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Abstract.

Background: Canine cognitive dysfunction (CCD) is a progressive syndrome recognized in mature to aged dogs with a
variety of neuropathological changes similar to human Alzheimer’s disease (AD), for which it is thought to be a good natural
model. However, the presence of hyperphosphorylated tau protein (p-Tau) in dogs with CCD has only been demonstrated
infrequently.

Objective: The aim of the present study was to investigate the presence of p-Tau and amyloid-3 oligomer (Af0) in cerebral
cortex and hippocampus of dogs with CCD, with focus on an epitope retrieval protocol to unmask p-Tau.

Methods: Immunohistochemical and immunofluorescence analysis of the cortical and hippocampal regions of five CCD-
affected and two nondemented aged dogs using 4G8 anti-ARp, anti-A3-4» nanobody (PrioAD13) and AT8 anti-p-Tau (Ser202,
Thr205) antibody were used to demonstrate the presence of AP plaques (ABp) and AP-4, oligomers and p-Tau deposits,
respectively.

Results: The extracellular A3 senile plaques were of the diffuse type which lack the dense core normally seen in human AD.
While p-Tau deposits displayed a widespread pattern and closely resembled the typical human neuropathology, they did not
co-localize with the ABp. Of considerable interest, however, widespread intraneuronal deposition of AB-4, oligomers were
exhibited in the frontal cortex and hippocampal region that co-localized with p-Tau.

Conclusion: Taken together, these findings reveal further shared neuropathologic features of AD and CCD, supporting the
case that aged dogs afflicted with CCD ofter a relevant model for investigating human AD.
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tau

*Correspondence to: Dr. Mourad Tayebi, Associate Professorin
Biomedical Sciences, School of Medicine, Western Sydney Uni-
versity, Campbelltown, NSW 2560 Australia. E-mail: m.tayebi@
westernsydney.edu.au.

ISSN 2542-4823 © 2021 — The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).


mailto:m.tayebi@{penalty -@M }westernsydney.edu.au
https://creativecommons.org/licenses/by-nc/4.0/

750 U. Habiba et al. / AD Related Neuronal Deposition in Aged Dogs

INTRODUCTION

The human life expectancy is increasing with
the advancement of medicine, nutrition, technology,
health, and social care. According to the World Health
Organization (WHO), the number of people aged over
60 years reached 1 billion in 2020 and is expected to
increase to 2.1 billion by 2050 [1]. One of the most
common neurological disorders in the aging popula-
tionis Alzheimer’s disease (AD) and advancing age is
the single most important risk factor. The worldwide
prevalence of AD is currently at 50 million and will
likely triple to 150 million people by 2050 [2]. ADisa
progressive neurodegenerative disorder causing grad-
ual decline in cognitive functions believed to begin at
least two decades before any obvious cognitive symp-
toms [3, 4]. Thus far, the most commonly used animal
model to investigate human AD employs rodents.
The common strategy to generate these models is
by overexpressing mutant human APP and/or PSI
genes [5, 6]. Although the importance of such trans-
genic models is undisputed, most cases of AD are
sporadic, and these models do not fully recapitulate
key clinical and pathological aspects. Sarasa and col-
leagues reported that human transgenes such as APP,
PS1, or PS2 encode variable amyloid- (AB) pep-
tides which might be impeded by mouse endogenous
ABPP and ABPP processing enzymes [6]. In addition,
transgenic animal models currently used to investi-
gate human AD, only replicate a particular aspect
of the disease (amyloidogenic versus tauopathic) and
often fail to reproduce all the associated pathological
features. Significantly, favorable immunotherapeutic
outcomes using AD transgenic animal models [7, 8]
have failed to translate into effective human therapy,
which raises serious doubts as to the validity of these
amyloid-focused experimental models.

To understand the multifactorial nature of human
AD pathogenesis, it has become vital to character-
ize a non-transgenic natural disease model. In this
context, aged dogs have been proposed as a preclini-
cal and clinical model for AD, because they naturally
develop considerable human like AD neuropathology
associated with cognitive deficits [9, 10].

Advancement of veterinary medical prophylaxis,
interventions, and nutrition has helped increase the
life expectancy of pet dogs, which in parallel with
man has increased the age-related disease burden
[11]. Human AD neuropathology is characterized
by the presence of extracellular Af plaques (ABp),
intracellular neurofibrillary tangles (NFTs) com-
posed of hyperphosphorylated tau (p-Tau) protein

and ubiquitin; cerebral amyloid angiopathy (CAA);
and also severe synaptic loss and neuronal death [12].
Aged dogs with cognitive decline have already been
shown to display human-like AD neuropathological
features with the exception of intracellular p-Tau, the
evidence for which has infrequently been found in
this species [13—15]. To that end, we investigated the
deposition and accumulation of p-Tau in seven aged
dogs using an improved and refined protocol. Our
study demonstrated intracellular p-Tau depositions
in the hippocampus and frontal cortex of these seven
dogs [16]. The overall aim of this study is to further
characterize aged dogs as a translational model for
human AD and validate p-Tau as a hallmark of canine
cognitive dysfunction (CCD) or ‘Dog-zheimer’.

