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Abstract

The apex or apical region of the cochlear spiral within the inner ear encodes

for low-frequency sounds. The disposition of sensory hair cells on the organ of

Corti is largely variable in the apical region of mammals, and it does not neces-

sarily follow the typical three-row pattern of outer hair cells (OHCs). As most

underwater noise sources contain low-frequency components, we expect to

find most lesions in the apical region of the cochlea of toothed whales, in cases

of permanent noise-induced hearing loss. To further understand how man-

made noise might affect cetacean hearing, there is a need to describe normal

morphological features of the apex and document interspecific anatomic varia-

tions in cetaceans. However, distinguishing between apical normal variability

and hair cell death is challenging. We describe anatomical features of the

organ of Corti of the apex in 23 ears from five species of toothed whales (har-

bor porpoise Phocoena phocoena, spinner dolphin Stenella longirostris, pantrop-

ical spotted dolphin Stenella attenuata, pygmy sperm whale Kogia breviceps,

and beluga whale Delphinapterus leucas) by scanning electron microscopy and

immunofluorescence. Our results showed an initial region where the lowest

frequencies are encoded with two or three rows of OHCs, followed by the
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typical configuration of three OHC rows and three rows of supporting Deiters'

cells. Whenever two rows of OHCs were detected, there were usually only two

corresponding rows of supporting Deiters' cells, suggesting that the number of

rows of Deiters' cells is a good indicator to distinguish between normal and

pathological features.
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1 | INTRODUCTION

There is an increasing concern about the effects of under-
water noise pollution on marine mammals (Erbe, Dun-
lop, & Dolman, 2018; Simmonds et al., 2014). Hearing is
essential to cetaceans since sound is used for finding
prey, communication, or navigation. Thus, changes to
their hearing system may have a large impact on their
ability to perform vital activities. In terrestrial mammals,
if an individual is exposed to a high intensity audible
sound for a certain duration, structural alterations can
occur in the sensory cells of the organ of Corti as a result
of mechanical damage and metabolic fatigue (Lim &
Dunn, 1979).

Most underwater noise sources that are potentially
damaging for marine mammals have major low fre-
quency components (National Research Council, 2003),
overlapping with the lowest frequencies of the hearing
range in toothed whales. These low frequency sources

include oil and gas exploration and exploitation activities,
geophysical surveys or low frequency active sonar. As a
result, we anticipate potential lesions associated with
underwater noise exposure in cetaceans to occur most
commonly in the region of the cochlea where the lowest
frequencies of their hearing range are encoded, that is,
the apex (or apical region) of the cochlea.

Typically, the organ of Corti in mammals is com-
prised of sensory cells and supporting cells (Figure 1,
see Lim, 1986 for review). There are two types of sensory
cells, inner hair cells (IHCs) and outer hair cells
(OHCs), which are arranged in three parallel rows,
amplify the incoming signal and are responsible for fre-
quency sensitivity and selectivity. IHCs are aligned in
one row and they transduce the mechanical sound stim-
ulation into the release of neurotransmitter to the Type
I afferent neurons that conduct the auditory information
to the brain stem. There are several types of supporting
cells that are highly differentiated epithelial cells and

FIGURE 1 Schematic representation of the sensory cells and supporting cells of the organ of Corti. The colors used to highlight the

sensory cells and some types of supporting cells correspond to the legend of Figures 4, 5, 6, and 9
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form the reticular lamina. The supporting cells are
called (from medial to lateral): inner sulcus cells, inner
border cells, inner phalangeal cells, inner pillar cells,
outer pillar cells, Deiters' cells, Hensen cells, and Clau-
dius cells (Figure 1, see Raphael & Altschuler, 2003 and
Monzack & Cunningham, 2013 for review). Besides pro-
viding structural support (Slepecky, Henderson, &
Saha, 1995), the supporting cells participate in the
recycling process of K+ back to the endolymph space,
which is required for hearing (Kikuchi, Adams, Miyabe,
So, & Kobayashi, 2000; Spicer & Schulte, 1998). The
Deiters' cells are arranged in three parallel rows and
they are in contact with the basilar membrane and the
basal domain of the OHCs, forming a “seat” for OHCs.
In addition, Deiters' cells have a phalangeal process that
contributes to the reticular lamina mosaic, filling the
spaces between OHCs. The first row of Hensen cells are
also referred to as Tectal cells and are not in contact
with the basilar membrane (Henson, Jenkins, &
Henson, 1983; Spicer & Schulte, 1994). However, for this
manuscript, Tectal and Hensen cells will not be
differentiated.

Typically, structural alterations as a consequence of
noise exposure include changes in the stereocilia and
degeneration and loss of entire hair cells, among others
(Bredberg, Ades, & Engstrom, 1972; Engstrom, Borg, &
Canlon, 1984; Hu, Guo, Wang, Henderson, & Jiang, 2000).
Following cochlear hair cell death, neighboring supporting
cells initiate the elimination of the hair cell, leaving a dis-
tinct scar. This “scarring” process results in the simulta-
neous expansion and sealing of the reticular lamina
(Lim & Dunn, 1979; Lim & Melnick, 1971) as a rapid pro-
tective response to hair cell apoptosis and is not equivalent
to tissue scar formation as in wound healing. There are sev-
eral structural alterations observed regularly in cetacean
cochlea, such as fusion of the stereocilia of the sensory
cells, bleb formation, perforations of the reticular lamina,
or swelling of the dendrites. However, these alterations are
not considered pathological features but rather a conse-
quence of postmortem decomposition in our samples due
to a delay between the death of the individual and the fixa-
tion of the inner ear (Morell et al., 2015). Consequently,
when describing the normal (i.e., undamaged) morphology
of the cells of the organ of Corti in cetacean species in this
study, we will only focus on the disposition of hair cells
and supporting cells, but do not take into account other
alterations that can lead to temporary and permanent hear-
ing loss in mammals (Bredberg et al., 1972; Saunders,
Dear, & Schneider, 1985). However, hair cell death by apo-
ptosis and scar formation can be distinguished and consid-
ered as pathological features. The presence of scarring
among hair cell rows is therefore an important criterion for

assessing possible history of noise-induced cochlear lesions
that can be distinguished from artifacts that may derive
from tissue autolysis (Morell et al., 2015; Morell
et al., 2017).

