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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disease and

the primary cause of disability and dependency among elderly humans

worldwide. AD is thought to be a disease unique to humans although several

other animals develop some aspects of AD-like pathology. Odontocetes

(toothed whales) share traits with humans that suggest they may be suscepti-

ble to AD. The brains of 22 stranded odontocetes of five different species were

examined using immunohistochemistry to investigate the presence or absence

of neuropathological hallmarks of AD: amyloid-beta plaques, phospho-tau

accumulation and gliosis. Immunohistochemistry revealed that all aged

animals accumulated amyloid plaque pathology. In three animals of three

different species of odontocete, there was co-occurrence of amyloid-beta

plaques, intraneuronal accumulation of hyperphosphorylated tau, neuropil

threads and neuritic plaques. One animal showed well-developed neuropil

threads, phospho-tau accumulation and neuritic plaques, but no amyloid

plaques. Microglia and astrocytes were present as expected in all brain samples

examined, but we observed differences in cell morphology and numbers

between individual animals. The simultaneous occurrence of amyloid-beta

plaques and hyperphosphorylated tau pathology in the brains of odontocetes

shows that these three species develop AD-like neuropathology spontaneously.

The significance of this pathology with respect to the health and, ultimately,

Abbreviations: AD, Alzheimer’s disease; APs, amyloid plaques; Aβ, amyloid-beta peptide; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium
binding adaptor molecule 1; NFTs, neurofibrillary tangles; NPs, neuritic plaques; NTs, neuropil threads; PRLS, post-reproductive lifespan; pTau,
hyperphosphorylated tau protein.
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death of the animals remains to be determined. However, it may contribute to

the cause(s) of unexplained live-stranding in some odontocete species and

supports the ‘sick-leader’ theory whereby healthy conspecifics in a pod mass

strand due to high social cohesion.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disor-
der and one of the primary causes of disability and
dependency affecting approximately 30 million elderly
people worldwide (Alzheimer’s Association, 2015). Its
economic impact on the United Kingdom alone has
been estimated to be over £20 billion, annually (Prince
et al., 2014). Although clinical disease and the severity
of neuropathology are not necessarily correlated linearly
(Nelson et al., 2009), neurodegeneration and disease
progression are typical once the pathognomonic lesions
are present beyond a certain stage, gradually impairing
memory, learning, communication skills and the ability
to perform daily activities (Mufson et al., 2008;
Perl, 2021; Whitehouse et al., 2004). Alois Alzheimer
first described the characteristic amyloid plaques (APs)
and neurofibrillary tangles (NFTs) over 100 years ago
(Cipriani et al., 2011). Despite continuous research
since discovery, there is still no preventive or curative
treatment for AD, nor any treatment to prevent its pro-
gressive course.

The accumulation of amyloid-beta peptide (Aβ), even-
tually forming APs, and the NFTs, composed of paired
helical filaments of hyperphosphorylated tau protein
(pTau), have been studied extensively in humans and
animal models. Studies in the brains of human patients
remain the most critical route for characterizing and
understanding the condition as AD appears to be
exclusive to humans (Walker & Jucker, 2017; Youssef
et al., 2016), and the absence of an accurate, valid experi-
mental animal model, spontaneous or induced and that
completely captures the human phenotype, has hindered
research on the etiology and pathogenesis of the disease.
Furthermore, studies using these incomplete (including
transgenic) animal models have yielded contradicting
results thereby impeding progress in developing potential
treatments (Orta-Salazar et al., 2016).

Two recent reports in cetaceans, one suggesting deep
diving beaked whales are more susceptible to AD-like
pathology due to the hypoxia associated with their
foraging activities (Sacchini et al., 2020) and a report of a
single captive aged (40-year-old) bottlenose dolphin
(Stylianaki et al., 2019), and one reporting the presence of
Aβ and tau-related pathology in the brains of aged
pinnipeds (Takaichi et al., 2021) suggest these species
require in-depth investigation. Furthermore, neuropil
threads (NTs) have been reported in the brains of four
striped dolphins (Stenella coeruleoalba) and one bottlenose
dolphin (Tursiops truncatus), and small APs were found in
three striped dolphins (Gunn-Moore et al., 2018). As the
amino acid sequence of Aβ in the Risso’s dolphin (Gram-
pus griseus), striped dolphin and bottlenose dolphin, is
identical to that of humans, it was proposed that some
species of cetaceans (whales and dolphins), specifically
odontocetes (toothed cetaceans), might develop AD-like
pathology spontaneously (Gunn-Moore et al., 2018).

The view that the presence of Aβ and pTau are purely
disadvantageous is being re-evaluated as evidence that AD
is an antagonistic pleiotropic effect is increasing, and this
suggests the disease is a result of genes that control both
beneficial and detrimental traits (Austad &
Hoffman, 2018; Bufill et al., 2013; Hashimoto et al., 2018;
Kent et al., 2020). Therefore, Aβ should not be regarded
solely as a pathogenic factor as the peptide has various
important physiological roles in the modulation of synap-
tic activity and neuronal survival (Kent et al., 2020;
Parihar & Brewer, 2010; Pearson & Peers, 2006). Similarly,
under normal physiological conditions, the equilibrium
between phosphorylation and dephosphorylation of tau
protein, controlled by various kinases and phosphatases, is
a critical post-translational modification that regulates
cytoplasmic microtubules allowing growth and remodel-
ling (Stoothoff & Johnson, 2005). These proteins are con-
stitutive and should only be regarded as detrimental when
there is an imbalance in their production and/or
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degradation along with other influencing factors (Ittner
et al., 2017; Kent et al., 2020; Parihar & Brewer, 2010; Pear-
son & Peers, 2006; Stoothoff & Johnson, 2005).

The existence of menopause and a post-reproductive
lifespan (PRLS) in mammals is rare, and humans are the
only terrestrial mammal known to have a significant PRLS
(Ellis, Franks, Nattrass, Cant, et al., 2018). Despite this,
PRLS has been reported in killer whales (Orcinus orca),
short-finned pilot whales (Globicephala macrorhynchus),
belugas (Delphinapterus leucas), narwhals (Monodon
monoceros) and false killer whales (Pseudorca crassidens)
(Croft et al., 2017; Currie, et al., 2018; Ellis, Franks, Nat-
trass, Photopoulou et al., 2017; Foote, 2008; Marsh &
Kasuya, 1968; Olesiuk et al., 1990), and its occurrence in
these and, potentially, other odontocete cetaceans may
make these animals susceptible to late-onset diseases that
have a genetic component, including AD. Most wild, free-
ranging animals with cognitive deficiencies are unlikely to
survive if they are solitary, and any AD-related pathology
present would not be expected to exceed the stage associ-
ated with very early clinical disease. However, many ceta-
cean species live in highly cooperative groups, especially
odontocetes. Epimeletic (care-giving) behaviour towards
diseased or dying individuals has been recorded frequently
in free-ranging odontocetes of several species (Bearzi
et al., 2017; Cockcroft & Sauer, 1990; Kuczaj et al., 2015).
If individuals of these species develop clinical disease or
impaired cognition, group members can aid their survival
thereby allowing the severity of the pathology to progress.

