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Abstract
Purpose Loss of auditory nerve afferent synapses with cochlear hair cells, called cochlear synaptopathy, is a common pathol-
ogy in humans caused by aging and noise overexposure. The perceptual consequences of synaptopathy in isolation from 
other cochlear pathologies are still unclear. Animal models provide an effective approach to resolve uncertainty regarding 
the physiological and perceptual consequences of auditory nerve loss, because neural lesions can be induced and readily 
quantified. The budgerigar, a parakeet species, has recently emerged as an animal model for synaptopathy studies based 
on its capacity for vocal learning and ability to behaviorally discriminate simple and complex sounds with acuity similar 
to humans. Kainic acid infusions in the budgerigar produce a profound reduction of compound auditory nerve responses, 
including wave I of the auditory brainstem response, without impacting physiological hair cell measures. These results sug-
gest selective auditory nerve damage. However, histological correlates of neural injury from kainic acid are still lacking.
Methods We quantified the histological effects caused by intracochlear infusion of kainic acid (1 mM; 2.5 µL), and evalu-
ated correlations between the histological and physiological assessments of auditory nerve status.
Results Kainic acid infusion in budgerigars produced pronounced loss of neural auditory nerve soma (60% on average) in 
the cochlear ganglion, and of peripheral axons, at time points 2 or more months following injury. The hair cell epithelium 
was unaffected by kainic acid. Neural loss was significantly correlated with reduction of compound auditory nerve responses 
and auditory brainstem response wave I.
Conclusion Compound auditory nerve responses and wave I provide a useful index of cochlear synaptopathy in this animal 
model.

Keywords Auditory brainstem response · Budgerigar · Cochlear histology · Cochlear synaptopathy · Compound action 
potential · Kainic-acid excitotoxicity

Introduction

Loss of afferent synapses between cochlear hair cells (HCs) 
and auditory nerve (AN) neurons, called cochlear synap-
topathy, is a common pathology in humans [1–3]. Cochlear 
synaptopathy is often hypothesized to cause listening dif-
ficulties in noise, known as “hidden hearing loss” because 

this pathology is not detectable with standard clinical tools 
including the pure-tone audiogram. However, human stud-
ies have so far provided mixed results as to whether synap-
topathy causes hidden hearing loss (associations: [4, 5]; no 
associations: [6–8]), potentially due to the difficulty of accu-
rately measuring synaptopathy in living humans subjects.

Animal models provide an effective approach for advanc-
ing our understanding of physiological and perceptual con-
sequences of cochlear synaptopathy. Unlike in humans, AN 
loss can be directly induced and assessed by both histologi-
cal and physiological measurements (see [9] for review). 
Cochlear synaptopathy in animal models can be produced by 
noise exposure, where the frequency band and sound level of 
the noise are carefully controlled to limit damage to delicate 
cochlear HCs [10–12]. Alternatively, cochlear infusion of 
neurotoxic agents such as kainic acid (KA) or ouabain has 
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the advantage of inducing profound AN loss/synaptopathy 
without adversely impacting HCs or HC function [13–15].

KA, the neurotoxic agent used in the present study, is 
an analog of the neurotransmitter glutamate. KA induces 
selective degeneration in neurons receiving rich glutamater-
gic innervation [16], such as the spiral ganglion neurons 
that make up the AN. KA infusion causes immediate swell-
ing of the afferent terminals at the base of inner HCs [17], 
with substantial degeneration of ganglion neurons observed 
10 days after infusion in rat [18]. Similar physiological and 
morphological effects of KA have been reported in various 
model species including chicken [19, 20], guinea pig [17], 
rat [18], chinchilla [21], and mice [22, 23].

The budgerigar is a parakeet species that has been used 
in several prior behavioral studies of cochlear synaptopathy 
based on their sensitive low-frequency hearing and ability 
to perform operant-conditioning tasks with many simple 
and complex sounds [24–31]. In budgerigars, intracoch-
lear infusion of KA produces similar physiological effects 
as in many other species, including reduced amplitude of 
auditory brainstem response (ABR) wave I, AN compound 
action potentials (CAPs) [15, 32], and envelope following 
responses evoked by sinusoidally amplitude-modulated tones 
[33]. Furthermore, preservation of the cochlear microphonic, 
distortion-product otoacoustic emissions, and ABR thresh-
olds following KA exposure all suggest preserved function 
of HCs [15, 32]. Perhaps surprisingly, given 40–70% reduc-
tion of compound AN responses, behavioral studies have 
found minimal impact of KA exposure on several challeng-
ing tasks including detection of short tones [32] and tones 
masked by narrowband noise [34].

Notably absent, histological studies of the impact of KA 
infusion on cochlear morphology in budgerigars have not 
yet been conducted. In this study, we quantified histologi-
cal changes in the cochlear ganglion (known as the spiral 
ganglion in mammals), AN peripheral axons, and the HC 
epithelium caused by KA exposure. Furthermore, we evalu-
ated correlations between the histological and physiological 
assessments of AN status.

