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Prestin is an integral membrane motor protein located in outer hair cells of the mammalian
cochlea. It is responsible for electromotility and required for cochlear amplification.
Although prestin works in a cycle-by-cycle mode up to frequencies of at least 79 kHz,
it is not known whether or not prestin is required for the extreme high frequencies
used by echolocating species. Cetaceans are known to possess a prestin coding
gene. However, the expression and distribution pattern of the protein in the cetacean
cochlea has not been determined, and the contribution of prestin to echolocation has
not yet been resolved. Here we report the expression of the protein prestin in five
species of echolocating whales and two species of echolocating bats. Positive labeling
in the basolateral membrane of outer hair cells, using three anti-prestin antibodies,
was found all along the cochlear spiral in echolocating species. These findings provide
morphological evidence that prestin can have a role in cochlear amplification in the
basolateral membrane up to 120-180kHz. In addition, labeling of the cochlea with
a combination of anti-prestin, anti-neurofilament, anti-myosin VI and/or phalloidin and
DAPI will be useful for detecting potential recent cases of noise-induced hearing loss in
stranded cetaceans. This study improves our understanding of the mechanisms involved
in sound transduction in echolocating mammals, as well as describing an optimized
methodology for detecting cases of hearing loss in stranded marine mammals.
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FIGURE 3 | Immunofluorescence images from maximum projections from z stacks from the apical (a), middle (c), and basal (b) turn of the cochlea from beluga whale
Delphinapterus leucas. We labeled the flat preparations with anti-prestin antibody from Santa Cruz (SC, green), anti-myosinVI antibody (red) that labels inner (IHCs)
and outer hair cells (OHCs), and DAPI (blue). (d) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and
autofluorescence control from image (c). The animal images inserted in (c) correspond to the animal species of cochlea stained by immunofluorescence.
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FIGURE 4 | Immunofluorescence images from maximum projections from z stacks from the middle turn of the cochlea from bottlenose dolphin Tursiops truncatus.
We labeled the flat preparations with anti-prestin antibody from Santa Cruz (SC, green), anti-myosinVI antibody (red) that labels inner (IHCs) and outer hair cells

(OHCs), and DAPI (blue). (b) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and autofluorescence control from (a).
The animal images inserted in (a) correspond to the animal species of cochlea stained by immunofluorescence.
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FIGURE 5 | Immunofluorescence images from maximum projections from z stacks from several locations of the cochlea of (a-d) Seba’s short-tailed bat (Carollia
perspicillata) and (e) Mustached bat (Pteronotus parnellii). We labeled the whole mounts with anti-prestin antibody from Santa Cruz (SC) in (a,e) (green, 1:100 for
Seba'’s short tailed bat and 1:200 for Mustached bat), with anti-prestin antibody from Dr. Zheng lab (green) in (c,d), anti-myosinVI antibody (red) that labels inner (IHCs)
and outer hair cells (OHCs), and DAPI (blue). (b) Specificity control, secondary control (control for non-specific binding of the secondary antibodies) and
autofluorescence control from (a). The cuticular plate from IHCs and OHCs was positively labeled by anti-prestin antibody from Santa Cruz, but not with anti-prestin
antibody from Dr. Zheng lab. The animal image inserted in (a) corresponds to the animal species of cochlea stained by immunofluorescence.
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All controls (specificity control, secondary control, and blank)
were negative (Figures 2-5).

Combining Anti-prestin, Anti-myosin VI,
Anti-neurofilament Antibody, and/or
Phalloidin Can Distinguish Between Newly

Formed Lesions and Old Ones

Anti-myosin VI Antibody

Anti-myosin VI antibody proved to positively label the sensory
cells. Stronger labeling was observed in the cuticular plate than
the cytoplasm with our dilution (1:500). Whenever scars were
present, it was possible to visualize them (arrows in Figure 6a).
We observed weak (nearly perceptible) labeling with anti-myosin
VIIa antibody (1:500 dilution), which is commonly used to
label sensory cells in rodents. We also tried double labeling
with myosin VI and myosin VIIa antibodies, leading to a much
stronger signal, especially in the cuticular plates of IHCs and
OHC:s (Figure 6b).

Phalloidin

When the cochleas were fixed with 4% paraformaldehyde,
phalloidin marked the reticular lamina of the sensory and
supporting cells of the organ of Corti (Figure 6f). When the
cochleas were fixed with 10% neutral buffered formalin, there was
no positive labeling with phalloidin. Phalloidin labeling proved to
be a good marker to distinguish among first stages of OHC death
(arrowhead in Figure 6f) that had a different shape than older
scars (arrows in Figure 6f).