MATERIALS AND METHODS

Case presentation

Detailed information about the dogs used in this
study is found in a previously published clinical
report by Ozawa and colleagues [17]. Briefly, 37
brains were removed following routine necropsies
performed at the Department of Veterinary Pathol-
ogy, University of Tokyo. The brains of seven out of
the 37 dogs were used in the current study following
confirmation and scoring of CCD [18]. We included
small and medium size breeds according to the Amer-
ican Kennel Club breed size division such as Papillon,
Pomeranian, Lhasa Apso, and Shiba Inu, and their
ages were 14 (n=1), 15 (n=1), 16 (n=1), and 17
(n=1) years respectively (Table 1). The size of the
mongrels was determined according to their weight
as <15kg is considered small, 15-25kg medium,
and >25kg large. In the current study, one small
size Mongrel aged 16 years and two medium size
Mongrels aged 14 and 17 years were used [17]. CCD
scores were calculated from an established question-
naire [18] that was completed by the dogs’ owners
and dogs that scored > 50 were considered as suf-
fering from CCD [17]. Five dogs were diagnosed
with CCD (CCD score > 50) and two dogs were con-
sidered nondemented (CCD score < 50), including a
16-year-old small size Lhasa Apso and 14-year-old
small size Papillion with CCD scores of 38 and 44
respectively (Table 1).

Dog brain samples

Following fixation in a 10% phosphate-buffered
formalin solution and routine processing [17], congo
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Table 1

List of demographics, clinical,and pathological information of seven aged dogs affected with canine cognitive dysfunction

Animal No  Age (y) Breed Size Sex CCD Score Pathological Score
Hippocampus (H) and Frontal cortex (Fc)
mTFS-ABo  mTFS-p-Tau PC-ABp
1 14 Papillion Small Castrated male 44 37.2 (H) 36.4 (H) 21(H)
41.5 (Fc) 36.3 (Fc) 15 (Fe)
2 14 Mongrel Medium  Castrated male 58 53.6 (H) 47.2 (H) 20 (H)
46.3 (Fc) 45.1 (Fec) 22 (Fe)
3 15 Pomeranian Small Male 58 55.1 (H) 64.2 (H) 30 (H)
63.5 (Fc) 67.2 (Fe) 32 (Fe)
4 16 Lhasa Apso Small Male 38 52 (H) 45.9 (H) 16 (H)
57 (Fc) 66.5 (Fc) 20 (Fe)
5 16 Mongrel Small Female 50 11.9 (H) 56 (H) 15 (H)
41.1 (Fc) 15.3 (Fe) 10 (Fc)
6 17 Shiba Inu Medium  Spayed female 64 44.8 (H) 62.1 (H) 5(H)
41.3 (Fc) 25.9 (Fe) 14 (Fc)
7 17 Mongrel Medium  Spayed female 60 60 (H) 53.9 (H) 23 (H)
54.1 (Fe) 68.6 (Fc) 18 (Fe)

Ao indicates amyloid-f (AB1-42) oligomers, p-Tau indicates hyperphosphorylated tau and ABp indicates amyloid beta plaques. TFS (Ten
Field Score) refers to positively stained cells in 10 consecutive high-power fields (40 x) which resulted in a score. mTFS is the mean value of
the 10 high-power fields. PC is plaque count. mTFS of amyloid-f3 oligomers (ABo) in the hippocampus and frontal cortex: <42 considered
as low, 42-52 as moderate, > 52 as high. mTFS of p-Tau <40 considered as low, 40-50 as moderate, > 50 as high in the hippocampus and
frontal cortex. Plaque count (PC) of AR plaques: < 10 considered as low, 10-20 as moderate, and > 20 as high in the hippocampus and frontal

cortex.

red (CR) staining, immunohistochemistry (IHC), and
immunofluorescence (IF) were performed using 4-
pm-thick Paraffin-embedded tissue sections of brains
of the seven aged dogs. Two regions of these brains,
the hippocampus and frontal cortex, were used in this
study.

Congo red staining

Initially, we performed CR staining to identify
amyloid fibrils as described previously [19, 20].
Briefly, deparaffinized sections were placed in CR
working solution for 20min then rinsed in 5-8
changes of deionized water. This was followed by
staining with Gill 11 Haematoxylin (Leica bio sys-
tems, Wetzlar, Germany) for 1-3min and rinsing
in three changes of deionized water. Sections were
then dehydrated in two changes of 95% alcohol fol-
lowed by three changes of absolute alcohol for 1 min
each. Finally, sections were cleared in two changes
of xylene and mounted in a xylene miscible medium.
Sections were then visualized under bright and polar-
ized light microscopy (Olympus CX 43, Shinjuku,
Tokyo, Japan).

