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Cetacean brain sampling may be an arduous task due to the difficulty of collecting and histologically preparing such rare

and large specimens. Thus, one of the main challenges of working with cetaceans’ brains is to establish a valid

methodology for an optimal manipulation and fixation of the brain tissue, which allows the samples to be viable for

neuroanatomical and neuropathological studies.
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1. Introduction

In the course of evolution, cetaceans have undergone modifications with respect to their ancestral terrestrial status.

Throughout the phylogenesis, the cetaceans’ sphlancnocraniums lengthened in order to obtain a greater hydrodynamic

body shape, the upper airways (the blowhole) migrated dorsally, while the neurocranium shortened (Figure 1). The skull

acquired a post-orbital compression and an antero-orbital elongation, called “cranial telescoping” . However, the brain

does not diminish its size; it folds over itself and thus acquires a “boxing glove” shape, also due to the lack of most of the

olfactory structures in the frontal lobes and the pronounced width of the temporal lobe (Figure 2, right). One of the most

eminent transformations occurred in the toothed whales (odontocetes) in their size, structure, and neuroanatomical

organization. A unique characteristic of the toothed whales is the exceptionally large size of the brain, in some species

both in absolute and in relative terms , and the extremely dense folding of the neocortex  (Figure 2, right). The size of

the dolphin’s brain compared to body size varies between apes and humans . Toothed whale brains may range from

about 200–2000 g  to 9300 and 9200 g, the maximum sizes found in the killer whale (Orcinus orca)  and the sperm

whale (Physeter macrocephalus) , respectively. In addition, female sperm and killer whales evolved a brain larger than

expected for their body mass (encephalization quotient > 1), with values near the ranges of primates, dolphins, and

elephants .

Figure 1. Sagittal section of a fixed dolphin head, showing the lengthening of the sphlancnocranium (S), the shortening of

the neurocranium (N), and the position of the brain (B). bw, blowhole; mel, melon; nar, nares; t, tongue. Atlantic spotted

dolphin. Stenella frontalis.
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Figure 2. Fresh spinal cord (left) and fresh brain (right). In the inset, the lateral ventricle is exposed (arrow), in the

proximity of the sagittal cleft. Striped dolphin, Stenella coeruleoalba.

The animal cerebral tissue is fragile due to the general lack of connective tissue and the high percentage of lipid content

and the post mortem period negatively affects the conservation, quality, and stiffness of brain tissue. Undisputedly, where

the best possible morphology is required, animals should be anesthetized and subjected to cardiac perfusion with saline,

followed by a formalin flush . In any event, the study of cetaceans provides valuable information on the conditions of

the researchers seas. Cetaceans are homeotherms, long-lived species, and are located at the top of the marine food

chain. Thus, they are considered bioindicator species and sentinels of the health of the sea. The lifespan of these animals

can be compared, in many species, to the one of humans, and makes cetaceans, particularly odontocetes, a new and

more authentic comparative natural model for the study of certain neurodegenerative diseases in humans .

Although immersion fixation has been considered inadequate, especially in large brains, where the fixative is slow to

penetrate  and different protocols have been proposed for cetaceans’ large brains , it is possible to obtain viable

material for the microscopic study of cortical , subcortical , and brainstem regions .

2. Materials and Methods
2.1. The Workflow for Cetaceans’ Brain Examination: From Fresh to Fixed Samples

From 2009 to 2016, 281 cetaceans stranded and died in the Canary Islands (Spain). Systematic pathological studies were

performed on the carcasses to determine the cause of death and/or stranding. Brains were obtained from 51 specimens

of six different species of the suborder Odontoceti: striped dolphin (Stenella coeruleoalba) (n = 10), Atlantic spotted

dolphin (Stenella frontalis) (n = 7), common dolphin (Delphinus delphis) (n = 3), bottlenose dolphin (Tursiops truncatus) (n
= 3); short-finned pilot whale (Globicephala macrorhynchus) (n = 3), Risso’s dolphin (Grampus griseus) (n = 5), pygmy

sperm whale (Kogia breviceps) (n = 2), Blainville’s beaked whale (Mesoplodon densirostris) (n = 5), Cuvier’s beaked

whale (Ziphius cavirostris) (n = 8), Gervais’ beaked whale (Mesoplodon europaeus) (n = 4), and True’s beaked whale

(Mesoplodon mirus) (n = 1). The bottlenose dolphins, one newborn and two adults, came from a controlled environment

and died of natural causes. The postmortem times were different, due to the intrinsic logistic aspects of each stranding,

but never exceeded 48 h (decomposition code 1 and 2, very fresh and fresh).

