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ABSTRACT

Sensorineural hearing loss is a prevalent problem that
adversely impacts quality of life by compromising
interpersonal communication. While hair cell damage
is readily detectable with the clinical audiogram, this
traditional diagnostic tool appears inadequate to
detect lost afferent connections between inner hair
cells and auditory nerve (AN) fibers, known as
cochlear synaptopathy. The envelope-following re-
sponse (EFR) is a scalp-recorded response to ampli-
tude modulation, a critical acoustic feature of speech.
Because EFRs can have greater amplitude than wave I
of the auditory brainstem response (ABR; i.e., the AN-
generated component) in humans, the EFR may
provide a more sensitive way to detect cochlear
synaptopathy. We explored the effects of kainate-
(kainic acid) induced excitotoxic AN injury on EFRs
and ABRs in the budgerigar (Melopsittacus undulatus),
a parakeet species used in studies of complex sound
discrimination. Kainate reduced ABR wave I by 65—
75 % across animals while leaving otoacoustic emis-
sions unaffected or mildly enhanced, consistent with
substantial and selective AN synaptic loss. Compared
to wave I loss, EFRs showed similar or greater percent
reduction following kainate for amplitude-modulation
frequencies from 380 to 940 Hz and slightly less
reduction from 80 to 120 Hz. In contrast, forebrain-
generated middle latency responses showed no con-
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sistent change post-kainate, potentially due to elevat-
ed “central gain” in the time period following AN
damage. EFR reduction in all modulation frequency
ranges was highly correlated with wave I reduction,
though within-animal effect sizes were greater for
higher modulation frequencies. These results suggest
that even low-frequency EFRs generated primarily by
central auditory nuclei might provide a useful nonin-
vasive tool for detecting synaptic injury clinically.

Keywords: auditory brainstem response, cochlear
synaptopathy, group delay, hidden hearing loss,
middle latency response, sinusoidal amplitude
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INTRODUCTION

Sensorineural hearing loss is a prevalent medical
problem that can interfere with occupational func-
tioning and adversely affect quality of life (Lin et al.
2011). While hair cell damage is readily apparent
from a clinical audiogram, detection of neuronal loss
remains a major clinical challenge. Progressive loss of
auditory nerve (AN) afferent fibers and their synapses
with inner hair cells (IHCs) occurs with normal aging
and acoustic overexposure and may be due to
cumulative glutamate-mediated excitotoxicity over
the lifespan (Kujawa and Liberman 2009; Otte et al.
1978). Termed cochlear synaptopathy, this neuronal
loss appears undetectable with an audiogram (Makary
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et al. 2011; Schuknecht and Woellner 1953; Wong
et al. 2019), yet has been hypothesized to cause
difficulty perceiving suprathreshold speech in noise,
known as “hidden hearing loss” (Bharadwaj et al.
2014; Carney 2018; Liberman and Liberman 2015;
Schaette and McAlpine 2011).

Wave I of the auditory brainstem response (ABR) is
the summed onset response of the AN measured at
the scalp surface and provides a histologically validat-
ed measure of cochlear synaptopathy in several
animal models (Bourien et al. 2014; Kujawa and
Liberman 2009; Valero et al. 2017; Yuan et al. 2014).
In contrast, human studies have generally failed to
show consistent associations of ABR wave I amplitude
with putative measures of synaptopathy in normal-
hearing subjects, including self-reported prior expo-
sure to loud sound. While Liberman et al. (2016)
found lower normalized wave I amplitudes in individ-
uals identified as at higher risk of cochlear
synaptopathy, several other studies found no relation-
ship between similar measures (Prendergast et al.
2017; Yeend et al. 2017). Part of the difficulty may be
due to the low signal-to-noise ratio of ABR wave I in
humans, which rarely exceeds 0.5 pV, perhaps sec-
ondary to large head circumference and thick human
calvarium (Conti et al. 1988; Harris et al. 2018).

The envelope-following response (EFR) is a scalp
potential evoked by amplitude-modulated sounds that
has greater amplitude than ABR wave I in humans
and thus might provide a more sensitive way to detect
cochlear synaptopathy (Bharadwaj et al. 2015). EFRs
reflect synchronization of neural responses to ampli-
tude modulation throughout the auditory pathway,
with responses to modulation frequencies less than a
few hundred hertz typically associated with midbrain/
cortical generation and higher modulation frequen-
cies evoking more peripheral activity (Dolphin and
Mountain 1992; Kuwada et al. 2002; Schoonhoven
et al. 2003; Zhong et al. 2014). Previous studies in
mice with ouabain- or noise-induced synaptopathy
suggest that changes in EFR amplitude can be more
sensitive to synaptopathy than ABR wave I, especially
for relatively high modulation frequencies associated
with AN or brainstem generation (Parthasarathy and
Kujawa 2018; Shaheen et al. 2015). On the other
hand, EFRs to low modulation frequencies primarily
arise more centrally and therefore provide an indirect
measure of peripheral AN injury that might be
reduced by synaptopathy-induced changes in “central
gain” (Chambers et al. 2016).

Previous animal studies have induced cochlear
synaptopathy using noise overexposure (Kujawa and
Liberman 2009) and neurotoxic agents including
ouabain (Parthasarathy and Kujawa 2018), carboplatin
(Lobarinas et al. 2013), and kainate (kainic acid; Sun
et al. 2001; Wong et al. 2019). Kainate is a glutamate

WiLsoN kT AL.: Kainate Effects on Envelope-Following Responses

analog that can produce diffuse AN damage across
the cochlea in mammalian and avian species through
excitotoxicity without impacting hair cell integrity
(Sun et al. 2001; Zheng et al. 1996). Studies in the
budgerigar (Melopsitiacus undulatus), the animal mod-
el used in the present study, show that kainate reduces
ABR wave I by up to 70 % without impacting ABR
thresholds, hair cell-generated otoacoustic emissions,
or behavioral tone-detection thresholds (Henry and
Abrams 2018; Wong et al. 2019). The diffuse localiza-
tion of neural damage combined with preservation of
hair cells and audiometric thresholds render kainate
an interesting chemical agent for studying the physi-
ological impact of cochlear synaptopathy.

The present study assessed the effects of kainate-
induced AN damage on EFR and ABR measurements
in the budgerigar (Melopsittacus undulatus). Budgeri-
gars were selected because this small parrot species
has a hearing range encompassing lower frequencies
critical for speech comprehension in humans and
shows human-like behavioral sensitivity to many
simple and complex sounds (Carney et al. 2013;
Dooling and Searcy 1981; Dooling et al. 2000; Henry
et al. 2016, 2017, 2020). Moreover, ABR wave I in
budgerigars ranges from 25 to 45 pV at 90 dB SPL and
thus provides a robust measure of post-kainate AN loss
(Wong et al. 2019). EFRs were recorded across a wide
modulation frequency range to compare kainate
effects between responses generated primarily by
peripheral (380-940 Hz) vs. central (80-120 Hz)
neural activity (Dolphin and Mountain 1992; Kuwada
et al. 2002).

