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Morphological evidence for 
the Sensitivity of the ear canal 
of odontocetes as shown by 
immunohistochemistry and 
transmission electron Microscopy
Steffen De Vreese1,2*, Michel André2, Bruno cozzi  1, Cinzia centelleghe1,  
Mike van der Schaar2 & Sandro Mazzariol1

the function of the external ear canal in cetaceans is still under debate and its morphology is largely 
unknown. Immunohistochemical (IHC) analyses using antibodies specific for nervous tissue (anti-S100, 
anti-NSE, anti-NF, and anti-PGP 9.5), together with transmission electron microscopy (TEM) and 
various histological techniques, were carried out to investigate the peripheral nervous system of the 
ear canals of several species of toothed whales and terrestrial cetartiodactyla. this study highlights the 
innervation of the ear canal with the presence of lamellar corpuscles over its entire course, and their 
absence in all studied terrestrial mammals. Each corpuscle consisted of a central axon, surrounded 
by lamellae of Schwann receptor cells, surrounded by a thin cellular layer, as shown by IHC and TEM. 
These findings indicate that the corpuscles are mechanoreceptors that resemble the inner core of 
Pacinian corpuscles without capsule or outer core, and were labelled as simple lamellar corpuscles. 
They form part of a sensory system that may represent a unique phylogenetic feature of cetaceans, and 
an evolutionary adaptation to life in the marine environment. Although the exact function of the ear 
canal is not fully clear, we provide essential knowledge and a preliminary hypothetical deviation on its 
function as a unique sensory organ.

The morphology of the external ear canal of toothed whales has received little attention in comparison to the mid-
dle and inner ear (e.g1,2.), and there is a debate on whether the canal still serves any function3. The exact pathways 
for sound reception are not yet fully understood but it is known that echolocation signals are received through the 
mandibular fat bodies, while other sounds, such as those for communication, could be received through a lateral 
soft tissue pathway3–5. However, whether the external ear canal forms a functional part of this or any other process 
is still a conundrum, and even basic knowledge on its morphology is largely incomplete. Very few papers describe 
the morphology of the ear canal in cetaceans and even fewer mention the presence of lamellar corpuscles, likely 
mechanoreceptors6,7. Similar corpuscles have been mentioned in other tissues of cetaceans including the skin 
of the trunk, flippers, and fluke8, lips and eyelids9, inside the nasal sac system10–12, and associated with vibrissal 
crypts13, but their function is not clear. Moreover, there is a lack of information on the fine-scale morphology of 
these sensory nerve formations (SNF’s) and their role in the external ear canal.

To achieve a better understanding of the functionality of the ear canal in dolphins, we used several histolog-
ical staining techniques, together with immunohistochemical labelling with four different antibodies specific 
for nervous tissue antigens. We also applied TEM to study the fine-scale morphology of the lamellar corpuscles, 
and did a preliminary quantitative study on their distribution along the ear canal. We compared the peripheral 
nervous system of the ear canals of several odontocete species (i.e. striped dolphin, bottlenose dolphin, common 
dolphin, long-finned pilot whale and Cuvier’s beaked whale) with those of several terrestrial Cetartiodactyla (i.e. 
cow, roe deer and northern giraffe).
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Results
Striped dolphin. Like all cetaceans, the striped dolphin lacked an external pinna. The external ear opening 
was visible as a small indentation of the skin situated 4–5 cm ventrocaudal to the lateral commissure of the eye 
at an angle of about 25–30° to the horizontal (Fig. 1). The ear canal itself ran a spiralling course in ventromedial 
direction through the skin, blubber, and adipose-connective tissues, and reached the tympano-periotic complex 
(TP-complex) over a distance of 4–5 centimetres (Fig. 2). Initial identification of nervous structures was done 
by standard haematoxylin-eosin staining (Fig. 3). We found lamellar corpuscles in the subepithelial tissue of the 
external ear canal in all sections, from superficial to the deep, of all animals. In superficial sections, the corpuscles 
were situated all around the meatus, while in the cartilaginous portion of the canal, corpuscles were concentrated 
in a tissue enlargement that bulged into the canal lumen (Fig. 4). The corpuscles were elongated with occasional 
convolutions and with a general course parallel to the ear canal. The diameter of the corpuscles ranged from 16 to 
202 µm (geometric means, computed over the semi-minor and semi-major axes of a corpuscle, ranged from 20 to 
133 µm), measured in 160 corpuscles in ten equally spaced cross-sections over the course of the canal. The larger 
the diameter of the corpuscle, the more lamellae it contained. Most corpuscles were singular, i.e. with a single core 

Figure 1. Macroscopic view of the left lateral side of a young striped dolphin head showing the position of the 
inconspicuous aperture of the external ear canal situated a few centimetres caudal to the eye (arrow). (Scale bar 
1 cm).

Figure 2. Macroscopic image in left lateral view of the course of the external ear canal of striped dolphin. The 
head is positioned upside-down. Note the spiralling course of the canal in caudoventral direction, from the skin, 
through the blubber, soft tissues and associated musculature, as it reaches the TP complex medially. The canal 
enters the parotic cavity in the caudodorsal margin of the trench created by the caudal ramus of the mandible 
rostrally, the retrotympanic and retroarticular (postglenoid) process of the squamosal dorsally, and the lateral 
margin of the exoccipital bone (Ex) caudally. Mt: temporal muscle.
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(axon + lamellae), but there were also composite corpuscles with multiple cores, mostly two or three, and com-
binations of corpuscles and nerve fascicles embedded within the same perineurium. The supplying myelinated 
nerve fibre lost its myelin sheath on entering the corpuscle. Each corpuscle consisted of a central axon showing 
immunoreactivity (IR) for anti-neurofilament protein (anti-NF), anti-neuron specific enolase (anti-NSE), and 
anti-protein gene product 9.5 (anti-PGP 9.5) (Fig. 5). In all sections (consecutive transverse or oblique, no per-
fectly longitudinal section was obtained), the terminal axon followed a straight course throughout the corpuscle, 
while in a single section we noted a whirling at the terminal end (Fig. 5b). Surrounding the axon, there were 
concentric layers (lamellae) of cells which nucleus and cytoplasm stained positive for anti-S-100 although in two 
gradients: the central lamellae stained more intensely positive than the peripheral ones (Fig. 5f). In contrast, anti-
PGP 9.5 stained the peripheral lamellar layers surrounding a less intense positive zone in the centre (Figs. 5g,h 
and 6). There was IR for anti-PGP 9.5 of both cytoplasm and nuclei of the peripheral layers, but only in about 
half of the nuclei in the central layers (with dilution 1:500, not with higher dilutions). As such, both anti-PGP 
9.5 and anti-S100 stained all lamellae but with a different zonal distribution (Fig. 5), indicating that the lamellae 
consisted of at least two zones with a different structural composition. The peripheral layer was thin and cellu-
lar with sparse nuclei, similar to the perineurium of small nerves. Besides the positivity for anti-PGP 9.5, this 
layer also showed IR for anti-NSE, staining the cytoplasm in a similar manner, although inconsistent and less 
intense than the staining of the axons (Fig. 5d,e). In many corpuscles, there was a non-staining space between the 
lamellae and the peripheral layer. Also, we often noted the presence of accessory axons, most clearly identifiable 
with anti-NF, but also with anti-NSE and anti-PGP 9.5, and which were situated central to the peripheral layer 
(Fig. 5b). Occasionally, there were also small vascular structures on the inside of the peripheral layer.

Nerve bundles stained in a similar fashion as the lamellar corpuscles. They comprised one or more axons and 
associated Schwann cells embedded in an endoneurium and surrounded by a perineurium. Axons were positive 

Figure 3. HE staining of simple lamellar corpuscles and small nerve bundles in the vicinity of the external ear 
canal in striped dolphin. a: central axon; n: Schwann cell nuclei; s: Schwann cell cytoplasm and cell membrane; 
p: peripheral layer; f: nerve fibres (or small vascular tissue) associated with the peripheral layer of the corpuscle. 
(Scale bar 50 µm).

Figure 4. HE stained section through the cartilaginous portion of the ear canal of striped dolphin. Note the 
local bulge of richly innervated tissue with heightened epithelium and papillae. The arrows indicate the location 
of several nervous structures. (Scale bar 100 µm).
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for anti-NF (Fig. 7), anti-PGP 9.5 and anti-NSE. The Schwann cell nuclei and cytoplasm stained positive for 
anti-S100 (Fig. 7), and anti-PGP 9.5, and the perineurium for anti-PGP 9.5, anti-NSE, and anti-S-100 protein. The 
endoneurium did not show positivity for any antibody. The major difference in immunohistochemical labelling 
of corpuscles and nerves was that the perineurium was labelled intensely by anti-S-100 while the peripheral layer 
of the lamellar corpuscles showed more IR to anti-PGP 9.5, and while both showed IR to anti-NSE (at least in the 
freshest samples).