Although epimeletic behaviour in animals is not
unique to odontocetes (De Waal & Preston, 2017), it is
exceptional in combination with PRLS and so odontocetes
are, theoretically, likely to develop more advanced stages
of aging-associated disorders than other wild mammals.

2 | MATERIALS AND METHODS

2.1 | Aims and study design

Samples of specific brain regions from several species of
free-ranging marine odontocetes (that stranded, died and
were examined as part of a long-term stranding scheme)
present in a national archive were examined by immuno-
histochemistry (IHC)/fluorescence for the presence of
known markers of AD-like neuropathology.

2.2 | Cetacean brain tissue and case
selection

The Scottish Government, specifically Marine Scotland,
funds post-mortem examinations, via the Scottish Marine

Animal Stranding Scheme (SMASS), of cetaceans, pinni-
peds and marine turtles that strand and die in Scottish
coastal waters. For carcasses in a suitable state of preser-
vation and within logistical limits, this includes removal
of the brain, whole, and samples of a wide range of other
tissues that are fixed in 10% neutral buffered formal
saline prior to detailed histological examination.
Routinely, coronal slices of fixed whole brain were made
through the limbic and anterior paralimbic lobes of the
cerebral cortex and the underlying basal ganglia, the
supralimbic/paralimbic/limbic lobes and the underlying
thalamus and the lingual lobe and underlying midbrain.
Coronal slices were also made through the cerebellum
and underlying pons, three levels of the medulla and a
sagittal slice through the cerebellar vermis. Representa-
tive samples from these selected areas were trimmed,
placed into large cassettes, processed through graded
alcohols and embedded in paraffin wax prior to section-
ing (4 μm) and mounting on glass microscope slides
(HISTOBOND® + Supa Mega Microscope Slides, Cell-
Path Ltd, Newtown, UK) suitable for IHC.

Specific individual odontocetes from the tissue
archive were chosen based on recorded evidence of old
age (worn/lost teeth, grossly appreciable relative increase
in brain white matter compared with grey matter, age
derived from histological examination of teeth or
life-long photo identification records) and well-preserved
tissue (minimal autolysis) and included 18 animals:
Risso’s dolphin (n = 2), long-finned pilot whale
(Globicephala melas) (n = 5), white-beaked dolphin
(Lagenorhynchus albirostris) (n = 5), harbour porpoise
(Phocoena phocoena) (n = 5) and a single bottlenose
dolphin (Table 1). Additionally, for each species that was
found to be positive for Aβ peptide and/or pTau, a young
adult or immature animal of that species was selected
(n = 4, Table 1) from the tissue archive, and sections
from two brain regions (see below) were subjected to
identical IHC to determine if the chosen target proteins
were present constitutively in that specific species of
odontocete.

2.3 | IHC

Initially, sections of two areas of the cerebral cortex
(limbic and anterior paralimbic lobes where they overlay
the basal ganglia and the supralimbic/paralimbic/limbic
lobes where they overlay the thalamus), equivalent to the
anatomical areas in human brains where APs accumulate
initially in AD (Perl, 2021), were subjected to IHC for Aβ.
If positive immunolabelling for Aβ revealed APs were
present in either of these two regions, sections of all the
brain regions available from the animal were subjected to
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IHC for Aβ. All sections from animals with APs in the
initially screened two areas of cerebral cortex and a single
animal with no APs present (Gm5) were subjected to
IHC for pTau. Additionally, two sections of the cerebral
cortices, from the same locations as those used for the
initial screening for Aβ, from all the four young adult/
immature animals were subjected to IHC for Aβ
and pTau.

Immunolocalization of Aβ and APs was performed
with rabbit monoclonal anti-beta Amyloid 1-42 antibody
[mOC64] (ab201060, abcam, Cambridge, UK), specific for
the human Aβ1-42 conformation, diluted 1:25,000 in 2%
normal goat serum (NGS) in phosphate-buffered saline
with 0.05% Tween20 added (PBST). To localize pTau,
mouse monoclonal antibodies raised against Phospho-
Tau (Thr231) [AT180] (MN1040, ThermoFisher,
Renfrew, UK), which labels pre-NFTs and so would be
expected to detect early-stage AD-like pathology, and

antibodies raised against Phospho-Tau (Ser202, Thr205)
[AT8] (MN1020, ThermoFisher), which detects well-
developed NFTs present in later-stage AD-like pathology,
were used, both diluted 1:1000 in 5% NGS/PBST and
applied to separate semi-serial sections.

Mounted brain tissue sections were dewaxed in
xylene (2 � 2 min), rehydrated through graded alcohols
(100% � 2 min, 90% � 2 min, 70% � 2 min) and then
placed in running tap water (5 min) prior to immersion
in 0.01 M sodium citrate solution, pH 6.0, and heated to
121�C for 10 min in an autoclave (Compact Benchtop
Priorclave, London, UK) for heat-induced epitope
retrieval (HIER). Subsequently, slides were allowed to
cool to 50�C and then placed in 70% alcohol. Endogenous
tissue peroxidase activity was quenched by immersion in
3% H2O2 in methanol (v/v) for 30 min prior to washing
in running tap water (5 min) then immersed in PBST
(3 � 5 min). Non-specific antibody binding was blocked

TAB L E 1 Details of odontocetes selected and qualitative immunohistochemistry result of the initial two regions of cerebral cortex

examined for amyloid-beta peptide and hyperphosphorylated tau protein

ID Species Sex
Estimated
age group

Probable cause
of death

Initial Aβ
IHC

Subsequent
pTau IHC

Gg1 Grampus griseus F Adult Peritonitis Pos NA

Gg2 Grampus griseus F Aged Live stranding Pos NA

Gm1 Globicephala melas F Aged Pneumonia Pos Pos

Gm2 Globicephala melas M Aged Mass stranding Pos Neg

Gm3 Globicephala melas F Aged Mass stranding Pos Pos

Gm4 Globicephala melas F Aged Live stranding Pos NA

Gm5 Globicephala melas M Aged Pneumonia Pos Pos

La1 Lag. albirostris F Adult Unknown Pos NA

La2 Lag. albirostris F Aged Unknown/old age Pos NA

La3 Lag. albirostris M Aged Bacterial pneumonia Pos NA

La4 Lag. albirostris M Aged Euthanized–LS Pos NA

La5 Lag. albirostris M Adult Live stranding Pos Pos

Pp1 Phocoena phocoena F Aged Unknown/old age Pos NA

Pp2 Phocoena phocoena F Aged Gastritis Pos NA

Pp3 Phocoena phocoena F Aged Unknown/old age Pos NA

Pp4 Phocoena phocoena F Aged Live stranding Pos NA

Pp5 Phocoena phocoena M Aged Old age/debilitation Pos NA

Tt1 Tursiops truncatus M >32 years Pulmonary oedema Pos Pos

Gm6 Globicephala melas F Young adult Live stranding NA NA

Gm7 Globicephala melas M Subadult Live stranding NA NA

La6 Lag. albirostris F Subadult Live stranding NA NA

Tt2 Tursiops truncatus M <1 year Septicaemia NA NA

Note: The first 18 animals were the initial selection of older animals. The last four animals are the younger, control, animals that were not subjected to the