2.2. Opening of the Skull

The necropsy protocol was carried out as standardized and published by Thijs Kuiken and Manuel García Hartmann in

1991 , with some modifications and added contributions. The opening of the cranial cavity was performed with a

swinging saw. Four lines were drawn in the skull and a window was created in order to offer the best access to the brain,

as follows:

one dorsal parallel to the nuchal ridge (crista occipitalis externa) at 1 cm from it (slightly more caudally in some species

such as beaked whales or BW and pilot whales),

another ventral and parallel to (a), bypassing the occipital condyles; and
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two lateral and perpendicular to (a) and (b), passing through the parietal and the squamosal bones, in the temporal

fossa.

In the biggest size animals (i.e., sperm-, baleen-, and beaked- whales), the aforesaid window should be drawn more

caudally. In fact, the thickness of the skull, and sometimes the ossification of the falx cerebri and tentoria cerebelli ,

cripples any effort to achieve the brain and force to draw the window just around the occipital condyles.

2.3. Cautious Sampling of Fresh Brain at Necropsy: A Key Step

Brains were removed, coded for freshness, and usually dissected within 24–48 h after death. A superficial sampling of

fresh unfixed brain was usually done, in order to complement investigations with microbiological, virological, and

toxicological (included biotoxins) studies. The following samples were taken: the cerebral cortex (rostrally and caudally),

the pons, the cerebellum, and the medulla oblongata. Then, in order to expose the lateral ventricles, a cut was made in

each hemisphere (as shown in the inset of Figure 2).

At this time, a biopsy punch was inserted in the lateral ventricles, first rostral-ward, and then caudal-ward, ensuring in this

way to take samples of the caudate nucleus (rostral) and the thalamus (caudal). A sample of the choroid plexus was also

taken.

2.4. Fixation of Cetaceans’ Brains: A Challenge

Cetaceans’ brains are usually obtained after different post-mortem periods, making it difficult to control autolysis times.

The post-mortem times are different but should never exceed 24 h, in particular for those brains used for neuroanatomical

studies. Brains were immersion-fixed at the time of necropsy in 10% neutral-buffered formalin (4% formaldehyde solution,

pH 7.4).

Due to the great encephalic volume and the slow rate of diffusion of the formalin (0.5 cm per hour), some longitudinal cuts

(2 to 4) were made in both cerebral and cerebellar hemispheres, before immersion. Cuts were mainly superficial (Figure
2, right) but in each cerebral hemisphere, at least one of them entered deep in order to expose the lateral ventricles and to

allow the fixative to go inside the ventricular system (the same cut as Section 2.2). The opening of the ventricular system

has been proposed by other authors  and has been adapted here to the characteristic short ventricular system of

these marine mammals . To respect the optimum volume ratio of fixative tissue, which is 10–20:1 , brains were

dipped in a container with a minimum volume of 20 L of fixative. Absorbent paper was placed at the bottom of the

container to avoid sticking of the brain to the plastic surface. Brains were left in the fixative for at least 72 h, and the

correct fixation was monitored throughout the days.

2.5. Sectioning of the Whole Brain and Postfixation

Brains can then be sectioned in sagittal, transverse (cross) or dorsal sections. However, cross sections were usually

chosen because they offer a better evaluation of neuropathological lesions (i.e., uni- or bilateral distribution of the lesions,

affected areas, etc.) and a finer study of the neuroanatomy . A dual sided edged knife for precision brain sectioning or a

slicing machine were used for cross-cutting. Sections (1–1.5 cm thick) were returned to the fixative for at least other 48 h

before proceeding to the final sampling of the brain. Indeed, sections were then stored in a 4 or 10-L volume container

with fresh fixative, separated from each other by filter paper.