The presence of intrapapillary myelinated nerve endings (IMEs) was shown by a positive labelling with the 
anti-NF, anti-PGP 9.5 and anti-S-100 antibodies. All nerve fibres in the subepithelial tissue stained positive for 
both anti-PGP 9.5 and anti-S-100. There were positively stained singularities in the connective tissue immediately 
beneath the basement membrane for all antibodies except anti-NF, and there were also intraepithelial ‘free’ nerve 
endings as shown by anti-PGP 9.5 (Fig. 8).

Western blot analysis performed on the protein extracts from bottlenose dolphin, striped dolphin and bovine 
tissues recognized all the antigens looked for. The expression of the PGP9.5 antigen was visible at around 25 kDa 
(Fig. 9a) and of the NF antigen was evident at 150–160 kDa (Fig. 9b). Anti-NSE and anti-S-100 antibody reacted 
to the antigens showing a signal corresponding to proteins with a molecular weight of 46 kDa (Fig. 9c) and around 
10 kDa (Fig. 9d), respectively.

The TEM images showed that, from central to peripheral, the corpuscles were composed of an axonal (cen-
tral) sensory terminal, surrounded by a lamellar core (Fig. 10). In transverse sections through the body of the 
corpuscles, the central axon was spindle-shaped with two opposite poles (lateral spines) (Fig. 11), while it turned 
oval in shape in the ultraterminal region (Fig. 12). The axon terminal contained abundant mitochondria, and 
vesicular-like structures of varying sizes, from large structures that often contained a nucleolus-like structure, 
to smaller electron-dense vesicles with a double-layered membrane, resembling synaptic vesicles, to minute, 
single-layered vesicles in various concentrations (Fig. 11). Interestingly, we could not identify any axoplasm with 
microtubules or neurofilaments with certainty, as most terminals were either almost completely filled with mito-
chondria or displayed a homogenous electron-dense centre with vesicular structures and mitochondria along the 
rim. The terminal showed bilateral axonal spines projecting into the radial clefts formed by the coming together of 
the bilateral hemilamellae of the inner core cells (Fig. 13). These spines contained clear vesicles with a seemingly 
membranous infolding and a nucleolus-like structure (Fig. 13). The terminal lamellar core showed a bilateral 
conformation consisting of hemilamellae of presumably modified Schwann cells, surrounded by fully circular 
lamellae and cell nuclei (Fig. 10), while in the distal end of the corpuscles (ultraterminal region), hemilamellae 
were absent and the inner core cells fully encircled the axon several times (Fig. 12). The lamellae were an exten-
sion of the inner core cells and consisted of double-layered plasma membranes with scarce cytoplasm containing 
mitochondria, abundant pinocytotic vesicles and associated membrane invaginations, vesicular structures, likely 
ribosomes, and smooth endoplasmic reticulum in the bulbous enlargement of the cytoplasm near the radial 
clefts. The plasma membrane was covered with an extensive glycocalyx, and we noted desmosome-like junctions 
between adjacent lamellae. The extracellular matrix in the radial clefts and interlamellar spaces of the core mainly 
comprised scattered collagen fibrils, in seemingly larger clusters in the more peripheral layers. The collagen fibrils 
were orientated in two main directions, parallel and perpendicular to the longitudinal axis of the corpuscle, and 
had a diameter of about 15 nm in the extracellular matrix between the hemilamellae, and between 25 and 40 nm in 
the clefts and between lamellae in the ultraterminal region of the corpuscle. The corpuscles did not have an outer 
core or distinct lamellar capsule as do Pacinian corpuscles or a distinct connective tissue capsule as in Meissner’s 
corpuscles. Nonetheless, the peripheral, fully circular lamellae that contained the inner core cell nuclei, could be 
called a ‘capsule’ as in accordance with the morphology of Golgi-Mazzoni corpuscles (Fig. 10). Corpuscles were 

Figure 5. Immunohistochemical stained microscopic images of lamellar corpuscles in striped dolphin stained 
with (a,b) anti-NF, in (b) note the whirling course of the central axon within a composite corpuscle and several 
axons associated with the peripheral layer, (c–e) anti-NSE, note the immunoreactivity of the central axon and 
inconsistent staining of the peripheral layer, (f) anti-S-100, (g,h) anti-PGP 9.5. (Scale bars 50 µm).
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often found in close vicinity of nerve fibres, and there was a shared and continuous ‘perineurium’ (Fig. 10), which 
was morphologically not distinguishable from the peripheral layer of the corpuscles.

The various histochemical staining techniques (Luxol Fast Blue/Cresyl Violet stain, Spaethe’s Silver stain mod-
ified after Richardson14, Palmgren’s Silver stain, Bielschowski’s Silver stain15, Masson’s Trichrome Goldner, and 
Massons Trichrome with Aniline blue) confirmed the results obtained with IHC and TEM, but did not contribute 
to a deeper understanding of the morphology of the lamellar corpuscles or other components of the peripheral 
nervous system in the ear canal (Fig. 14).

The number of corpuscle core transections in the five regions of the ear canal (B: blubber; G: glands; M: mus-
cle; C: cartilage; N: nervous button; See also Table 1) did not present any significant interregional differences in 
striped dolphin. We compared the maximum values of each region among all animals, and the Spearman corre-
lation analysis (Fig. 15) showed that region B was closely associated with M (0.7353); and C and N were strongly 
associated (0.7420), even though although the data was sparse as can be seen in Table 2. Based on these correla-
tions, we merged the regions into two main groups: B + G + M (Distal group) and C + N (Proximal group), to 
compare the distal regions of the ear canal, with only soft tissues, to the proximal regions, which contained the 
cartilage. The maximum corpuscle core count between the two obtained groups was compared using the disper-
sion in each group, which was measured using the mean absolute deviations. These were reasonably close together 

Figure 6. IHC staining with anti-PGP 9.5 (1:500, blocking diluent, melanin bleaching). There are single and 
composite lamellar corpuscles, small nerves, and the dense presence of immunoreactive spots beneath the 
epithelium, and also free nerve endings entering the epithelium (arrows). (Scale bar 100 µm).
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(6 and 10 respectively), and a ranksum test was applied to find a difference in the median of the maximum 
values of Distal versus Proximal groups, which gave a p value of 0.2035 and did not allow for a rejection of the 
null-hypothesis of an equal median of maximum values among groups, which was already expected based on the 
initial group comparison. The corpuscles count for the other species are given in Table 2, but were not subjected 
to any analysis due to the sparsity of data.

other toothed whales. The findings in all of the other odontocete species were similar to the ones in 
striped dolphin. They all showed the presence of small nerve fibres, lamellar corpuscles, and the same immu-
noreactivity for all antibodies in the subepithelial tissue throughout the ear canal (Fig. 16). The situation in the 
common and bottlenose dolphin was exactly the same as in the striped dolphin, with many lamellar corpuscles 
and small nerve fibres close to the epithelium in all sections. Also, the long-finned pilot whale and Cuvier’s beaked 
whale presented lamellar corpuscles and small nerves in all sections, but they were difficult to distinguish from 
one another because of the condition state of the tissue.

terrestrial cetartiodactyla. The ear canal of all terrestrial Cetartiodactyla showed innervation with nerve 
fibres running along the canal, small nerve fibres associated with the dermal glands and hair follicles (Figs. 17 
and 18), and intraepithelial free nerve endings (Fig. 19), which were the only type of SNF we could discern with 
certainty. All animals showed immunoreactivity for all four antibodies used, although the nerve fascicles in the 
deer labelled relatively weak for anti-NSE. Also, anti-S100 stained other structures such as the alveolar cells of the 
glands, the endothelium of vascular structures, and possibly Langerhans cells dispersed in the loose connective 
tissue of the dermis (Fig. 17).

Figure 7. Detail image of a nerve fascicle in the subepithelial tissue in a striped dolphin stained with anti-NF 
(a) and anti-S100 (b). (Scale bars 50 µm).