initial immunohistochemistry screening. Lag. = Lagenorhynchus; F = female; M = male; LS = live-stranded; IHC = immunohistochemistry;
Aβ = amyloid-beta peptide; pTau = hyperphosphorylated tau protein; Pos = positive; Neg = negative; NA = not applicable.
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by incubation with NGS diluted (2% for mOC64, 5% for
the AT180 and AT8) in PBST for 1 h at room tempera-
ture. Slides were drained and the primary antibody was
added (see above) and incubated overnight at 4�C in a
moisture chamber. Slides were then drained and washed
in PBST (3 � 5 min). Visualization of the primary
antibody was by Agilent DAKO EnVision™ Detection
Systems Peroxidase/DAB: Rabbit HRP kit (for mOC64) or
Mouse HRP kit (for AT180 and AT8) (VECTOR laborato-
ries LTD, Peterborough, UK) as per manufacturer’s
instructions. The chromogen, DAB (3,30-diaminobenzi-
dine), was added to the slides for 6–8 min and then
washed in running tap water (5 min); the sections were
counterstained with haematoxylin (30 sec), followed by
immersion in Scott’s tap water substitute (a few seconds),
washed in running tap water (5 min), dehydrated
through graded alcohols, cleared in xylene and mounted.

To label glia by IHC, semi-serial sections of brain
tissue mounted on microscope slides from the same
animals as above were dewaxed and rehydrated as above
prior to placing into running tap water for 5 min.
Sections were then subjected to citric acid (pH 6.0)
pretreatment in a pressure cooker for 10 min for HIER
and then washed in de-ionized water for 5 min. Endoge-
nous peroxidases were neutralized in Peroxidase block
(RE7157, Leica Biosystems) for 30 min followed by
2 � 5 min washes in 1� tris-buffered saline (TBS)
(50 mM). Sections were incubated with Protein Block
(RE7158, Leica Biosystems) for 15 min, to block non-
specific binding, followed by 2 � 5 min washes in TBS.
Reactive astrocytes (anti-GFAP: Z0334, diluted 1:800;
Dako, Agilent Technologies LDA UK Limited, Stockport,
UK) or microglia (anti-Iba1: 019-19741, diluted 1:750;
Dako) were labelled with a respective primary antibody
diluted in TBS for 30 min and then washed 2 � 5 min in
TBS. Visualization of the primary antibodies was by the
Novolink Polymer Detection Kit (RE7280-K, Leica Bio-
systems, Milton Keynes, UK) according to manufacturer’s
instructions. Briefly, samples were treated with Post
Primary (RE7159, Leica Biosystems) for 30 min, washed
2 � 5 min in TBS, and then incubated with Novolink
Polymer (RE7161, Leica Biosystems) for 30 min. After a
further 2 � 5 min washes in TBS, the peroxidase activity
was developed with a 50:1 DAB substrate buffer (RE7163,
Leica Biosystems): DAB Chromogen (RE7162, Leica
Biosystems) solution for 4 min. Slides were then rinsed
thoroughly in water, dehydrated through graded alcohols
and xylene, and coverslips were applied using DPX
Mountant (Sigma 06522). Slides were left to dry overnight
before imaging. All labelling was performed at room
temperature.

For immunofluorescence labelling, semi-serial sec-
tions of brain tissue were dewaxed, rehydrated in ethanol

and underwent HIER as for labelling of glia (see above).
After rinsing in water for 5 min, sections were placed in
blocking buffer (PBS, 3% Triton-X 100, 10% normal
donkey serum [NDS]) for 1 h at room temperature.
Samples were then incubated in respective primary
antibodies (diluted in blocking buffer) overnight at 4�C
as follows: Aβ fibrillar oligomers: Rabbit mOC AB2286
(1:1000), astrocytes: Chicken GFAP ab4674 (1:1000),
microglia: Goat Iba1 ab5076 (1:1000), all from abcam,
UK, or Aβ fibrillar oligomers: Rabbit mOC AB2286
(1:1000), phospho-tau AT8 MN1020 (ThermoFisher
1:1000). Samples were then washed 2 � 5 min in PBS
and incubated with secondary antibodies: donkey
anti-rabbit-594 (ThermoFisher A-21207, 1:500), donkey
anti-chicken-488 (Sigma SAB4600031, 1:250), donkey
anti-goat-647 (ThermoFisher A-21447, 1:500) or goat
anti-mouse IgG1-594 (ThermoFisher A-21125) and
donkey-anti-rabbit IgG-647 (ThermoFisher A-32795)
diluted in PBS for 1 h at room temperature in the dark.
Slides were then washed 2 � 5 min in PBS. Sections
labelled with AT8 and mOC were stained with 0.05%
Thioflavin S in 50% ethanol for 8 min and washed in 80%
ethanol then water. Coverslips were mounted with
Epredia™ Immu-Mount™ Medium (ThermoFisher).
Slides were allowed to dry overnight, in the dark, prior to
imaging.

All primary antibodies were titrated initially on
human brain tissue from a definitively diagnosed AD
case obtained from Edinburgh University’s Brain and
Tissue Bank (Edinburgh, UK) prior to examining the
initial two sections from each chosen aged odontocete.
Subsequently, antibodies were titrated on brain tissue
sections from the odontocete that was found to have the
most APs on the initial two sections examined (animal
Tt1) for antibody mOC64 or the most pTau (animal
Gm5) for antibodies AT180 and AT8.

Sections from these respective animals were used for
positive control preparations for all further IHC. Method-
ology negative controls included substitution of primary
antibodies with identical species and isotypes (rabbit IgG
Isotype Control [ThermoFisher] for antibody mOC64 and
mouse IgG1κ Isotype Control [P3.6.2.8.1], eBioscience™
[ThermoFisher] for antibodies AT180 and AT8). An
additional negative control composed of omission of the
primary antibodies, to ensure non-specific binding of the
secondary antibody in the visualization systems did not
occur (Dagleish et al., 2010), was included also.

2.4 | Imaging and scoring of IHC

Slides immunolabelled for amyloid and tau with
antibodies mOC64, AT180 and AT8 were examined with
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an Olympus BX51 microscope and photomicrographs
taken with an Olympus DP70 digital camera using
analySIS® software (Soft Imaging System GmbH,
Műnster, Germany). Each section was scored subjectively
by two people (MCV and MPD) based on the amount of
immunolabelling present: 0 = no labelling, 1 = minimal
(<5% tissue labelled), 2 = small (>5–10%), 3 = medium
(>10–30%), 4 = large (>30–60%) and 5 = very large
amount (>60%).

Slides labelled for GFAP and Iba1 visualized with
DAB were imaged on an AxioImager Z2 microscope
(Zeiss) and images obtained with StereoInvestigator
software (MicroBrightField). GFAP burdens were
obtained by automated thresholding of DAB signal in
StereoInvestigator software and calculation of the percent
area occupied by positive labelling using ImageJ. Iba1
labelling was relatively weak in the odontocete brain
sections examined, with suboptimal signal:noise ratio
permitting only qualitative observations. Immunofluores-
cence labelled slides (for Aβ, GFAP and Iba1) were
imaged using an oil immersion objective (�63) on TCS
SP8 Confocal microscope (Leica).