In terrestrial mammals, the hair cell disposition in
the apex of the cochlea is variable (Lenoir, Puel, &
Pujol, 1987). Whereas, hair cells within the rest of the
organ of Corti (i.e., organ of Corti excluding the apex)
typically appear as a single row of IHCs and three rows
of OHCs. In several species of bats, it is common to find
two rows of OHCs (Vater & Lenoir, 1992) or locations
with fewer OHCs in the apex (Vater & Siefer, 1995). One
of the most extreme anatomic variations is reported in
the mole rat Spalax ehrenbergi. In this low frequency spe-
cialist, the first uppermost half turn of the cochlea is
formed only by IHCs, while OHCs are absent (Raphael,
Lenoir, Wroblewski, & Pujol, 1991).

There are some studies of the cochlear sensory epi-
thelium in toothed whales (Girdlestone et al., 2018;
Morell et al., 2015; Morell et al., 2017; Morell, Raverty,
et al., 2020; Morell, Vogl, et al., 2020; Wever, McCor-
mick, Palin, & Ridgway, 1971a, 1971b; Wever, Ridgway,
Palin, & McCormic, 1972) focusing on describing ana-
tomical features, structural adaptations and morpho-
metric variations of the organ of Corti along the
cochlear spiral in harbor porpoises (Phocoena pho-
coena), striped dolphins (Stenella coeruleoalba),
bottlenose dolphins (Tursiops truncatus), Atlantic white-
sided dolphins (Lagenorhynchus acutus), and beluga
whales (Delphinapterus leucas). However, to the best of
our knowledge, no previous reports have described the
arrangement of hair cells in the apex of the cochlea.
This is most likely because these cells are more suscepti-
ble to postmortem decomposition than the cells of the
organ of Corti of the base, possibly related to their ultra-
structural characteristics, that is, the cytoskeleton of
hair cells and supporting cells of the apex of toothed
whales is not as highly developed as observed in the
base of the cochlea (Morell et al., 2015).

Herein, we present the first detailed baseline study of
cochlear apical morphology for five species of toothed
whales: harbor porpoise (P. phocoena), spinner dolphin
(Stenella longirostris), pantropical spotted dolphin (Stenella
attenuata), pygmy sperm whale (Kogia breviceps), and
beluga whale (D. leucas). The “normal” morphology and
interspecific and intraspecific variability of the hair cell dis-
position in the apex of the cochlea of cetaceans will be
important for diagnosis of potential noise-induced hearing
loss in future cases.

For the purposes of this study, we will define the apex
as the first millimeter of the cochlear spiral, measured
along the limit between the first row of OHCs and the
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inner pillar cells. Here, the sensory epithelium of
the apex of these odontocete species is described by scan-
ning electron microscopy (SEM) and by immunofluores-
cence (IF).

2 | MATERIALS AND METHODS

2.1 | Sample collection

Twenty-three years from five odontocete species were
perfused perilymphatically between 1.25 and 18 hr post-
mortem using either 10% neutral buffered formalin, 2.5%
glutaraldehyde (in 0.1 M phosphate buffer or in 0.1 M
cacodylate buffer), or 4% paraformaldehyde in PBS, fol-
lowing the protocol described by Morell and
André (2009). Specifically, cochleas were collected
and preserved from harbor porpoise (n = 11 ears from
10 individuals), spinner dolphin (n = 1 ear), pantropical
spotted dolphin (n = 2 ears from 1 individual), pygmy
sperm whale (n = 1 ear), and beluga whale (n = 8 ears
from 5 individuals). The variability of fixation delay was
due to the opportunistic nature of cetacean samples.
Studying the cochlea of neonates is ideal since they
would most likely show normality given they are least
likely to have encountered any agent that might cause
hair cell loss. However, we also included juveniles and
adults when the apex was well preserved, which is essen-
tial to account for the variability within a species
throughout the life of an individual. Table 1 details the
origin and species of the processed samples, postmortem
interval, analysis techniques, ear (right or left), and field
identification number.

All species were transferred using CITES permits and
all required permits for the belugas were obtained from
the Aurora Research Institute License No. 15467, Depart-
ment of Fisheries and Oceans Fishing License No. S-
14/15-3019-YK, Marine Mammal Transport License
#18843, and Environmental Impact Screening Committee
(EISC) #03-14-03.

2.2 | Sample preparation

The periotic bone surrounding the cochlea was decalcified
by immersion in 14% ethylenediaminetetraacetic acid
tetrasodium salt hydrate, pH 7.4, at room temperature
(changing the solution once every 7–10 days; Callis &
Sterchi, 1998) or the rapid decalcifier RDO (Apex Engineer-
ing Products Corporation, Aurora, IL). Concentrations of
50% RDO for the first 24 hr and 25% RDO in the following
days were used, following a previously optimized protocol
(Morell, Degollada, Alonso, Jauniaux, & Andre, 2009).