Figure 8. Detail image of an intraepithelial nerve fibre running from the germinal layer to the luminal surface 
of the ear canal of a striped dolphin, stained with PGP 9.5 (1:500, no block, melanin bleaching). (Scale bar 
10 µm).
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Discussion
This paper, to the best of our knowledge, is the first in describing the innervation of the ear canal in striped dol-
phin, bottlenose dolphin, common dolphin, long-finned whale and Cuvier’s beaked whale. Although the ear canal 
of these species has been previously studied, no attention was given to nervous structures10.

Although we noted the presence of lamellar corpuscles throughout the entire course of the canal, a histological 
quantification has not yet been performed. Such a presence indicates the sensitivity of this organ with a possi-
bly graded sensory system. Although similar corpuscles have been mentioned for both whalebone and toothed 
whales in a variety of tissues including the skin of the belly, back, lips, eyelids and iridocorneal angle, blowhole 
and nasal sac system, and vibrissal crypts8–11,16,17, most records provide only a brief remark of their presence, 
with few studies giving detailed descriptions of ultrastructural features10,16. The present communication confirms 
previous assumptions on the nature of the different components that make up the corpuscles, and shows that they 
would function as mechanoreceptors. Our findings also show similarities with the morphology of ‘simple lamel-
lar corpuscles’ in the skin of land mammals, except that in terrestrial mammals these only occur in association 
with hair18. These corpuscles have been differently named in the literature: Krause cylindrical corpuscle19, small 
Vater Pacini corpuscles9, corpuscle of Rochon-Duvigneaud16, laminated corpuscles6, simple lamellar corpuscle or 

Figure 9. Western blot analyses. (a) Polyclonal rabbit anti-bovine PGP antibody (code Z5116, Dako) at a 
dilution of 1:500; (b) Monoclonal mouse anti-human NF (Clone 2F11) antibody (code M0762, Dako) at a 
dilution of 1:500; (c) Monoclonal mouse anti-human NSE antibody (Clone BBS/NC/VI-H14) (code M0873, 
Dako) at a dilution of 1:500; (d) Polyclonal rabbit anti-bovine S-100 (code Z0311, Dako) at a dilution of 1:1000. 
*Bt: Bos taurus, Sc: Stenella coeruleoalba, Tt: Tursiops truncatus; kDa: kilodalton.

Figure 10. TEM Image: Overview of a lamellar corpuscles and nerve fibres (N) within the same perineurium 
(blue dashed line), and surrounded by collagenous connective tissue (C). Following the principles of 
Chouchkov (1973), the inner core with hemilamellar structure is delineated by the yellow dashed, while the 
capsule of the corpuscle, delineated by the green dashed line, contains the nuclei of the inner core cells (I). F: 
fibrocyte nucleus; S: Schwann cell nucleus. (Scale bar 10 µm).
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Golgi-Mazzoni corpuscle (depending on the definition)20, encapsulated corpuscles, paciniform corpuscles, etc. 
We propose to use an unambiguous nomenclature for future references.

The immunoreactivity of the central axon was similar to Pacinian corpuscles in terrestrial mammals21. 
The course of the axon seemed to be straight throughout most corpuscles, although occasionally convoluted. 
Comparatively, the central axon of lamellar corpuscles in the eye of a beluga whale also showed a tortuous 
course16, and so does the supplying axon on entering Pacinian corpuscles in terrestrial mammals18. Also, the 
presence of accessory axons within or associated with the peripheral layer has been described in Pacinian cor-
puscles18,22, and in the capsule of tendon organs23, and are generally accepted to be catecholaminergic fibres that 
can adjust the responsiveness of the corpuscles18,22. However, we do not know if these are truely ‘accessory’, as the 
innervation patterns of the corpuscles are not yet understood. The core lamellae showed IR for anti-S100 protein, 
indicative of Schwann receptor cells, similar to the inner core of Pacinian corpuscles18,24,25. We often noted a space 
between lamellae and peripheral layer, similar to the acellular space between the inner core and the intermediate 
layer in Pacinian corpuscles26, although we suspect this to be an artefact associated with tissue conservation and/
or processing. The peripheral layer showed unexpected IR for anti-PGP 9.5, unlike the outer core of Pacinian 
corpuscles24, and not for anti-S100, while the perineurium of nerves displayed the opposite reaction. This would 
indicate a difference in nature between the peripheral layer of the corpuscles and the perineurium of nerves. As 
such, we hypothesize that the peripheral layer could be similar to the intermediate layer of Pacinian corpuscles, 
which is regarded as an endoneurium with modified endoneurial fibroblasts26, but more investigations should be 
done to identify the nature of this layer.

Figure 11. TEM image of the axon terminal (A) with mitochondria (m) along the rim of the neurite, and 
indications of microtubules (circles). The axonal spine contains large vesicular structures (arrowhead) and 
surrounding lamellae contain mitochondria, abundant pinocytotic vesicles, and larger vesicles (arrows). (Scale 
bar 2 µm). The insert shows a close-up image of two adjacent inner core lamellae with desmosome-like cell-
junctions (asterisks). (Scale bar 0.1 µm).

Figure 12. TEM image of a transverse section through the ultraterminal region of a simple lamellar corpuscle. 
Note that there is no bilateral symmetry, no radial clefts, and the axon is surrounded by several broad, 
continuous circular lamellae of a single core cell (see right image where the cytoplasm is stained). There is 
smooth endoplasmic reticulum (asterisk) situated in the lamellar cytoplasm. This section clearly resembles the 
genital end-bulb in the rat penis as described by Munger (197158, Fig. 9b).
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Figure 13. TEM image of the axonal spine protruding into a radial cleft with the lamellar cytoplasm stained 
slightly reddish. The spine contains clear and seemingly enlarged vesicles (arrows). (Scale bar 2 µm).

Figure 14. Various histochemical stains of lamellar corpuscles the subepithelial tissue of the external ear 
canal in striped dolphin. (a) Palmgren’s silver stain; (b) Spaethe’s silver stain; (c,d) Luxol Fast Blue x2 (different 
staining times); (e) Bielschowsky’s stain; (f,g) Masson’s Trichrome with Aniline x2 (different staining times); 
(h) Masson’s Trichrome Goldner. (Scale bar 50 µm).

External ear 
opening

Regions for quantification* Tympanic 
conusBlubber Glands Muscle Cartilage Nervous button

Soft tissue

Blubber X X

Glands X X

Muscle X X X

Cartilage X X X

Button X

Table 1. Schematic representation of soft tissues associated with the ear canal (rows), from left to right 
representing the course from the external ear opening to the tympanic conus. *Blubber: From the external ear 
opening to the distal end of the glands (excluding glands); Glands: containing glandular structures; Muscle: 
From the proximal end of the glands to the proximal end of the cartilage; Cartilage: From the distal end of the 
cartilage to the proximal end of the ‘nervous button’; Button: from the distal end of the nervous button to the 
proximal end of the ear canal. The columns represent the regions used for quantification.
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The unanimous labelling of subepithelial nervous structures is considered to be a true positive reaction 
although it was often granular in form, similar to the epithelial pigmentation. This feature is specific for toothed 
whales, as it was absent in all terrestrial mammals. In contrast, the intraepithelial free nerve endings are a com-
mon feature among all mammals. They serve as nociceptors, mediating the sensation of pain associated with 
destructive mechanical stimuli, noxious chemical substances or extreme hot and cold temperatures27. Finally, we 
did not note any other types of SNF such as Merkel cells associated with the ear canal of any species, although 
these have been seen in the skin of cetaceans using PGP9.528.

The herein investigated antibodies cross-reacted against formalin-fixed, paraffin-embedded tissues of stiped 
and bottlenose dolphins, reflecting the immune reaction patterns already showed in other species of terrestrial 
mammal. To validate antibody specificity, other than the correct use of positive and negative samples, the immu-
noreactivity against the proper cetacean antigen was proved by Wester Blotting analyses, as suggested by standard 
guidelines for veterinary laboratories29.