3 | RESULTS

3.1 | Aβ and AP detection by IHC

Examination of the initial two chosen areas of cerebral
cortex from the 18 aged odontocetes showed all had
intraneuronal cytoplasmic immunolabelling of Aβ
(Table 1, Figures 1a–c), the extent of which varied greatly
between animals. Intraneuronal Aβ labelling was
restricted to large neurons within the cerebrocortical grey
matter, forming areas composed of greatly differing num-
bers of labelled neurons surrounded by neurons devoid
of labelling. When present, labelling was more notable in
the cell body, but it frequently extended in to the axon
(Figure 1a,b). A small to medium number of neurons
showed intense labelling concentrated in and around the
cell nucleus (Figure 1b). Most blood vessel contents were
devoid of labelling, but intraluminal cells in a small num-
ber of the larger vessels showed positive labelling for Aβ,
along with the neuroparenchyma directly adjacent to the
vessel (Figure 1d). In the cerebrocortical neuropil, the
large deposits of Aβ present in layer I were diffuse, irreg-
ularly shaped with poorly defined boarders and some
were coalescing (Figure 1e), whereas accumulations of
Aβ in the neuropil of cerebrocortical layer V labelled
intensely and, in three animals (La5, Tt1 and Gm1),
formed compact APs (Figure 1f,g). The presence of the
blood vessel-associated positive labelling was not linked

to the presence of APs (see below) and was not present in
any of the methodology negative controls.

Sections from all available brain regions of the three
animals with APs (La5, Tt1 and Gm1) and one further
animal (Gm5), which was negative for APs but had large
amounts of pTau present (see below), were examined
after re-titration of the primary antibody in these sections
and showed that Aβ was found predominantly in the
cerebral cortex (Table 2). The basal ganglia/anterior cor-
pus callosum and thalamus had only small amounts of
Aβ-positive labelling present (Table 2). A few small Aβ
accumulations were observed in the midbrain in one ani-
mal (Tt1); otherwise, this region was devoid of labelling
also. In all these four animals (La5, Tt1, Gm1 and Gm5),
the pons/cerebellar peduncles, cerebellum, medulla and
all white matter were devoid of any labelling for Aβ
(Table 2). One animal (Gm5), which had minimal label-
ling of Aβ in the initial screening of two chosen brain
regions and had no APs, had similar minimal labelling
for Aβ and no APs when all brain regions available were
examined (Table 2).

The small number of APs that were present in the
brain of the Atlantic white-beaked dolphin (La5) were of
various shapes and sizes and distributed sparsely
throughout the neuroparenchyma of the cerebrocortical
grey matter (Figure 1h,i–k). APs were more abundant
and had coalesced in the long-finned pilot whale Gm1
(Figure 1l) and were most numerous in the aged bottle-
nose dolphin (Tt1, Figure 1m). In the latter animal,
despite being numerous, APs were restricted to areas that
were highly Aβ-positive (score ≥ 4) (Figure 1m,e–g,
Table 2). Irrespective of frequency, all APs were restricted
to the cerebrocortical grey matter and most frequent in
neuronal layers I, III and V (Figure 1m,n). Labelling in
the three animals with APs present (La5, Tt1 and Gm1)
was consistent when compared with the two sections
examined initially; the large deposits of Aβ present in cer-
ebrocortical layer I were diffuse, irregularly shaped with
poorly defined boarders and coalescing (Figure 1e),
whereas accumulations of Aβ in cerebrocortical layer V
labelled intensely, often forming compact APs
(Figure 1f,g).

Of the four younger odontocetes, one (Gm6) was
devoid of any labelling of Aβ but a small amount of intra-
neuronal labelling was present in the other three younger
animals (Gm7, La6 and Tt2) in the sections of cerebral
cortex examined (Table 2). The human brain tissue-
positive control, composed of sections from a definitely
diagnosed case of AD, was consistently positive in the
distribution expected as were the sections from the odon-
tocete with the most APs that was used in each run of
IHC as a positive control (Tt-1, Figure 1n). All negative
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control preparations were devoid of any labelling
(Figure 1o).

3.2 | Phosphorylated tau changes

Six animals were subjected to IHC for tau phosphorylated
at residue 231 in the two initially chosen brain regions,
including the three animals that were positive for APs

(Gm1, La5 and Tt1) and three animals without APs
(Gm2, Gm3 and Gm5). Five animals (Gm1, Gm3, Gm5,
La5 and Tt1) showed immunolabelling for pTau with
antibody AT180 (Table 1), and this included all three
animals that had well-defined APs.

Sections of all available brain regions of the three ani-
mals positive for APs (Gm1, La5 and Tt1) and the animal
without APs but with the most abundant pTau labelling
in the two initial sections examined (Gm5) were

F I GURE 1 Legend on next page.
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investigated for the presence of pTau changes using anti-
body AT180. All three regions of the cerebral cortices
examined contained more abundant labelling of pTau
compared with the subcortical regions examined
(Table 3). Labelling was widespread and primarily in the
grey matter. Intracellular labelling was present within
the cytoplasm of the cell bodies of larger neurons, sparing
the nuclei (Figures 2a–c) and occasionally extended into
the axons and dendrites (Figure 2b), the latter more
frequently when labelling was intense (Figure 2c). When
present in less intense accumulations, intracellular label-
ling was clearly granular (Figure 2a,b) but when intense,
typically, obscured the detail of the cytoplasm of affected
cells, and some of the more intensely labelled neurons
had pyknotic nuclei (Figure 2d). Intensely labelled pTau
inclusions resembling NFTs were present in animal Gm5

only (Figure 2e), along with numerous positively labelled
NTs (Figure 2f,g). All four aged animals (Gm1, Gm5, La5
and Tt1) had positively labelled neuritic plaques in the
cerebrocortical grey and white matter. The neuritic
plaques within the grey matter of Gm5 often colocalized
with NTs (Figure 2g) and pTau-positive cells (Figure 2h,i)
when present. Labelling of pTau was predominantly
within neuronal layers II and V of the cerebrocortical
grey matter, and approximately twice as much labelling
of the larger neurons in layer V was present compared
with the smaller pyramid-like neurons in layer II
(Figure 2j). The positive control was composed of human
brain tissue sections from a definitely diagnosed case of
AD and was consistently positive in the distribution
expected, as were the sections from the odontocete
with the most pTau labelling that was used in each run

