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Correlations between inner ear morphology and auditory sensitivity in the same individual
are extremely difficult to obtain for stranded cetaceans. Animals in captivity and
rehabilitation offer the opportunity to combine several techniques to study the auditory
system and cases of hearing impairment in a controlled environment. Morphologic
and auditory findings from two beluga whales (Delphinapterus leucas) in managed
care are presented. Cochlear analysis of a 21-year-old beluga whale showed bilateral
high-frequency hearing loss. Specifically, scanning electron microscopy of the left ear
revealed sensory cell death in the first 4.9 mm of the base of the cochlea with scar
formation. Immunofluorescence microscopy of the right ear confirmed the absence of
hair cells and type | afferent innervation in the first 6.6 mm of the base of the cochlea,
most likely due to an ischemia. Auditory evoked potentials (AEPs) measured 1.5 years
prior this beluga’s death showed a generalized hearing loss, being more pronounced
in the high frequencies. This individual might have had a mixed hearing loss that would
explain the generalized hearing impairment. Conversely, based on AEP evaluation, her
mother had normal hearing and subsequent cochlear analysis did not feature any
apparent sensorineural pathology. This is believed to be the first study to compare
two cochlear analysis techniques and hearing sensitivity measurements from AEPs in
cetaceans. The ability to combine morphological and auditory data is crucial to validate
predictions of cochlear frequency maps based on morphological features. In addition,
our study shows that these three complementary analysis techniques lead to comparable
results, thus improving our understanding of how hearing impairment can be detected
in stranding cases.

Keywords: inner ear, cochlea, auditory evoked potentials, beluga, scanning electron microscopy,
immunofluorescence, high-frequency hearing loss, Delphinapterus leucas
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FIGURE 4 | Right cochlea from the beluga Qila. (a) Sub-gross focal hemorrhage (arrows) and immunofluorescence image of the hook or most basal part of the
cochlea, where the highest frequencies are encoded. (b) Organ of Corti (O. Corti) of the lower apical turn, formed by three rows of outer hair cells (OHCs) and one row
of inner hair cells (IHCs). Flat preparations of the cochlea were incubated with antibodies against prestin (green), myosin VI (red), neurofilament 200 kD (yellow) and

DAPI (blue). SGCs, spiral ganglion cells.

A small region of the lower basal turn had mild hemorrhage

Right Inner Ear From Aurora
in the vestibular scala, which was not apparent in the

The right cochlea was sectioned flat and dissected using the
whole-mount technique and prepared for immunofluorescence.  cochlear scala.
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FIGURE 5 | Right cochlea from the beluga Qila. (a) General picture. Note there is multifocal congestion with hemorrhage at the round window (red arrow). (b) Detail of
the round window niche after being sampled for histopathology. (c,d) Histopathology of focally extensive acute hemorrhage admixed with vacuolated proteinaceous
deposits and dense clusters of extracellular (c,d) and rare intracellular [arrow in (e)] Gram positive cocci. Sections (c,d) were stained with hematoxylin-eosin and (e)
with Twort’s gram stain.

There was positive labeling for hair cells and associated  three controls were negative. Based on observation from
innervation throughout the cochlear spiral (Figures7e,f). immunofluorescence, there was no evidence of hearing loss
Artifact associated with post-mortem decomposition was more  at the level of the hair cells or innervation of the right
evident in the upper basal and lower apical turns. The inner ear.
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DISCUSSION

Ultrastructural and immunofluorescence studies of both ears
in Qila revealed lesions in the base of the cochlea consistent
with bilateral high-frequency hearing loss in this individual.
There was a slightly larger affected area in the right ear. AEPs
measured 1.5 years prior to this beluga’s death showed hearing
loss, particularly at high frequencies of 56 kHz and above, and
apparently more severe in the right ear. This was apparent
in the low amplitudes and delayed latencies of the peaks of
the ABR, which are associated with high-frequency hearing
loss in cetaceans (33). The frequency-specific thresholds in the
audiograms subsequently confirmed such a hearing loss. This
beluga may have had additional pathology within its hearing
pathway that could explain the generalized hearing impairment.
Based on the AEPs and morphology studies, Qila would have had
mixed hearing loss, which is a combination of conductive and
sensorineural hearing loss.