MATERIALS AND METHODS
Animals

Four budgerigars, two of each sex and approximately
2 years of age, were studied longitudinally in the
present experiment. Animals K18 and K20 were male;
K22 and K25 were female. The longitudinal study
design allowed estimation of kainate effects on
electrophysiological measures of interest within indi-
vidual animals based on repeated measurements
before and after exposure. All procedures were
approved by the University of Rochester’s Committee
on Animal Resources.

Surgical Procedures

Prior to data collection, all birds underwent an initial
procedure consisting of two components: (1) affixing
a head post to the skull to allow for ease in stabilizing
the animal’s head during subsequent cochlear infu-
sions and recording sessions and (2) implantation of a
vertex electrode pin into the parieto-occipital region
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of the skull bone. This latter component facilitated
standardized electrode placement for subsequent
electrophysiological recordings.

Surgical procedures have been previously reported
(Henry and Abrams 2018; Wong et al. 2019); key
aspects are described below. Prior to initiating the
procedure, animals were pre-warmed in a veterinary
intensive care unit (Lyon Technologies; Chula Vista,
CA, USA) and anesthetized with ketamine (5-
6 mg/kg) and dexmedetomidine (0.1 mg/kg).
Carprofen (1 mg/kg) was given for analgesia. Induc-
tion of anesthesia was achieved via intramuscular
injections into the breast muscle and maintained
throughout the procedure via a continuous anesthetic
infusion pump (Razel Scientific; Fairfax, VT, USA)
connected to a catheter inserted subcutaneously
adjacent to the thigh muscle. The infusion rate was
titrated to maintain an areflexic state while also
preventing hypopnea and oversedation. Following
the initial injection, animals were immediately placed
onto a heated water table (Adroit Medical Systems
HTP-1500; Loudon, TN, USA) to minimize cooling.
Respiratory rate was monitored via output from a
thermistor device placed at the animal’s nares. Body
temperature was monitored via a thermometer
(Physitemp BAT-12; Clifton, NJ, USA) with a surface
probe placed directly in contact with the skin
overlying the breast muscle. An electric heating pad
system with feedback regulation (CWE, Inc. TC-1000;
Ardmore, PA, USA) was used to maintain body
temperature between 39.5 and 42.5 °C.

Once anesthetized, vertex head feathers were
trimmed and the underlying scalp was sanitized with
alcohol and povidone-iodine antiseptic solution. Fol-
lowing subcutaneous lidocaine (0.05 mL) injection for
local anesthesia, ~8 mm of scalp tissue was
circumferentially resected to expose the underlying
bony calvarium. An excavator was used to remove
residual tissue prior to the application of 37 %
phosphoric acid etchant gel (Dharma Research, Inc.;
Miami, FL, USA) and drilling of three 0.5 mm holes
through the parieto-occipital skull; these holes pro-
vided for the insertion of the vertex electrode pin and
MO.6 stainless steel anchor screws for stabilization of
the head post. The head post was a hex-shaped
internally threaded aluminum bar, 1/8 in. in diame-
ter and 3/8 in. long. Following screw and electrode
placement, cure composite and primer (Kerr Italia;
Scafati, Italy) were applied to cement the screws,
electrode, and head post into place. Anesthetic
reversal was achieved with subcutaneous atipamezole
(0.5 mg/kg).

Animals underwent two separate intracochlear
kainate infusion procedures following the head post
procedure, one to each ear, to induce bilateral and
irreversible excitotoxicity-mediated AN damage local-
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ized at the AN-IHC synapse (Sun et al. 2001).
Infusion procedures were separated by 4 weeks to
allow for sufficient post-operative recovery and to
avoid prolonged anesthetic exposure. Key details of
the kainate infusion procedure are as follows (see
Henry and Abrams 2018). Thermoregulation, vital
sign monitoring, and anesthetic procedures were
implemented as described above, with the addition
of two needle electrodes inserted to generate an
electrocardiogram for perioperative heart rate moni-
toring. After surgical site preparation, a ~5-mm
incision was made over the area of the skull overlying
the crossing of the horizontal and posterior semicir-
cular canals. The overlying muscle was separated and
spread apart using fine wire hooks to expose the
semicircular canals, which were generally visible
through the skull. Next, a craniotomy was made in
the region rostral to the posterior canal and ventral to
the horizontal canal, exposing the middle-ear space
and basal prominence of the cochlea (Konishi 1964).
After adequate exposure and hemostasis were
achieved, a 150-pm cochleostomy was conducted by
lowering a drill bit into the surgical field and applying
gentle rotating hand pressure to the base of the
cochlea until perilymph emerged. Prior to kainate
delivery to the cochleostomy site, an electrode placed
in contact with the perilymph was used to measure
cochlear compound action potentials (see Henry and
Abrams 2018). Immediately preceding the infusion,
subcutaneous atropine (0.01 mg/kg) was adminis-
tered to counteract potential kainate-mediated in-
creases in vagal tone and prevent instances of
bradycardia and cardiac arrest (Zaaroor and Starr
1991). The electrode was retracted before delivering
2.5 pL. of 2-mM kainate solution (Abcam ab 144490;
Cambridge, UK; suspended in Hanks’ balanced salt
solution; Sigma-Aldrich H8264; St. Louis, MO, USA)
through a 35-gauge needle attached to a 10-pL syringe
over 90 s. A single kainate infusion generally
abolished cochlear compound action potential re-
sponses to clicks and tone frequencies spanning the
full range of budgerigar hearing (0.5—-6 kHz; recorded
after reinsertion of the electrode), though in one case
(the second procedure in K25), a second infusion was
required. The wound was subsequently closed with
surgical adhesive (VetOne; Boise, Idaho, USA).

Electrophysiological Measures

Following initial implantation of the head post, each
animal underwent four control sessions (60-90 min
each) to collect electrophysiological data prior to the
two intracochlear kainate infusions (one for each
ear). Experimental recording sessions occurred be-
tween the two kainate infusions (one session, during
which only ABRs were recorded), as well as longitudi-
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nally at 1, 2, 3, 4, 6, 8, and 12 weeks post-bilateral AN
damage. For each recording session, anesthetic,
thermoregulation, and monitoring procedures were
conducted as previously described, except that addi-
tional anesthesia was not given following the initial
bolus injection of ketamine and dexmedetomidine.
Following induction of anesthesia, animals were
transferred to an insulated sound booth (Acoustic
Systems; Austin, TX, USA) and stationed midline in
the booth. Hypodermic needle electrodes (Grass F-
E2, Natus Manufacturing, Gort, Co.; Galway, Ireland)
were inserted into the animal’s back (ground) near
wing attachments and the nape of the neck
(reference); a third electrode was coupled to the
chronically implanted vertex electrode.