2.6. Routinary Neuropathologic Investigations (FFPE)

For neuropathological purposes, we used the routine Formalin-Fixed Paraffin-Embedded (FFPE) procedure. Regrettably,

unlike domestic mammals, the researchers greatest guide for sampling is directed only by gross findings, since we do not

usually have any information on neurological or diagnostic examination.

A representative sampling of the main areas of the brain has been made as follows (Figure 3):
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- telencephalon: cortex (2 to 4 samples, at least frontopolar and occipital cortex) (a and f, stars), corpus striatum (b,

arrowheads), amygdala (c, blue circle; h, Am), and hippocampus (h, hip);

- diencephalon: thalamus and hypothalamus (c, star and rectangle);

- mesencephalon: tectum (colliculus rostralis and caudalis) (d, star) and tegmentum (with the substantia nigra) (d and i,

arrowheads);

- rhombencephalon: at least pons (with the locus ceruleus) (e, rectangle), trapezoid body (with the cochlear nuclei) (f and

k, rectangle), medulla oblongata (g, rectangle) and at least two samples of the cerebellum (included a sagittal section of

the vermis) (e and g, arrowhead and star);

- choroid plexus (d, g, i, j, and k, circle);

- spinal cord (Figure 2, left): at least pars cervicalis and pars thoracica.

Figure 3. Representative brain sampling in cross sections. Details are given in the main text (Section 2.6). Striations are

due to the dentated blade of the slicing machine (i.e., in b). Blainville’s beaked whale, Mesoplodon densirostris (a–f).
Sagittal section of the brainstem. P, pons; TB, trapezoid body. Atlantic spotted dolphin, Stenella frontalis (g). Dorsal

section of the brain, obtained at the level of the ventral limit of the telencephalon. The amygdaloid complex (Am), is

located rostral to the tiny hippocampus (hip) and lateral to the optic tract (ot). Pu, putamen; sf, sylvian fissure; T, thalamus;

TL, temporal lobe; I-II-III, 1st-2nd-3rd ventricle. Atlantic spotted dolphin, Stenella frontalis (h). Cross section made as in

(d) intended to show the substantia nigra (arrowheads). Gervais’ beaked whale, Mesoplodon europaeus (i). Cross section

of the brain exposing the lateral ventricle. The choroid plexus presents cystic lesions (arrowheads). The animal was

positive to herpesvirus and presented lesions in the brain . Striped dolphin, Stenella coeruleoalba (j). Sample of the

brainstem including the trapezoid body (TB), exposing de ventral cochlear nucleus (VCN), the facial nerve (7), and the

vestibulocochlear nerve (8). Risso’s dolphin, Grampus griseus (k).

Hippocampus is a complex brain structure embedded

deep into the temporal lobe. In these animals, it may be a hard issue to detect it,

due to its particular small size . However, it can

easily be found out just behind the large amygdaloid complex (Figure 3h, hip).

The selected samples were then placed into standard tissue cassettes measuring 30 × 25 × 4 mm and postfixed for at

least other 24 h. Larger size processing cassettes (Super Mega-Cassette System, size 70 × 50 × 15 mm) could be a

better option. These types of cassettes allow the processing and/or embedding of large sections of brain but processing

schedules must be adjusted accordingly.

Fixed brain samples were dehydrated through a series of graded ethanol baths and then infiltrated with paraffin wax.

Tissues were embedded in paraffin wax blocks and processed for routinary haematoxylin eosin staining and, when

necessary, histochemical procedures were used to identify microorganisms, intra/extracellular material (i.e., Periodic acid–

Schiff, PAS) as well as to distinguish neurons, glial cells, neurofibrils, and myelin (i.e., Nissl, Bielschowsky, Luxol Fast

Blue, etc.).

2.7. Immunoperoxidase Staining: Paraffin Embedded Tissues (p-IHC)
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Immunohistochemistry has been established as a reliable methodology for both routine diagnostic and research activities

in veterinary medicine. Paraffin embedded samples were deparaffinated with xylene and rehydrated in graded ethanol.

Immunohistochemistry was carried out with standard immunohistochemical Avidin-Biotin Complex (ABC) protocol .