2.3 | Scanning electron microscopy

The decalcification of the periotic bone was stopped
when the vestibular scala and the stria vascularis of the
cochlea were exposed. Subsequently, the cochleas and
their tectorial membranes were dissected, dehydrated
with increasing concentrations of ethanol, critical point
dried with CO2, and coated with gold, gold–palladium or
platinum–palladium. The samples were observed with an
SEM at the University of British Columbia Bioimaging
Facility, Canada (Hitachi S-4700), at the COMET, Mont-
pellier Resources Imagery, France (Hitachi S-4000), and
at the Institut Européen des Membranes (IEM), France
(Hitachi S-4800).

2.4 | Immunofluorescence

The ears used for IF were further decalcified until the
vestibular, cochlear and tympanic scala were exposed.
The methodology followed for IF is described in detail in
Morell, Vogl, et al. (2020). In short, the cochleas were dis-
sected using the whole-mount technique until flat prepa-
rations of half turns were obtained. Then, the segments
were blocked with 5% normal donkey serum for 1 hr and
incubated overnight at 4�C with the following primary
antibodies: goat anti-prestin (Santa Cruz SC-22692,
1:200) for OHC labeling, rabbit anti-myosin VI (Proteus
25-6791, 1:500) for IHC and OHC labeling and mouse
anti-neurofilament 200 (Sigma-Aldrich N0142, 1:400) or
chicken anti-neurofilament H (Millipore AB5539,
1:5,000) for Type I innervation labeling. Anti-
neurofilament antibodies labeling was not pertinent to
the anatomical description of the hair cells of the sensory
epithelium to this study. Thus, the results are not shown
for most species in this study, only for pantropical spotted
dolphin (Figure 6). The primary antibodies were washed
three times (10 min each) with PBT (0.1% triton-X
100 with 2 mg/L bovine serum albumin in PBS), incu-
bated with secondary antibodies for 2 hr in the dark at
room temperature (Molecular Probes A11055, A10042,
and A31571, Sigma-Aldrich SAB4600127, 1:400 dilution),
and incubated for 30 min with DAPI (Thermo Scientific
62248, 1:1,000 dilution) to counter-stain the nucleus. In
one cochlea, F-actin of the cells of the organ of Corti was
labeled with phalloidin (FluoProbes X5 505 FP-AZ0130,
10 nanomoles in 1.5 ml initially, 1:100 dilution), which
was added to the secondary antibody solution. The
whole-mounts were subsequently washed three times
(10 min each) with PBS, treated with 0.2% Sudan Black B
(except for the sample labeled with phalloidin) for
10 min to reduce the fluorescence of the tissue, and
rinsed three times (1 min each) with 70% ethanol. Then,
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the segments were rinsed three times (10 min each) with
PBS and mounted on a slide with 0.1% N-propyl gallate
in 90% glycerol. The samples were then observed under
an Olympus FV1000 confocal microscope at the Univer-
sity of British Columbia Bioimaging Facility (UBC, Van-
couver, Canada) and a Zeiss LSM880 confocal
microscope at the Montpellier Resources Imagery (MRI,
Montpellier Cell Biology Research Center, France).

Small subsegments were randomly taken from other
locations of the cochlea as controls. Control for nonspecific
binding of the secondary antibodies was performed in all
individuals: samples were incubated without primary anti-
bodies, but with the same concentrations of the secondary
antibody as the experimental segments (and DAPI in some
cases). In most of the samples, there was also a specificity
control, where the samples were incubated with the same
concentration of IgG as the primary antibodies as the
experimental segments (Sigma-Aldrich ref. I5256, M5284,
and I5006), and incubated with the same concentrations of
the secondary antibody and DAPI as the experimental seg-
ments. In most of the samples, there was a control for
autofluorescence, where neither primary nor secondary
antibodies were used.

For SEM and IF, the cochlear length measurements
used to describe the organ of Corti cells of the first milli-
meter of the apex were made using ImageJ (National
Institutes of Health) software. The brightness and con-
trast of the images used for the figures were enhanced
with Adobe Photoshop (Adobe Systems Incorporated)
software. For an easier comparison, some ears have been
inverted horizontally to orient the beginning of the apex
to the left of the figure.

2.5 | Statistical analysis

The disposition of the sensory cells along the apex was
quantified in blocks of 20 μm of cochlear length (mea-
sured at the level of OHC1 in contact with the inner pil-
lar cells). For each 20 μm of cochlear length, a code was
assigned per sensory cell type, according to its apical
membrane appearance. A presence was assigned
1, absence 0, and alternation 0.5 as there were some sen-
sory cells detected in this specific row, and some were
absent. We also highlighted those regions where the
reticular lamina could not be assessed either due to autol-
ysis, processing artifacts (e.g., shearing or folding of the
basilar membrane) or deposition of cellular debris on
the reticular lamina surface, which obscures the identifi-
cation of the underlying cell types (Table 1, gray rectan-
gles in Figures 2 and 3).

Averaged values along the apical ends of the cochlea of
harbor porpoise and beluga were calculated per each block

of 20 μm using MATLAB software (MathWorks, nanmean
function) and excluding those anatomic locations that
could not be evaluated (blue in Figures 2 and 3).