F I GURE 1 Immunolabelling (brown pigment) of amyloid-beta peptide (Aβ) and amyloid plaques (APs) in the cerebrocortical grey

matter of odontocetes. Aβ was present in the cell bodies of large neurons within the cerebrocortical grey matter and the labelling frequently

extended into the axons (a, supralimbic/paralimbic/limbic lobes, animal Gg2). Intense labelling of Aβ was present in and around the nuclei

in a small number of neurons with intensely labelled cytoplasm (b, limbic and anterior paralimbic lobes, animal Gm1). Some odontocetes

had minimal intraneuronal labelling of Aβ represented by fine granular deposits within the cytoplasm (c, animal La1). Labelling of Aβ was
present in and around a small number of the larger blood vessel (d, limbic and anterior paralimbic lobes, animal La5). When present, large

deposits of Aβ in the neuropil in cerebrocortical layer I were diffuse, irregularly shaped with poorly defined borders with some coalescence

forming APs present (e, supralimbic/paralimbic/limbic lobes, animal Tt1). When abundant, APs frequently coalesced (f, supralimbic/

paralimbic/limbic lobes, animal Gm1; g, supralimbic/paralimbic/limbic lobes, animal Tt1). APs were distributed sparsely in animal La5 and

did not coalesce (h, limbic and anterior paralimbic lobes). APs varied in shape and size within the same animal (i, limbic and anterior

paralimbic lobes; j, supralimbic/paralimbic/limbic lobes; k, lingual lobe, all animal La5). Animal Gm1 had a medium number of APs present

in the cerebrocortical grey matter, some of which had coalesced (l, supralimbic/paralimbic/limbic lobes). Animal Tt1 had the largest number

of APs present, and these extended throughout all sections of cerebrocortical grey matter examined (m, supralimbic/paralimbic/limbic lobe).

Positive control sections were composed of human brain tissue from a case of definitely diagnosed Alzheimer’s disease (n). Sections used for

negative controls were composed of semi-serial sections of human brain tissue from a case of definitely diagnosed Alzheimer’s disease (o) or
positive odontocete brain tissue and were devoid of any immunolabelling

TAB L E 2 Abundance and distribution of amyloid-beta peptide (Aβ), detected by antibody mOC64, in all available sections of the brains

of three odontocetes (Gm1, La5 and Tt1) with amyloid plaques present and one (Gm5) with no amyloid plaques present, and the two

selected sections of cerebral cortex from the four younger, control, odontocetes (Gm6, Gm7, La6 and Tt2)

Gm1 Gm5 La5 Tt1 Gm6 Gm7 La6 Tt2

Basal ganglia 2 0 1 3 NA NA NA NA

Limbic and anterior paralimbic lobes of CC 3 1 2 4 0 1 1 1

Thalamus 1 0 1 2 NA NA NA NA

Supralimbic/paralimbic/limbic lobes of CC 3 1 1 5 0 1 1 1

Lingual lobe of CC 0 1 1 5 NA NA NA NA

Midbrain 0 0 0 1 NA NA NA NA

Pons and cerebellar peduncles 0 0 0 0 NA NA NA NA

Cerebellar vermis 0 0 0 0 NA NA NA NA

Medulla 0 0 0 0 NA NA NA NA

Note: CC = cerebral cortex; 0 = no labelling; 1 = minimal; 2 = small; 3 = medium; 4 = large; 5 = very large amount present; NA = not applicable.
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of IHC as a positive control (Gm5, Figure 2k). All
negative control preparations were devoid of any
labelling (Figure 2l).

Of the four young animals subjected to IHC for pTau
in the two chosen regions of the cerebral cortex, Gm7
was devoid of labelling and Gm6 and La6 had only small
islands of punctate cytoplasmic labelling within the neu-
rons in cortical layer V (Table 3). In Tt2, most neurons
throughout all layers of the cerebral cortex labelled for
pTau, as did the neuroparenchyma of the white matter
but not that of the grey matter (Table 2, Figure 3a).
Intraneuronal labelling in this animal, although intense,
was restricted to the cytoplasm and completely spared
the nuclei (Figure 3b). Furthermore, the white matter
showed labelling of pTau in both neuroparenchyma and
neurons, again sparing nuclei (Figure 3c,d).

Antibody AT8 failed to label pTau by IHC in any of
the odontocetes examined yet consistently labelled the
human brain tissue from a definitely diagnosed case of
AD in the distribution expected (Figure S1A). Sections
labelled by immunofluorescence by antibody AT8 or
stained with Thioflavin S revealed no NFT staining in
any of the animals with AT180-positive pTau
accumulation, despite both showing clear labelling in an
AD-positive control section (Figure S1B), indicating that
the pTau pathology in the animals in the study had not
reached the stage of full-blown NFT pathology.

3.3 | Glial association with APs

Confocal immunofluorescence imaging was performed
on each of the three animals that had positive IHC label-
ling for Aβ and pTau (Gm1, La5 and Tt1). Sections were
assessed to determine the association of glial pathology

with APs (Figure 4). As seen in the IHC (see above), most
APs appeared diffuse, although a large, possibly dense-
core plaque was detected in Tt1 (Figure 4q). Staining
with Thioflavin S to label beta-pleated sheet fibrils
confirms that APs identified as dense by morphology are
fibrillar (Figure 4). Often, plaques were located near
blood vessels, with some evidence of vascular Aβ
accumulation indicative of cerebral amyloid angiopathy
(CAA) (Figure 4h, arrowhead). Overall, few plaques were
associated with glial processes in all three animals,
although there were large differences in astrocyte
morphology between animals. In Gm1, astrocytic endfeet
were detected around blood vessels (Figure 4a,d,
arrowhead), and astrocyte processes were detected within
a minority of plaques (Figure 4a,d, arrow), with most
plaques showing little glial accumulation (Figure 4h).
Similarly, microglial processes were often detected
near to, but not inside plaques (Figure 4b,f). Animal La5
showed intense GFAP labelling (Figure 4i) and
association of Aβ with blood vessels (Figure 4m arrow)
but little evidence of plaque-associated gliosis, whereas
animal Tt1 showed more punctate GFAP labelling
(Figure 4n,r) with little evidence of major gliosis, even
around dense plaques (Figure 4q). Sparse microglial
processes were detected near the plaque boundary in
some sections, but they did not infiltrate the centre of the
plaque (Figure 4s).

3.4 | Glial burden in grey and white
matter

As immunofluorescence revealed considerable variation
in glial morphology, further analysis of DAB-stained
labelling of glia was conducted. Gm1, Gm5, La5 and Tt1

TAB L E 3 Abundance and distribution of phosphorylated tau protein (pTau), detected by antibody AT180, in all available sections of

the brains of three odontocetes (Gm1, La5 and Tt1) with amyloid plaques present and one (Gm5) with no amyloid plaques present, and the

two selected sections of cerebral cortex from the four younger, control, odontocetes (Gm6, Gm7, La6 and Tt2)

