function and a box-and-whisker plot with 1.5
interquartile range. Mean is indicated by a triangle. Dashed-line shows linear regression. Probability density functions are overlaid and expanded vertically at bottom. Values are
summarized in Table 3.

Fig. 8. Comparison of volume and shape factor values for each endbulb. Lines
indicate linear regression for each age group. Endbulb shape factor tends to decrease
with age relative to endbulb volume, suggesting endbulbs become less complex due to
a reduction in surface area.
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2000).We first examined themean historical ABR profile of all CBA/
CaH mice in our laboratory and show that response thresholds
show only minor elevations up to one year of age. Despite this
superficial preservation of hearing, suprathreshold amplitudes of
early ABR waveforms dropped by 50% over this timeframe across a
range of tested stimuli, suggesting a generalized impairment in
signal transmission from the periphery to the central auditory
system.We then reconstructed and analyzed labeled EBs in a subset
of these mice and show that, on average, EBs show signs of reduced
structural complexity in one-year-old mice. These results further
support the idea that EBs are sensitive to changes in auditory nerve
activity, including reductions that accompany “hidden” hearing
loss.
4.1. Sample complexity

To establish a broad portrait of age-related hearing loss in CBA/
CaH mice, we included animal data from a variety of sources in our
laboratory beyond those explicitly earmarked for this study (see
Section 2.1). This inclusiveness came at the cost of complexity with
respect to sample numbers, genotype, and housing conditions.
Unbalanced sample numbers reflect the typical usage of animals in
our laboratory; most studies were not focused on aging, and
accordingly utilized animals from 1 to 4 months of age for conve-
nience. As a result, our sample numbers for physiological mea-
surements were heavily skewed towards younger animals.
Nonetheless, we observed clear changes in ABR waveform ampli-
tude with respect to age that corroborated published results
(Sergeyenko et al., 2013).

Our laboratory developed transgenic CBGlyT2-EGFP mice to
facilitate anatomical studies of inhibitory projections in normal
hearing mice. While parent GlyT2-EGFP mice originated from a
C57Bl/6 background (Zeilhofer et al., 2005)da strain noted for late-
onset auditory degeneration (Henry and Lepkowski, 1978)dwe
backcrossed this transgene into our CBA/CaH mice for >10 gener-
ations to produce a congenic strain. We have since used both CBA
variants interchangeably in our laboratory. Nonetheless, the inser-
tion site of the transgene is as yet unmapped, and it is theoretically
possible, though highly unlikely, that some genetic element asso-
ciated with premature hearing loss in the C57 strain, such as Ahl
(Johnson et al., 1997), could flank the transgene and thus carry over
into our congenic line. There is no evidence, however, that aged
hearing is abnormal in our CBGlyT2-EGFP animals. C57Bl/6 mice
exhibit marked threshold increases above 16 kHz at one year of age
(Parham, 1997). In contrast, the majority of our subjects at 52wks
belonged to the congenic line, and we only observed modest in-
creases in thresholds across the board (Figs. 1e2). Furthermore, we
included a categorical factor that accounted for genotype in all of
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our regression analyses, and never found evidence for discrep-
ancies between these populations (Figs. S1eS3). As such, we
consider our CBGlyT2-EGFP animals to be equivalent to CBA/CaH
with respect to hearing ability.

The last element of complexity in our study arose from differing
housing conditions used for a subset of our mice. We designed
acoustic sound boxes that allow for specific 24/7 control of the
acoustic environment (e.g., deprivation, selective amplification).
The subset of mice used in this study, however, were only subject to
a “normal” sound environment that was designed to be similar to
the vivarium of the animal care facility in terms of sound intensity
and spectral content. We did not expect these mice to vary in their
hearing ability compared to those housed in the normal vivarium,
and indeed no differences were detected with respect to thresholds
(Fig. S1). The discrepancy in ABR wave amplitudes between these
two groups highlighted by regression analysis was surprising
(Fig. S2), but subsequent investigation leads us to believe that this
effect can be explained by the highly unbalanced sampling of mice
in our study with respect to housing condition at young and old
ages. At ages <36wks, 84% of measurements arose from mice
housed in the vivarium, compared to only 28% at ages� 36wks.
Considering that these age ranges also correspond with larger vs.
smaller amplitude values, respectively, it is no surprise that our
model would report a bias for this predictor. Accordingly, we are
confident that housing condition was not a materially relevant
factor in the decline of early ABR wave amplitudes with age in our
dataset, and that this reduction occurred in both groups.