Methods

Experiments were performed using budgerigars of both 
sexes (5 male, 10 female, 2 unsexed; aged 4–78 months) 
and were approved by the University of Rochester Commit-
tee on Animal Resources. Animals received either no KA 
infusion (10 animals), unilateral KA infusion (3 animals), 
or bilateral KA infusion (4 animals). Depending on the 
time span between KA infusion and cochlear dissection, the 
KA-exposed group was further subdivided into short-term 
(≤ 2 months post KA; 2 birds) and long-term (> 2 months 
post KA; 5 birds) survival times.

KA Infusions and CAP Recording Procedures

Procedures for infusing KA into the budgerigar cochlea 
and recording CAPs have been reported previously [15, 32, 
33]. Briefly, anesthesia was induced with a subcutaneous 
injection of ketamine (5–6 mg/kg) and dexmedetomidine 
(0.09–0.11 mg/kg), and maintained throughout the proce-
dure with slow infusion of ketamine (6–10 mg/kg/h) and 
dexmedetomidine (0.16–0.2 mg/kg/h) via an anesthetic 
infusion pump (Razel Scientific; Fairfax, VT, USA). Ani-
mals were maintained at 39.5–41.5 °C body temperature, 
measured with a sensor taped under the wing, with respira-
tory rate and electrocardiogram monitored continuously.

A ~ 150-µm cochleostomy was made following a crani-
otomy for exposing the basal prominence of the cochlea 
within the middle-ear space. 2.5 μL of 1-mM KA was 
administered slowly (full dose over 90  s) through the 
cochleostomy. Atropine (0.01 mg/kg) was administered 
preceding the KA infusion to minimize the possibility of 
cardiac arrhythmias. Following the infusion procedure, 
animals were given atipamezole (0.5 mg/kg) subcutane-
ously for anesthesia reversal. The analgesic carprofen 
(1 mg/kg) was given prior to the procedure and once daily 
for 3 days after the procedure.

CAPs were recorded using an 80-μm tungsten wire place 
in contact with the perilymph at the cochleostomy site. The 
measurement was performed in a double-walled acoustic 
isolation booth immediately before and after KA infusion. 
CAP measurements were also made prior to harvesting 
of cochlear tissue when possible. Stimuli were presented 
through a free-field loudspeaker positioned 45.7 cm in front 
of the animal’s head. CAP stimuli were 0.1-ms clicks (both 
polarities) presented at 35–90 dB peak-equivalent sound 
pressure levels (p.e. SPLs) with 5–10 dB steps, and 0.5, 
1, 2, 3, and 4-kHz tones with 10-ms duration, presented at 
40–70 dB SPL with 10 dB steps. Tone-CAP stimuli had 
1-ms raised-cosine shaped onset and offset ramps.

CAP amplitude provides a measure of summed AN 
activity related to the number and synchrony of single-
unit onset responses. CAPs were calculated as the average 
response to 100 clicks or 50 tone pips presentations. CAP 
amplitude was quantified as the voltage difference between 
the first negative peak and subsequent positive peak in the 
averaged CAP response (see [15]). The latency of the CAP 
was quantified as the time difference between stimulus 
arrival at the ear canal and the first negative CAP peak.

Processing of Cochlear Tissue

Animals were sacrificed with an injection of ketamine 
(30  mg, or to effect) into the breast muscle. Coch-
leae were dissected and immediately fixed with 4% 
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paraformaldehyde in 10-mM phosphate-buffered saline 
(PBS, pH 7.4) at room temperature for 3 h. Small open-
ings were made at the end of the lagena (apex), the oval 
window, and in one of the semicircular canals to facilitate 
fixation of the inner portions of the cochlea. Thereafter, 
0.12-M ethylene diamine tetra-acetic acid (EDTA) was 
used to decalcify the cochlea for ~ 7 days. After decal-
cification, the cochlea was washed with 0.1-M PBS, 
transitioned to 15% and then 30% sucrose in 0.1-M PBS, 
incubated at 4 °C overnight, and then embedded in 14% 
gelatin in 10% sucrose solution. The embedded tissue was 
frozen sectioned at 40-μm thickness on a cryostat (Leica 
CM1800), with the plane of sectioning oriented approxi-
mately perpendicular to the longitudinal axis of the coch-
lea prior to the basal curvature.

Immunostaining was performed on the frozen cross-
section samples of the bird cochlea. The sample was first 
blocked for 30 min in 10% goat serum with 3% bovine serum 
albumin, and then incubated for 2 h at room temperature 
and overnight at 4 °C (or for 48 h at 4 °C without any time 
at room temperature) with anti-myosin VIIa (MYO7A) pri-
mary antibodies. Incubation of species-appropriate second-
ary antibody coupled to Alexa Fluor dyes was performed 
following the primary incubation at room temperature for 
2 h. 4′,6-Diamidino-2-phenylindole (DAPI) was used for 
nuclear staining. Eighty-two percent of the samples were 
stained with the mouse anti-MYO7A (Developmental Stud-
ies Hybridoma Bank) at 1:50, 1:100, or 1:200 as the primary 
antibodies, and 13% of the samples were stained with rab-
bit anti-MYO7A (Proteus) at 1:200 and 1:400, and 5% of 
the samples were stained with both MYO7A protocols. The 
selection of MYO7A antibodies was based on availability 
and is discussed in more detail below.