Gm1 Gm5 La5 Tt1 Gm6 Gm7 La6 Tt2

Basal ganglia 0 0 0 0 NA NA NA NA

Limbic and anterior paralimbic lobes of CC 2 5 2 3 1 0 1 5

Thalamus 2 1 1 1 NA NA NA NA

Supralimbic/paralimbic/limbic lobes of CC 3 5 3 2 1 0 1 5

Lingual lobe of CC 3 5 1 3 NA NA NA NA

Midbrain 0 0 0 0 NA NA NA NA

Pons and cerebellar peduncles 0 0 0 0 NA NA NA NA

Cerebellar vermis 0 0 0 0 NA NA NA NA

Medulla 0 1 1 0 NA NA NA NA

Note: CC = cerebral cortex; 0 = no labelling; 1 = minimal; 2 = small; 3 = medium; 4 = large; 5 = very large amount present; NA = not applicable.
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(all Aβ- and pTau-positive animals) and Gm4 (Aβ
positive, but pTau status undetermined) were examined
for GFAP and Iba1 burdens in grey and white matter
(Figure 5). Iba1 labelling was weaker compared with
immunofluorescence (Figure 4), with individual cells
being difficult to resolve due to high levels of background
labelling. Iba1 labelling was detected in both grey and
white matter in all animals examined, with visually
stronger labelling in La5 and Tt1 (particularly in the

white matter, Figure 5q,v) than in any of the brains of
Gm1, Gm4 or Gm5. GFAP labelling revealed similar glial
morphology to that seen using immunofluorescence
(Figure 4), with La5 showing intense astrocyte labelling
in both grey and white matter (Figure 5r,s), whereas Tt1
had much more punctate labelling, particularly in grey
matter where individual cells were hard to distinguish
(Figure 5w). By contrast, individual cells were detectable
in white matter in Tt1 (Figure 5x), unlike the labelling in

F I GURE 2 Immunolabelling (brown pigment) of phosphorylated tau protein (pTau) using antibody AT180 in the cerebral cortices of

odontocetes. When at lower intensities, immunolabelling of pTau was present as cytoplasmic granules within the cell bodies of neurons (a),

and with increased intensity of labelling, pTau frequently extended into the axons and dendrites (b,c). Irrespective of the intensity of

cytoplasmic labelling, nuclei were consistently devoid of any labelling (c) although neurons that labelled intensely for pTau frequently

contained pyknotic nuclei (d, arrowhead). Intensely phospho-tau-stained cells were found in animal (Gm5) and present in all sections of

cerebral cortex available for examination (e,f). Neuritic plaques were present in both the white and grey matter in all four aged animals

examined (Gm1, Gm5, La5 and Tt1) and within the grey matter often colocalized with neuropil threads (g, arrowhead). Similarly, neuritic

plaques colocalized with phospho-tau-positive cell bodies (h,i, arrowheads). pTau labelling was present predominantly in cerebrocortical

layers II and V (j). Positive control sections were composed of human brain tissue from a case of definitely diagnosed Alzheimer’s disease
(k). Semi-serial sections were used for the controls (k, positive; l, negative control)
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Gm1, Gm4, Gm5 and La5, where astrocytes in the white
matter formed more punctate, or mesh-like networks
(Figure 5d,i,n,s). Conversely, individually resolvable
astrocytes were clearly visible in grey matter in these
animals (Figure 5c,h,m,r). Whether this represents a
species difference, random variation or differences in
post-mortem time intervals to tissue fixation requires
further investigation. Astrocyte burdens (as measured by
% GFAP labelling in each image) were between 2% and
10% in grey matter and 5–9% in white matter in G. melas
(Gm) samples (Figure 5e,j,o). For La5, GFAP burden was
between 6% and 8% in grey matter and 7–8% in white
matter, depending on the brain region examined
(Figure 5t). The highest difference between grey and
white matter burdens was found in Tt1, with GFAP
burden in grey matter ranging from 2% to 3% compared
with 5–10% in white matter (Figure 5y). Both Iba1 and
GFAP labelling seemed uniformly distributed through
grey/white matter, with little evidence of gliosis as may
be seen around neuritic plaques in human brains
with AD. Further comparisons with younger animals to
detect differences in global astrocyte burdens could be
informative.

4 | DISCUSSION

This is the first detailed investigation to determine if
AD-like pathology, as denoted by accumulations of APs
and pTau, occurs in cetaceans, specifically odontocetes,

and has shown the presence of both in three individual
animals, each a different species. Additionally, the lesion
distribution found in the brains of these odontocetes was
analogous to the brain regions in humans most typically
affected by AD.

Although odontocetes are typical representatives of
the class Mammalia with the same genetic bauplan,
during their secondary adaptation to that of an aquatic
lifestyle, significant evolutionary changes in body
structures and organs, including the brain, have resulted
in profound modifications and considerable size
progression (Glezer et al., 1988; Marino, 2004;
Montgomery et al., 2013). Direct comparison between
cetaceans and terrestrial mammals of the anatomical
divisions of the telencephalic hemispheres into lobes is
difficult, if not impossible, based solely on the location
with respect to other structures in the rest of the brain
less altered by evolution (Cozzi et al., 2017; Hof
et al., 2005). The cetacean brains used in this study were
taken for routine diagnostic evaluation of cause of death
and trimmed at the Moredun Research Institute based on
methods perfected for investigation of ruminants.
Therefore, this is not wholly analogous when translated
to odontocete brain anatomy, and future research
should address this. Specifically, the lack of inclusion in
these samples of the hippocampus, which is much
reduced in cetaceans in terms of the classic anatomical
‘sea-horse’ structure (Cozzi et al., 2017), is not sampled
routinely for diagnostic purposes at present, but this will
be addressed.

F I GURE 3 Phosphorylated tau

(pTau) localized using antibody AT180

(brown pigment), in a young bottlenose

dolphin (Tt2). pTau was present within

neuropil of the white matter but not the

grey matter (a). It was also present in

the cytoplasm of nearly all neurons in

the cerebrocortical grey matter but

absent from the nuclei and surrounding

neuropil (b). Furthermore, it was

present within the neuropil of the white

matter of the supralimbic/paralimbic/

limbic lobes of the cortex and the

cytoplasm of neurons contained within

it (c). Greater magnification of

cerebrocortical white matter highlighted

the intense cytoplasmic labelling of

neurons for pTau while sparing their

nuclei (d)
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F I GURE 4 GFAP (yellow),

Iba1 (magenta) and Aβ fibril
(cyan) immunofluorescence

labelling in Globicephala melas

(Gm1) (a–h), Lagenorhynchus
albirostris (La5) (i–m) and

Tursiops truncatus (Tt1) (n–u).
Gm1 shows diffuse plaques

(d,h), evidence of CAA (g,

arrowhead) and localized

presence of astrocyte processes

near some (a, arrow) but not all

(e) plaques. Microglia are

located near to, but not within

plaques (b,f). La5 shows

extremely strong GFAP labelling

(i), which bled through to other

channels. Small diffuse plaques

were present, including next to

blood vessels (zoomed in

section part label m, arrow) but

no strong evidence of plaque-

associated gliosis. Tt1 showed

more punctate astrocyte

labelling (n,r) with little

association with plaques despite

the presence of many diffuse

(u) and the occasional dense-

core (q) plaques. Although there

was no association of microglia

with the dense-core plaque (o),

there were some microglial

processes near the edge of a

diffuse plaque (s). We confirmed

dense-core plaques contained

fibrils using Thioflavin S

staining (v), which appeared in

amyloid plaques stained for Aβ
(w,x). Scale bars = 20 or 40 μm
as indicated on panels
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Our findings show that APs and, when present, the
associated gliosis, along with accumulations of pTau in
the dolphin brains examined, are similar in distribution
to those found in pinnipeds (Takaichi et al, 2021), despite
both studies investigating relatively small numbers of
animals. Furthermore, our findings agree with those of

Gunn-Moore et al. (2018) with respect the distribution of
APs and pTau in the cerebral cortices of striped dolphins
but differ in the cerebellum, which was devoid of label-
ling for either of these targets in the present study.
Although the distribution of APs present in aged dogs
was similar, the variation in glial cell responses between

F I GURE 5 Legend on next page.