Endogenous peroxidase activity was blocked by incubation with 3% H O  in methanol for 30 min at room temperature

(RT). Antigen retrieval was performed depending on the primary antibody (Table 1). Primary antibodies were selected

after reading up in the literature. Some of them were already used in other animal species (i.e., tyrosine hydroxylase or

calbindin)  while others were picked up from human investigations (i.e., α-synuclein or β-amyloid) . While

polyclonal antibodies usually recognize many epitopes and give immunohistochemical positive results, we also obtained

promising results employing monoclonal antibodies as well (Table 1). Any biotin blocking reagent was used to reduce the

background from endogenous biotin. Sections were incubated overnight at +4 °C with the primary antibody. Negative

controls, consisting of the omission of the primary antibody and incubation with only 10% normal serum in phosphate-

buffered saline (PBS), were performed for all the immunohistochemical assays.

Table 1. The table shows 20 primary antibodies used as neuromarkers in the cetaceans’ brains both for ff-IHC and/or p-

IHC. monoclonal (M); polyclonal (P); free-floating immunohistochemistry (ff-IHC); formalin-fixed paraffin-embedded

samples (FFPE); formalin fixed cryosectioned samples (FFCS); Mouse (Mo) Goat (G); Rabbit (R); Horse (H); Not

applicable (N/A); Normal Serum (NS); Secondary Antibody (SA); Biotinylated anti-mouse IgG (BaMo); Biotinylated anti-

rabbit IgG (BaR); Biotinylated anti-goat IgG (BaG); minutes (min).

Primary Antibody Type Specificity [Published
Manuscript]

Diluition
ff-IHC
p-IHC

Antigen Retrieval
(Only for FFPE) NS SA

c-Fos (4)
Santa Cruz

Biotechnology
sc-52

P/R c-Fos Protein 1/100
(both) Pronase, 7 min G BaR

c-Jun (D)
Santa Cruz

Biotechnology
sc-44

P/R c-Jun Protein 1/100
(both)

Citrate Buffer, 90–95 °C, 10
min

(pH 6)
G BaR

HSP70
Abcam
Ab6535

M/Mo Heat Shock Protein 70 kD 1/100
(both) None H BaMo

Ubiquitin
Dako

Z045801
P/R Human Ubiquitin 1/100

(p-IHC) None G BaR

Neuroglobin
Abcam

Ab37258
M/Mo Neuroglobin 1/100

(p-IHC) None H BaMo

Calretinin
Swant
6B3

M/Mo Calretinin calcium-binding
protein 

1/500
(p-IHC)

Wet autoclave method of
Shin 118° C, 5 min H BaMo

Calbindin D-28k
Swant

300
M/Mo Calbindin calcium-binding

protein
1/500
(both)

Wet autoclave method of
Shin, 118° C, 5 min H BaMo

Parvalbumin
Swant

235
M/Mo Parvalbumin calcium-binding

protein
1/500

(p-IHC)
Wet autoclave method of

Shin, 118° C, 5 min H BaMo

GFAP
DakoCytomation P/R Glial Fibrillary Acidic Protein 1/120

(p-IHC) None G BaR

nNOS
Millipore
Ab5380

P/R Nitric Oxide Synthase 1/300
(p-IHC)

Wet autoclave method of
Shin, 118° C, 5 min G BaR

TH
Monosan

MONX10786
M/Mo Tyrosine Hydroxylase 

1/200
(ff-IHC)

1/50
(p-IHQ)

Wet autoclave method of
Shin, 118° C, 5 min H BaMo

CRF
Abcam

Ab59023
P/G Corticotropin Releasing

Factor
1/100

(ff-IHC) N/A R BaG

[30]

2 2

[31][32] [33][34]

[35]

[35]

[14]



Primary Antibody Type Specificity [Published
Manuscript]

Diluition
ff-IHC
p-IHC

Antigen Retrieval
(Only for FFPE) NS SA

Vasopressin
Abcam

Ab39363
P/R Vasopressin 1/500

(ff-IHC) N/A G BaR

HSV1
Abcam
Ab9533

P/R Herpesvirus type I 1/50
(p-IHC) Pronase 10 min G BaR

CDV
VMRD

CDV-NP
M/Mo Nucleoprotein of Canine

Distemper Virus 
1/100

(p-IHC)
Wet autoclave method of

Shin, 118° C, 5 min R BaMo
(1/20)