Confocal Image Acquisition and Analysis

The fluorescence images were obtained using a laser scan-
ning confocal microscope (A1R HD Nikon, Japan) at 
20× and 40× magnification. Z-sections were recorded at 
1.15–1.79 μm (20×) and 0.38–0.63 μm (40×) intervals. 
Image analysis was conducted offline using ImageJ and 
custom-written MATLAB programs. The percent location 
along the ganglion axis was determined by the relative dis-
tance of each section from the apical to the basal extreme of 
the ganglion. The apical end was marked as 0% and basal 
end was marked as 100%. The mapping between cochlear 
locations and estimated characteristic frequency (CF) was 
based on Gleich and colleagues’ approximation using the 
behavioral audiogram [35].

Staining with MYO7A effectively labeled HCs, cochlear 
ganglion neurons (avian equivalent of spiral ganglion in 
mammals), and AN axons in the budgerigar cochlea. These 
cochlear structures were clearly distinguishable by their 

morphology (Fig. 1). For each frozen section, quantifica-
tions were made from a single z-plane with the highest aver-
age brightness of the DAPI and MYO7A channels, and were 
conducted by two trained observers who were blinded to the 
bird and section information.

HC counts and width of the HC epithelium were meas-
ured at 40×. The top edge of all HCs presented in the z-plane 
was marked, smoothed by a smoothing-spline (MATLAB 
fit() function), and calibration corrected to generate accu-
rate papilla width measurements. Ganglion neuron counts 
and AN peripheral axon density were measured from 
20× images. The presence of a neuron was determined by the 
shape of the cell body and the presence of the nucleus. The 
measurement for AN peripheral axon density was conducted 
by first semi-automatically identifying the axon region 
boundaries (custom-written edge-finding program). Then, 
the axon density was estimated as the percentage of pixels 
within the axon region boundaries that passed a threshold. 
The thresholds were the 87.5th percentile of the fluores-
cent intensities of the HC regions times a scale factor that 
was determined separately for mouse anti-MYO7A (0.235) 
and rabbit anti-MYO7A (0.325). The 87.5th percentile was 
selected because it represented the fluorescent intensity of 

Fig. 1  Cochlear histology. Representative frozen cross section of the 
budgerigar cochlea from a control animal. The location of the section 
is 78% the distance from the apical to the basal end of the cochlear 
ganglion. The section shows the hair-cell (HC) epithelium, auditory-
nerve (AN) peripheral axon region, AN central axons, an AN fiber 
cell body, and the cochlear ganglion
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the HC robustly across different sections. The different scale 
factors were selected to produce equivalent results between 
MYO7A antibodies for sections processed with both stain-
ing protocols.

Statistical Analyses

Linear mixed-effects models [36] were used to analyze the 
effects of KA exposure and other independent variables on 
histological measures while accounting for repeated meas-
ures (R, version 4.1.0). The dependent variables were HC 
epithelium width, HC count, ganglion cell count, and AN 
peripheral axon density. Independent variables included KA-
exposure status (between-subjects effect) and percent loca-
tion along the ganglion axis (within-subjects effect). The 
percent location was modeled as categorical factor when 
the relationship was non-linear (i.e., for AN peripheral 
axon density and ganglion cell counts); otherwise, percent 
location was modeled as a continuous variable. Subject 
intercepts were modeled as random effect. ANOVA tests 
for effect terms including two-way interactions were per-
formed using the Satterthwaite method for approximating 
denominator degrees of freedom for F-tests. Pairwise com-
parisons were conducted by comparing the differences of 
least squares means using Satterthwaite’s approximation to 
degrees of freedom [difflsmeans()]. Linear regression analy-
ses were conducted in MATLAB with fitlm().

Results

Histology

Cochleae obtained from 12 budgerigars (control ears: n = 12; 
KA-exposed ears: n = 11) were processed as frozen sections 
through standard immunohistochemical techniques and 
stained with DAPI and anti-myosin VIIa (MYO7A) primary 
antibodies. Three out of 11 KA-exposed ears had a post-KA 
survival time ranging from 59 to 63 days and were assigned 
to the short-term KA-exposed group. The remaining ears 
were considered long-term KA-exposed, with post-KA sur-
vival times ranging from 497 to 1829 days. The HCs, distal 
AN fibers, and ganglion neurons were clearly visible in the 
cross-sections (Fig. 1). Cochlear locations were sampled 
along the full-length of the ganglion. Note that the plane 
of sectioning was in some cases not strictly perpendicular 
to longitudinal axis of the cochlea, due to variation in the 
mounting procedure for the embedded tissue and the fact 
that no adjustments were made of the sectioning angle for 
curvature of the sensory epithelium in the basal third of the 
organ. Representative sections at different locations along 
the length of the ganglion in control and KA-exposed ears 
are presented in Fig. 2.