Anti-neurofilament Heavy Chain Antibody

We tested two antibodies to label afferent type I innervation
(i.e., nerves that transmit the auditory information from the
IHCs to the brain): (1) mouse anti-neurofilament 200 kD from
Sigma and (2) chicken anti-neurofilament H from Millipore.
Both labeled positively the spiral ganglion neurons (i.e., the cell
body of the type I neurons) and the auditory nerve. However,
the neurofilament antibody raised in chicken also labeled the
dendrites at the base of the IHCs in cetacean and bat species
(Figures 6¢,d). The neurofilament antibody raised in mouse also
labeled positively the dendrites in the species of echolocating bats
(not shown here), but not in cetaceans tested in our study.

In all the samples analyzed for this study, there were no
apparent differences in staining patterns between juveniles
or adults, nor evidences of noise-induced hearing loss. The
combination of antibodies presented here also allowed describing
the changes in morphology of the sensory cells of the organ
of Corti along the cochlear spiral, which is better represented
for harbor porpoise (Figure 2) and beluga whale (Figure 3) in
our study.

DISCUSSION

In all the odontocete and bat cochleas used in this study, positive
labeling for prestin was identified in the basolateral membrane of
OHC:s throughout the cochlear spiral, including in the basal turn.

This finding strongly suggests that echolocating whales and bats
express the protein prestin, as do other mammals (2, 3).

The presence of prestin in echolocating species is consistent
with the predictions by Johnson et al. (45) that the protein may
function as a cochlear amplifier for high frequency sounds. A
major limitation in membrane potential changes on a cycle-
by-cycle basis is the OHC membrane time constant, which
is responsible for low-pass filtering. However, at physiological
endolymphatic calcium concentrations, there is little receptor
potential attenuation at the characteristic frequency of the OHC,
which suggests a minimal time constant filtering in vivo and an
optimal activation of prestin over the entire range of hearing
in mice (45). It is thus reasonable that echolocating species are
using prestin-driven electromotility to encode high-frequency
stimulation. In addition, the extremely short length of the OHCs
in the most basal portion of the cochlea in echolocating species,
reaching 8 wm for harbor porpoises (30) and bicolored round-
leaf bats [Hipposideros bicolor, (46)], would contribute to a
shorter membrane time constant and extend the frequency range
in which prestin would operate. Because of the positive labeling of
prestin in the most basal turn of the cochlea, our results provide
morphological evidence that prestin can have a role in cochlear
amplification in the basolateral membrane up to 120-180kHz in
our odontocete and bat subjects, which is the highest frequency
reported at this time.

The unusual positive labeling of prestin in the cuticular plate
and stereocilia of inner and outer hair cells found in goat anti-
prestin antibody from Santa Cruz (SC-22692) proved to be due
to non-specific binding of this antibody, since the two antibodies
against prestin raised in rabbit provided by Dr. Zheng lab
(NW802 and NW958) did not show this labeling pattern. Both
antibodies SC-22692 and NW802 are polyclonal and recognize
the 50 and 20 first amino acids of the N-terminus extreme
of the protein prestin in humans and mice, respectively, while
NW958 recognizes the last 20 amino acids of the c-terminus
extreme of the protein in mice. The gene for prestin has been
fully sequenced for harbor porpoise (GenBank GU219842.1), for
bottlenose dolphin (GenBank GU217587.1), common dolphin
(GenBank GU219839.1) and partially sequenced for mustached
bat (GenBank JN315991.1; the n-terminus extreme is not
complete) (14, 47). The full sequence has also been predicted by
automated computational analysis using gene predicting method
Gnomon, supported by mRNA evidence for beluga whale (NCBI
reference sequence XM_022554419.1). The prestin gene shows
86% homology with the N-terminus extreme between harbor
porpoise, beluga whale, bottlenose, and common dolphins and
humans (50 first amino acids) and 80% homology with mice
(20 first amino acids). It also has 85 and 75% homology with
the c-terminus extreme with a deletion of three amino acids
(in the 20 last amino acids) between these echolocating whales
and mustached bat, respectively, and mice. The reason of the
differential results among antibodies is unclear, but since they
have never been tested in these species of cetaceans or bats,
it is possible to discover that some antibodies recognize other
structures, apart from prestin. The specificity of the antibody
from Santa Cruz was determined in a peptide neutralization assay
with peptide sc-22692 P that corresponds to amino acids 1-50 of
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FIGURE 6 | Immunofluorescence images from maximum projections from z stacks from harbor porpoise (a-d,f) and bottlenose dolphin (e€) cochlea. (a) Labeling of
the sensory cells with anti-myosin VI antibody. The arrows in (a) show the location of a scar. (b) Labeling of the sensory cells with anti-myosin VI and anti-myosin Vlila
antibody, increasing the signal. Type | afferent innervation labeled by anti-neurofilament 200 (¢) and anti-neurofilament H (d) antibodies. Note that while
anti-neurofilament 200 antibody labels the spiral ganglion cells, anti-neurofilament H antibody also labels the dendrites in contact with inner hair cells. () Organ of Corti
labeled with our recommended combination of antibodies: anti-prestin, myosin VI, neurofilament H and DAPI. (f) Organ of Corti labeled with phalloidin, anti-prestin,
anti-neurofilament H, and all together in addition with DAPI, as we recommend for those samples fixed with 4% paraformaldehyde. The arrows highlight those older
scars with shape of butterfly or sand clock and the arrow head points a scar in formation, with still part of the outer hair cell body as labeled by anti-prestin antibody.
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human prestin. The specificity of the antibodies from Dr. Zheng
lab to recognize the protein prestin were tested with ELISA,
western blot and immunofluorescence experiments performed
on prestin-expressing samples, as well as with the use of prestin-
knockout mice (39, 40). We have combined the results of several
antibodies, raised in different species and that recognize different
sequences of the protein prestin to discriminate between non-
specific binding.