Laforin
Novus Biologicals

NBP2-24474
P/R Human Laforin (EPM2A) 1/100

(p-IHC)
Wet autoclave method of

Shin, 118° C, 5 min G BaR

B-Amyloid
Invitrogen

700254
M/R Beta Amyloid (H31L21) 1/100

(ff-IHC) N/A G BaR

NFT
AHB0161 P/R Neurofibrillary Tangles 1/100

(ff-IHC) N/A G BaR

α-Synuclein
Abcam

Ab27766
M/Mo Alpha-synuclein (LB 509) 1/100

(ff-IHC) N/A H BaMo

α-Synuclein
Invitrogen

35-8300
M/Mo Alpha-synuclein (Syn 505) 1/100

(p-IHC)
Wet autoclave method of

Shin, 118° C, 5 min H BaMo

The day after, sections were rinsed in PBS (three times, 5 min each) and incubated for 90 min at RT with a secondary

antibody (diluted 1:200) in a solution containing 10% normal serum in PBS (Table 1). Sections were rinsed in PBS and

incubated with an avidin-biotin complex (ABC, Vector Laboratories; PK-4000) for 1 h at RT and developed using the 3,3′-

diaminobenzidine (DAB) peroxidase kit (Vector Laboratories, SK-4100) or the 3-amino-9-ethylcarbazole (AEC) peroxidase

kit (Vector Laboratories, SK-4200). DAB sections were then dehydrated in ethanol, cleared in xylene and coverslipped

with DPX (Sigma). In addition, after rinsing, some DAB immunolabeled sections were counterstained using thionine prior

to dehydration and coverslipping. AEC sections were counterstained with a non-commercial Mayer’s hematoxylin and

coverslipped with an aqueous-based mounting medium (Vector).

2.8. Cryoprotection and Preparation of the Sample (FFCS)

For neuroanatomical purposes, a selective sampling of the brain was made. Cryoprotection, as well as cryosectioning, ff-

IHC, and Nissl staining (see next sections), were adapted to previous published protocols for rat brains . It is

important to leave the samples for a further period of 48 h in 10% neutral-buffered formalin or 4% paraformaldehyde

(preferably under agitation). In this way, we can ensure an optimal fixation and stiffness of the samples. Later, in order to

remove the excess of fixative, the samples were washed for 48 h in PBS, under agitation and changing the buffer at least

2–4 times. After rinsing in PBS, the samples should be cryoprotected by immersing them in a 30% sucrose and 0.1%

sodium azide solution in PBS (pH 7.4) at +4° C, in order to avoid freezing artifacts . The solution has the properties of

protecting and nourishing the piece of tissue (sucrose) by preserving it in a buffered liquid (PBS), free of bacteria and

fungi (sodium azide). When the sample gets soaked with the solution, it sinks to the bottom of the container, and it is

considered fully cryoprotected and ready for the next step. When using a cryostat, samples were immersed in a mixture of

PBS-sucrose and Optimum Cutting Temperature formulation (OCT) (1:1) overnight. The day after, the samples were

included in a mold using the same mixture and were rapidly frozen, and 40–50 μm-thick serial sections were obtained with

a cryostat [(Leica CM1950, Nussloch, Germany), University of Las Palmas de Gran Canaria]. Sections were stored in

PBS (pH 7.4) solution with sodium azide (0.01%). On the other hand, when using a freezing sliding microtome [(Leica SM

2000 R), University of Bologna], samples were directed removed from the cryoprotecting solution, fixed to the sample

holder stage, and rapidly frozen. Working temperatures ranged between −20 °C and −35 °C, depending on the external

temperature. The sucrose crystallizes creating the sample’s adherence to the stage. The samples were then sectioned at

50–60 μm.