Masking of hearing thresholds by ambient noise did not
account for the elevation in Qilas hearing thresholds [see (34)].
Based on the ambient noise levels measured in the pool, and
critical ratios published by Johnson et al. (30), hearing thresholds
for Aurora between 20 and 56 kHz were 5-10 dB above the
expected minimum thresholds in the presence of energetic
masking. Aurora’s thresholds were further elevated above these
predictions at higher frequencies (22, 41, and 56 dB differences at
80, 113, and 130 kHz, respectively). Qila’s even higher thresholds
therefore resulted from a true deficit in auditory function rather
than interference from ambient noise.

In domestic animals and humans, high-frequency hearing
loss can be due to age related degeneration [i.e., presbycusis,
(35)]; however, Qila was 21 years old while wild belugas have an
estimated mean lifespan of 30-60 years (36-38). Another cause
of similar lesions to the ones found in our study in the most
basal region of the cochlea could be exposure to ototoxic drugs, as
observed in a beluga by Finneran et al. (32). However, since there
was no record of clinical history of ototoxic drug administration,
it is unlikely that this may have contributed to the hearing loss
in this case. Noise-induced hearing loss is frequency specific,
although a high-frequency noise source able to damage this part
of the cochlea would need to be present at a sufficiently high
level and/or long duration in the belugas’ environment (27, 39).
Underwater noise measurements conducted at the Vancouver
Aquarium in 2014 revealed no noise capable of inducing this
hearing loss, and it is unlikely that there were other sources that
emit at these frequencies in the vicinity of the display that the
animal would be exposed to. In addition, Aurora would have
likely been exposed to the same sound source since both whales
lived in the same habitat and Qila was born at the Aquarium.

Other potential causes could include congenital, infectious,
toxic or immunological disorders. However, the small zone of
transition between the affected vs. non-affected area in the
basal turn, as well as the fungal infection of the middle ear,
suggests that ischemia and apoptosis may have resulted in the
high-frequency hearing impairment. Studies in humans showed
that vertebrobasilar artery ischemia can cause sensorineural
hearing loss (40). In animal models, it was demonstrated that

labyrinthitis induced a reduction of cochlear blood flow or
ischemia, associated with hair cell loss (41). Temporal bone
histopathological studies in humans showed that suppurative
labyrinthitis resulted in stria vascularis atrophy, hair cell and
auditory neuron loss, mainly in the basal turn of the cochlea
explaining high-frequency hearing loss (42, 43). Altogether, these
observations suggest that the pathological findings in Qila could
be a consequence of a labyrinthitis related or secondary to
chronic middle ear infection.

Conversely, the results of the inner ear analysis and AEP
measurements in Aurora were different. Although there were
some artifacts attributed to post mortem decomposition, both
inner ears from the beluga Aurora were remarkably well
preserved considering the delay between death, sample collection
and fixation (16h). At present, there is little information
regarding the pathology and neurophysiology of the cochlea
in belugas, and the repercussions of the chronic inflammatory
process found in the round window niche on hearing are
unknown. Based on analysis of the ultrastructure of the hair
cells (SEM and immunohistochemistry) and associated afferent
innervation (immunohistochemistry), there was no evidence
of hearing loss in either ear. Our anatomical results are thus
consistent with the AEPs measured for this individual.