No morphological differences were apparent for the 
HC epithelium between control and KA-exposed cochleae 
(Fig. 3A). The width of the epithelium and the number of 
HCs decreased from the apical to basal end along the full-
length of the sectioning axis (Fig. 3B, C; 0% HC: first occur-
rence of HC at the apical end of the cochlea). A mixed-model 
analysis showed significant effects of cochlear location on 
both HC epithelium width  (F1,102 = 70.58, p < 0.0001) and the 
number of HCs  (F1,98 = 82.51, p < 0.0001). KA-exposure sta-
tus (including control, short-term KA-exposure, or long-term 
KA-exposure) and the interaction between cochlear location 
and the KA-exposure status did not have significant effects 
on either HC epithelium width (KA-status:  F2,94 = 0.55, 
p = 0.58; KA-location interaction:  F2,102 = 2.49, p = 0.09) or 
number of HCs (KA-status:  F2,74 = 1.72, p = 0.19; KA-loca-
tion interaction:  F2,98 = 2.56, p = 0.08). In general, the number 
of HCs and width of the HC epithelium reduced near-line-
arly from 34 cells/304 µm at the apical end (10% HC) to 22 
cells/191 µm at the basal end (87% HC). HC density, defined 
as the ratio of the HC count to the width of HC epithelium, 
remained relatively consistent throughout the full-length of 
the cochlea (~ 11 cells/100 µm).

The cochlear ganglion of budgerigars was found to be 
shorter in length than the HC epithelium. The number of 
ganglion neurons was also quantified along the full-length 
of ganglion, where 0% represents the first occurrence of gan-
glion cell bodies at the apical end of each cochlea and 100% 
is the last occurrence of ganglion cells basally. The number 
of ganglion neurons was found to increase sharply from 0 to 
20% locations, and then continues to increase at more basal 
locations (Fig. 4A).

In cochlear sections obtained from KA-exposed ani-
mals, the number of ganglion neurons was significantly 
reduced, with apparently similar percent reduction across 
cochlear regions (Fig. 4A). The morphology of individual 
surviving ganglion neurons appeared unchanged (Fig. 2). 
A mixed-model analysis of log-transformed ganglion-cell 
count was performed with cochlear locations categorized 
into apical (5–35% distance from apex to base), middle 
(35–65%), and basal (65–95%) regions. Significant effects 
of cochlear location  (F3,349 = 182.99, p < 0.0001), KA-status 
 (F2,20 = 13.79, p = 0.0002), and the KA by location interac-
tion  (F6,350 = 2.20, p = 0.043) were found on log-transformed 
ganglion-cell count. The interaction was attributable to 
slightly greater consistency of KA differences in middle and 
basal cochlear regions (Fig. 4A). Post hoc tests revealed no 
significant difference between the ganglion neuron counts 
of short- and long-term KA-exposed ears (mean differ-
ence ± SE 0.402 ± 0.280,  t19 = 1.43, p = 0.17).

To summarize, in control ears, the typical num-
ber of ganglion neurons was 79.5 ± 19.4, 93.5 ± 17.0, 
and 110.5 ± 22.4 (medians ± median absolute deviation 
[MAD]) in apical, middle, and basal regions, respectively. 
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When pooling short- and long-term KA-exposed sections, 
the number of ganglion neurons in KA-exposed ears was 
34.0 ± 16.8, 32.0 ± 13.9, and 45.2 ± 18, in these same regions 
(median ± MAD). These results indicate an average neural 
loss of 57.2%, 65.8%, and 59.1% in apical, middle, and basal 
ganglion regions, respectively.

The AN peripheral axons connect the HC epithelium 
and ganglion cell bodies, and could feasibly degenerate 
prior to neural soma following kainic acid exposure. We 
quantified the axon density as the proportion of pixels in 
the AN peripheral axon region (see example region cir-
cled by white dashed line in Fig. 1B) for which MYO7A 
fluorescent intensity passed a threshold defined based on 
the fluorescent intensity of the HC epithelium. The axon 
density along the full-length of ganglion was found to 
be similar (Fig. 4B). A mixed-model analysis showed no 
significant effect of cochlear location on log-transformed 
fiber density  (F3,290 = 2.44, p = 0.064). The peripheral 
axon density was 0.71 ± 0.11 (median ± MAD) in control 
ears and 0.25 ± 0.16 (median ± MAD) in KA-exposed 
ears, consistent with 65% loss of AN peripheral axons 
after KA-exposure. Similar to the analysis of ganglion 
neurons, the mixed-model analysis of log-transformed 
peripheral axon density showed a significant effect of KA 
 (F2,21 = 11.49 p = 0.0004) and the KA by location interac-
tion  (F6,291 = 5.80 p < 0.0001), with no significant differ-
ence found between short- and long-term KA exposures 
(− 0.493 ± 0.340,  t20 =  − 1.45, p = 0.16). Once again, the 

KA by location interaction was driven by greater consist-
ency of KA differences in middle and basal regions of the 
ganglion (Fig. 4B).

Finally, we evaluated correlations between median gan-
glion cell count and fiber density within each of the three 
regions. Significant correlations were observed in all cases, 
with the strongest relationship observed in the middle region 
of the ganglion (Fig. 5).

Compound Action Potentials (CAPs)  
or the Auditory Nerve

CAPs were recorded in in 9 animals (control ears: n = 6, 
KA-exposed ears: n = 4) in response to clicks (Fig. 6A) and 
10-ms tone pips (0.5, 1, 2, 3, and 4 kHz) presented over a 
range of levels. In KA-exposed ears, CAP measurements 
were taken before KA infusion and several months later, 
immediately prior to cochlear dissection. Post-KA survival 
time for short-term KA-exposed animal was 59 to 63 days, 
and for long-term KA-exposed animal was 497 to 1829 days. 
Both CAP and histological results were obtained from 2 con-
trol ears and 4 KA-exposed ears; the same symbols are used 
to represent these ears in both sets of results.