4.2. Audiometric measurements

CBA inbred mice have been widely used as models of normal
hearing (Berlin, 1963; Ohlemiller et al., 2016; Zheng et al., 1999)
owing to their stable ABR thresholds up to two years of age (Henry
and Chole, 1980; Li and Borg, 1991; Sergeyenko et al., 2013). Yet
threshold elevations are still eventually observed, even in mice that
have never experienced damaging sound exposures (Sergeyenko
et al., 2013), suggesting age-related pathologies are an inevitable
component of “normal” hearing. We observed, at most, a minor
(þ10-dB) shift in thresholds of one-year-old mice compared to 4-
wk-old subjects. As our ABR protocol only varied stimuli in 10-dB
increments, we may have overlooked more subtle shifts. None-
theless, our results are consistent with previous reports (Henry and
Chole, 1980; Li and Borg, 1991; Sergeyenko et al., 2013). It is also
reasonable to assume that inner and outer hair cells are largely
intact in our mice based on their age (Sergeyenko et al., 2013;
Spongr et al., 1997).

Prior study identified marked reductions to suprathreshold ABR
Wave 1 amplitudes in extremely old mice, but also showed that this
descending trend started earlier in life (Sergeyenko et al., 2013).
Indeed, our monthly snapshots of ABR measurements clearly
indicate that a significant downturn in Wave 1 amplitude begins
approximately midway through the first year. The first component
of the ABR waveform corresponds to the summed activity of
auditory nerve fibers (Melcher and Kiang, 1996). Ergo, a reduction
in Wave 1 in our study could indicate dysfunction in sound
encoding at any stage up to and including spiral ganglion cell
activation. Because thresholds are unchanged, and given the
assumption that outer hair cell are functioning normallyda similar
cohort of mice showed no changes in distortion product otoacoustic
emissions at these ages (Sergeyenko et al., 2013)dthe point of
failure is likely to reside somewhere within IHCs and/or auditory
nerve fibers. Remarkably, Kujawa and colleagues (2013) found that
auditory nerve fibers began to uncouple from IHCsmidway through
the first year of life, and the progression of this synaptopathy was
highly correlated with a change in response magnitude. A direct
comparison with their results (specifically, see Fig. 5D of
Sergeyenko et al., 2013) would suggest that approximately 20e25%
of auditory nerve fibers have been silenced in our one-year-old
mice, because Wave 1 amplitudes were just 50% of their 4-wk
levels.

Curiously, nearly twice as many auditory nerve fibers are re-
ported to disconnect from IHCs at the apical (lower frequency) end
of the cochlea in mice by one year of age, although this loss begins
to balance out in the second year (Sergeyenko et al., 2013). As the
correspondence in the rate of decline between Wave 1 amplitude
and percentage of IHC innervation has been suggested to be quite
robust for multiple frequencies (Sergeyenko et al., 2013), we pre-
dicted greater reductions in Wave 1 amplitude at 52wks for 8-kHz
compared to 24-kHz in our dataset. Instead, after normalization, we
saw nearly identical rates of decline over the course of a year for all
tested stimuli, which would suggest the presumed underlying
cochlear synaptopathy is occurring at similar rates throughout the
cochlea. It is possible, however, that enhanced synaptopathy in the
apex could have still occurred at 52wks but that its presence, as
predicted by Wave 1 amplitudes, was otherwise obscured by the
recruitment of additional auditory nerve fibers along the cochlear
spiral with low-frequency stimulation at suprathreshold levels
(e.g., 80 dB SPL).

The second component of the ABR waveform has been associ-
ated, in cat, with the activation of globular BCs in the CN (Melcher
and Kiang, 1996). While the presence of distinct BC subtypes in the
mouse remains ambiguous (Lauer et al., 2013), it is reasonable to
assume that Wave 2 in our data is generated by the activation of
cells in the ventral CN including, but perhaps not limited to, BCs
receiving EB inputs. In our results, Wave 2 amplitudes declined in
concert withWave 1, suggesting this secondary reduction is a direct
reflection of reduced cochlear drive, rather than a separate mani-
festation of pathology at the central termination of auditory nerve
fibers in the CN and/or their target cells. However, degraded signal
transmission at the EB-BC synapse has been observed in very old
(>2-yrs) CBA/CaJ mice (Xie, 2016; Xie and Manis, 2017), and it is
possible that had we followed our subjects beyond a year, central
dysfunction could have emerged secondary to cochlear synaptop-
athy and further compromised Wave 2 output.