Electrophysiological recordings were conducted
using a freefield loudspeaker (Polk Audio MC60;
Baltimore, MD, USA) located approximately 20 cm
from the animal’s head in the dorsal direction (the
rostral surface of the head faced downward in the
stereotaxic apparatus, with the loudspeaker and
animal located in the same horizontal plane). Cali-
bration was based on the output of a 0.25-in. precision
microphone (model 4938; Briiel and Kjer,
Marlborough, MA, USA) placed at the normal loca-
tion of the animal’s head, but with the animal
removed from the apparatus, in response to pure
tones. Stimuli were generated in MATLAB
(MathWorks; Natick, MA, USA) with a sampling rate
of 50 kHz and converted to analog via a data
acquisition card (National Instruments PCle-6251;
Austin, TX, USA). Level was controlled by scaling
waveform in MATLAB and through up to 60 dB of
computer-controlled analog attenuation (Tucker Da-
vis Technologies; Alachua, FL, USA). Power amplifi-
cation was provided by an amplifier (Crown D75;
Elkhart, IN, USA). Raw electrophysiological responses
were amplified 50,000x and band-pass filtered from 30
to 10,000 Hz (Grass P511 AC amplifier, Astro-Med,
Inc.; West Warwick, RI, USA), digitized at a sampling
rate of 50 kHz via the data acquisition card, recon-
structed graphically through MATLAB, and stored
securely on a computer hard drive.

EFRs were recorded in response to sinusoidally
amplitude-modulated (SAM) tone stimuli generated
with 100 % modulation depth as x(?)=[1+ cos(27 f,
t+m] - sin(2x f. {), where ¢is time and f and f, are
the carrier and modulation frequencies, respectively.
Three distinct modulation frequency ranges (low = 80,
100, and 120 Hz; middle = 380, 400, and 420 Hz; and
high =900, 920, and 940 Hz) were presented to
facilitate inferences on neural coding in different
brain regions (Dolphin and Mountain 1992). Stimuli
were presented with a carrier frequency of 2.83 kHz,
overall level of 75 dB SPL, and alternating carrier
frequency polarity; 150 repetitions were presented for
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each polarity, with 130 ms of silence between succes-
sive stimuli. Each stimulus was 300 ms in duration with
10-ms cosine-squared onset and offset ramps. All
stimuli contained an integer number of cycles of the
modulation frequency. ABRs were recorded in re-
sponse to click (100-ps duration) stimuli presented
with alternating polarity at varying levels (35-90 dB
peak equivalent (p.e.) SPL), with two records per level
based on 100-200 click repetitions each.

Distortion product otoacoustic emissions
(DPOAEs) were obtained from each ear using a
closed-field system (ER10-B+ low-noise microphone
with 40 dB of gain and ER2 earphones; Etymotic, Elk
Grove Village, IL, USA) driven by a stereo headphone
buffer (HB7; Tucker Davis Technologies) to test hair
cell function before and after the two kainate
infusions. In each animal, DPOAEs were recorded
using a swept-tone paradigm (Long et al. 2008) once
prior to the first kainate infusion and once at 8 or
12 weeks following the second kainate infusion. The
DPOAE stimulus was the combination of two primary
tones with linearly increasing frequencies f; and f.
Primary tones were presented from separate
earphones at equal sound level. f; swept from 0.5-
6 kHz over 2 s and the ratio of f5/f; was 1.25. The
sound level of the primary tones ranged from 45 to
70 dB SPL in 5 dB increments (six stimuli total). Each
stimulus had a cosine-squared onset and offset ramp
time of 25 ms and 350 ms of silence between
successive stimuli. Twenty repetitions were averaged
to calculate the DPOAE level at 2f; - f using a least-
squares fitting method implemented in MATLAB
(Long et al. 2008; Wong et al. 2019); the noise floor
was estimated by applying the leastsquares fitting
method to a null response calculated as the difference
between average responses to even- and odd- num-
bered stimulus presentations.

Data Analysis

Primary pre- and postkainate measures of interest
included EFR amplitude and phase, middle latency
response (MLR) amplitude, ABR wave I amplitude,
ABR threshold, and DPOAE level. EFR amplitude and
phase in response to SAM tones were calculated in the
frequency domain using a discrete frequency trans-
form at the modulation frequency of the stimulus. For
modulation frequencies of 120 Hz or less, EFR
amplitude was calculated as the square root of the
sum of the squared FFT amplitude at the modulation
frequency and at two times the modulation frequency
to account for energy dispersion observed for these
low modulation frequencies. EFR phase values were
unwrapped as necessary and used to estimate the
group delay of primary neural generators for each
modulation frequency range (Bode 1945; Henry and
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Lucas 2008). Group delay was calculated as the slope
of the linear relationship between EFR phase and
modulation frequency (in radians per Hz) divided by
27z. MLR amplitude was calculated as the peak-to-peak
amplitude of the slow deflection in the SAM tone
response occurring from ~15-20 ms following stimu-
lus onset. Responses were low-pass filtered at 300 Hz
(5000-point FIR) to remove the EFR prior to MLR
measurement, and MLRs were not measured for
modulation frequencies <120 Hz due to spectral
overlap with the EFR components. ABR wave I
amplitude in response to click stimuli was determined
by subtracting the baseline voltage from the first
major positive peak value (Brittan-Powell et al. 2002).
ABR thresholds were determined as the lowest sound
pressure level for which at least one ABR wave (any
wave) was visible in response to two repeated presen-
tations of the same stimulus. Thresholds were scored
by an observer blinded to the animal identity and
experimental condition (pre- vs. post-kainate). Finally,
DPOAE level was quantified at 2f; — fo as described
above. A small proportion (<5 %) of data was
excluded from analysis due to documented technical
failures, subjectively high noise levels, statistically
significant outlier values (via Grubb’s maximum
normalized residual test) within the dataset, or
thermoregulation difficulties, as EFR, ABR, and
DPOAE measures appeared to be sensitive to de-
creases in temperature (thresholds of avian AN
afferents appear stable within the normal physiologi-
cal temperature range but increase by as much as
4 dB per degree decrease in body temperature below
35 °C; see Schermuly and Klinke 1985).