Immunohistochemical staining of AB and p-Tau
Brain hippocampal and cortical sections were

pre-treated for 1h using the 2100 antigen retriever
(Aptum biologics Ltd, Southampton, UK) followed

by 90% formic acid then 0.1% triton-X treatment
for 5min and 1min, respectively. Sections were
then blocked with 0.3% H,O, for 15 min to inacti-
vate endogenous peroxidases and with Protein Block
Serum-Free (Agilent, Santa Clara, CA, USA) for
15 min before adding the primary antibodies. Sec-
tions were then stained with the following primary
antibodies: 4G8 anti-ARBp (1:500; Bio legend, San
Diego, CA, USA) and AT8 anti-p-Tau (Ser202,
Thr205) antibody (1:500; Thermo-fisher Scientific,
MA, USA) respectively for 1 h at room temperature
(RT). After washing three times with Tris buffered
saline/0.05% Tween (TBST), sections were stained
with secondary antibodies in TBS: HRP-conjugated
anti-mouse IgG (1:500; Sigma-Aldrich) or anti-
rabbit IgG (1:500; Sigma-Aldrich) respectively for
1h at RT. Sections were again washed three times
with TBST before addition of 3,3’-Diaminobenzidine
(DAB) substrate chromogen system and incubated
for 5-10min. Slides were then counterstained with
hematoxylin for 1 min. After mounting, slides were
finally imaged using the Olympus CX 43 light micro-
scope (Shinjuku, Tokyo, Japan) [20].

Immunofluorescence co-localization study

Double immunofluorescence labelling was per-
formed to determine whether APi-42 oligomers
co-localized with ABp in the cortex and hippocam-
pus. Sections were co-stained with 4G8 antibody
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(1:500; Bio legend, San Diego, CA, USA) and
anti-ARB1-42 oligomer nanobody (PrioAD13; 1:500)
[21]. Double immunofluorescence labelling was also
performed to determine whether AB1-42 oligomers
co-localized with p-Tau in the cortex and hip-
pocampus using anti-A31-42 oligomer nanobody
(PrioAD13; 1:500) and ATS8 anti-p-Tau (Ser202,
Thr205) antibody (Thermo-fisher Scientific, MA,
USA). Sections were incubated with primary anti-
bodies overnight at 4°C. Sections were washed
three times with TBST then incubated with sec-
ondary antibodies: goat anti-llama IgG conjugated
to FITC (Bethyl Laboratories, Inc, TX, USA) and
donkey-anti-mouse IgG conjugated to Texas red
(Sigma-Aldrich, MO, USA) at a dilution of 1:500
for 2h at RT. For IHC and IF studies, duplicate sec-
tions were also stained with secondary antibodies
with omission of primary antibodies as negative con-
trol. After washing with TBST sections were cover
slipped with paramount aqueous mounting medium
(Dako, Agilent, Santa Clara, CA, USA), sealed and
dried overnight. Finally, images were acquired using
the LSM800 Confocal microscope with a standard
FITC/Texas Red double band-pass filter set.

Neuropathological scoring of AB and p-Tau

Counting the number of positively stained cells in
10 consecutive high-power fields (40 x) resulted in a
score (“Ten Field Score”— TFS) for AB1-42, ABp, and
p-Tau in the hippocampus and cortex. Our scoring
system was calculated by quantifying neurons and
plaques showing intracellular immunofluorescence
stain of APj-42 oligomers/p-Tau and extracellular
deposits (plaques). For both AB;-4 oligomers and
p-Tau scoring, we first counted the number of pos-
itively stained cells in 10 consecutive high-power
fields (40 x) which resulted in a TFS. After calculat-
ing the mean TFS values (mTFS) of AP oligomers or
p-Tau intensity count from the 10 consecutive high-
power fields, they were categorized as low, moderate,
or high mTFS. For A oligomers, a mTFS <42 was
considered as low, 42-52 as moderate, and >52 as
high in the hippocampus and in the frontal cortex. For
p-Tau, a mTFS <40 was considered as low, 40-50 as
moderate, and > 50 as high in the hippocampus and
in the frontal cortex. Finally, for ABp scoring, as the
number of plaques was scarce, we instead counted the
total number of plaques (PC) per section. A PC <10
was considered as low, 10-20 as moderate, and > 20
as high in the hippocampus and in the frontal cortex.
The extent to which both mTFS and PC scores were

compared with CCD scores (Table 1) was determined
[18].