Wave 5 (or V) is generally associated with activation of the
auditory midbrain (Melcher and Kiang, 1996). The persistence or
enhancement of Wave 5 magnitude relative to decreases in early
waves (1 and 2) with age has been argued to reflect a homeostatic
increase in neural “gain” in the central auditory nuclei in response
to partial auditory nerve de-afferentation (Schaette and McAlpine,
2011). This transition is reflected in our results, where mean Wave
5:1 and 5:2 ratios increased ~2� and ~1.5�, respectively, over the
course of a year. This increased drive in the absence of peripheral
stimulation could be a potential source of phantom sound
perception (i.e., tinnitus), which is a frequent complaint of aged
individuals (Lockwood et al., 2002).

4.3. Endbulbs of Held

EBs and BCs play an essential role in preserving timing infor-
mation used for sound localization (Grothe et al., 2010) and spectral
processing (Shofner, 2008). Within their complex arborizations,
EBs contain hundreds of active zones for coordinated neurotrans-
mitter release (Nicol and Walmsley, 2002; Ryugo et al., 1996),
making them capable of rapidly delivering auditory spikes to
postsynaptic BCs with high fidelity and precision (Manis et al.,
2011). A shrunken, less complex EB may result in less efficient
activation of postsynaptic BCs (Walmsley et al., 1998). The impor-
tance of this unique auditory nerve ending for hearing is empha-
sized by its evolutionary constancy in vertebrates (Ryugo and Parks,
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2003).
The coincident development of EB structure and function during

the early postnatal period implies a close relationship between
these two parameters: EB branching and complexity (Ryugo and
Fekete, 1982; Ryugo et al., 2006) is correlated in time with in-
creases in spike rate, synchronization of impulses, improvement in
hearing threshold, and shortening of spike latency in the AVCN
(Brugge et al., 1978, 1981; Kettner et al., 1985; Walsh and McGee,
1987, 1988; Walsh et al., 1986). While EB development prior to
hearing-onset may be initially supported by spontaneous activity in
the auditory nerve (Connelly et al., 2017; Tritsch et al., 2007, 2010),
its maintenance clearly requires sound-evoked activity, as pro-
longed deafness consistently results in morphological atrophy
(Connelly et al., 2017; Limb and Ryugo, 2000; Ryugo et al., 1997,
1998; Wright et al., 2014; Youssoufian et al., 2008), ultrastructural
alterations (Gulley et al., 1978; Lee et al., 2003; Ryugo et al., 1997),
and synaptic transmission irregularities (Oleskevich andWalmsley,
2002). This dependence on hearing is further reinforced by the
rescue of normal morphology following electrical stimulation of
the auditory nerve through cochlear implantation in deaf white
cats (Ryugo et al., 2005).

Acquired sensorineural hearing loss can occur because of dam-
age to sensory receptors in the cochlea (Schuknecht, 1974) and/or a
loss of synaptic communication with their associated auditory
nerve fibers (Liberman and Kujawa, 2017), but the net consequence
is the same either way: a subset of neurons in the auditory nerve
become functionally silent. Furthermore, these silenced neurons
can persist for months following peripheral de-afferentation
(Kujawa and Liberman, 2009; Sergeyenko et al., 2013; Stamataki
et al., 2006). Data from studies of deafness suggest that EBs
belonging to this silent fraction may also, in time, begin to exhibit
pathological changes. The critical question is whether the EB is
functionally connected to an IHC, or not? Short of reconstructing
individual auditory nerve fibers end-to-end from the periphery to
the CNda near-impossible task evenwith current technologydthis
query cannot be answered directly. Instead, we make inferences
based on particular patterns of hearing loss. For example, some
studies have used the DBA/2 mouse, which begins to exhibit high-
frequency hearing loss shortly after the onset of hearing (3e4wks),
and expands to broad-spectrum loss by adulthood (Willott and
Erway, 1998; Zheng et al., 1999). This pattern of hearing loss is
coupled to the progressive loss of hair cells (Hultcrantz and
Spangberg, 1997) attributed to mutations in proteins critical to
hair cell function (Noben-Trauth et al., 2003; Shin et al., 2010). By
restricting analysis to a limited frequency region of the CN where
the severity of hearing loss was graded with age, and therefore also
the likelihood that a given EB was still activiated by sound, a pro-
gressive atrophy of EB morphology was observed that mirrored the
severity of hearing loss (Connelly et al., 2017). Furthermore, a study
of EB physiology in high- (hearing loss) and low- (normal hearing)
frequency regions of these mice revealed irregularities in synaptic
transmission as a consequence of diminished sound-evoked ac-
tivity in the auditory nerve (Wang and Manis, 2005).