Statistical analyses were performed in R (version
3.6.2). Nonparametric ¢ tests (Wilcoxon rank-sum test)
were used to test for significant changes (¢<0.05) in
EFR amplitude, MLR amplitude, ABR wave I ampli-
tude, and EFR group delay latency within individual
animals following kainate exposure. Values of EFR,
MLR, and ABR wave I amplitude were normalized on
an animal-by-animal basis to facilitate data pooling
across individual animals. Normalization was per-
formed by dividing by the geometric mean value
observed prior to kainate exposure in each animal.
Pairwise relationships between log-transformed nor-
malized variables (thus accounting for geometric
scaling of these measures) were assessed using
Pearson’s product-moment correlation coefficients
with 95 % confidence intervals.

Results were also analyzed at the group level using
linear mixed-effects models (Bates et al. 2015) to test
for a significant change following kainate exposure.
Dependent variables included EFR, MLR, and ABR
wave I amplitudes and DPOAE level. EFR, MLR, and
ABR wave I amplitudes were log-transformed to
ensure normal distribution of the model’s residuals.
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The dependent variable for the DPOAE analysis was
the median DPOAE level within the half-octave band
from 1-1.41, 1.41-2, 2-2.83, 2.83-4, or 4-5.66 kHz.
Subject intercepts were included as a random effect
and exposure status (pre- vs. post-kainate) was a fixed
effect for all analyses. An additional random effect of
the test ear was nested within subjects. Other fixed
effects included frequency, sound level, and two-way
interactions as appropriate (all treated categorically).
Nonsignificant interactions (> 0.05) were dropped in
order of decreasing p value. Degrees of freedom for F
tests and pairwise comparisons of least-squares means
were calculated based on the Satterthwaite approxi-
mation.

RESULTS
SAM Tone Responses Pre-kainate

Response waveforms following presentation of a SAM
tone consisted of an oscillating phase-locked compo-
nent to the stimulus modulation frequency, known as
the EFR, and a slow biphasic deflection occurring
from ~10-15 ms, known as the auditory MLR (Fig. 1,
black traces). EFR amplitude prior to kainate expo-
sure ranged from 0.5 to 1.5 pV and showed slightly
different patterns of variation across the three mod-
ulation frequency ranges in different animals (Fig. 2a,
black X symbols). MLR amplitude was greater than
that of the EFR and appeared variable across animals
(Fig. 2b, black X symbols; e.g., compare pre-KA MLR
amplitude of 15-17 pV in animal K22 to ~5 pV in
K25). In contrast to variability in MLR amplitude
across animals, MLR amplitude was generally similar
between the middle and high modulation frequency
ranges in the same animal (Fig. 2b; note that MLRs
were not analyzed for the low modulation frequency
range due to spectral overlap with the EFR
component of the response). Both EFRs and MLRs
were reproducible across two to three repeated
control sessions within individual animals, as reflected
in the small error bars showing the geometric
standard deviation in Fig. 2.

EFR phase was examined as a function of stimulus
modulation frequency in each animal to provide
insight in the primary neural generator of responses
for the three modulation frequency ranges (Fig. 3,
black crosses). EFR phase decreased roughly linearly
with increasing modulation frequency within each
modulation frequency range, consistent with a time
lag or group delay of the neural response relative to
the input stimulus. The calculated EFR group delay
was generally longest for the low modulation frequen-
cy range (80-120 Hz), with values ranging from 4.9-
11.4 ms across animals (Table 1). In contrast, group
delays for EFRs to the middle (380-420 Hz) and high
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FIG. 1. Representative waveforms in response to sinusoidally
amplitude-modulated (SAM) tones pre- and post-kainate. Responses
from animal K18 are shown from before (black) and 8 weeks
following (red) bilateral kainate exposure. The auditory middle

(900-940 Hz) modulation frequency ranges were
shorter, ranging from 2.2-2.7 ms. These results are
consistent with previous studies showing that EFRs to
modulation frequencies less than a few hundred hertz
originate from primarily central rather than AN- or
brainstem-based neural generators (Kuwada et al.
2002; Schoonhoven et al. 2003). Note that the group
delay for mid-to-high modulation frequencies was
similar to the latency reported for ABR wave I in this
and other species (i.e., the AN-generated component;
wave I latency in budgerigars decreases from 2.6 to
1.6 ms with increasing click level from 50 to 80 dB p.e.
SPL; see Henry and Abrams 2018), suggesting the
EFRs to mid-to-high modulation frequencies may be
dominated primarily by AN responses.

Kainate Effects on the EFR

SAM tone responses showed reduced EFR amplitude
following bilateral kainate administration, a pattern
evident from visual inspection of representative re-
sponse waveforms in Fig. 1 (red traces). The reduction
in EFR amplitude between sessions before and 1-
12 weeks post-exposure was statistically significant in
all animals and for every modulation frequency range
tested (p<0.0003; Wilcoxon rank-sum tests). EFR
measurements were examined across repeated pre-
and post-kainate recording sessions to assess longitu-
dinal changes in each animal (Fig. 4a). Percent
reduction of the EFR appeared greatest immediately

latency response (MLR) and phase-locked envelope-following re-
sponse (EFR) are denoted above the top waveform. Stimulus
modulation frequency is indicated on the left. Kainate exposure
reduces EFR amplitude, but not MLR amplitude

after bilateral kainate infusions, with mild recovery
plateauing at approximately 4 weeks post-exposure.
Decrements in normalized EFR amplitude were most
pronounced and consistent for higher modulation
frequencies (=380 Hz; Fig. 4a, center and right
panels), for which EFRs appeared primarily generated
by more peripheral (i.e., AN/brainstem) neural
activity based on the group delay analysis (Table 1;
Kuwada et al. 2002). Across animals, EFR amplitude
was reduced by 40-60 % for modulation frequencies
of 80-120 Hz (Fig. 4a, left panel), 60-80 % for
modulation frequencies of 380-420 Hz (Fig. 4a,
center panel), and up to 90 % for modulation
frequencies of 900-940 Hz in most animals (Fig. 4a,
right panel). Note, however, that kainate effects on
the EFR were more variable for the highest modula-
tion frequency range, with 80-90 % reduction ob-
served in three animals and 60 % observed in the
fourth (i.e., K25). All comparisons of EFR group delay
pre- and post-kainate showed no significant change
(Table 1; p>0.05, Wilcoxon rank-sum tests; see Fig. 3
(red crosses) for raw EFR phase results post-kainate),
suggesting no major impact of kainate on the primary
site of EFR generation for all modulation frequency
ranges.