The morphology of the lamellar corpuscles as shown by transmission electron microscopy was overall 
consistent with the morphology of the inner core of Pacinian corpuscles, and there were also resemblances to 
Golgi-Mazzoni corpuscles30, but with significant differences, such as the likely single nerve fibril innervation 
and the morphology of the axon terminal with cytoplasmic processes of the inner core cells, which was with-
out any obvious asymmetry in our results. We could identify at least two corpuscle regions: the terminal and 
ultraterminal region, both of which showed similarities to Pacinian corpuscles in the morphology of the axon 
terminal, its content, radial clefts and the hemilamellar structure in the terminal region, and the fully encircling 
lamellae in the ultraterminal region. The radial clefts were not described in previous electron microscopy studies 
of corpuscles in the iridocorneal angle16, and in the nasal sac system of toothed whales10. Also, we did not note an 
axon enlargement or bulb at the end of its course as mentioned for corpuscles in the ear canal of a giant beaked 
whale6 and for Pacinian corpuscles18, although we possibly missed it in the paucity of available tissue. The lamellar 
and hemilamellar structures were consistent with the morphology and size of Pacinian corpuscle inner cores, 
including the cellular cytoplasm, glycocalyx and desmosomal connections, down to the diameter of extracellular 
collagen fibres18,31,32. Although the corpuscles did not have a distinct outer core/capsule, there was a continuation 
of the peripheral layer of some corpuscles with the perineurium of nerve fibres, and the distinction between inner 
core lamellae and the peripheral layer was not clear, while these did show distinct reaction in the immunohisto-
chemical study. The presence of myelin observed in the TEM images might have been affected by post-mortem 
degeneration, as the samples used for this study were fixed 22 hours post-mortem. With this delay of fixation, it is 
common to observe degeneration of the myelin sheath. To differentiate between inner core, a possible interme-
diate layer as in Pacinian corpuscles and an outer core/capsule, future studies could look at performing IHC with 
e.g. anti-collagen II, anti-collagen V, anti-S-100 and GFAP33. More data on the 3D morphology of the corpuscles 
would be needed for a better understanding of their function.

The results on the quantification of the interregional density distribution of the lamellar corpuscles showed 
indications that there are no interregional distribution differences in the quantity of cross-sections through lamel-
lar corpuscle core in striped dolphin. Unfortunately, the number of specimens from other species, and their tissue 
condition state, did not allow for a reliable comparative analysis. We did find lamellar corpuscles in all species, 
including Cuvier’s beaked whale, unlike what was described for giant beaked whale where all corpuscles were 
concentrated in the proximal half of the ear canal6. Design-based stereological methods would be needed to 
investigate this further, looking at intraspecific and interspecific differences, and would help to understand the 
function and sensitivity of the ear canal in species with different physiological adaptations.

Regarding the various histochemical staining techniques, including specialized silver stains applied to forma-
lin fixed tissues, these did not contribute to a better understanding of the morphology of the lamellar corpuscles. 
However, all stains were applied to opportunistically obtained formalin-fixed tissue, which is what also impeded 
us from applying other techniques. Future prospective studies could look at appropriate fixation protocols to 
comply with various histochemical techniques, especially regarding specialized silver stains, for the visualization 
of the peripheral nervous structures.

The presence of simple lamellar corpuscles in several delphinid species, a long-finned pilot whale and a 
Cuvier’s beaked whale, together with literature references for several other species, including baleen whales6,7, 
we can assume that it is a common characteristic among cetaceans. The lack of such SNF in terrestrial mammals 
indicates that this feature is an evolutionary adaptation of the ear canal of cetaceans to life in an aquatic envi-
ronment. In comparison, there is an online mentioning of Pacinian corpuscles, Meissner corpuscles and hair 
follicle receptors in the ear canal of humans, associated with a reflex mechanism that would serve to expel foreign 
objects by means of glandular secretion and muscular contraction34, while we could not find morphological 
evidence of such SNF in the cited literature35–37. Moreover, a recent study that used immunohistochemistry with 

Figure 15. Correlations of the number of cross-sections of lamellar corpuscles among the five regions of the 
external ear canal (B: blubber; G: glands; M: muscle; C: cartilage; N: nervous button).
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NF, S100, and MBP (myelin basic protein), stated that there were no SNF in the cavum conchae or cartilaginous 
portion of the external ear canal in humans38. The ear canal of all terrestrial mammals that have been studied is 
well-innervated39–43, but how it is triggered by external stimuli is not clear.

The somatosensory innervation of the ear canal in terrestrial mammals has connections to the trigeminal (V), 
facial (VII), glossopharyngeal (IX), vagal (X) cranial nerve ganglia, and also the C2–C4 dorsal root ganglia40–44. 
There are two peripheral nerves responsible for relaying afferent impulses from the ear canal to the ganglions of 
the cranial nerves, namely the auriculotemporal nerve (<V3) and the auricular branch of the vagal nerve. These 
nerves supply specific locations of the ear canal walls, but with an overlapping distribution44. In dolphins, the 
only major nerve that has been described innervating the region of the external ear canal is the auriculotemporal 
nerve (<V3)45. The trigeminal nerve in cetaceans contains an exceptionally high number of nerve fibres, and is 
responsible for the sensory innervation of several sensitive facial structures including the eyes, lips, and blowhole, 
but also the mandibles and nasal sac system12,45–47. It also has motor functions, and has been proposed to be asso-
ciated with the regulation of the middle ear volume through the blood supply of the corpus spongiosum48, and 
innervates the entire facial musculature11. The external ear canal with its lamellar corpuscles might contribute 
to the size of the trigeminal nerve in cetaceans, as it is densely innervated with novel sensory nerve formations.

While the lamellar corpuscles have been described in both toothed and whalebone whales, in a variety of soft 
tissues, their exact function is still unknown. They have been described/found in the skin surrounding the blow-
hole and the authors associated them with the detection of ‘pressure changes’ when passing from water to air and 
vice versa8. They are also present in the iridocorneal angle of various odontocete species, where their function 
could be associated with mechanical deformations, such as those caused by internal pressure differences, vascular 
volume change, and the author even speculated on a thermosensory function16. In mysticetes, corpuscles have 
been described in the skin of the fin whale, most prominently in the lips and eyelids9, which are considered rela-
tively sensitive areas in dolphins49. Corpuscles have also been demonstrated in the nasal sac system of striped dol-
phin and harbour porpoise11,12, and in the ear canal of several odontocete and mysticete species6,7. To get a better 
understanding of the biomechanical properties of the corpuscles, further immunohistochemical characterization 
could be achieved with the use of antibodies for neuronal and neurotransmitter-related molecules, possibly using 
confocal microscopy as this would also provide information on the 3-dimensional structure. Such information 
could be used for modelling and to mimic the response of these corpuscles to various stimuli.

Animal ID Species CC Origin
Date of 
necropsy Death Sex

Length 
(cm)

Weight 
(kg)

Left/Right 
ear canal B G M C N

12691 S. coeruleoalba 2 Livorno, Italy 19/12/2017 Natural M 193 62 L 22 12 45 56

12703 S. coeruleoalba 2 Imperia, Spain 13/01/2018 Natural M 133 34 L 18 25 26

12708 S. coeruleoalba 2 Genova, Italy 21/01/2018 Natural M 192 69 R 13 11

109064 S. coeruleoalba 2 Calabria, Italy 13/10/2018 Natural M 102 12 R 26 18 54

127565 S. coeruleoalba 2 Calabria, Italy 28/11/2018 Natural M 200 na R 14 29 19 32

N-419\16 S. coeruleoalba 2 Port de la Selva, Spain 16/11/2016 Natural M 103 14 L 20 22 20

N-044\17 S. coeruleoalba 2 Port Ginesta, Spain 10/02/2017 Natural M 153 37 L 29 23 16 9

R 16 27 14 13

N-168\17 S. coeruleoalba 2 L’Escala, Spain 19/04/2017 Natural M 193 79 L 24 19 17 5 15

N-488\17 S. coeruleoalba 2 Gavà, Spain 28/09/2017 Euth. F 198 70 L 8 29 7

N-509\17 S. coeruleoalba 2/3 Tarragona, Spain 10/10/2017 Natural M 183 87 L 24 24 22 23 28

N-620\17 S. coeruleoalba 2 Vilanova i la Geltrú, 
Spain 24/07/2018 Natural M 196 75,5 L 7 11 4 9 14

N-042\18 S. coeruleoalba 2 Viladecans, Spain 25/01/2018 Natural M 178 62 L 43 21 13 12

N-077\18 S. coeruleoalba 2 Delta del Ebro, Spain 19/02/2018 Natural M 220 97,5 R 11 14 20

N-145\18 S. coeruleoalba 2 Palamós, Spain 26/03/2018 Natural F 195 91 L 22 21

N-274\18 S. coeruleoalba 3 Delta del Ebro, Spain 24/06/2018 Natural M 152 38 L 34 10 26

R 22 20 24 23

N-292\18 S. coeruleoalba 2 Tarragona, Spain 06/07/2018 Natural M 194 59,5 L 13 21 20 12 15

N-293\18 S. coeruleoalba 3 Port Ginesta, Spain 09/07/2018 Euth. F 187 85 L 16 1 2