3 | RESULTS

3.1 | Harbor porpoise

Two of the eleven analyzed ears from harbor porpoises
(one juvenile and one adult) provided complete informa-
tion on the disposition of OHCs throughout the first milli-
meter of the apex. The remaining nine ears had regions
where the sensory cells of the organ of Corti could not be
assessed, due to either unintentional damage during dis-
section or processing, or because there was cellular debris
on the surface of the reticular lamina, which obscured the
sensory epithelium. Although there were areas in the
cochlea of individual animals that could not be evaluated,
there were at least five ears with sufficient overlapping
information of a particular region to account for inter-
individual variability throughout the apex. Figure 2 shows
a schematic representation of the results from all ears. The
first zone contained two, three, or an alternation of two
and three rows of OHCs in all the samples analyzed, which
could extend from 220 up to 840 μm from the apex, with
an average of 420 μm in at least 70% of the cases
(Figures 2, 4, and 5). Beyond this range, the typical forma-
tion of three rows of OHCs was observed. In some por-
poises, there were a few cells arranged in a fourth row of
OHCs. The IHCs were not always well preserved, but when
present (or a cavity in the tissue remained as an indication
of their position antemortem) they were found consistently
throughout the apex. There was high interindividual vari-
ability detected by SEM and IF.

Phalloidin labeling, which was possible with one
cochlea that was fixed with 4% paraformaldehyde, proved
to be ideal to differentiate among sensory and supporting
cell types through the sensory epithelium. Figure 4c
shows maximum projections from z-stacks of the organ
of Corti and the different cell types were highlighted in
colors in the phalloidin labeling channel.

Figure 5b highlights the arrangements of sensory and
supporting cells in different colors in high magnification
SEM micrographs. Figure 5d also contains information
on the disposition of the cells of the organ of Corti in the
middle turn, for comparison with the apex.

3.2 | Spinner dolphin

Although there was only one ear analyzed from spin-
ner dolphin, the results are included because the well-
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preserved sample was from a neonate and had com-
plete information of OHCs of the first millimeter of
the apex. The SEM revealed that in the first 240 μm
there was an alternation between two and three rows
of OHCs, followed by an area of two rows of OHCs up
to 560 μm from the apex. Another zone of transition
occurred from 560 μm until 660 μm from the apex with

two and three rows that was followed by the typical
three-row alignment OHCs throughout the rest of the
cochlea (Figures 3 and 6a). There was no information
on the presence of IHCs due to postmortem decompo-
sition (Figure 6a). Figure 6b shows the disposition of
the OHCs and supporting cells in higher
magnification.

FIGURE 2 Schematic

representation of the apex of the ears

analyzed from harbor porpoise

(Phocoena phocoena) and pygmy sperm

whale (Kogia breviceps) for this study.

The inner hair cells (IHCs) are labeled

with a hyphen and the outer hair cells

(OHCs) with a “V.” The gray shading
represents regions where there was no

information due to decomposition,

cellular debris on the surface of the

organ of Corti that impeded the

visualization of the cells, or due to

unintentional damage during the

dissection or processing of the sample.

The gray “V” represents areas where
there was partial information of sensory

cells, or they showed signs of

decomposition making hair cell

identification challenging. It is possible

that there was a first region with no

information of the organ of Corti in the

pygmy sperm whale since it was

challenging to determine its beginning.

The averaged values for harbor porpoise

are shown in blue and include

percentages of cell presence. This

representation corresponds to about half

of the number of sensory cells found in

the first millimeter of the apex
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3.3 | Pantropical spotted dolphin

Two ears from the same individual were analyzed, the
right ear with IF and the left ear with SEM. The dolphin
was estimated to be a yearling with reasonably well pre-
served cochlea (Figure 7). The right ear had a complete
apex (Figures 3 and 7a); whereas there was a lack of

information on the sensory epithelium at around 220 μm
and scattered throughout the apex of the left cochlea
(Figure 3).

The results were different in both ears. While the
right ear had an alternation of three and two rows of
OHCs throughout the apex, the left ear featured a uni-
form three-row pattern of OHCs from 260 μm onward. In

FIGURE 3 Schematic

representation of the apex of the

ears analyzed from pantropical

spotted dolphin (Stenella

attenuata), spinner dolphin

(Stenella longirostris), and beluga

whale (Delphinapterus leucas)

for this study. The inner hair

cells (IHCs) are labeled with a

hyphen and the outer hair cells

(OHCs) with a “V.” The gray
shading represents regions

where there was no information,

due to decomposition, cellular

debris on the surface of the

organ of Corti that impeded the

visualization of the cells, or due

to unintentional damage during

the dissection or processing of

the sample. The gray “V”
represents areas where there was

partial information of sensory

cells, or they showed signs of

decomposition making hair cell

identification challenging. The

averaged values for beluga are

shown in blue and include

percentages of cell presence.

This representation corresponds

to about half of the number of

sensory cells found in the first

millimeter of the apex
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the left cochlea from 400 to 580 μm and between 840 and
900 μm the OHC3s were not well preserved and pre-
cluded ultrastructural evaluation.

3.4 | Pygmy sperm whale

With the exception of a 20 μm segment, IF analysis of
one left ear revealed the presence of the cells of the organ
of Corti throughout the apex. However, the first region of
the organ of Corti was not readily apparent and it is pos-
sible that immunofluorescent findings may be indicative
of regions closer to the base. In the first 200 μm, the
organ of Corti was formed by two or three rows of OHCs
(Figures 2 and 8). From this point onward, there was the
typical three-row alignment of OHCs.