Differences in geometric mean EFR amplitude
between recordings made before and four or more
weeks following bilateral kainate exposure (i.e., ex-
cluding data from the brief recovery period) are
shown for each animal in Fig. 2a (pre-kainate: black
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FIG. 2. EFR and MLR amplitude before and after bilateral kainate
exposure. Geometric mean EFR amplitude (a) and MLR amplitude (b)
of individual animals are plotted in four respective panels as a
function of modulation frequency range before and four or more
weeks after bilateral kainate exposure. Error bars of the pre-kainate
responses indicate the geometric standard deviation across two to
three repeated control sessions, except for high-frequency MLR
amplitude in K20 for which repeated measurements were unavail-
able due to use of the line filter during the recording (which alters
MLR wave shape). Post-kainate geometric means and standard
deviations are based on four repeated sessions conducted from 4 to

crosses; post-kainate: red circles). A linear mixed-
effects model comparing log-transformed EFR ampli-
tude between these two time periods showed a
significant effect of kainate (f7;5=110.36, p<0.0001)
that varied across modulation frequency ranges (mod-
ulation frequency: Fo15=9.47, p=0.0022; kainate x
modulation frequency: F515=9.70, p=0.0020). The
reduction of log-transformed EFR amplitude was
greatest for the 900-940 Hz modulation frequency
range (-1.806+0.191, #5=-9.48, »<0.0001; corre-
sponding to ~84 % reduction of EFR amplitude),
intermediate for the 380-420 Hz range (-1.020=+
0.191, #5=-5.35, p<0.0001; ~64 % reduction), and
lowest for modulation frequencies from 80 to 120 Hz
(-0.642£0.191, #;5=-3.37, p=0.0042; ~47 % reduc-
tion; differences in least-squares mean log-
transformed EFR amplitude + SE).

Within-animal kainate effect sizes (d; Cohen 1988)
were calculated for each animal and modulation
frequency range as the mean difference in log-
transformed EFR amplitude (thus accounting for
geometric scaling) between repeated sessions before
and 4-12 weeks after kainate exposure divided by the

12 weeks after bilateral kainate. Note that some error bars are nearly
obscured by the symbol for the geometric mean. Neighboring data
points within each modulation frequency range are separated by
20 Hz (low: 80-120 Hz; mid: 380-420 Hz; high: 900-940 Hz). MLR
data are only presented for the middle and high modulation
frequency ranges (see text for details). Percent reduction of the EFR
is smallest in the low modulation frequency range and greatest in the
high modulation frequency range. MLR amplitude is unchanged,
slightly reduced, or slightly elevated following kainate exposure in
different experimental animals

estimate of the pooled within-subject standard devia-
tion (Fig. 5). Within-animal kainate effect sizes were
large (i.e., absolute value greater than 2; Cohen 1988)
in all cases due to consistent reduction of EFR
amplitude between these two time periods, and
typically increased in magnitude for higher modula-
tion frequency ranges. Across-animal kainate effect
sizes were calculated as the mean post-kainate reduc-
tion in EFR log-amplitude across animals divided by
the across-subject standard deviation of the reduction.
Across-animal effect sizes were 7.62, 9.97, and 2.64 for
low, medium, and high modulation frequency ranges,
respectively, with the smaller effect size for the high
modulation frequency range due to greater variability
of EFR reduction across animals (see Fig. 4a, right
panel).

Kainate Effects on the MLR

In contrast to the EFR, MLLRs to SAM tones, which had 10—
15 ms latency consistent with a forebrain-generated
response to the stimulus onset, yielded varied and
relatively small changes following bilateral kainate infusion
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FIG. 3. EFR phase among individual animals. Raw phase mea-
surements across repeated recording sessions conducted before and
> 4 weeks after bilateral kainate exposure are shown for each animal
in four respective plots with neighboring data points separated by
20 Hz as in Fig. 2. Modulation frequency ranges are indicated using

(see representative postkainate response waveforms (red
traces) in Fig. 1). MLR amplitude was examined across
repeated recordings made pre- and post-kainate to assess
longitudinal patterns of change in this response measure
(Fig. 4b). In two animals, MLR amplitude decreased
slightly between control sessions and sessions conducted
1-12 weeks following bilateral kainate exposure (K20:
$<0.0001; K25: p=0.005; Wilcoxon rank-sum tests), while
MLR amplitude increased (KI18: »<0.001; maximum

the middle value for each range. The slope of the relationship
between EFR phase and stimulus modulation frequency is similar
before and after kainate exposure, suggesting no change in the
primary site of EFR generation

enhancement occurred ~4 weeks post-exposure) or
remained unchanged (K22: p=0.34) for others. Overall
changes in geometric mean MLR amplitude between
recordings made before and 4-12 weeks postkainate are
shown in Fig. 2b (pre-kainate: black crosses; post-kainate:
red circles). A linear mixed-effects model comparing log-
transformed MLR amplitude between these two time
periods found no group-level effects of kainate exposure
or modulation frequency (kainate: F9=0.98, p=0.35;

TABLE 1

Comparisons of EFR group delay, in ms (mean + SD), pre- and post-kainate

80-120 Hz 380-420 Hz 900-940 Hz

Pre-kainate Post-kainate p Pre-kainate Post-kainate p Pre-kainate Post-kainate p
K18 7.1 +£1.0 7.2 +09 0.87 23+£05 24 +£0.5 0.91 2.7+0.2 1.8+1.4 0.18
K20 11.4+0.7 12.7 + 1.4 0.15 25+0.8 2.5 +0.7 0.99 22+0.2 1.6 +0.6 0.24
K22 6.5+03 7317 0.21 22+04 1.7 £0.9 0.41 2.6 40+1.4 0.14
K25 4.9 + 0.5 4.3 + 2.1 0.24 23+03 2.5 +0.5 0.38 2.3+0.3 2.6 +0.7 0.56

Stimulus modulation frequency range is indicated in the top row. Post-kainate data are from > 1 week post-bilateral kainate exposure. There were no significant

differences in group delay (p>0.05, Wilcoxon rank-sum tests)
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FIG. 4. Longitudinal changes in EFR amplitude (@), MLR amplitude
(b), and click-evoked ABR wave | amplitude (c) following bilateral
kainate exposure. Pre-kainate error bars indicate the geometric
standard deviation across two to four repeated control sessions,
and all amplitude measures were normalized by dividing by the
geometric mean value observed pre-kainate in the same animal. The

modulation frequency: F9=3.51, p=0.094; kainate x
modulation frequency: I g = 0.58, p=0.46).

Within-animal kainate effect sizes on log-
transformed MLR amplitude were large, but of
different polarity in animals K18 and K20, and smaller
in the other two animals (Fig. 5). The across-subject
effect size was 0.32 (a small effect size that, if
accurately estimated, would require 77 animals to
detect with 80 % statistical power). These results show
that while individual animals showed significant
changes in MLR amplitude following kainate expo-
sures, differences in the polarity and magnitude of the
effect across animals resulted in the nonsignificant
group-level effect.