N-362\18 S. coeruleoalba 2 Riumar, Spain 12/09/2018 Euth. M 181 78 L 12 9 13 18

N-169/17 D. delphis 2 L’Escala, Spain 20/04/2017 Natural M 179 72 L 10 16 8

R 9 9 9

444 T. truncatus 3 Pellestrina, Venezia, 
Italy 24/03/2018 Natural M 264 260 L 33 30 40 30

R 26 18 54

457 T. truncatus 2 Bibione, Venezia, Italy 29/01/2019 Natural M 285 260 R 8 19 17 26

429 Z. cavirostris 2 Livorno, Italy 23/12/2017 Natural M 503 na L 18 12

Table 2. Quantification of corpuscle cores: animals and manual counts. *CC: conservation code; Death: natural 
or euthanized after veterinary consultation; na: not available; B: blubber region; G: glandular region; M: muscle 
region; C: cartilage region; N: nervous button region.

https://doi.org/10.1038/s41598-020-61170-4


1 2Scientific RepoRtS |         (2020) 10:4191  | https://doi.org/10.1038/s41598-020-61170-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

In this preliminary hypothesis we do not exclude that the receptors could be sensitive to multiple types of 
stimuli, but the commonly accepted one, which is also consistent with our results, is that of mechanical defor-
mation. Among the main stimuli that can trigger a deformation of the soft tissues of the ear canal in cetaceans, 
we consider (a) changes in ambient hydrostatic pressure, (b) vibratory or pulsed stimuli coming from the natu-
ral environment and/or from other animals such as conspecifics, and unnatural sources such as anthropogenic 
noise (this would allow them to hear or feel the environment, depending on the perspective), and finally, (c) 
touch, although less likely because an associated behaviour has never been reported. For the detection of ambient 
pressure, the suited type of mechanoreceptors would have a slow adaptation rate, while for transient deforma-
tion such as vibration, it would be rapidly adapting. The lamellar corpuscles described here, show an immu-
nohistochemical and ultrastructural resemblance to the inner core of a Pacinian corpuscle, a rapidly adapting, 
low-threshold mechanoreceptor18,21,31,32. However, an artificial removal of the outer core of the Pacinian corpuscle 
lowers its adaptation rate50. This could allow the corpuscles described here to be stimulated by steady pressure27. 

Figure 16. PGP 9.5 (1:500, block, no bleaching). Immunoreactive lamellar corpuscles in the vicinity of the ear 
canal in common dolphin (a), Cuvier’s beaked whale (b), long-finned pilot whale (c), and bottlenose dolphin 
(d). (Scale bar 50 µm).

Figure 17. (Giraffe, anti-S100). (a) Immunoreactive small nerve fibres in the vicinity of sebaceous glands, and 
small positive reaction associated with hair follicles. (b) Concentration of immunoreactive cells in the dermis 
(Scale bars 100 µm).
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Also, the absence of the outer lamellar core would omit the amplitude and frequency filtering mechanism it 
accommodates18,51, leading to a corpuscle that can be stimulated by smaller deformations over a wider frequency 
range. Therefore, although we cannot make definite conclusions on the adaptation rate of the lamellar corpus-
cles described here, we hypothesize they could be appropriate for the sensation of pressure, and the associated 
perception of depth. Such information would be essential to accommodate physiological responses associated 
with diving, through general body responses, after processing in the central nervous system, or through arched 
reflexes in structures that are connected to the same neural ganglia. One of the most striking adaptations of 
toothed whales is the ability to cope with great pressure differences through vascular perfusion and the presence 
of extensive arterial and venous plexuses and retia mirabilia47,52,53. Connected to the same neural ganglia, are the 
middle ear and its corpus spongiosum, and the mandibular fat bodies and accessory sinus complex with extensive 
venous plexuses and prominent arterial supply54, which are all novel evolutionary structures subjected to large 
pressure differences and showing considerable physiological flexibility, and are essential for a correct functioning 
of the hearing apparatus at depth. While there are indications of pressure-related redistributions of blood, at least 
in the middle ear and pterygoid sinuses, it is not yet known how those might be regulated. For comparison, there 
are indications of active vasodilation of the vascular lacunae in the dolphin trachea with nitric oxide as chemical 
messenger55, possibly coordinated through a centrally stimulated parasympathetic innervation27. It would be 
interesting to study how the blood supply in the middle ear and associated tissues is controlled.

The working hypothesis, supported by our results and literature findings, is that the ear canal has acquired a 
new sensory role and would be able to detect the (changes in) ambient pressure, while the topographical distri-
bution of the lamellar corpuscles, and the intricate association with complex configuration of the lumen and the 
surrounding soft tissues, could allow for a graded sensation.

conclusion
In this study, we have clarified the structural nature of simple lamellar corpuscles associated with the external ear 
canal in toothed whales and given insight into the complex innervation of the canal. It shows that the presence 
of lamellar corpuscles is a feature that is unique to cetaceans, not present in terrestrial Cetartiodactyla, which 
indicates that, through their return to the aquatic environment, the external ear canal has acquired a unique 
sensory function. While the function is still a conundrum, we propose a hypothesis based on morphological data 
in a variety of toothed whales and propose it to be an organ capable of detecting ambient pressure through which 
information can be relayed to physiological reflex responses essential for underwater hearing. More information 
on the three-dimensional characteristics of the corpuscles, and the conformation of the ear canal soft and carti-
laginous tissues would be required to gain insight in the physiology, sensitivity, and function of the external ear 

Figure 18. (Deer, Anti-NSE) Dermis and epidermis show no reactivity. There is unspecific staining of the 
glands. This image is representative for all terrestrial mammals in this study. (Scale bar 100 µm).

Figure 19. (Cow, Anti-PGP 9.5, 1:500). (a) Small nerve fibres in spatial association with alveolar glands. There 
is also unspecific staining of serum in the blood vessels (scale bar 100 µm). (b) intraepithelial nerve fibres (scale 
bar 50 µm).
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canal. Although we cannot draw definite conclusions yet, this paper provides essential data for a better under-
standing of the definite functionality of the odontocete ear canal.

Materials and Methods
Animals. For the present study, we used several specimens of striped dolphin, two bottlenose dolphin, and 
single specimens of common dolphin, long-finned pilot whale, and Cuvier’s beaked whale, and also several terres-
trial Cetartiodactyla (i.e. cow, roe deer and northern giraffe). A detailed list of the examined animals is reported 
in Tables 2 and 3.

tissue sampling and processing. The external ear canals of all animals were obtained during routine 
necropsy. The odontocete samples were taken according to the following protocol: First, the external ear opening 
was located and soft tissues were dissected in a rectangle of about 1 cm2 around the opening down to the level 
of the osseous cove that is delineated by the mandible rostrally, the squamosal dorsally, and the exoccipital bone 
dorsocaudally. Next, the soft tissues that hold the TP-complex in place were cut and the combined tissues of the 
ear canal, surrounding soft tissues and TP-complex were dissected and extracted. The entire structure was fixed 
in 10% neutral-buffered formalin for 24 hours after which the fixative was refreshed. The time from fixation to 
tissue processing ranged from several days to 18 months. The TP-complex, together with the far-most medial end 
of the ear canal was separated and decalcified using a commercial decalcifier (Biodec R, Bio-Optica®). For the 
terrestrial mammals, we dissected the cartilaginous portion of the external ear canal, which we fixated in the same 
manner as the odontocete samples. Next, slabs with a diameter of about 3–4 mm were dissected, transverse to the 
local orientation of the ear canal lumen, embedded in paraffin, sectioned to a thickness of 4 µm, and mounted on 
polarized glass slides. Sections for staining with hematoxylin-eosin were obtained from all slabs and dried over-
night at 70 °C, followed by automated staining using a Leica Autostainer XL (Leica Biosystems Nussloch GmbH). 
The slides were coverslipped using a mixture of Eukitt® (ORSAtec GmbH) and xylene.