Unfortunately, the above approach is not so easily applied to the
current study. Both anatomical and physiological evidence suggests
that age-related synaptopathy in the first year of life occurs
throughout the sensory epithelium of the CBA/Ca cochlea
(Sergeyenko et al., 2013; current study). Accordingly, in our one-
year-old cohort, it is possible that only ~25% of the EBs we stud-
ied belonged to silenced auditory nerve fibers, with the rest
remaining functionally normal. This sampling could be further
skewed by our blinded approach to analysis (see Section 2.5), and
we may have biased our selection towards more obvious EBs,
inadvertently bypassing severely atrophic EBs that are nearly
indistinguishable from incompletely filled endings (Connelly et al.,
2017). Ideally, we could have controlled for this potential bias by
calculating EB density in the AVCNdassuming EBs do not disappear
altogether, a reduced density in older animals might evidence a
biased sampling strategy. Unfortunately, this approach was not
feasible, as there was no guarantee that the uptake of tracer dye by
AN fibers was complete and total, rendering such measurements
ineffective. As a result, it is possible that the significant reductions
we observed are underestimations of the true effect.

The decline in EB morphology resembles a moderate variant of
the EB pathology observed in mice with more extreme forms of
hearing loss (Connelly et al., 2017; Limb and Ryugo, 2000).
Compared to normal hearing CBA/J mice, congenitally deaf shaker-
2�/� mice exhibit a two-fold reduction in EB complexity at just
9wks of age, as quantified by 2D fractal analysis (Limb and Ryugo,
2000). This strain also exhibits a ~40% reduction in 2D EB silhouette
area at 12wks (vs. 4 wks), followed by a significant drop in 2D EB
shape factorda different quantification of complexitydat 24wks
(Connelly et al., 2017). In contrast, early-onset progressive hearing
loss in DBA/2 mice results in delayed morphological changes; a
similar ~40% reduction in 2D EB silhouette area is not seen until
24wks, and had these animals been followed beyond this age, it is
likely that a significantly reduced 2D EB shape factor would soon
follow (Connelly et al., 2017). In both aforementioned scenarios, the
hearing loss is explicitly overtdEB pathology follows the elevation,
or complete abolishment, of audiometric thresholds. We observed
significant atrophy in EB morphology at 52wks in CBA micedeven
EBs from 40-wk old mice were comparable to earlier meas-
urementsda situation that emphasizes the gradual effect of hidden
hearing loss in otherwise normal hearing subjects. Taken together,
observations from mice with varying levels of hearing loss support
the idea that EB morphology is responsive to changes in auditory
nerve activity.

A strict interpretation of the split between connected and
disconnected peripheral auditory nerve endings might suggest a
dichotomy in the distribution in our EB measurements. Although
we observed a significant reduction in EB complexity at 52wks
(Fig. 7C), we found no statistical evidence for a bimodal distribution
in any of our samples. A recent analysis of EB physiology in
extremely old CBA/CaJ mice, where up to 50% of auditory nerve
fibers may be disconnected from IHCs (Sergeyenko et al., 2013),
commented on this lack of segregation in their data and suggested
that the deterioration in synaptic transmission in agedmice may be
a more generalized phenomenon (Xie andManis, 2017). We did not
examine ultrastructural features of EBs in this study, but it is ex-
pected that any changes in this regardmight beminimal since scant
ultrastructural pathology was observed in mice with more
aggressive forms of acquired hearing loss (Connelly et al., 2017).

Myelinated auditory nerve fibers can be subdivided on the basis
of their spontaneous firing rate (SR) and threshold of activation
(Kiang et al., 1965; Liberman, 1978). A bimodal distribution of SRs is
often observed, where 60e70% of fibers have high SRs (>30 spikes/
s) and the remaining 30e40% have low SRs (<10 spikes/s; Evans
and Palmer, 1980; Kiang et al., 1965; Liberman, 1978; Tsuji and
Liberman, 1997). While a clear bimodal SR distribution is not
apparent in mouse (Taberner and Liberman, 2005), the inverse
relationship between SR and threshold is a constant: fibers with the
highest SRs have the lowest thresholds. This distinction is reflected
in the pattern of peripheral innervation, where low- and high-SR
fibers contact the modiolar and pillar sides of IHCs, respectively
(Liberman et al., 2015; Liberman, 1980, 1982). The central EB
termination of auditory nerve fibers also displays characteristic
differences based on SR: EBs emanating from low-SR fibers are
consistently more complex than those of high-SR fibers (Ryugo
et al., 1996; Sento and Ryugo, 1989; Tsuji and Liberman, 1997),
and only EBs of the same SR-type converge onto a given BC (Sento
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