Kainate Effects on ABR Wave | and ABR
Thresholds

Representative ABR waveforms evoked by 35-90 dB
p-e. SPL click stimuli are shown before and after
bilateral kainate exposures in Fig. 6 (pre-kainate: left
traces; post-kainate: right traces). Note dramatic
reduction of ABR wave I postkainate accompanied
by apparent preservation of the ABR threshold (blue

level of the ABR stimulus was 90 dB p.e. SPL. EFR and ABR wave |
amplitudes decrease in all animals post-kainate, with greater
reductions of EFR amplitude observed for higher modulation
frequency ranges (indicated at top). In contrast, MLR amplitude
slightly increases, slightly decreases, or remains unchanged post-
kainate in different animals

arrows) determined based on visual detection of later
response waves. Wave I amplitude increased with
increasing stimulus level and, prior to bilateral
kainate, varied from 20 to 40 pV across animals at
90 dB p.e. SPL (Fig. 7, black X symbols). Unilateral
administration of kainate reduced wave I by 28.3—
32.2 % among the four animals (Fig. 7, magenta
squares); the reduction increased to 73.6-83.8 %
1 week following the second infusion (red circles).
ABR reductions were statistically significant for all
animals following both unilateral (p<0.008) and
bilateral kainate exposure (p<0.0001; Wilcoxon
rank-sum tests) and were seen across stimulus levels.
These findings are in general accordance with previ-
ous studies in this species using the same methodol-
ogy (Henry and Abrams 2018; Wong et al. 2019),
though the reason for slightly greater wave I reduc-
tion following the second kainate exposure is un-
known.

Longitudinal changes in click-evoked wave I ampli-
tude following bilateral kainate exposures are shown
in Fig. 4c. Percent reduction of ABR wave I measured
at 90 dB p.e. SPL was most profound immediately
following bilateral kainate infusions and recovered
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effects sizes on the MLR vary in polarity and magnitude across
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FIG. 6. Representative click-evoked ABR waveforms before and
after bilateral kainate exposure. Responses are from animal K20 at
stimulus levels ranging from 35 to 90 dB p.e. SPL (indicated right).
Post-kainate ABRs are from 1 week following infusion of the second

ear (bilateral AN damage). Stimulus threshold levels based on visual
detection of any ABR wave (blue arrows; each ABR is the average of
two records) appear relatively preserved despite profound reduction
of ABR wave | (red arrows)
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FIG. 7. ABR wave | amplitude pre- and post-kainate. Geometric
mean click-evoked wave | amplitudes of individual animals are
plotted in four respective panels as a function of stimulus level pre-
kainate, between kainate infusions (unilateral damage), and >
4 weeks after bilateral kainate exposure. Error bars indicate the

slightly (~10-15 %) over several weeks, after which
ABR wave I amplitude tended to plateau and showed
little further change. Overall percent reduction of
ABR wave I, quantified based on all postkainate
sessions, was slightly smaller in animals K20 (68.5 %
loss) and K25 (64.9 %) compared to K18 (76.6 %) and
K22 (76.9 %).

Changes in geometric mean wave I amplitude
between ABRs recorded before and 4-12 weeks post-
kainate (i.e., after the initial recovery period) are
shown in Fig. 7 (pre-kainate: black crosses; post-
kainate: red circles; magenta squares show wave I
amplitude in the time period between left and right
ear infusions). A repeated-measures mixed-model
analysis of ABR results from before and after bilateral
kainate showed a substantial reduction in log-
transformed ABR wave I amplitude post-kainate
(F,91=1014.77, $<0.0001) that varied with level
(level: F39;=203.12, p<0.0001; kainate x level:
I59,=4.68, p=0.012). The least-squares mean change

geometric standard deviation across repeated measurements. Wave |
reduction is significant in all animals following both unilateral and
bilateral damage (p<0.008 for unilateral kainate comparisons;
p<0.0001 for bilateral kainate comparisons; Wilcoxon rank-sum
tests)

in log-transformed ABR amplitude (+ SE) increased in
magnitude from -0.936+0.071 at 60 dB p.e. SPL
(60.8 % reduction; f; =—13.20, p<0.0001) to - 1.081
+£0.071 at 70 dB p.e. SPL (66.1 % reduction; #y; =-
15.25, p<0.0001), -1.219+0.071 at 80 dB p.e. SPL
(70.5 % reduction; f=-17.19, $<0.0001), and -
1.280£0.071 at 90 dB p.e. SPL (72.2 % reduction;
oy =—18.06, p<0.0001).

Within-subject kainate effect sizes on log-
transformed wave I amplitude were large, generally
slightly exceeding values observed for EFR amplitude,
and increased in magnitude with greater stimulus
level (Fig. 5). The across-subject effect size was also
large, with values of 8.97, 6.85, 5.98, and 6.05 for
stimulus levels of 60, 70, 80, and 90 dB p.e. SPL,
respectively.

ABR thresholds for click stimuli were determined
as the lowest sound pressure level above which any
single response wave could be visually detected in two
repeated presentations of the same stimulus. ABR
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thresholds typically ranged from 40 to 50 dB p.e. SPL
across control sessions and showed minimal or mild
elevation post-kainate (Table 2)—a pattern associated
with pronounced amplitude reductions of early ABR
waves (see pre- and post-kainate ABR waveforms in
Fig. 6 for representative examples).

DPOAEs

DPOAE level is shown as a function of f frequency
in Fig. 8 at single time points before (blue traces)
and 8 or 12 weeks following bilateral kainate
exposure (red traces; each of the four animals was
tested once before and once after kainate expo-
sure). Individual panels show results for different
primary sound levels (indicated top left), and the
corresponding noise floor is shown in gray. DPOAE
level prior to kainate exposures was greatest at fo
frequencies from 1.5 to 4 kHz and increased with
increasing stimulus level, as in a previous study
(Wong et al. 2019). Peaks and notches were often
observed in functions plotting DPOAE level as a
function of frequency, particularly at low primary
sound levels and high or low f frequencies—a
commonly observed pattern with swept-tone para-
digms putatively related to the complex origin of
these responses (Long et al. 2008). DPOAEs record-
ed following bilateral kainate infusions revealed no
apparent changes compared to control recording
sessions, consistent with preservation of sensory hair
cells (Fig. 8, red traces). A linear mixed-effects
model showed significant effects of frequency
(F4,440=261.02, $<0.0001) and sound level
(F5,440=408.70, p<0.0001; frequency x level:
Fo0.440="7.52, p<0.0001), due to greater DPOAE
level at intermediate frequencies and higher sound
levels. The effect of kainate exposure was also
significant ([ 440=21.00, p<0.0001) due to a small
increase in DPOAE level following the exposure
(1.48 £0.32 dB; #449=4.58, p<0.0001; difference in
least-squares means = SE). DPOAE levels and the
effects of kainate were similar between the two ears.