immunohistochemistry. Slides for immunohistochemistry were dried at room temperature and incubated 
at 37 °C for 30 min before the start of the semi-automatic staining procedures using Benchmark® GX and Ventana 
software, using Polyclonal anti-bovine S-100 (Dako, Z0311), Monoclonal anti-human Neurofilament M Protein 
(NF)(Dako, M0762), Monoclonal anti-human Neuron-Specific Enolase (NSE)(Dako, M0873), and Polyclonal 
anti-bovine PGP 9.5 (Dako, Z5116) as primary antibodies in several dilutions with and without blocking agent 
(See Supplementary Material). The sections for anti-PGP 9.5 were stained with a protocol modified from56, which, 
in some odontocete cases, was preceded by a melanin bleaching procedure (modified from57). Antibodies were 
diluted with Ventana® Antibody Diluent with or without casein blocking buffer. After staining, all slides were 
washed with standard dishwashing soap and rinsed with tap water for several repetitions during 10–15 min. 
Next, the slides were dehydrated in increasing concentrations of alcohol, coverslipped and dried overnight at 
room temperature inside the extraction hood. The specificity of the immunohistochemical reaction was checked 
using a) negative control (internal and external control with epithelium, muscle, fat, and connective tissue), and 
b) white control sections (primary antibody absent) (See Supplementary Material). All slides were examined with 
an Olympus BX41 microscope (Olympus Italia S.r.l., Milan, Italy) at up to x600 magnification, and scanned with 
D-sight scanning microscope at x400 magnification (A. Menarini Diagnostics, S.r.l., Florence, Italy) and uploaded 
to a server (Telepathology, Visia Imaging S.r.l., San Giovanni Valdarno (AR), Italy), and pictures were taken either 
as screenshots from the server or with a Leica DMD108 Microscope (Leica Microsystems CMS GmbH, Milan, 
Italy). Images were edited using Fiji software (ImageJ 1.52i) for adding the scale bar, for appropriate brightness 
and contrast when insufficient, and montages were made using the Magic Montage plugin. For the classification 
of the SNF, we compared morphology with literature (See Malinovský, 1996, for a review).

Animal ID Species CC/CS Origin
Date of 
necropsy Death Sex Length Weight PGP9.5 NF S100 NSE

12691 S. coeruleoalba 2 Livorno, Italy 19/12/2017 Natural M 193 cm 62 kg x x x x

12708 S. coeruleoalba 2 Genova, Italy 21/01/2018 Natural M 192 cm 69 kg x x x

N-293\18 S. coeruleoalba 3 Port Ginesta, Spain 09/07/2018 Euthan F 187 cm 85 kg x x x

N-274\18 S. coeruleoalba 3 Delta del Ebro, Spain 24/06/2018 Natural M 152 cm 38 kg x x x

N-488\17 S. coeruleoalba 2 Gavà, Spain 28/09/2017 Euthan F 198 cm 70 kg x x x

444 Tursiops truncatus 3 Pallestrina, Italy 24/03/2018 Natural M 264 cm 260 kg x

N-169\17 Delphinus delphis 2 L’Escala, Spain 20/04/2017 Natural M 179 cm 72 kg x

429 Ziphius cavirostris 2 Livorno, Italy 23/12/2017 Natural M 503 cm na x

441 Globicephalus melas 4 Aglientu, Sardinia, 
Italy 20/03/2018 Natural M 525 cm na x

AE246 Bos taurus Good Venice, Italy 12/12/2018 Natural F na 100 kg x x x x

CP11 Capreolus capreolus Mod/Adv Prato, Italy 30/11/2017 Natural M na 14 kg x x x x

AB959 Giraffa camelopardalis Good Verona, Italy 01/03/2018 Natural M na 459 kg x x x x

Table 3. Animals for IHC. *CC/CS: conservation code or status; Death: natural or euthanized after veterinary 
consultation; na: not available; x: antibody applied.
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Histochemical stains. Slides for histochemical stains were obtained in the same manner as for standard 
haematoxylin-eosin. The techniques included: Luxol Fast Blue / Cresyl Violet Stain, Spaethe’s Silver stain mod-
ified after Richardson14, Palmgren’s silver stain, Bielschowski’s silver stain15, Masson’s Trichrome Goldner, and 
Massons Trichrome with Aniline blue.

protein extraction and western blotting analysis. For protein extraction, 150 μg of frozen brain tissue 
from bottlenose dolphin, striped dolphin and bovine (closest phylogenetic species in which cross-reactivity tissue 
controls were possible) were homogenized using Potter glass (Vetrotecnica, Italia) in 5 ml of buffer A (10 mM 
Tris-Base, 150 mM NaCl, 5 mM EDTA, pH 7.2 and cocktail inhibitor - Sigma, Milan, Italy) and centrifuged at 
10000 g for 30 minutes. The supernatant was then centrifuged at 125000 g for 1 hour (Optima L-90K, Beckman, 
Italy) and the pellet proteins were dissolved in 0.5 ml of buffer B (10 mM Tris, 150 mM pH 7.2 NaCl). Total protein 
concentration was calculated using the Pierce BCA Protein Assay Kit (ThermoFisher Scientific). In order to eval-
uate PGP 9.5, NF, NSE and S-100 antibody specificity, a Western Blot analysis has been performed according to 
the following protocol. Twenty-five micrograms of the extracted proteins were denatured at 70 °C for 10 minutes. 
Proteins were resolved using NuPAGE 4–12% Bis-Tris gel (ThermoFisher Scientific) and transferred to the nitro-
cellulose membrane. Nonspecific binding sites were blocked for 1 hour in 5% nonfat dry milk in TBS-T (TBS con-
taining 0.05% Tween-20) at room temperature. Blot was incubated at 4 °C overnight with antibodies against PGP, 
NF, NSE and S-100, respectively (Dako). Then, the membrane was incubated for 1 hour at room temperature with 
anti-rabbit peroxidase-conjugate secondary antibody (ThermoFisher Scientific, #32260) for PGP and S-110 and 
with anti-mouse peroxidase-conjugate secondary antibody for NF and NSE (ThermoFisher Scientific, #32230). 
Reactive bands were visualized with a chemiluminescent detection kit (SuperSignal West Pico Chemiluminescent 
Substrate, ThermoFisher Scientific) using the iBright instrument (ThermoFisher Scientific).

transmission electron microscopy. The ear canals of a striped dolphin stranded in Delta de l’Ebre, 
Paya del Serrallo, Sant Jaume d’Enveja, Tarragona, Spain (23/06/2018, N-274/18, male, condition code 3, 38 kg, 
152 cm length) were dissected during routine necropsy at the Veterinary Faculty of the Autonomous University 
of Barcelona (UAB, Bellaterra) about 22 h after the animal died on the beach without human intervention. A 
subsample was taken from a tissue zone medial to the blubber layer and fixed for 48 h at 4 °C in a solution of 
2.5% glutaraldehyde in 0.1 M cacodylate buffer solution, subsequently post-fixed with 1% osmium tetroxide, 
and dehydrated with increasing concentrations of acetone in water. Semi-thin sections (1 mm) were obtained 
with a glass knife, then stained with methylene blue, covered with Durcupan, and observed by light microscopy. 
Ultrathin slides, about 100 nm thick, were cut with an Ultracut E ultramicrotome (Reichert-Jung). Sections were 
double-stained with uranyl acetate and lead citrate and observed with a Jeol JEM-1010 Electron Microscope 
(JEOL Corp. Ltd., Tokyo, Japan) at 80 kV. Images were obtained with a Bioscan camera model 792 (Gatan) at the 
University of Barcelona (Unitat de Microscòpia Electrònica (TEM/SEM), Centres Científics i Tecnològics).

Corpuscle core quantification.  We did a relative quantification of the number of transections through 
corpuscle cores over the course of the external ear canal in striped dolphin. Histological slides were obtained 
as described above. In each slide, the corpuscle cores were manually counted at a magnification of 200×, in all 
fields of view of the subepithelial tissue around the ear canal, always including the basal layer of the epithelium 
within the field of view. Each corpuscle core was labelled as positive only when a central axon and surrounding 
lamellar structure were recognized, independent of the occurrence as single corpuscles or as multiple corpuscles 
that were adjacent to each other or embedded within the same peripheral layer. The tissue sections were labelled 
as belonging to one of five distinguishable regions along the course of the ear canal (see Table 1 for a schematic 
representation of the presence of the different types of soft tissues over the course of the canal). Because there was 
a limited amount of good quality samples, we included all possible animals and sections that allowed for a reliable 
counting of the corpuscles. We assumed that the number of corpuscle cores would not be affected by age, length, 
sex, left versus right, and that it would not change within a region. We took the maximum value of all slabs in 
each of the five regions for further analysis, as it was considered to be most representative of the true number of 
corpuscles and less influenced by artefacts.

Received: 11 April 2019; Accepted: 17 February 2020;
Published: xx xx xxxx

References
 1. Nummela, S., Reuter, T., Hemilä, S., Holmberg, P. & Paukku, P. The anatomy of the killer whale middle ear (Orcinus orca). Hear. Res. 