In control ears, the amplitude and latency (relative to stim-
ulus arrival at the ear canal) of click-evoked CAPs obtained 
with a p.e. SPL of 90  dB were 257.88 ± 46.83  μV and 
1.32 ± 0.06 ms (median ± MAD), respectively (Fig. 6B, C). 
KA-exposed ears showed a significant decrease in click-CAP 

Fig. 2  Comparison between 
representative control (A) and 
kainic acid (KA)-exposed (B) 
frozen cross-sections at differ-
ent cochlear locations (marked 
below the HC epithelium in 
each panel). Normalized posi-
tion is the percent distance from 
the apical to the basal end of 
the cochlear ganglion. Note 
that there are no ganglion cells 
in the left column because the 
ganglion does not extend to the 
extreme apical end of the HC 
epithelium. KA visibly reduces 
density of ganglion cells and 
distal AN fibers without impact-
ing the HC epithelium
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amplitude at 90 dB p.e. SPL (73.73 ± 15.53 μV), suggesting 
an average reduction of 71.4%. The latency (1.27 ± 0.05 ms) 
of the click-CAP at 90 dB p.e. SPL in KA-exposed ears 
remained similar. CAP amplitudes increased and latencies 
decreased for higher sound levels (Fig. 6). KA-exposure 

(pooled across short- and long-term KA-exposed ears) had 
a significant effect on click-CAP amplitude  (F1,49 = 71.42, 
p < 0.001), but not latency  (F1,52 = 1.53, p = 0.22).

The amplitude and latency of tone-evoked CAPs in 
budgerigars varied across test frequencies (Fig.  7). In 

Fig. 3  No impact of KA expo-
sure on HCs. A Representative 
sections of HC epithelium 
from control (upper) and KA-
exposed (bottom) ears, taken at 
40× magnification. Quantifica-
tion of the width of the HC 
epithelium (B) and HC number 
(C) are shown as a function 
of position along the section-
ing axis (0% and 100%: first 
and last occurrence of HCs, 
respectively, from apex to base). 
Gray dashed lines represent a 
linear fit to data from all groups. 
Open symbols represent the left 
ear; filled symbols represents 
the right ear. Data from animals 
that had both histological and 
physiological quantifications are 
presented by symbols other than 
circles: up-pointing triangle 
(△) bird K25; down-pointing 
triangle (▽) bird K24; square 
(□) bird K36; diamond (◇) 
bird K33; star (☆) bird K35

Fig. 4  KA exposure reduces the 
number of ganglion neurons (A) 
and AN peripheral axon density 
(B) along the ganglion axis 
(0% apex, 100% base). Colored 
dashed lines show smoothed 
data from each group. Smooth-
ing was performed by robust 
locally weighted scatterplot 
smoothing, with a smoothing 
parameter of 0.5. Individual 
ears are presented by the same 
symbols as in Fig. 3
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control ears, greater tone-CAP amplitudes were evoked 
by 1- and 2-kHz tones (1 kHz: 114.72 ± 20.65 µV; 2 kHz: 
123.61 ± 16.32 µV, at 70 dB SPL), slightly lower amplitudes 
were found at 0.5 and 3 kHz (0.5 kHz: 99.75 ± 13.71 µV; 
3 kHz: 105.06 ± 10.34 µV, at 70 dB SPL), and the lowest 
amplitude was observed at 4 kHz (40.22 ± 9.40 µV at 70 dB 

SPL). Tone-CAP latencies were shorter at higher frequencies 
(3 kHz: 2.07 ± 0.07 ms; 4 kHz: 2.10 ± 0.05 ms at 70 dB SPL) 
compared with lower frequencies (0.5 kHz: 2.47 ± 0.11 ms, 
1 kHz: 2.33 ± 0.09 ms, 2 kHz: 2.33 ± 0.09 ms, at 70 dB 
SPL). Similar to the click-CAP results described above, 
mixed-model analyses showed a significant effect of KA 
exposure on tone-CAP amplitude  (F1,73 = 192.95, p < 0.001) 
but not latency  (F1,178 = 0.0001, p = 0.99).

Click- and tone-evoked CAP results were similar to those 
obtained for ABR wave I in a previous study [15], but with 
larger amplitude due to the closer proximity of the CAP record-
ing electrode to the cochlear ganglion. The relationship between 
CAPs and ABRs is further evaluated in the following section.

Correlations Between Histological  
and Physiological Results

To assess the potential for AN CAPs to serve as a physiolog-
ical indicator of AN status in budgerigars, we investigated 
the correlation of click- and tone-evoked CAP amplitudes 
with the number of surviving cochlear ganglion neurons in 
the same ears. For click CAPs (Fig. 8), response amplitude 
was correlated with the number of ganglion neurons in mid-
dle and basal regions (middle: r = 0.95, p = 0.0033; basal: 
r = 0.93, p = 0.0077). In contrast, the correlation was weaker 
between click-CAP amplitude and the median ganglion neu-
ron counts across all regions, and not significant between 
click-CAP amplitude and median ganglion count in the api-
cal third of the ganglion.