VACHER ET AL. 1173



the three different odontocete species made comparisons
of this parameter impossible, and pTau was not evaluated
(Davis et al., 2016; Rusbridge et al., 2018). In comparison
with several species of non-human primate that have
been investigated, our findings are similar in that APs are
present (Youssef et al., 2016). However, NFTs have not
been reported in non-human primates (Youssef
et al., 2016), and although only one animal in the present
study was positive for NFTs (Gm5 only, Figure 2e), given
the relatively small number of odontocetes studies com-
pared with non-human primates, this may be significant.

In humans, AD-associated APs are found initially in
the basal parts of the frontal, temporal and occipital
cortices and in advanced disease progresses to densely
packed deposits in all cerebrocortical areas (Braak &
Braak, 1991). The three odontocetes with APs present
showed a similar pattern in that accumulations of Aβ
were present in most regions of the cerebrocortical grey
matter but APs were present predominantly in the rostro-
lateral cortices of the odontocete brain. This is known as
the orbital lobe in odontocetes, contains the limbic and
paralimbic lobes and is presumed the equivalent to the
human frontal lobe (Cozzi et al., 2017). The cerebral
cortex overlying the thalamus, which is composed of the
supralimbic/paralimbic/limbic lobes in odontocetes, most
likely translates to the parietal lobe in humans. Most APs
detected were diffuse, located close to blood vessels, and
lacked the overt gliosis typically associated with mature
dense-core neuritic plaques seen in human AD. In AD,
Aβ accumulation is typically extracellular. However, we
found nearly all individuals had intracytoplasmic
labelling of cerebrocortical neurons in both the aged
(n = 18/18) and younger animals (n = 3/4), irrespective
of the presence or absence of APs. It is possible that this
intracellular labelling was amyloid precursor protein
(APP) and future studies would need to evaluate multiple
antibodies, including those specific for APP, to determine
this definitively if they can be validated in odontocete
brain tissue. However, the presence of the APs in three
odontocetes confirms the presence of, what is considered

to be, a neurodegenerative lesion, although its signifi-
cance in these species cannot be determined from this
study alone.

Labelling of the perivascular neuropil of blood vessels
was present in this study, and although this is a well-
documented in AD cases with CAA, it is typically
associated with the shorter form of the peptide, Aβ40,
which antibody mOC64 is not supposed to label
(Reyes-Ruiz et al., 2021). However, as the pathogenesis of
Aβ accumulation in odontocetes is, as yet, unknown so
antibody mOC64 may cross-react with the shorter form
of the Aβ in these species or the longer form may
accumulate in the perivascular regions and further work
using antibodies of known Aβ epitope, specificity is
required to determine this possibility.

Phosphorylation of tau protein by various kinases is
an important post-translational modification allowing
growth and remodelling of neurons. However, the phos-
phorylation of Thr231 is considered abnormal in healthy
humans (D�avila-Bouziguet et al., 2019) and an important
event in the early neuronal pathogenesis of AD
(D�avila-Bouziguet et al., 2019; Neddens et al., 2018). In
the odontocetes examined, pTau appeared as cytoplasmic
granules within clusters of neurons present throughout
the cerebral cortex which, in humans, denotes an early
stage of NFT development (Augustinack et al., 2002).
Furthermore, neurons that labelled intensely had
pyknotic nuclei, typical of necrosis or apoptosis. The
distribution of pTau in the different cerebrocortical layers
in the odontocetes was similar to that present in
AD-associated pathology in humans (Pearson
et al., 1985). Additionally, minimal intracytoplasmic
granular labelling of pTau in the midbrain and medulla,
as present in animal Gm5, can be present in humans
with AD also (Dutschmann et al., 2010; Serrano-Pozo
et al., 2011). The most advanced neurofibrillary changes,
including well-defined neurofibrillary plaques, were
found in animal Gm5 in which no APs were found. In
humans, the presence of neurofibrillary changes in the
absence of APs does not invariably lead to AD-like

F I GURE 5 Immunohistochemical labelling (brown pigment) of astrocytes and microglia in grey and white matter from Globicephala

melas (a–o), Lagenorhynchus albirostris (p–t) and Tursiops truncatus (u–y). All animals have both Aβ and pTau pathology as assessed by

IHC, with the exception of Gm4 whose pTau status was not determined. Due to sample availability, different brain regions were assessed for

each animal, with GFAP burden values are reported as % area of the image occupied by GFAP labelling. Graphs show an average ±SEM of

5 200 � 200 μm randomly selected regions of interest from both grey and white matter in each brain region (e,j,o,t,y). Iba1 labelling was

fairly weak in all animals, although individual cells were resolvable in some sections, notably white matter from La5 (q) and Tt1 (v). GFAP

labelling was clearer, with individual cells clearly resolvable in grey matter from Gm1 (c), Gm4 (h), Gm5 (m) and La5 (r). Tt1 showed a

different pattern, with highly diffuse labelling in grey matter (w), but more readily resolvable cells in white matter (x), in contrast to the

more punctate/mesh-like GFAP labelling in white matter from other animals (d,i,n,s). Iba1 and GFAP labelling seemed uniformly

distributed through grey/white matter, with little evidence of gliosis as may be seen around neuritic plaques in human Alzheimer’s disease
brain. Data are shown as box plots with each individual animal mean as data points. Scale bars = 100 μm
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neurodegeneration and cognitive decline (Braak &
Braak, 1991), and this pathological presentation is not
considered to be AD as both APs and pTau must be
present, together with clinical cognitive dysfunctions, for
a definitive diagnosis (Perl, 2021). The pTau labelling
present in animal Tt2, the bottlenose dolphin calf, is
different compared with all the other animals examined.
The bacterium Yersinia pseudotuberculosis was recovered
from this carcass, and histological examination resulted
in a morphological diagnosis of minimal, acute,
multifocal, non-suppurative meningoencephalitis.
Although this condition is not known to cause an
increase in the amount of phosphorylation of tau
(Thr231), some effect of the infection cannot be excluded
so examination of multiple bottlenose dolphins and other
odontocete calves might reveal whether these results
where unique to this animal, due to the
Y. pseudotuberculosis infection, or a constitutive
occurrence of high levels of pTau in very young animals
of this and other odontocete species.

The lack of labelling using the AT8 antibody may be
due to several factors. Firstly, the epitope recognized by
antibody AT8 (phosphorylated Ser202 and Thr205) is
more associated with advanced extra-neuronal tangles
(Augustinack et al., 2002), and these are probably less
likely to develop in wild, free-ranging animals, even
those in receipt of epimeletic behaviour. Secondly, the
phosphorylation sites recognized by the antibody may
not be conserved across humans and odontocetes, and
further studies are required to determine this.