133, 61–70 (1999).
 2. Morell, M. et al. Ultrastructure of the Odontocete Organ of Corti: Scanning and transmission electron microscopy: Odontocete 

Organ of Corti Ultrastructure: SEM and TEM. J. Comp. Neurol. 523, 431–448 (2015).
 3. Ketten, D. R. Cetacean Ears. in Hearing by Whales and Dolphins (eds. Au, W. W. L., Popper, A. N. & Fay, R. R.) 43–108 (Springer-

Verlag, 2000).
 4. Popov, V. V. & Supin, A. Y. Location of an acoustic window in dolphins. Experientia 46, 53–56 (1990).
 5. Popov, V. V. et al. Evidence for double acoustic windows in the dolphin, Tursiops truncatus. J. Acoust. Soc. Am. 123, 552–560 (2008).
 6. Yamada, M. Contribution to the Anatomy of the Organ of Hearing of Whales. Sci. Rep. Whales Res. Inst. 8, 79 (1953).
 7. De Vreese, S., Doom, M., Haelters, J. & Cornillie, P. Heeft de uitwendige gehoorgang van walvisachtigen nog enige functie? Vlaams 

Diergeneeskd. Tijdschr. 83, 284–292 (2014).
 8. Palmer, E. & Weddell, G. The Relationship Between Structure, Innervation and Function of the Skin of the Bottlenose Dolphin 

(Tursiops truncatus). Proc. Zool. Soc. Lond. 143, 553–568 (1964).
 9. Giacometti, L. The skin of the whale (Balaenoptera physalus). Anat. Rec. 159, 69–75 (1967).
 10. Bryden, M. M. & Molyneux, G. S. Ultrastructure of encapsulated mechanoreceptor organs in the region of the nares. in Research on 

Dolphins (eds. Bryden, M. M. & Harrison, R.) 99–107 (Clarendon Press, 1986).

https://doi.org/10.1038/s41598-020-61170-4


1 6Scientific RepoRtS |         (2020) 10:4191  | https://doi.org/10.1038/s41598-020-61170-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 11. Degollada, E. Anatomía e Histología Funcionales del Sistema de Sacos Nasales en los Odontocetos (Superfamilia Delphinoidea). 
(Autonomous University of Barcelona, 1998).

 12. Prahl, S. Untersuchungen zum Bau der epicranialen Atemwege beim Schweinswal (Phocoena phocoena Linnaeus, 1758). (2007).
 13. Czech, N. Functional Morphology and Postnatal Transformation of Vibrissal Crypts in Toothed Whales (Odontoceti). (Fakultät für 

Biologie und Biotechnologie der Ruhr-Universität Bochum, 2007).
 14. Spaethe, A. Eine Modifikation der Silbermethode nach Richardson für die Axonfärbung in Paraffinschnitten. Verh Anat Ges 78, 

101–102 (1984).
 15. Bancroft, D. J. & Gamble, M. Bielschowsky’s silver stain for neurofibrils, dendrites, and axons in paraffin and frozen sections, 

modified (Chan, unpublished). in Theory and practice of Histological technique 376–377 (2001).
 16. Wickham, M. G. Irido-corneal angle of mammalian eyes: Comparative morphology of encapsulated corpuscles in odontocete 

cetaceans. Cell Tissue Res. 210, 501–515 (1980).
 17. Czech-Damal, N. U. et al. Electroreception in the Guiana dolphin (Sotalia guianensis). Proc. R. Soc. Lond. B Biol. Sci. 279, 663–668 

(2012).
 18. Zelená, J. Nerves and Mechanoreceptors - The Role of Innervation in the Development and Maintenance of Mammalian 

Mechanoreceptors. (Chapman and Hall, 1994).
 19. Golgi, C. Sui Nervi dei Tendini dell’uomo e di altri Vertebrati e di un nuovo Organo Nervoso terminale Musculo-tendineo. Mem. 

Della Ric. Acad. Torino 32, 359–385 (1880).
 20. Malinovský, L. Sensory nerve formations in the skin and their classification. Microsc. Res. Tech. 34, 283–301 (1996).
 21. Vega, J. A., Haro, J. J. & Del Valle, M. E. Immunohistochemistry of human cutaneous Meissner and pacinian corpuscles. Microsc. Res. 

Tech. 34, 351–361 (1996).
 22. Kumamoto, K., Ebara, S. & Matsuura, T. Noradrenergic Fibers in the Pacinian Corpuscles of the Cat Urinary Bladder. Cells Tissues 

Organs 146, 46–52 (1993).
 23. Barker, D., Hunt, C. C. & McIntyre, A. K. Muscle Receptors. (Springer Berlin Heidelberg, 1974).
 24. Albuerne, M. et al. Development of Meissner-like and Pacinian sensory corpuscles in the mouse demonstrated with specific markers 

for corpuscular constituents. Anat. Rec. 258, 235–242 (2000).
 25. Feito, J., Cobo, J. L., Santos-Briz, A. & Vega, J. A. Pacinian Corpuscles in Human Lymph Nodes. Anat. Rec. 300, 2233–2238 (2017).
 26. Ide, C. & Hayashi, S. Specializations of plasma membranes in Pacinian corpuscles: Implications for mechano-electric transduction. 

J. Neurocytol. 16, 759–773 (1987).
 27. Kandel, E. R., Schwartz, J. H. & Jessell, T. M. Principles of neural science. (Elsevier, 1991).
 28. Lauriano, E. R. et al. Merkel cells immunohistochemical study in striped dolphin (Stenella coeruleoalba) skin. Tissue Cell 56, 1–6 

(2019).
 29. Ramos-Vara, J. A. et al. Suggested Guidelines for Immunohistochemical Techniques in Veterinary Diagnostic Laboratories. J. Vet. 

Diagn. Invest. 20, 393–413 (2008).
 30. Chouchkov, C. N. The fine structure of small encapsulated receptors in human digital glabrous skin. J. Anat. 114, 25–33 (1973).
 31. Munger, B. L., Yoshida, Y., Hayashi, S., Osawa, T. & Ide, C. A re-evaluation of the cytology of cat Pacinian corpuscles. I. The inner 

core and clefts. Cell Tissue Res. 253, 83–93 (1988).
 32. Ide, C., Yoshida, Y., Hayashi, S., Takashio, M. & Munger, B. L. A re-evaluation of the cytology of cat Pacinian corpuscles. II.The 

extreme tip of the axon. Cell Tissue Res. 253, 83–93 (1988).
 33. Pawson, L., Slepecky, N. B. & Bolanowski, S. J. Immunocytochemical identification of proteins within the Pacinian corpuscle. 

Somatosens. Mot. Res. 17, 159–170 (2000).
 34. Chartrand, M. S. Identifying Neuro-reflexes of the External Ear Canal Max Stanley Chartrand. AudiologyOnline https://www.

audiologyonline.com/articles/identifying-neuro-reflexes-external-ear-1030 (2005).
 35. Spray, D. C. Cutaneous Temperature Receptors. Ann Rev Physiol 48, 623–638 (1986).
 36. Kress, M. & Zeilhofer, H. U. Capsaicin, protons and heat: new excitement about nociceptors. Trends Pharmacol. Sci. 20, 112–118 

(1999).
 37. Grennes, M. J. Mapping morphologic change in the external ear. (University of Tasmania, 1999).
 38. Bermejo, P. et al. Innervation of the Human Cavum Conchae and Auditory Canal: Anatomical Basis for Transcutaneous Auricular 

Nerve Stimulation. BioMed Res. Int. 2017, 1–10 (2017).
 39. Miller, M. E., Christensen, G. C. & Evans, H. E. Anatomy of the Dog. (W.B. Saunders Company, 1964).
 40. Folan-curran, J., Hickey, K. & Monkhouse, W. S. Innervation of the Rat External Auditory Meatus: A Retrograde Tracing Study. 

Somatosens. Mot. Res. 11, 65–68 (1994).
 41. Alvord, L. S. & Farmer, B. L. Anatomy and orientation of the human external ear. J.-Am. Acad. Audiol. 8, 383–390 (1997).
 42. Sommerauer, S., Muelling, C. K. W., Seeger, J. & Schusser, G. F. Anatomy and Anaesthesia of the Equine External Ear Canal. Anat. 

Histol. Embryol. 41, 395–401 (2012).
 43. Watanabe, K. et al. Isolated Deep Ear Canal Pain: Possible Role of Auricular Branch of Vagus Nerve—Case Illustrations with 

Cadaveric Correlation. World Neurosurg. 96, 293–301 (2016).
 44. Folan-Curran, J. & Cooke, F. J. Contribution of cranial nerve ganglia to innervation of the walls of the rat external acoustic meatus. 