TABLE 2

ABR thresholds (dB p.e. SPL; means + SD) before and after
bilateral kainate exposure

Animal Pre-kainate Post-kainate p
K18 439 + 1.8 49.7 +3.9 0.029
K20 453+ 1.9 454 + 0.8 1

K22 419 +2.4 458 + 1.7 0.11
K25 492 +2.3 543 £ 4.6 0.20

p values are the result of a Wilcoxon rank-sum test

WiLsoN kT AL.: Kainate Effects on Envelope-Following Responses

Correlation Analysis

Pearson’s product-moment correlation coefficients
were calculated to test for relationships between EFR
amplitude, ABR wave I amplitude, and MLR ampli-
tude before and after kainate exposure (Fig. 9).
Variables were normalized by the pre-exposure geo-
metric mean to facilitate pooling of data across
individual animals, and log-transformed to reflect
geometric scaling of these response measures. Wave
I amplitude (i.e., the AN-generated component of the
ABR) was strongly correlated with SAM tone-evoked
EFR amplitude for low (r=0.892; 95 % CI=0.804-
0.942; p<0.0001), middle (r=0.909; 95 % CI=0.831-
0.951; $<0.0001), and high (r=0.926; 95 % CI=
0.857-962; p<0.0001) modulation frequency ranges
(Fig. 9). Thus, EFRs obtained in response to wide
ranges of modulation frequencies were able to predict
wave I reduction following kainate infusions despite
putatively diverse neural origins of EFR generation.
Compared to the magnitude of the reduction of ABR
wave I (64.9-76.9 % reduction), the magnitude of the
reduction in EFR amplitude was less for the low
modulation frequency range (42.1-53.3 % reduction
based on data from before and 4-12 weeks post-
bilateral kainate), similar for middle modulation
frequency range (60.6-68.1 % reduction), and slightly
greater for the high modulation frequency range
(58.1-91.3 % reduction). In contrast to EFR ampli-
tude, MLR amplitude was uncorrelated with the
amplitude of ABR wave I (r=0.043; 95 % CI=-
0.277-0.353; p=0.80; Fig. 9).

DISCUSSION

This study examined the effects of excitotoxic AN
injury from kainate on SAM tone-evoked EFRs and
click-evoked ABRs in the budgerigar to test whether
the EFR can provide a sensitive physiological measure
of AN loss. Following bilateral intracochlear kainate
administration in four animals, ABR wave I (i.e., the
compound AN response; Henry and Abrams 2018)
was markedly reduced as much as 80 %, and these
losses were sustained longitudinally for at least
12 weeks post-exposure. EFR amplitude also de-
creased following kainate exposure. Reduction of
EFR amplitude increased in magnitude with higher
modulation frequency yet remained strongly correlat-
ed with decrements in wave I amplitude across the full
range of modulation frequencies tested (80-940 Hz).
In contrast, MLRs likely generated at the forebrain
processing level based on their latency showed smaller
and varied effects following bilateral exposure to
kainate that were uncorrelated with ABR wave I loss.
These results suggest that EFRs across a wide range of



WiLsoN Et AL.: Kainate Effects on Envelope-Following Responses

20

-

o OF \

e 1\ .‘/'«,0\ A

o Vi ‘Q‘;‘g‘»",ﬁ.‘;\?’fﬂm
° “m"" “‘"W'\‘ M
— R M BN
o -20

3 1 2

w

<

(@]

a

[m]

45

— Pre kainate
— Post kainate

f, frequency (kHz)

FIG. 8. Comparison of distortion product otoacoustic emissions
(DPOAEs) measured before and 8 or 12 weeks following bilateral
kainate exposure. DPOAE level is plotted as a function of the f,
frequency of swept-tone stimulus presented to the right ear with the

modulation frequencies, including responses to low
modulation frequencies putatively dominated by cen-
tral neural generators, can provide a useful metric of
AN excitotoxic injury.

The magnitude and durability of AN loss as
measured by ABR wave I amplitude in the present
study were comparable to prior work in the
budgerigar, which demonstrated that amplitude
losses from kainate-induced AN lesions are
sustained irreversibly through at least 75 weeks
post-infusion (Henry and Abrams 2018; Wong
et al. 2019). Moreover, considering possible mild
enhancement of DPOAE level post-kainate (Wong
et al. 2019), it appears that damage from kainate
originated at the level of the AN-IHC synapse
rather than sensory hair cells. These inferences
are congruent with a large body of previous
anatomical studies in birds and mammals showing
hair cell preservation following kainate-induced
synaptic damage (Juiz et al. 1989; Pujol et al. 1985;
Shero et al. 1998; Sun et al. 2001). Of note,
measurements of AN compound action potentials
immediately post-kainate revealed widespread elim-
ination of the gross AN response across a broad
frequency range (0.5-6 kHz; see Henry and Abrams
2018), suggesting that auditory afferent synaptic loss
was diffuse in nature. In this light, it appears that
kainate induces AN loss in a manner comparable to
that which occurs in neural presbycusis (Makary
et al. 2011; Mills et al. 2006; Schmiedt 2010).

noise floor depicted in gray; left ear results are similar (data not
shown). The six tested sound levels of the primary tones are
indicated at the top of each panel. Kainate exposure had no
apparent impact on hair cell-generated DPOAEs

Reductions in EFR amplitude following bilateral
AN damage were highly correlated with reductions of
ABR wave I, suggesting that like wave I, the EFR can
also reflect diminished AN function following kainate
excitotoxicity. Significant decrements in EFR ampli-
tudes were observed at all studied modulation fre-
quencies but generally increased in magnitude with
increasing modulation frequency. This finding is
consistent with an earlier study of EFRs in noise-
overexposed mice, which found EFR amplitude re-
ductions were most robust for higher modulation
frequencies (~1 kHz in mice) and moderate stimulus
levels (~70 dB SPL; Shaheen et al. 2015). EFRs to
relatively high modulation frequencies may show the
greatest impact from AN damage because these
responses are thought to arise more primarily from
the AN or auditory brainstem nuclei rather than more
central generation sites (Henry and Lucas 2008;
Kuwada et al. 2002; Shaheen et al. 2015); this notion
is further supported by our finding that the group
delay of the EFR for modulation frequencies from 380
to 940 Hz was similar to the latency of AN-generated
wave I of the ABR (~2 ms in response to high-level
clicks; Henry and Abrams 2018). Less clear is why EFR
reduction was greater for the highest modulation
frequency range than for middle modulation frequen-
cies considering that EFRs for both ranges appeared
to be primarily peripherally generated. It seems
possible the kainate disproportionately damages AN
afferents that encode high modulation frequencies,
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FIG. 9. Correlations of EFR and MLR amplitude with wave |
amplitude of the click-evoked ABR. All amplitude measures were
normalized by dividing by the geometric mean value observed pre-
kainate in the same animal and are plotted on logarithmic axes to
account for geometric scaling. The level of the ABR stimulus was
90 dB p.e. SPL, and each data point shows results from a single
animal and test session. EFR results are plotted separately for low
(80-120 Hz), middle (380-420 Hz), and high (900-940 Hz)

though no evidence exists of a fiber subpopulation
specialized for high modulation frequencies and
single-unit AN studies in budgerigars are currently
lacking.