The earliest detection of NFTs in humans with AD is
in the allocortical structures (Braak et al., 2006; Braak &
Braak, 1991). Cetaceans have both an absolute and
relatively small hippocampal formation and amygdala
(Spocter et al., 2017a) with an extreme reduction in size
in the paleocortex and archicortex (Cozzi et al., 2017).
However, despite all four hippocampal regions being
present (dentate gyrus, hippocampus, subiculum and
entorhinal cortex), the size of the odontocete hippocam-
pus is only 10% compared with that of humans (Berta
et al., 2014; Oelschlager, 2008; Spocter et al., 2017b).
Unfortunately, the hippocampal region was not available
from any of the animals in this study as it is not identified
and sampled routinely for examination during investiga-
tion into cause of death. Therefore, the neurofibrillary
changes found in the odontocete brain samples could not
be compared with those of the earliest appearance in the
hippocampal region in humans with AD (Braak stages I
and II) (Braak & Braak, 1991), but this is being addressed
for future studies.

Accumulation of Aβ, APs and pTau in the brains of
three elderly individual odontocetes, each a different
species and restricted to brain regions analogous to

humans with clinical AD, suggests these animals are
susceptibility to spontaneous AD-like pathology.
However, for a definitive diagnosis of AD, an assessment
of cognitive impairment is required also and this was not
possible due to the source of the material. Accumulation
of either solely APs or pTau does occur in humans, but
neither is associated with AD. However, there are no
records of simultaneous accumulation of the two proteins
in the same individual in the absence of AD. Therefore,
although it is tempting to speculate that the presence of
the neuropathology in odontocetes is indicative of
spontaneous clinical AD, this is not possible yet as
AD-like neuropathology can be present without
symptoms or clinical signs of AD in humans (Braak &
Braak, 1991). This is supported by the probability of a
78-year-old person being diagnosed with clinical AD
being 5–10%, whereas the probability of finding signifi-
cant AD-related pathology in a person dying at 78 years
old is 20–40% (Nelson et al., 2009).

Although PRLS has been proven in several odonto-
cete species (Croft et al., 2017; Currie, et al., 2018; Ellis,
Franks, Nattrass, Photopoulou et al., 2017; Foote, 2008;
Marsh & Kasuya, 1968; Olesiuk et al., 1990), the repro-
ductive behaviour and existence of an extended PRLS
remain unknown in most species. Present data indicate
that many odontocete species, including G. melas, do
undergo an age-related decline in fertility known as
reproductive senescence (Ellis, Franks, Nattrass, Currie,
et al., 2018). Conversely, no reproductive senescence has
been found in T. truncatus (Ellis, Franks, Nattrass,
Currie, et al., 2018), and free-ranging pregnant females as
old as 45 years were found despite females living,
typically, no longer than 50 years (Reeves et al., 2002).
We observed co-occurring APs and phospho-tau accumu-
lation in this species, contradicting the hypothesis that
AD, as defined by simultaneous accumulations of APs
and pTau, is solely a consequence of PRLS, and the
pathology could, therefore, be purely age related. This
would explain the absence of this neuropathology in the
P. phocoena and G. griseus examined as the former are a
relatively short-lived odontocete, approximately 24 years
(Reeves et al., 2002), and usually live alone or in small
groups of two to five animals, and the latter’s life
history, although estimated to live over 30 years
(Reeves et al., 2002), remains elusive with little known
definitively about lifespan or reproductive behaviour. For
comparison, no signs of AD-like neuropathology have
been found in the African bush elephant (Loxodonta
africana), a species that can reach an age of 60–70 years
in the wild but does not undergo reproductive senescence
(Lee et al., 2016). In future studies, it would be interesting
to include mysticetes (baleen whales) as, although data
are lacking, the known lifespans of all species exceed
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50 years (53), with bowhead whales (Balaena mysticetus)
possibly exceeding 200 years (Keane et al., 2015; Ma &
Gladyshev, 2017).

Although typically descriptive and nonexperimental,
over 100 reports of epimeletic behaviour have been docu-
mented in both captive and free-ranging odontocetes.
With just four exceptions, all cases involve species within
the family of oceanic dolphins (Delphinidae) and 53% of
all published reports refer to two genera: Globicephala
and Tursiops (Bearzi et al., 2017), which include the spe-
cies examined here. This may be due to the opportunistic
character of the reports that are dependent upon species
abundance, distribution and to what intensity the species
is studied. However, it does indicate that these species
would be able to aid the survival of sick or compromised
conspecifics (Cockcroft & Sauer, 1990; Kuczaj
et al., 2015). This would significantly affect the survival
of animals with early cognitive dysfunctions thereby
allowing the pathology to progress to a greater extent
than would be expected in a less social or more solitary
species.

A suggested hypothesis frequently quoted when ceta-
cean mass stranding is the sick leader hypothesis
(Mazzariol et al., 2018), though it is often difficult to find
the leader of a pod and sometimes there are no obviously
sick individuals in those that do strand. For resident
killer whale pods, which are matrilineal family groups,
post-reproductive females lead collective movement,
especially during periods of food scarcity (Brent
et al., 2015). However, mass stranding of killer whales is
extremely rare but, conversely, they are common in
G. melas, and this species also lives in matrilineal family
groups (Amos et al., 1991, 1993). In humans, the first
symptoms of AD-associated cognitive decline include
confusion of time and place and a poor sense of direction.
If the leader of a pod of G. melas suffered from a similar
neurodegenerative-related cognitive decline, this could
lead to disorientation resulting in leading the pod into
shallow water and subsequent stranding.

Like other dolphins, T. truncatus and L. albirostris,
show tendencies to form social groups (Galatius
et al., 2013; Galatius & Kinze, 2016), although the struc-
ture of these groups remains unknown. However, mass
stranding of both these species are rare compared with
G. melas.

5 | CONCLUSION

Though humans are morphologically, physiologically
and genetically more closely aligned to non-human pri-
mates, odontocetes may be a more accurate, spontaneous
model for studying AD, as non-human primates do not

develop AD spontaneously (Walker & Jucker, 2017;
Youssef et al., 2016). The hypothesis that shared traits,
such as extended PRLS and epimeletic behaviour, may be
better indicators of susceptibility to aging-associated dis-
orders is not convincingly supported by our findings.
However, the presence of APs and neurofibrillary
changes in three different species of odontocetes is highly
suggestive of some degree of equivalence to the AD-like
pathology found in humans. Further research should
include the examination of more individuals, including
sampling the hippocampus, different odontocete species
and age groups and the inclusion of mysticetes and cap-
tive odontocetes with detailed known life histories. Fur-
thermore, it would be possible and extremely valuable to
investigate cognitive decline in captive T. truncatus, given
our findings that they develop AD-like pathology, and
this would be eminently possible in the cohort kept by
the US Navy given the training they receive and the com-
plex tasks they perform (US Navy, 2022). Apart from the
latter cohort, odontocetes are not going to be kept as
experimental animals. However, determining the similar-
ities and differences between human and odontocete
neuropathology in comparison with incomplete and
transgenic models might provide greater understanding
of the pathogenesis, risk factors and underlying mecha-
nisms of AD.
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