2.9. Immunoperoxidase Staining: Free-Floating Immunohistochemistry (ff-IHC)
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- Provide longitudinal cuts to expose the lateral ventricles and allow the entry of the fixative;

- Make cross-sections of the brain after at least 72 h of immersion in the fixative. Once a great percentage of the fixation

process was achieved, serial cuts of the brain allowed a greater fixation;

- Finally, the post-fixation of the selected samples permitted to complete the fixation of the tissues and provide the

necessary firmness for their next processing;

- Reposition of new fixative was made after cross sectioning the brain (immersion in a smaller container during 48 h) and

then after sampling (postfixed during 24 h).

- Tissue rupture and wearing, dark, shrunken and pycnotic neurons of that brains incorrectly handled during necropsy;

Sections proceeding from formalin fixed free-floating sections were treated with 3% H O  in PBS for 30 min at RT, in order

to eliminate endogenous peroxidase activity, and rinsed in PBS (three times, 10 min each). To block non-specific binding,

sections were incubated in a solution containing 10% normal serum, and 0.5% Triton X-100 (Merck, Darmstadt) to

permeabilize the tissue in PBS for 2 h at RT. Thereafter, a first set of sections were incubated in the primary antibodies

(Table 1), during 18 h, at +4 °C. Negative controls consisting of the omission of the primary antibody and incubation with

only 10% normal serum in PBS were performed for all the immunohistochemistry experiments. After 18 h, sections were

rinsed in PBS (three times, 10 min each) and incubated for 45 min at RT with a secondary antibody (diluted 1:200) in a

solution containing 1% normal serum in PBS (Table 1). Some primary antibodies may require a 36 h period of incubation,

in refrigeration at + 4 °C. Keeping the sections in immersion permits their conservation and prevents them from drying out.

The sections were successively rinsed in PBS and incubated with an avidin-biotin complex (ABC, Vector Laboratories;

PK-4000) for 1 h at RT. Finally, the sections were developed using a 3,3′-diaminobenzidine (DAB) peroxidase kit (Vector

Laboratories, SK-4100) and mounted on coated slides to dry overnight. DAB Slides were then dehydrated in ethanol,

cleared in xylene and coverslipped with DPX (Sigma). AEC sections were coverslipped with an aqueous-based mounting

medium (Vector). In addition, some DAB immunolabeled sections were counterstained using thionine (Section 2.10) prior

to dehydration and coverslipping.

2.10. Nissl Staining

For Nissl staining, thionine (Lauth’s violet) was the election dye. Thionine is a strongly metachromatic dye, useful for the

staining of acid mucopolysaccharides. It is a common nuclear stain and can be used for the demonstration of Nissl

substance in neurons. Sections were taken out of the first 24-well plate containing PBS with sodium azide, mounted on

gelatin-coated slides, and dried. The sections were defatted and soaked for 1 h in a mixture of chloroform and 100%

ethanol (1:1), rehydrated through a graded series of 100%, 96%, 80%, 70%, and 50% ethanol and distilled water (2 min

each), stained 30 min in a 0.125% thionine (Fisher Scientific, Waltham, MA, USA) solution, rapidly dehydrated (few dips

each step), left 2 min in 100% ethanol, cleared 10 min in xylene, and coverslipped with Entellan (Merck, Darmstaldt,

Germany).

2.11. TUNEL Staining

In order to provide in situ detection of apoptosis in brain tissues, using a TUNEL (TdT-mediated dUTP-biotin Nick End-

Labeling) based assay, the two following kits were used: TACS  2 TdT-DAB In Situ Apoptosis Detection Kit Reagent

(Trevigen, 4810-30-K) and NeuroTACS™ II In Situ Apoptosis Detection Kit (Trevigen, 4823-30-K). The TACS  2 TdT-DAB

Kits utilize a cation optimization system to enhance the in situ detection of apoptosis in a TUNEL based assay. Enzymatic

incorporation of biotinylated nucleotides in fragmented DNA is performed by the TdT enzyme. Biotin labeling is detected

using streptavidin-horseradish peroxidase and DAB. The manufacturer step-by-step protocol was used, with the only

exception that samples were then counterstained with thionine instead of methyl green, due to the better results given by

thionine. Two positive controls were used in each experiment: a sample of a cetacean prescapular lymphatic ganglion and

a brain sample incubated with TACS-Nuclease.