EFR group delay in response to modulation
frequencies from 80 to 120 Hz ranged from 5 to
7 ms in most animals, suggesting generation of these
responses primarily at the midbrain processing level
(or perhaps a higher processing level in K20 based on
~12 ms EFR group delay) as also found in previous
studies (Dolphin and Mountain 1992; Zhong et al.
2014). Despite central generation, EFR amplitude
reduction in this low modulation frequency range
nonetheless remained highly correlated to wave I
reduction and thus appears to provide a viable avenue
for detecting excitotoxic AN injury in other species
such as humans for which ABR wave I amplitude is
small. The relatively smaller decrements in EFR
amplitude for the 80-120 Hz conditions compared
to those seen for higher modulation frequencies
could be due to an effect of kainate on central gain,
whereby reduction of peripheral auditory input

03 0405 07 1
Wave-l amplitude (normalized)

1.5

modulation frequency ranges; MLR results are averaged across
middle and high modulation frequency ranges. Colored lines
indicate predicted values of a Pearson correlation; correlation
coefficients, r, are reported to the right of each line. EFR amplitude
is highly correlated with ABR wave | amplitude for all modulation
frequency ranges (p<0.0001; Pearson product-moment correla-
tions), while MLR amplitude is uncorrelated with wave | amplitude
(p=0.73)

triggers a compensatory increase in the excitability
of central neurons through downregulation of inhib-
itory signaling (Caspary et al. 2008; Chambers et al.
2016; Costalupes et al. 1984; Hickox and Liberman
2014; Salvi et al. 2017), though further study is needed
to test this hypothesis.

MLRs evoked by SAM tones were differentially
affected among animals, with some demonstrating
modest significant increases or decreases in amplitude
longitudinally and others showing no detectable
change; this finding is consistent with existing litera-
ture. For instance, in comparing amplitude ratios of
late (e.g., waves III and IV) to early (e.g., wave I) ABR
components, Schrode et al. (2018) found generally
higher ratios in noise-overexposed mice, suggestive of
central compensation; however, there was consider-
able variation (ratios ranging from 0.5 to 2) among
different animals depending on stimulus level, as well
as the specific wave comparison. Nevertheless, the
resilience of the SAM tone-evoked MLR in the setting
of diffuse neural loss was not entirely unexpected,
given that the MLR is believed to originate from
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forebrain-level auditory processing centers that ap-
pear to show greater compensatory plasticity following
peripheral auditory insults compared to midbrain- of
brainstem-level stations (Chambers et al. 2016).

Associations of actual structural changes at the AN-
IHC synapse (e.g., AN afferent fiber loss) with
reductions in ABR wave I or EFR amplitudes are well
characterized in other species but have not yet been
studied in budgerigars. For instance, swelling of AN-
IHC synapses followed by ganglion cell-body neuro-
degeneration have been observed in chickens and
non-avian models such as mouse, rat, and guinea pig
following administration of kainate (Juiz et al. 1989;
Pujol et al. 1985; Shero et al. 1998) or noise
overexposure (Hickox et al. 2017; Kujawa and
Liberman 2009, 2015). Future studies in budgerigars
need to histologically examine the neural synapse to
verify the anatomical bases (e.g., synaptic swelling,
reduced density of afferent fibers) of ABR and EFR
changes observed in the present study.

The 1.5-dB increase in DPOALE level observed follow-
ing bilateral kainate exposure was unexpected consider-
ing that previous studies in this species and others have
found no significant impact of kainate on otoacoustic
emissions or hair cell-generated potentials (Bledsoe etal.
1981; Henry and Abrams 2018; Sun et al. 2000, 2001;
Wong etal. 2019; Zheng etal. 1996). The effect was small,
however, and based on single measurements made
before and after kainate exposure, raising the question
of whether significant DPOAE enhancement would
persist given larger samples of pre- and postkainate
measurements. Note that single measurements were
made due to the extended time period required to
achieve an effective seal of the DPOAE probe to ear
canal. Further study is needed to determine whether
mild DPOAE enhancement was anomalous (i.e., due to
chance) or perhaps caused to some unknown factor
influencing hair cell responses such as a postkainate
change in hair cell modulation by the efferent system.

These results can potentially help guide develop-
ment of noninvasive metrics for evaluating
suprathreshold hearing loss in the clinic. With con-
siderable ABR wave I variability in humans, the EFR
may provide a more robust measure of impairment at
the AN- IHC synapse if it has less variance among
subjects and across sessions longitudinally. Moreover,
the EFR can be recorded readily in the clinical setting
with transdermal electrodes. However, EFRs are
traditionally recorded at lower modulation frequen-
cies (e.g., less than 120 Hz) in humans. While low
frequency (80-120 Hz) EFRs in budgerigars appeared
adequate to detect AN loss in anesthetized budgeri-
gars, future study is needed to ascertain whether this
is the case in awake human subjects, which could show
stronger cortically generated activity (Bramhall et al.
2019). Moreover, recent work posits that EFRs evoked
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by square wave-modulated tones may provide a more
reliable measure of cochlear synaptopathy compared
to SAM tones (Mepani et al. 2020). Prior work
involving the EFR in humans shows that age-related
changes in hearing may impact neural coding of
temporal information (e.g., depth of amplitude
modulation), but inferences are limited by a lack of
histological confirmation of AN-IHC damage in
humans or another means to assess synaptic viability
beyond post-mortem analysis (Dimitrijevic et al. 2016;
Keshishzadeh et al. 2020; Verhulst et al. 2018).

In conclusion, EFRs recorded across a wide range
of modulation frequencies in anesthetized budgeri-
gars characterized AN damage following bilateral
kainate exposure in a comparable manner to AN-
generated wave I of the ABR. In contrast, MLRs
appeared insensitive to kainate-induced AN loss.
Further study should investigate how EFR parameters
directly relate to histological changes, as well as
whether perceptual differences involving amplitude-
modulation detection exist at specific modulation
frequencies in behaviorally trained budgerigars with
kainate-induced AN lesions. An enhanced under-
standing of how EFR changes correlate to histological
changes and perceptual differences may potentially
lay the foundation for translational improvements in
the diagnosis and clinical management of cochlear
synaptopathy and sensorineural hearing loss.
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