3.5 | Beluga whale

All the beluga whales from this study were adults. Five
ears from three individuals were collected from the Arc-
tic, while three ears from two whales were from captive
animals. The disposition of hair cells in the apex varied
greatly (Figure 3). While some ears showed the three-row
pattern of OHCs throughout nearly the whole apex (cet
336A, Figure 9a), others displayed OHCs from a fourth
row in a region, 440 μm long (from 440 to 880 μm from
the apex in individual cet 344A). However, the majority
of the ears showed the same pattern as described for the
other species in this study: a first segment of the apex
with two or three rows of OHCs, transitioning to three
rows of OHCs starting in the last 380–740 μm, with an
average of 440 μm in at least 70% of the cases (Figure 3).
Figure 9b,c shows the disposition of the sensory cells and
supporting cells in higher magnification. In the best pre-
served individuals, a narrow groove (white dotted lines in
Figure 9) separated the Deiters' from the Hensen cells.
Figure 9d shows the morphology of the organ of Corti in
the upper basal turn, for comparison with the apex.

The three pairs of ears from the same individuals (cet
344, cet 340, and cet 419) showed large intraindividual
variability as well with differences in the arrangement of
OHCs between right (A) and left (B) ears (Figure 3).
Since the samples from the wild belugas were fresher
(perfused within 3.25 hr postmortem), all their apical
regions were complete or nearly complete, and the IHCs
were observed throughout the apex (Figures 9 and 10).

In the other species, OHC1 and OHC2 were consis-
tently present in the apex in the majority of the cases;
whereas, the third row was not always identified. In con-
trast, six examined ears from belugas lacked scattered
OHC1 or OHC2 (Figures 3 and arrows in Figure 9c).

3.6 | Common findings among species

In the best preserved cochleas analyzed by SEM and in
one sample labeled with phalloidin by IF, the different
types of supporting and sensory cells could be distin-
guished (highlighted in different colors in Figures 4c, 5b,
6b, 9b,c). Usually, when two rows of OHCs were
observed, OHC1 and OHC2 were present, as well as
Deiters' cells 1 and 2, with no morphologic evidence of
Deiters' cells 3 (Figures 5b, 6b, and 9b). Conversely, when
three rows of OHCs were observed, there were also three
rows of Deiters' cells identified (Figures 4c, 5b, 6b,
and 9c).

4 | DISCUSSION

4.1 | There is a high interindividual
variability in the disposition of OHCs in
the apex

For some of these species (K. breviceps, S. attenuata and
S. longirostris), this is the first study to describe the dispo-
sition of cells of the organ of Corti. Valuable anatomic
variations were identified despite the dataset for this

FIGURE 4 Immunofluorescence images of maximum projections from z stacks from the apical cochlea of two juvenile harbor porpoises

stranded in The Netherlands and fixed 4 hr postmortem. One sample was fixed with 10% neutral buffered formalin (individual cet 404, (a))

and the other with 4% paraformaldehyde (individual cet 426, (b,c)). The apex is located at the left side of the figure. (a) The flat preparations

were labeled with anti-prestin antibody (green) that labels outer hair cells (OHCs), anti-myosin VI antibody (red) that labels inner (IHCs)

and OHCs, and DAPI (blue). There is an area of transition between two, three and four rows of OHCs, followed by the typical formation of

three rows of OHCs (with a few cells forming a fourth row in a couple of locations). (b) The first transition region at �440 μm first displayed

one to two rows, followed by three to four rows, and finally two to three rows. After that, the typical three-row pattern of OHCs was shown.

In (b,c), the surface preparation was labeled with phalloidin (green), anti-prestin antibody (red) and DAPI. (c) High magnification of the

organ of Corti of the apical turn, slightly after the first millimeter. Phalloidin labeling is ideal for identifying the reticular lamina of the

different cell types of the organ of Corti. Different types of hair cells and supporting cells were colored in the image from the phalloidin

labeling
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study being unbalanced in terms of number of individ-
uals per species. While there were several individuals
from harbor porpoises and belugas, there was only one
spinner dolphin, one pantropical spotted dolphin and
one pygmy sperm whale. Although it was not possible to
study interindividual variability in these three species,
they were included in this study due to the age class of

the animals, the preservation status of their cochlea, or
the maximum hearing sensitivity of the species.

The collection of ears from neonates or young ani-
mals was prioritized. Although neonates can display con-
genital malformations, this age class is less likely to have
damage due to noise, ototoxic drug exposure, heavy metal
accumulation, age-related hearing loss, or chronic

FIGURE 5 (a) Apical region of the cochlea of a 5-year-old nonreleasable harbor porpoise Phocoena phocoena from the Vancouver

Aquarium (Canada, individual cet 415), fixed 10–12 hr postmortem, using scanning electron microscopy (apex toward the left side). Initially,

an area with two rows of outer hair cells (OHC1 and OHC2) is shown in the first 200 μm, followed by a transitional area with an alternation

of two and three rows of OHCs (70 μm). A consistent organ of Corti formed by three rows of OHCs was visible from this point onward. (b,c)

Higher magnifications of the areas indicated in (a). Panels (a–c) are modified from Morell et al. (2017). (d) Organ of Corti of the middle turn

from individual cet 401, fixed around 16 hr postmortem. D, Deiters' cells, Hc, Hensen cells
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infectious disease. Some of these perturbations, such as
age or exposure to ototoxic drugs, initially affect the base
of the cochlea, where the highest frequencies are encoded
(see review by Wang & Puel, 2018). However, hair cell
loss can also occur in addition in the apical region of the
cochlea in aged rats and in senescence-accelerated
models of mice (Menardo et al., 2012). As a result, neo-
nates are considered the best candidates to define the
“normal” apex variability for the species.

We considered including a single ear from spinner
dolphin because it was a fresh neonate with an estimated
age of between 1 and 1.5 months, the cochlear epithelium
was well preserved (Figure 6) and the apex was complete.
The pantropical spotted dolphin was also a young indi-
vidual (age estimated around 1 year old) with complete
sensory epithelium of the apex in the right ear and the
organ of Corti was sufficiently well preserved for ultra-
structural evaluation. The pygmy sperm whale, however,
was an adult. This animal was included in the study
because the ear was very fresh (fixed between 2 and 3 hr
postmortem).