While detailed tonotopic mapping of the budgerigar HC 
epithelium and ganglion remains unknown, a rough approxi-
mation has been proposed for the HC epithelium based on the 
frequency limits of the behavioral audiogram and physiologi-
cal data from other bird species [35]. This mapping was used in 
the present study to approximate regions of the ganglion with 
CFs spanning octave-wide bands log-centered on 0.5, 1, 2, 3, 
and 4 kHz, from which median cell counts were calculated 
(see panel titles in Fig. 9). For tone-CAPs, amplitude was cor-
related with ganglion-neuron counts for a subset of locations/
test frequencies based on their approximated CFs (Fig. 9). 

Fig. 5  Correlations between 
the median number of ganglion 
neurons and median AN 
peripheral axon density in 
three regions of the budgeri-
gar cochlear ganglion (apical: 
5–35%; middle: 35–65%; basal: 
65–95%). Each dot represents 
the median value within one of 
the three regions in a single ear. 
Individual ears are presented by 
the same symbols as in Fig. 3

Fig. 6  Representative click-evoked compound action potential (CAP) 
waveforms (A) recorded before and 59  days post KA. The CAP 
waveform of the unexposed (left) ear is also shown. CAP amplitude 
was calculated as P1 – N1. KA exposure reduces click-evoked 
CAP amplitude (B) without affecting CAP latency (C). Data from 
animals that had both histological and physiological quantifications 
are presented by symbols other than filled circles with dashed lines: 
up-pointing triangle (△) bird K25; down-pointing triangle (▽) bird 
K24; square (□) bird K36; diamond (◇) bird K33; star (☆) bird K35
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Significant correlations were found for 2, 3, and 4 kHz, with 
the highest correlation coefficient observed at 3 kHz. These 
findings suggest that CAPs can provide a reasonable estimate 
of AN survival at mid- to high-frequency regions (2–4 kHz) 
of the budgerigar cochlear ganglion.

To further evaluate the ability of AN potentials to signal 
cochlear injury across a larger sample of histologically char-
acterized ears, we combined the click-CAP amplitudes from 
the present experiments with click-ABR wave I amplitudes 
from several previous KA studies in our lab [32, 33]. To ensure 
comparability, we first used a linear mixed-effects model to 
evaluate the relationship between click-evoked CAP amplitude 
and ABR wave I amplitude across a sample of six ears for 
which both measures were available, including one ear tested 

before and after KA exposure (Fig. 10). Click level ranged 
from 60 to 90 dB p.e. SPL. The overall relationship was strong 
 (F1,24 = 379.35, p < 0.0001), with even stronger relationships 
apparent in individual ears, suggesting considerable overlap in 
neural generation for these two different methods of quantify-
ing AN onset activity. Based on the fitted mixed-effects model, 
average ABR wave I amplitude was 15% that of the CAP.

For the subsequent analysis, post-KA CAP and ABR 
amplitudes were first normalized by the pre-KA amplitude 
of the same ear, whereas control amplitudes were set equal 
to 1. All ears were evaluated histologically. The correla-
tion between the CAP/ABR amplitude and the number of 
ganglion neurons was examined for median cell counts in 
apical, middle, and basal regions of the cochlear ganglion as 

Fig. 7  KA exposure reduces tone-evoked CAP amplitude (upper panels) without affecting CAP latency (bottom panels). Stimulus frequency is 
indicated at the top of each column. Symbols represent the same individual ears as in Fig. 6

Fig. 8  Correlations between click-evoked CAP amplitude and gan-
glion cell count at different locations along the cochlea (marked at 
the top of each panel). Click-evoked CAP amplitudes were measured 

at 90  dB p.e. SPL. Post-KA measurements were made immediately 
before cochlear dissection
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well as for the median cell count across all regions (Fig. 11). 
Significant correlations were found in all cases, with the 
strongest correlations observed between ganglion cell count 
and physiological measurements in the middle and basal 
ganglion regions. Similar but typically weaker correlations 
were found between normalized CAP/ABR amplitude and 
AN fiber density (all regions: r = 0.73, p = 0.0008; api-
cal: r = 0.57, p = 0.016; middle: r = 0.74, p = 0.0008; base: 
r = 0.53, p = 0.034; compare to values in Fig. 11).

Finally, note that reduction of normalized CAP and ABR 
wave I amplitudes in our dataset was approximately propor-
tional to neural loss in the same ears, such that a given per-
cent reduction of the neural gross potential was associated 
with similar percent loss of neurons. For example, for data 
pooled across all regions (Fig. 11, left panel), the slope of 
the relationship between normalized CAP/ABR amplitude 
and ganglion cell count was 83.1 cells/normalized unit and 
the model intercept was 3.94 cells. These values are quite 
close to the theoretical slope of 85.25 cells per normalized 
unit (i.e., the average cell count in controls) and model inter-
cept of zero, respectively, predicted for a strictly propor-
tional relationship between ABR/CAP loss and neural loss. 
Overall, these findings demonstrate that both click-ABR 
wave I and CAP amplitude can be used to estimate auditory 
nerve loss in kainic acid-exposed budgerigars.