It is unusual that two cetaceans in captivity die in a short time
span (9 days apart). Although tragic, these mortalities afforded a
unique opportunity to compare three methodologies and results
obtained from two related individuals that shared the same
environment for over 20 years with different hearing capabilities.
Although the results of the post-mortem examination were
different in both cases, both deaths were acute, and there is no
clinical history, histopathologic or ultrastructural evidence that
suggests that the cause of death was related with the hearing
disorder found in Qila. The lack of detectable of type I afferent
neurons and the presence of flat epithelium in the base of the
cochlea can be an indication of an old lesion, and consistent
with the results obtained with AEPs. In addition, we would have
also found damage in the inner ear of Aurora if the lesions
detected in Qila would have been related to the death of both
individuals since Qila was a severe case. We do not expect that
significant changes in the hearing capabilities of both individuals
occurred between the measurement of their AEPs and their death
and cochlear analysis 1.5 years later. There are detailed medical
records for both animals in this time period. No ototoxic drugs
were administrated, or clinical detection of infections that may
have contributed to hearing loss in either of these individuals.
Age-related hearing loss during this time period could be a factor
to consider, but we would have likely detected it in Aurora as well,
given that she was 19 years older than Qila.

Although we compared the three techniques on two
individuals and statistical analysis could not be conducted due to
the small dataset, the fact that comparable results were obtained
with all three techniques used shows that physiological and
morphological test results can be correlated. This is particularly
important because it is rare to have information on the cochlear
anatomy and AEPs of the same individual: access to live
animals is necessary for the measurement of AEPs, and rapid
preservation of the hearing organs following death is required
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FIGURE 6 | Left cochlea from the beluga Aurora. (a) Sub-gross image of the base of the cochlea. The arrow highlights the white deposits at the round window niche.
(b-d) Micrographs of Hematoxylin and Eosin stained sections with moderate focal accumulation of lymphocytes, plasma cells and fewer macrophages with scattered
neutrophils. In images (d,e) there are a small number of entrapped variably sized glands.

for cochlear anatomical analyses. The comparison shown in This study is the first to compare the findings of two cochlear
our study will be also useful in those circumstances when  analysis techniques and direct hearing sensitivity measurements
only one of the two methods (AEPs or inner ear analysis) can  from AEPs in a cetacean species. The ability to combine
be performed. morphological and auditory data is crucial to validate cochlear
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Neurofilament 200

FIGURE 7 | (a-d) Scanning electron micrographs of the left cochlea from the beluga Aurora. Organ of Corti features three rows of outer hair cells (OHCs) and one row
of inner hair cells (IHCs) in the upper (a) and lower (b) apical turn, upper (c) and lower (d) basal turn. (e,f) Right cochlea from the beluga Aurora. Immunofluorescence
images of the middle turn (e) and hook or most basal part of the right cochlea. (f) The beginning of the hook is located at the left the image, which is the region of the
cochlea where the highest frequencies are encoded. Flat preparations of the cochlea were incubated with anti- prestin (green), anti-myosin VI (red), anti-neurofilament

200 kD (yellow) antibodies and DAPI (blue). SGCs, spiral ganglion cells.
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findings in stranded cetaceans, as well as to validate predictions
of cochlear frequency maps based on morphological features.
Animals with hearing loss are of particular interest since they
can further refine predictive models, and cases of high-frequency
hearing loss will be crucial to localize the frequencies encoded in
the first millimeters of the base of the cochlea. While AEPs on live
strandings are a valuable tool to assess the hearing capabilities of
species that cannot be kept in captivity (44), cochlear frequency
maps will allow for predictions of the full hearing range of
species for which it is not possible to measure AEPs in vivo, or
where such data are not yet available. Further, studies on noise-
induced hearing loss in terrestrial and marine mammals exposed
to high noise levels show that the greatest losses of sensitivity
regularly occurs at a frequency about half an octave, up to one
octave, above the exposing tone (39, 45-47). Thus, in future cases
of noise-induced hearing loss in individual and mass stranded
marine mammals, frequency maps could ultimately provide key
information on the frequency characteristics of the causal sources
of the cochlear lesions.
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