In addition, the species were selected according to
their frequency of maximum hearing sensitivity, to be
able to cover a large spectrum of hearing capabilities of
toothed whales. Toothed whales can be divided into two
hearing groups according to direct measurements of
hearing capabilities, anatomy-based predictions of their
hearing range (Racicot, Gearty, Kohno, & Flynn, 2016)
and characteristics of their echolocation signals. The two
proposed hearing groups are: very high frequency special-
ists (with frequencies of maximum hearing sensitivities
exceeding 100 kHz for some species) and high frequency
specialists (see Southall et al., 2019 for review). Pygmy
sperm whales and harbor porpoises are very high fre-
quency specialists. Pygmy sperm whales have a maxi-
mum of hearing sensitivity between 90 and 150 kHz
(Ridgway & Carder, 2001) and harbor porpoises between
120 and 130 kHz (Kastelein, Helder-Hoek, & van de
Voorde, 2017; Ruser et al., 2016). Conversely, belugas are
more sensitive to lower frequencies ranging from 45 to
80 kHz (Mooney et al., 2018). The maximum hearing sen-
sitivity measured for spinner dolphin was 40 and 10 kHz
for pantropical spotted dolphin (Greenhow, 2013).

However, the value for the pantropical spotted dolphin
was likely not representative of the species. This animal
had severe hearing loss with no responses detected at and
above 20 kHz by electrophysiological methods and high
increase of hearing thresholds measured above 14 kHz by
behavioral methods (Greenhow, 2013). As a result, pat-
terns of OHCs in the apex of five species with different
hearing sensitivities were compared in this study.

Results from harbor porpoise and beluga cochleas
revealed that there was interindividual variability
(Figures 2 and 3), emphasizing the importance of having
multiple individuals per species to establish a “normal”
(i.e., undamaged) anatomical baseline. Having harbor
porpoises from different age classes might have added
interindividual variability. However, it provided informa-
tion between typical variability displayed from neonates
and examples of potential hair cell death throughout the
life of the individuals. Thus, scattered loss of hair cells
(arrows in Figure 9c) could be due to age (or some pertur-
bations that the animal has suffered during its lifetime)
and not necessarily represent a normal species variation
of the apex.

With respect to the belugas, all individuals were
adults, and the inclusion of three pairs of cochleas facili-
tated intraindividual comparisons. Variability was identi-
fied in the distribution of OHCs between the right and
left ears of individual belugas since they did not show
identical disposition. However, the source of this variabil-
ity is unclear at this moment. In older individuals, differ-
ences in OHC arrangement in right and left ears may be
accentuated because of age-related OHC loss, although
the juvenile pantropical spotted dolphin also showed dif-
ferences between the right and left ears (Figure 3). More
pairs of ears should be included in similar analyses to
draw more significant conclusions on intraindividual var-
iability of the distribution of OHCs.

The techniques used for visualization (SEM and IF)
gave complementary information on the different struc-
tures of the cells of the organ of Corti. High resolution
SEM provided information at the ultrastructural level of
the reticular lamina and stereocilia of the sensory and
supporting cells of the organ of Corti. Conversely, the
selection of antibodies presented in this study was to

FIGURE 6 Scanning electron micrographs of the right cochlea of a neonate spinner dolphin (Stenella longirostris) stranded in La

Reunion, France (individual cet 414), and fixed between 6 and 12 hr postmortem. (a) General image of the apex (<1 mm). The beginning of

the apex is located to the left. The organ of Corti was formed by three rows of outer hair cells (OHCs) in the first 80 μm with scattered cells

forming a fourth row, then a two-row pattern was observed for the next 80 μm, followed by a region of alternation of two and three rows up

to 660 μm from the apex. A three-row pattern of OHCs was observed beyond 660 μm. (b) Higher magnification of an area where the organ of

Corti is formed by two rows of OHCs on the left, and by three rows of OHCs on the right. When two rows of OHCs were present, there were

also only two rows of Deiters' cells (D). The OHCs and supporting cells were colored in the panel below to highlight their arrangement

within the organ of Corti. Hc, Hensen cells
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enhance visualization of the length of sensory cells.
Phalloidin labeling in a sample that was fixed with 4%
paraformaldehyde proved an ideal way to distinguish the
arrangement of sensory cells and the different types of
supporting cells (Figure 4b,c at higher magnification).
However, both techniques have some inherent limita-
tions. The processing of cochlea for SEM required full
dehydration and, in some cases, there were artifactual
tears of the basilar membrane, which is thinner and
larger in the apical region (Ketten, 1992; Morell, 2012).
In some cases, cellular debris attributed to decomposition
or hemorrhages overlaid the reticular lamina, which
hampered the visualization of stereocilia or the apical
membrane of the sensory cells. These limitations are the
main reasons why there was incomplete information of
the apex in some of the examined samples. In addition,
IF requires a more challenging dissection since the half
turns of the cochlear spiral have to be flat to mount onto
slides, although the subsequent processing is milder on
the tissue than for SEM. The apical turn is the most diffi-
cult segment of the cochlea to dissect. Moreover, autoly-
sis may denature sensory cell wall epitopes and hamper
antibody binding, thus preventing the labeling of some
OHCs and resulting in false negative results. Thus, cau-
tion should be used in interpreting IF-stained ears from
individuals that are not that fresh (e.g., cet 420). We did
not use antibodies to specifically detect Deiters' or
Hensen cells, and it was not possible to differentiate
among different types of supporting cells with our experi-
mental design for IF, with the exception of cet 426 whose
cochlea was labeled with phalloidin and anti-prestin anti-
body. As previously discussed in Morell, Vogl,
et al. (2020), positive labeling of phalloidin was not found
in tissue fixed with 10% neutral buffered formalin, which
is the most commonly used fixative among stranding net-
works worldwide. Methanol that is often present in for-
malin denatures F-actin (Gonsior, Platz, Buchmeier,
Scheer, & Jockusch, 1999), likely preventing phalloidin
labeling. There is a need to find alternative antibodies
that recognize cetacean cochlea, to differentiate among
supporting cell types, both at the level of the reticular
lamina and along their length. Regardless of the tech-
nique used for analysis, the limiting factor in the cochleas
used in this study was the time between death of the