Discussion

We found that intracochlear infusion of KA in budgerigars 
reduces the number of cochlear ganglion neurons and den-
sity of distal AN fibers throughout the full-length of the 

cochlea. In contrast, HCs and the morphology of the HC 
epithelium were unaffected by KA. Physiological measure-
ments of CAP amplitude and of ABR wave I were also dra-
matically reduced, to an extent that was well correlated with 
and roughly proportional to the degree of ganglion cell loss. 
Maximal correlations between physiological and histological 
measurements were found at middle and basal cochlear loca-
tions putatively tuned to frequencies above ~ 2 kHz.

Fig. 9  Correlations between tone-evoked CAP amplitude and gan-
glion cell count at corresponding cochlear locations with character-
istic frequencies within an approximately 1-octave band centered on 
the tone frequency. The region of the cochlear ganglion considered is 

indicated below each tone frequency (top). Tone-evoked CAP ampli-
tudes were measured at 70  dB SPL. Post-KA measurements were 
made immediately before cochlear dissection

Fig. 10  Correlations between the amplitude of auditory brainstem 
response (ABR) wave I amplitude with CAP amplitude in the same 
ears. Responses were recorded using click stimuli at 60, 70, 80, and 
90 dB p.e. SPL. The equation displayed is the fit of a linear mixed-
effects model with a random effect of individual ears. Data from one 
ear (K25; triangles) were obtained both before and after KA exposure
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The avian cochlea is functionally homologous but ana-
tomically somewhat different from the mammalian coch-
lea [37, 38]. The cochlear duct in birds is uncoiled and 
shorter than in mammals, but shares the same tonotopic 
arrangement of the HC epithelium observed in mammals 
[39–41]. The HC epithelium of budgerigars is 2.148 ± 0.201 
(mean ± SD) mm in length after fixation, with an estimated 
length of 2.5 mm in length in the living animal [42]. The 
maximum width is 197 µm with an average of 31 cells/sec-
tion across, at the widest point [42]. Apical sections in the 
present study typically showed a slightly greater papilla 
width of 250–350 µm, likely due to our frozen sectioning 
technique for which the plane of section was not perfectly 
perpendicular to the longitudinal cochlear axis at all coch-
lear regions due to mounting variation and slight curvature 
of the papilla toward the base. Manley and colleagues [42] 
used a whole-mount technique better suited to quantifying 
papillar morphology.

The cochlear ganglion of budgerigars did not span the 
full-length of the cochlea, similar to previous results in 
other avian species. In quail, ganglion cells first occur at 
approximately 10% of the length and disappear at 75–80% 
length from the apical end of the cochlea [43]. AN afferent 
terminals in other avian species are tonotopically arranged 
along the cochlea with an approximately logarithmic CF-
location relationship [41, 44–46]. In chickens, AN terminals 
located at 30.1–74.4% of the length from the apical end of 
the cochlea have CFs increasing from 353 to 3145 Hz, in an 
orderly manner [45]. To reduce the variation of the coch-
lear location for different ears, we aligned samples based on 
their percent distance from the apical to the basal end of the 
ganglion. Note, however, that the extent to which tonotopy 
of AN afferent terminals is reflected in the organization of 
the ganglion remains unknown. Nonetheless, as a first step 

toward correlating frequency-specific anatomical and physi-
ological measures, a Greenwood function derived from the 
behavioral audiogram of the budgerigar was fit to the longi-
tudinal axis of the ganglion to obtain CF estimations for each 
location. While some degree of agreement was observed 
between tone-evoked responses and histological measures, 
differences between our rough CF approximation and the 
true frequency-location map of the cochlear ganglion in 
budgerigars almost undoubtedly affected our findings.

KA is a potent agonist of ionotropic glutamate receptors 
including AMPA, NMDA, and KA receptors. Overstimula-
tion of these receptors by KA results in a massive influx 
of Ca2+ , leading to excitotoxicity-related neuronal apopto-
sis [47]. As one of several manipulations for establishing a 
cochlear synaptopathy model, KA exposure of the cochlea 
selectively targets AN afferents, which innervate inner HCs 
in mammals or tall HCs in birds [17–19]. The selective dam-
age caused by KA is comparable to that produced by oua-
bain [13, 14], which inhibits the alpha subunit of the Na/K 
ATPase [48], leading to demyelination of AN fibers and 
mitochondrial apoptosis of ganglion neurons [49]. Excito-
toxicity has also been observed at afferent synapses follow-
ing noise exposure [50]. Compared with cochlear synaptopa-
thy models produced by controlled noise exposure [10–12], 
the use of neurotoxic agents such as KA can produce damage 
over a wider CF range, perhaps similar to age-related AN 
degeneration in human and animal models [1, 3, 43, 51].

The results of the present study demonstrate that intra-
cochlear infusion of 1-mM KA in budgerigars damages 
ganglion neurons and AN peripheral axons, while HCs 
remain intact. These histological effects are consistent 
with findings previously reported in various animal models, 
including chicken [19, 20], guinea pig [17], rat [18], chin-
chilla [21], and mouse [22, 23]. Earlier observations using 

Fig. 11  Correlations of normalized click-ABR wave I (from [32]; 
left-pointing triangles ◁) or click-CAP amplitude (right-pointing 
triangles ▷) with ganglion cell count at different cochlear locations. 
Both ABR and CAP measurements were made at 80  dB p.e. SPL. 