J. Peripher. Nerv. Syst. 6, 28–32 (2001).
 45. Rauschmann, M. A. Morphologie des Kopfes beim Schlanken Delphin Stenella attenuata mit besonderer Berücksichtigung der 

Hirnnerven. Makroskopische Präparation und moderne bildgebende Verfahren. (Johann Wolfgang Goethe-Universität, 1992).
 46. Morgane, P. T. & Jacobs, M. S. Comparative anatomy of the cetacean nervous system. in Functional Anatomy of Marine Mammals 

(ed. Harrison, R. J.) vol. Vol. 1 (Academic Press, 1972).
 47. Cozzi, B., Huggenberger, S. & Oelschläger, H. H. A. Anatomy of Dolphins. (Academic Press, 2017).
 48. Ketten, D. R. The cetacean ear: form, frequency, and evolution. in Marine Mammal Sensory Systems (eds. Thomas, J. A., Kastelein, 

R. A. & Supin, A. Y.) 53–75 (Springer Science+Business Media, 1992).
 49. Ridgway, S. H. & Carder, D. A. Tactile Sensitivity, Somatosensory Responses, Skin Vibrations, and the Skin Surface Ridges of the 

Bottle-Nose Dolphin, Tursiops Truncatus. in Sensory Abilities of Cetaceans: Laboratory and Field Evidence (eds. Thomas, J. A. & 
Kastelein, R. A.) 163–179 (Springer US, 1990).

 50. Loewenstein, W. R. Mechano-electric Transduction in the Pacinian Corpuscle. Initiation of Sensory Impulses in Mechanoreceptors. 
in Handbook of Sensory Physiology. 1. Principles of Receptor Physiology (ed. Loewenstein, W. R.) 269–290 (1971).

 51. Iggo, A. Is the Physiology of Cutaneous Receptors Determined by Morphology? in Progress in Brain Research vol. 43 15–31 (Elsevier, 
1976).

 52. Costidis, A. M. & Rommel, S. A. The extracranial arterial system in the heads of beaked whales, with implications on diving 
physiology and pathogenesis. J. Morphol. 277, 5–33 (2016).

 53. Costidis, A. M. & Rommel, S. A. The extracranial venous system in the heads of beaked whales, with implications on diving 
physiology and pathogenesis. J. Morphol. 277, 34–64 (2016).

 54. Costidis, A. & Rommel, S. A. Vascularization of Air Sinuses and Fat Bodies in the Head of the Bottlenose Dolphin (Tursiops 
truncatus): Morphological Implications on Physiology. Front. Physiol. 3, (2012).

 55. Cozzi, B., Bagnoli, P., Acocella, F. & Costantino, M. L. Structure and biomechanical properties of the trachea of the striped dolphin, 
Stenella coeruleoalba: Evidence for evolutionary adaptations to diving. Anat. Rec. A. Discov. Mol. Cell. Evol. Biol. 284A, 500–510 
(2005).

https://doi.org/10.1038/s41598-020-61170-4
https://www.audiologyonline.com/articles/identifying-neuro-reflexes-external-ear-1030
https://www.audiologyonline.com/articles/identifying-neuro-reflexes-external-ear-1030


17Scientific RepoRtS |         (2020) 10:4191  | https://doi.org/10.1038/s41598-020-61170-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

 56. Sematovica, I., Pilmane, M. & Jemeljanovs, A. Vascular endothelial growth factor, nerve growth factor receptor p75, protein gene 
product 9.5, tumor necrosis factor-α and apoptosis in the cow endometrium in post partum period. 5 (2008).

 57. Luna, L. G. Manual of histologic staining methods of the Armed Forces Institute of Pathology. (Blakiston Division, McGraw-Hill, 1968).
 58. Munger, B. L. Patterns of Organization of Peripheral Sensory Receptors. in Principles of Receptor Physiology (ed. Loewenstein, W. R.) 

vol. 1 523–556 (Springer Berlin Heidelberg, 1971).

Acknowledgements
This study was funded by the Fondazione Cassa di Risparmio di Padova e Rovigo. The authors would like 
to acknowledge the Italian Zooprofilactic Institutes of Venezia, Lazio e Toscana, Lìguria and Sardinia for 
collaboration in the sampling network, and Prof. dr. Mariano Domingo (Department of Health and Anatomy, 
Faculty of Veterinary Medicine, Autonomous University of Barcelona, Bellaterra) for the sample processing in 
Spain. We would also like to thank Davide Trez, Enrico Gallo, Rosella Zanetti, Giuseppe Palmisano, Michele 
Povinelli, and Letizia Moro (Department of Comparative Biomedicine and Food Science, University of Padova, 
Legnaro), and Josep M. Rebled, Eva Prats, Adriana Martínez, and Rosa Rivera (Unitat de microscopia electrònica, 
Hospital Clínic, Universitat de Barcelona) for technical support.

Author contributions
S.D.V., S.M., M.A. and B.C. conceived the experiments; S.D.V. and S.M. conducted the field work; S.D.V. and C.C. 
carried out the laboratory work; S.D.V. and M.v.d.S. did the quantitative analyses; S.D.V., S.M., M.A., and B.C. 
analysed the results; S.D.V. wrote the manuscript; All authors reviewed and contributed to the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-61170-4.
Correspondence and requests for materials should be addressed to S.D.V.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-61170-4
https://doi.org/10.1038/s41598-020-61170-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Morphological Evidence for the Sensitivity of the Ear Canal of Odontocetes as shown by Immunohistochemistry and Transmissio ...
	Results
	Striped dolphin. 
	Other toothed whales. 
	Terrestrial cetartiodactyla. 

	Discussion
	Conclusion
	Materials and Methods
	Animals. 
	Tissue sampling and processing. 
	Immunohistochemistry. 
	Histochemical stains. 
	Protein extraction and western blotting analysis. 
	Transmission electron microscopy. 
	Corpuscle core quantification. 

	Acknowledgements
	Figure 1 Macroscopic view of the left lateral side of a young striped dolphin head showing the position of the inconspicuous aperture of the external ear canal situated a few centimetres caudal to the eye (arrow).
	Figure 2 Macroscopic image in left lateral view of the course of the external ear canal of striped dolphin.
	Figure 3 HE staining of simple lamellar corpuscles and small nerve bundles in the vicinity of the external ear canal in striped dolphin.
	Figure 4 HE stained section through the cartilaginous portion of the ear canal of striped dolphin.
	Figure 5 Immunohistochemical stained microscopic images of lamellar corpuscles in striped dolphin stained with (a,b) anti-NF, in (b) note the whirling course of the central axon within a composite corpuscle and several axons associated with the peripheral
	Figure 6 IHC staining with anti-PGP 9.
	Figure 7 Detail image of a nerve fascicle in the subepithelial tissue in a striped dolphin stained with anti-NF (a) and anti-S100 (b).
	Figure 8 Detail image of an intraepithelial nerve fibre running from the germinal layer to the luminal surface of the ear canal of a striped dolphin, stained with PGP 9.
	Figure 9 Western blot analyses.
	Figure 10 TEM Image: Overview of a lamellar corpuscles and nerve fibres (N) within the same perineurium (blue dashed line), and surrounded by collagenous connective tissue (C).
	Figure 11 TEM image of the axon terminal (A) with mitochondria (m) along the rim of the neurite, and indications of microtubules (circles).
	Figure 12 TEM image of a transverse section through the ultraterminal region of a simple lamellar corpuscle.
	Figure 13 TEM image of the axonal spine protruding into a radial cleft with the lamellar cytoplasm stained slightly reddish.
	Figure 14 Various histochemical stains of lamellar corpuscles the subepithelial tissue of the external ear canal in striped dolphin.
	Figure 15 Correlations of the number of cross-sections of lamellar corpuscles among the five regions of the external ear canal (B: blubber G: glands M: muscle C: cartilage N: nervous button).
	Figure 16 PGP 9.
	Figure 17 (Giraffe, anti-S100).
	Figure 18 (Deer, Anti-NSE) Dermis and epidermis show no reactivity.
	Figure 19 (Cow, Anti-PGP 9.
	Table 1 Schematic representation of soft tissues associated with the ear canal (rows), from left to right representing the course from the external ear opening to the tympanic conus.
	Table 2 Quantification of corpuscle cores: animals and manual counts.
	Table 3 Animals for IHC.