An OLYMPUS BX41 light microscope was used for the histological and histopathological observations with the support of

the Digital software Imaging Solutions, CellA.

3. Results
3.1. Evaluation of Brain Quality

In order to achieve an optimal fixation of the brain, it was fundamental to:

Sections proceeding from

brains, which have not been processed as indicated in the protocol of manipulation and fixation, generated drawbacks

and artifacts like:
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- Poor fixation of the deepest subcortical structures of those brains, which did not receive cross-sections. This resulted in

poor tissue quality, predisposing to easy rupture of the sections, especially during the continuous manipulation in ff-IHC,

poor immunoreactivity to the neuromarkers, and a very low affinity to thionine;

- The prolonged permanence in the fixative resulted in the loss of tissue quality, which predisposed it to an easy rupture of

the sections, loss of antigenicity, and a very low affinity to thionine. In addition, formalin pigment accumulation was

observed, as a background deposition and occasionally within the neurons mimicking the neuromelanin pigment;

Finally, frozen unfixed and uncryoprotected brains were shrunken, very breakable during ff-IHC, and presenting

vacuolations.

3.2. Neuromarkers for Neuroanatomical Studies

Histochemical thionine Nissl staining has been a key dye to explore most of the brain areas and nuclei of the examined

species. Nissl staining offered a first evaluation of the brain quality. Alternatively to thionine, cresyl violet may be used;

however, thionine provided better coloration of neurons in cetacean brain samples. Some of the investigated brain areas

were the red nucleus and the nucleus ellipticus, the motor nucleus of the oculomotor (III) nerve, the motor nucleus of the

trigeminal (V) nerve, the cochlear nuclei (the nucleus cochlearis ventralis, VCN, and the nucleus cochlearis dorsalis, DCN;

Figure 4a), the motor nucleus of the facial nerve, the olivary nuclei, the hippocampus (Figure 4b), the claustrum, the

amygdaloid complex (corpus amygdaloideum), the corpus striatum, the hypothalamic nuclei (Figure 4c), the locus

ceruleus, the substantia nigra (Figure 4d), as well as other areas of the prosencephalon and the rhombencephalon. VCN

and DCN, whose locations vary between the medulla oblongata and the pons according to mammalian species, have

been localized near the trapezoid body in all the examined cetacean species.

Figure 4. VCN and Dorsal Cochlear Nucleus (DCN). 7, facial nerve; 8 vestibulocochlear nerve; C, cerebellum. Thionine.

Striped dolphin, Stenella coeruleoalba. Inset: intranuclear strong c-fos positivity in a giant neuron of the VCN. Paraffin

embedded brain sample. DAB counterstained with thionine. Atlantic spotted dolphin, Stenella frontalis (a) Left

Hippocampus. Archicortex: DG, Gyrus dentatus and CA, cornu Ammonis. Cplex, choroid plexus, lv, lateral ventricle.

Thionine. Atlantic spotted dolphin, Stenella frontalis (b); Hypothalamic tuberal area: supraoptic nucleus (SON) and

suprachiasmatic (SC) nucleus. ot, optic tract. Inset: neurons of the SON. Free-floating, not embedded brain sample. DAB.

Vasopressin. Blainville’s beaked whale, Mesoplodon densirostris (c); Substantia nigra and crus cerebri. Distribution of the

Tyrosine Hydroxylase immunoreactive neurons (arrowheads), which make up the mesencephalic substantia nigra. crce,

crus cerebri; cC, caudal colliculus. Free-floating, not embedded brain sample. DAB. Atlantic spotted dolphin, Stenella
frontalis (d); nNOS immunoreaction in the cortical neurons. Paraffin embedded brain sample. DAB not counterstained.