Prestin labeling can be used in cetaceans to detect potential
cases of acute noise-induced hearing loss, specifically if the
individuals have died in the 9 days following the exposure,
as has previously been shown in rodents (25), assuming that
the scarring process takes place at the same rate in cetaceans.
Phalloidin labeling is optimal to detect cases of OHC loss within
the first 9 h post-exposure (32). As shown in Figure 6f, the arrows
highlight scars that correspond to same shape (like a butterfly
or hour-glass) than those over 9 h post-exposure in guinea pigs.
However, the scar shown with the arrowhead would represent
a more recent case, with a strong similarity to the shape that
scars have around 6 h post-exposure in guinea pigs, with a central
thicker vertical line and two fainter nearly parallel lines on the
side (32). With the prestin labeling it is possible to observe that
the outer hair cell body is still deeper in the tissue, but not
reaching the cuticular lamina, as an indication to a scar that is
still in the formation process. Further labeling with markers for
apoptosis and autophagy should be done to verify whether it is a
case of hair cell death by apoptosis. In any case, we demonstrated
here that phalloidin labeling is optimal for detecting recent
cases of hearing loss. However, the inner ears need to be fixed
with 4% paraformaldehyde, which is not a common fixative
among cetacean stranding networks because of its difficulty
of preparation and storage. There was no positive labeling
of phalloidin when the samples were fixed with 10% neutral
buffered formalin likely because formalin contains numerous
compounds other than formaldehyde that likely either destabilize
actin or interfere with phalloidin binding [for example, methanol
that is often present in formalin, denatures F-actin (48)]. We
also were unsuccessful using Sudan Black B to decrease the
autofluorescence of the tissue, possibly because it contains 70%
ethanol, which is known to depolymerize F-actin (49, 50).

The personnel responsible of performing necropsies on
cetaceans use 10% neutral buffered formalin to fix all tissues
for histopathological analysis (51). Thus, phalloidin labeling is
not always an option when collecting and fixing the cochlea.
Instead of using phalloidin, anti-myosin VI antibody is a suitable
candidate to mark the hair cells. The labeling of the cuticular plate
and stereocilia of hair cells was stronger than in the cell body with
anti-myosin VI antibody. The reason of this difference in labeling
is not clear, but may be explained by the fact that the cuticular
plate is more resistant to post-mortem decomposition. Thus, the
faint labeling of the hair cell body could be an indication of the
first stages of cell decomposition.

In the cetacean species of this study, while the neurofilament
200 antibody (raised in mouse) labeled the spiral ganglion cells
(Figure 6¢), the neurofilament H antibody (raised in chicken)
also labeled the dendrites in contact with inner hair cells
(Figures 6d-f). Based on these results, we recommend using the
anti-neurofilament H antibody for the analysis of the cochleas

of stranded cetaceans as it may allow detecting potential cases
of degeneration of the dendrites of type I afferent neurons as a
consequence of noise exposure. The presence of spiral ganglion
neurons in Figure 6f could be an artifact of the dissection and
mounting of the whole-mount preparation, where a few neurons
detached and moved below the cells of the organ of Corti.

There is an urgent need to develop methods for assessing
the effects of underwater anthropogenic noise on cetaceans.
The use of antibodies for immunofluorescence depends on the
target species and little research has been done on cetacean
tissue. Here, we report a method optimized for cetacean
cochlea that allows the visualization of the hair cells and
supporting cells of the organ of Corti, as well as type I
innervation by combining several antibodies. The combination
of anti-prestin, anti-neurofilament H, anti-myosin VI antibodies
and/or phalloidin also distinguishes between newly formed and
old lesions.
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