animal and fixation of the inner ear. We observed fewer
postmortem decomposition artifacts in the freshest sam-
ples, allowing an easier identification of the different cell
types that form the organ of Corti.

To summarize, in those species where several individ-
uals were compared, we observed interindividual and
intraindividual variability in the disposition of OHCs in
the apex. This variability might therefore be considered
natural for these species, although it is likely that age
and/or some perturbations that the animal has suffered
during its lifetime lead to the death of OHCs and the vari-
ability we observed.

4.2 | The number of rows of Deiters'
cells can be a good indicator to distinguish
between normal and pathological features

The ultrastructural features of supporting cells are differ-
ent among cell types, and it is possible to distinguish
between pillar, Deiters' and Hensen cells by location and
quantity of microvilli. Ultrastructural studies in guinea
pigs revealed that Hensen cells have numerous microvilli
along the surface facing the scala media (Bredberg
et al., 1972). The microvilli concentration is denser near
the cell junctions. In contrast, the phalangeal processes
of Deiters' cells have relatively few microvilli and are
more evenly distributed. The outer pillar cells have even
fewer microvilli, which are close to the periphery of the
cells. The inner pillar cells typically have very few
microvilli.

In the best-preserved samples of our study and partic-
ularly evident in beluga (Figure 9), Deiters' and Hensen
cells could be distinguished in SEM micrographs
(Figures 5b and 6b). In belugas, Deiters' and Hensen cells
were delimited by a narrow groove (white dotted line in
Figure 9b,c), rendering a clear distinction among these
two supporting cell types. Colored panels in Figures 4c,
5b, 6b, 9b,c indicate the location of individual sensory
and supporting cells.

The SEM revealed that when two rows of OHCs (usu-
ally OHC1 and OHC2) were present, there were also two
rows of Deiters' cells in most cases (Figures 5b, 6b, and 9b).
A similar, even more extreme, pattern was observed in the

FIGURE 7 Apical region of the cochlea of a juvenile female pantropical spotted dolphin (Stenella attenuata) stranded in La Reunion,

France, and fixed 2–3 hr postmortem (individual cet 446). (a) Immunofluorescence images of maximum projections of z-stacks of the right

apical turn (apex on the left). The flat preparations were labeled with anti-prestin antibody (green) that labels outer hair cells (OHCs), anti-

myosin VI antibody (red) that labels inner (IHCs) and OHCs, and DAPI (blue). In the first region, there were three rows of OHCs, followed

by two rows, then three rows, and finally an alternation between two and three rows of OHCs. (b) Scanning electron micrograph of the left

apex showing the organ of Corti formed by three rows of OHCs. The preservation status of the tissue was inferior to that of the other

specimens
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apex of the mole rat (Raphael et al., 1991). At the extreme
apex, there were no OHCs or Deiters' cells and the outer
pillar cells were contiguous with Hensen cells. Thus, our

study further contributes to the observation that the OHCs
and the Deiters' cells are paired together. This discovery in
cetacean species expands our current knowledge from

FIGURE 8 Immunofluorescence image of the maximum projection of the left cochlea of an adult male pygmy sperm whale (Kogia

breviceps) stranded in North Carolina (individual cet 434). The ear was fixed 2–3 hr postmortem. a) The beginning of the apex is on the left.

The flat preparation was labeled with anti-prestin antibody (green) and DAPI (blue). The initial 200 μm were observed to have an

alternation of two and three rows of outer hair cells (OHCs), followed by a three-row pattern throughout the rest of the apex. It is possible

that there was a first region with no information of the organ of Corti since it was challenging to determine its beginning. b) High

magnification of the organ of Corti of the apical turn, slightly after the first millimeter. IHC: inner hair cell
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FIGURE 9 Scanning electron micrographs of the cochlea of adult belugas (Delphinapterus leucas) from the Canadian Arctic. (a) General

image of the first 150 μm of the apex (located to the left) of the right ear from individual cet 336, fixed 3.25 hr postmortem and showing a

pattern of one to two rows of outer hair cells (OHCs) in the first 30 μm, followed by a three-row pattern. (b,c) Close-up images of the left

cochlea from individual cet 344, fixed between 2 and 3 hr postmortem. The narrow groove has been highlighted with a white dotted line. In

(b), there is a region with two rows of OHCs, which also displays only two rows of Deiters' (D) cells. In (c), there are some missing OHCs

(highlighted with arrows), which were typically observed to be missing from the third row in other species, but in the adult beluga examples,

there was scattered loss of OHCs in the first and second row as well. There were potential remains of OHCs marked with a discontinued

line. In (b,c), hair cells and supporting cells were colored in the panel below to highlight their arrangement within the organ of Corti.