Striped dolphin, Stenella coeruleoalba (e) Parvalbumin immunoreaction in the cortical neurons. Paraffin embedded brain

sample. DAB not counterstained. Striped dolphin, Stenella coeruleoalba (f) Alpha-synuclein immunopositive round body in

the neuropil of the mesencephalon. Inset: Ubiquitin immunopositivity in the same round body. Paraffin embedded brain

sample. AEC counterstained with Mayer’s hematoxylin. Short-finned pilot whale, Globicephala macrorhynchus (g)



Purkinje cells show diffuse granular and vacuolar (arrowhead) cytoplasmic NFT-positive labeling. Free-floating

immunolabeling. DAB counterstained with thionine. Blainville’s beaked whale, Mesoplodon densirostris (h) Vascular

amyloid deposition in the amygdaloid complex. Free-floating immunolabeling. DAB counterstained with thionine. Atlantic

spotted dolphin, Stenella frontalis (i); Mild intranuclear TUNEL positivity in some multipolar small spherical and multipolar

globular neurons (arrowheads) of the VCN. Counterstained with thionine. Cuvier’s beaked whale, Ziphius cavirostris.
Inset: Positive control, VCN incubated with TACS-Nuclease. Neuronal and glial nuclear positivity. Counterstained with

thionine. Newborn bottlenose dolphin, Tursiops truncatus. (j); Ubiquitin nuclear staining (arrowheads) in the anterior part

of the VCN. Paraffin embedded brain sample. DAB counterstained with thionine. Atlantic spotted dolphin, Stenella frontalis
(k).

In addition, neuromarkers as Tyrosine Hydroxylase (TH), Vasopressin, Corticotropin Releasing Factor (CRF), Glial

Fibrillary Acidic Protein (GFAP), Calretinin, Calbindin, and Parvalbumin (Table 1) have been used to identify and deeply

characterize different structures of the toothed whale brain. Key areas of the stress circuitry have been investigated: the

amygdaloid complex (calbindin), the paraventricular, supraoptic (Figure 4c), and suprachiasmatic (Figure 4c) nuclei of

the hypothalamus (vasopressin and CRF), the locus ceruleus and the substantia nigra (Figure 4d) (TH). TH-

immunoreactive neurons have also been identified in the hypothalamus. In addition to thionine, calbindin D-28k allowed a

complete description of the 12 deep, superficial, and other nuclei which make up the amygdaloid complex. Special interest

has been given to the central nucleus of the amygdala, a key protagonist of the stress system (unpublished data). The

use of the immunohistochemical technique against the antibody calbindin D-28k permitted a better definition and

identification of the limits of the central nucleus of the amygdala. This nucleus was identified as a triangular area,

presenting an intense immunoreactivity in the neuropil. Cortical neurons have been explored through parvalbumin,

calbindin, calretinin, and nNOS (Figure 4e,f). Finally, GFAP has been used to detect normal, reactive, or neoplastic

astrocytes.

3.3. Neuromarkers for Neuropathological Studies

Some neuromarkers for infectious (Distemper Virus, Herpesvirus type 1), neoplasic (GFAP), and neurodegenerative

diseases (neurofibrillary tangles, β -amyloid, α-synuclein, ubiquitin, and laforin) have also been tested (Table 1). Vascular

Aβ deposits (Figure 4i) as well as intranuclear Aβ immunoreactivity and amyloid plaques were also found. NFT are

composed of insoluble paired helical filaments of a highly phosphorylated form of the microtubule-associated protein τ

(tau) and associated lipids. NFT positivity has been observed both as uniform cytoplasmic or as granular to vacuolar

cytoplasmic inclusions (Figure 4h). Alpha-synuclein was detected as round PAS-negative bodies both intraneuronal

and/or in the neuropil (Figure 4g). At the same time, these structures presented positivity to ubiquitin antibody (Figure 4g,

inset).

3.4. Neuromarkers for Acoustic Trauma Research

A mild nuclear staining with TUNEL assay was detected in the VCN, as in the case of the Cuvier’s BW shown in Figure 4j,

mainly in the multipolar small spherical and multipolar globular neurons of the VCN. Immunohistochemistry revealed

different patterns of expression of c-fos, c-jun, HSP70, ubiquitin, neuroglobin, and nNOS in the cochlear nuclei of the

toothed whales. Well preserved brain tissues usually presented a clear c-fos and c-jun nuclear staining. Ubiquitin has

been detected both intranuclear (Figure 4k) and in the cytoplasm. HSP70 immunostaining was observed both

intranuclear and as cytoplasmic granular deposits. nNOS and neuroglobulin immunopositivity was localized as uniform

cytoplasmic staining (not shown).
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