Ganglion cell counts were made in all ears. Control amplitudes were 
fixed at 1, and control ears with histological measurements only are 
represented by crosses (✕). For KA-exposed ears, post-KA amplitude 
is normalized by the pre-KA amplitude of the same ear
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electron microscopy have shown acute and selective swell-
ing of AN afferent synapses shortly after the intracochlear 
infusion of KA [17], followed after longer time periods 
(weeks or months) by profound ganglion neuronal loss 
[18, 20]. Recent studies using immunolabeling and confo-
cal microscopy suggest that KA exposure causes a reduction 
of presynaptic inner HC ribbon synapses and postsynaptic 
GluA2 pairs [22, 23], reduction of the peripheral AN axons 
that innervate inner HCs [52], and substantial loss of gan-
glion neurons [22].

Our results showed no difference in the effect of KA infu-
sion between budgerigars with short (8 weeks) and long-
term post-KA survival times, suggesting that the degenera-
tion of neuronal soma caused by 1–2 mM KA infusion is 
likely completed by 8 weeks after exposure. Longitudinal 
ABR measurements in budgerigars with the same KA infu-
sion protocols and concentration from the present study sug-
gest that AN function shows little or no further recovery 
after 4 weeks post-infusion [15]. Notably, the degeneration 
time course in budgerigars is also consistent with findings 
in chicken [20]. In chicken, KA exposure causes immedi-
ate swelling and breakage of AN afferent synapses. A high-
dose (5 mM) KA infusion leads to irreversible damage to 
AN peripheral axons, with a slow and progressive but near-
complete loss of ganglion neurons (12.5% remaining) over 
a period of 20 weeks. A lower-dose (0.3 mM) KA infu-
sion was found to cause no permanent neuronal loss, but 
pathologic morphological changes were observed in 34% 
of ganglion neurons. CAP results in the same study suggest 
a partial functional recovery of the AN that is completed 
within 4 weeks after KA exposure.

Our histological and physiological results were also con-
sistent with previously reported physiological measurements 
in budgerigars. A similar 40–75% amount of AN reduction 
has been estimated based on ABR wave I amplitudes at mod-
erate to high sound levels post-KA [15]. On the other hand, 
no impairment of ABR thresholds, cochlear microphonic, or 
DPOAEs was found [15, 32, 33], suggesting intact HC func-
tion. Here, we extend the results by showing that survival of 
ganglion neurons is correlated with CAP and ABR wave I 
amplitude measured with clicks at moderate to high sound 
levels in the same ears. These findings show that these two 
physiological measurements are comparable, and can pro-
vide a reliable indicator of AN status in the budgerigar. ABR 
wave I amplitude was approximately 15% that of the CAP.

We found that the click-CAP amplitudes were more cor-
related with number of ganglion neurons in middle and basal 
cochlear regions than the cochlear apex. Higher correla-
tion for tone-CAP amplitudes was observed with 3–4 kHz 
tones as well. Although CAP and ABR wave I are known to 
arise from the summed activity of AN fibers [53, 54], the 
contributions of the AN fibers to the measured amplitudes 

may differ based on their response features, such as CF or 
spontaneous rate [55, 56]. Lee et al. [56] investigated the 
spatial origins of AN CAP responses for moderate- to high-
level sound by sequentially blocking AN potentials from 
the apex to the base of the cochlea, corresponding to low to 
high CFs. The study used low-level stimuli to identify CF 
regions responsible for tone-frequency responses from 2 to 
16 kHz. For higher-level tones, they found that the CF region 
responsible for the response expanded considerably, while 
also shifting basally for low-frequency tones and apically 
for high-frequency tones. Little or no CF shift was observed 
for mid-frequencies from 8 to 10 kHz, at which Guinea pigs 
exhibit greatest sensitivity of the audiogram. These results 
suggest that the CF region responsible for tone-response 
generation shifts toward the most sensitive CF of the audi-
tory system at high sound levels. A similar phenomenon 
could also occur in budgerigars, which have the greatest 
auditory sensitivity from 2 to 4 kHz [57]. On the other hand, 
the cochlear origins of high-level tone-burst responses could 
differ based on findings in other bird species that AN fiber 
tuning curves generally lack low-frequency “tail” regions 
and show less increase in bandwidth at high sound levels 
than occurs in mammals [40, 46]. Further study is needed 
to better understand the origins of gross AN potentials in 
budgerigars and other birds.

In conclusion, histological analyses of the budgerigar 
cochlea revealed a profound loss of ganglion cells and distal 
AN fibers after KA exposure. In contrast, the HCs and HC 
epithelium were unaffected. These histological findings are 
comparable with prior physiological measurements in the 
same species, and further highlight the effectiveness of using 
the intracochlear infusion of KA as a neuropathic manipula-
tion for establishing a cochlear synaptopathy model. Future 
studies should examine the effects of KA in greater detail, 
for example, by staining pre- and post-synaptic components 
of HC ribbon synapses [58, 59]. The survival of ganglion 
neurons was highly correlated with CAP and ABR wave 
I amplitudes, supporting the use of both measurements 
as reliable indicators of AN status. CAP and ABR wave I 
amplitude were most strongly correlated to ganglion survival 
at cochlear locations likely tuned from 2 to 3 kHz. Hence, 
these physiological metrics can estimate neural survival in 
the most sensitive and behavioral relevant frequency region 
of the budgerigar’s hearing range.
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