(d) Organ of Corti of the upper basal turn of the same individual as panel (a) for comparison. IHC, inner hair cell; OP, outer pillar cell
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terrestrial mammals (Lenoir et al., 1987; Raphael
et al., 1991; Vater & Lenoir, 1992; Vater & Siefer, 1995).

There is high variability in the disposition of the row
pattern of OHCs in the first 200 up to 840 μm from the
apex. However, we propose that the paired OHC-Deiters'
cell can be a good indicator of distinguishing between
normal anatomic variability and pathologic processes.
For example, when there are two rows of OHCs and two
rows of Deiters' cells, it can be considered part of the nor-
mal variability of the apex (as shown in the neonate spin-
ner dolphin cet 414, Figure 6b, the adult harbor porpoise
cet 415, Figure 5b, or the adult beluga cet 344, Figure 9b).
Whereas, when there are two rows of OHCs and three
rows of Deiters' cells, then scar formation (as evidence of
hair cell death by apoptosis) can be inferred (arrows in
Figure 9c).

This pattern of two rows of OHCs together with only
two rows of Deiters' cells in the apex was also shown in a

study on the development of the cochlea of echolocating
horseshoe bats (Rhinolophus rouxii, Vater, Lenoir, &
Pujol, 1997). This indicates that other echolocating spe-
cies also show the same pattern, even during develop-
ment. Conversely, studies on the postnatal development
of Deiters' cells in the apical turn of mice during and just
after the onset of hearing showed that they had a peak in
their activity at Days 10–11 after birth (Berekméri,
Fekete, Köles, & Zelles, 2019). This coincides with a criti-
cal developmental period for OHCs, when these cells
start to express the motor protein prestin that is essential
to hearing (Zheng et al., 2000). During the same period,
the tectorial membrane releases from the top of the organ
of Corti (Lim & Anniko, 1985; Steel, 1983), thus allowing
sound-induced OHC activity through stereocilia and
tectorial membrane interaction (Lim, 1972; Steel, 1983).
In addition, Ceriani et al. (2019) described that OHCs
show spontaneous calcium signals that are coordinated

FIGURE 10 Immunofluorescence images of the maximum projection of the right cochlea of an adult male beluga from the Canadian

Arctic (individual cet 340). The ear was fixed 1.25 hr postmortem. The beginning of the apex is on the left. The flat preparation was labeled

with anti-prestin antibody (green) and DAPI (blue). The initial region up to 240 μm was observed to have an alternation of two and three

rows of outer hair cells (OHCs), followed mostly by the three-row pattern, and finishing with the three rows of OHCs throughout the rest of

the apex. (b) Higher magnification of the first cells of the beginning of the apex. (c) Higher magnification of the cells of the organ of Corti of

the apical turn, slightly over the first millimeter. IHC: inner hair cell
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by the neighboring Deiters' cells in mice, with a maximal
OHC activity in Days 0 and 1 in the basal and apical
turns, respectively. Although harbor porpoises have
full hearing capabilities at birth (Wahlberg, Delgado-
García, & Kristensen, 2017) and therefore may have a dif-
ferent postnatal mechanism than mice, it is possible that
the main activity of OHCs during development is also
related to the associated Deiters' cells.

Most of the individuals of this study (16 out of 23) are
expected to be “normal”, although we only have a full
behavioral audiogram (250 Hz to 160 kHz) of one harbor
porpoise (individual cet 401, porpoise Pp02 in Kastelein,
Hoek, de Jong, & Wensveen, 2010). Kastelein et al. tested
the hearing capabilities of this individual regularly and it
did not show evidence of low-frequency hearing loss
before its death. Its audiogram was similar to that of four
other individuals of the same species whose audiograms
were measured in comparable conditions and with similar
methods (Kastelein et al., 2017). Extending from the
600 μm level from the apex toward the base in this animal,
the relationship between hair cell disposition and hearing
capabilities could be assessed, whereas, more apically,
these evaluations could not be undertaken. We did not
have full behavioral audiograms for the remaining sam-
ples. Some belugas, such as individual cet 344 (Figure 9b,
c), displayed the formation of giant stereocilia of OHCs.
The formation of giant stereocilia has been described as a
consequence of noise/ototoxic drug exposure (Avinash,
Nuttall, & Raphael, 1993; Bredberg et al., 1972; Chen
et al., 2003), though studies in humans also showed the
presence of giant stereocilia as a consequence of postmor-
tem autolysis (Wright, 1980) and age (Bredberg
et al., 1972; Bullen et al., 2020). Consequently, we could
not find evidence to determine the presence of giant
stereocilia as a pathological condition in our samples. In
addition, the orange dotted shapes in Figure 9c show the
difficulty of recognizing the typical OHC shape in regions
where those remains could also be part of the reticular
lamina of OHCs. In those cases, we applied a conservative
approach and did not consider them as pathology. How-
ever, the arrows shown in Figure 9c highlight the presence
of scars. Six belugas also displayed scattered loss of few
OHCs, sometimes in OHC1 and OHC2 (Figure 3). Those
cases are considered “not normal” and not within the api-
cal variability of the species, but likely a result of age-
related hair cell death. The scattered loss observed in the
beluga samples was not necessarily caused by exposure to
noise, ototoxic drugs or infectious diseases.

This study highlights the importance of describing
“normal” morphological features of ears collected from
different demographics to establish baselines of the apex
of cetaceans. This information will enhance our under-
standing of how low frequency man-made noise might

affect cetacean hearing. The results of this research sug-
gest that the number of rows of Deiters' cells is a good
indicator to distinguish between normal and pathological
features in examined cetacean cochleas.
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