RESULTS

Aged dogs with canine cognitive dysfunction
display similar neuropathology to human AD

CAA is one of the histological hallmarks observed
in the brains of AD patients and is characterized
by the accumulation of AP in cerebral blood ves-
sels [12, 16]. In this study, we used CR staining
to identify amyloid fibrils and CAA deposits in the
cortex and hippocampus of the aged dogs affected
with CCD. Congophilic deposits were detected in
CR-hematoxylin-stained sections and substantiated
by cross-polarized light and appeared as apple-green
birefringence in the brain hippocampal and corti-
cal region confirming the presence of CAA (Fig. 1).
However, as anticipated, CR positivity was not
observed in the diffuse plaques in the hippocampal
and cortical regions of the aged dogs (Supplemen-
tary Figure 1), indicating lack of the 3 pleated-sheet
conformations [10]. Further, the hippocampus and
cortex displayed widespread deposition of diffuse
ABp following IHC and IF staining with 4G8 anti-
body (Figs. 2 and 3 and Supplementary Figure 2).

We then compared the PC among the seven aged
dogs including five affected with CCD (Fig. 5,
Table 1). In general, dogs with the higher CCD scores
also had among the higher PC-ABp counts (dogs
numbers 2, 3, and 7), but dog number 6 with the
highest CCD score of 64 showed the lowest plaque
count with a PC=35 in the hippocampal region and
a moderate PC=14 in the cortex (Fig. 5, Table 1),
indicating that the senile plaques may not be respon-
sible for the cognitive deficits in these aged dogs as
demonstrated for human AD [12, 22]. AP formation
progresses from monomers to oligomers to fibrils and
then to plaques. In order to identify the earlier assem-
bly and most toxic isoform of A3, namely AB1-42
oligomers, and determine whether A[31-47 oligomers
co-localized with ABp, we co-stained the hippocam-
pal and cortical regions with both 4G8 and PrioAD13
anti-Af1-42 nanobody [21]. Of importance, intraneu-
ronal ABi-42 oligomers deposition was widespread
but did not co-localize with ABp (Fig. 3 and Sup-
plementary Figure 2). Highest mTFS of ABi-42
oligomers (hippocampus =55.1; cortex =63.5) were
observed in a 15-year-old small size male Pomera-
nian with a CCD score of 58 and a 17-year-old
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Hippocampus

15-year-old small size Pomeranian

Fig. 1. Photomicrographs of Congo red (CR) staining in cerebral amyloid angiopathy (CAA) in the brain hippocampal and cortical region of
an aged dog. Distinctive red brick staining of cerebral blood vessels (largely the tunica media) (A) in the hippocampus and (C) in the frontal
cortex (black arrows) of a 15-year-old small size Pomeranian following CR-hematoxylin staining. Vascular amyloid, confirming CAA, with
the presence of apple-green birefringence (B) in the hippocampus and (D) in the frontal cortex (white arrows) of a 15-year-old small size
Pomeranian under polarized light. Representative of all aged dogs. Scale bar =20 pm.

medium size spayed female Mongrel (hippocam-
pus =60; cortex = 54.1) with a CCD score 60 (Fig. 6,
Table 1). Moderate to high AB1-42 oligomers mTFS
were observed in a 16-year-old small size Lhasa Apso
(hippocampus =52; cortex=57) with a CCD score
of 38 and a 14-year-old medium size castrated male
Mongrel (hippocampus = 53.6; cortex =46.3) with a
CCD score of 58 respectively (Fig. 6, Table 1). A 14-
year-old castrated male Papillion with a CCD score
of 44 displayed low mTFS (hippocampus = 37.2; cor-
tex=41.5) and finally a 16-year-old female Mongrel
with a CCD score of 50 exhibited the lowest mTFS
(hippocampus =11.9; cortex =41.1) (Fig. 6, Table 1).

Finally, AT8 anti-p-Tau (Ser202, Thr205) mon-
oclonal antibody strongly bound to p-Tau in the
hippocampal and cortical regions following staining
using IHC (Fig. 2) and IF (Fig. 3 and Supplemen-
tary Figure 2) and displayed intracellular structures
[16, 23]. Highest mTFS of p-Tau were seen in a
15-year-old small size Pomeranian (hippocampus =
64.2; cortex=67.2) with a CCD score 58 and in a

17-year-old medium size Mongrel (hippocampus =
53.9; cortex =68.6) with a CCD score of 60 (Fig. 6,
Table 1). Moderate to high mTFS of p-Tau were
displayed in a 16-year-old small size Lhasa Apso
(hippocampus =45.9; cortex=66.5) with a CCD
score of 38 and a 14-year-old medium size Mon-
grel (hippocampus =47.2; cortex =45.1) with a CCD
score of 58. Finally, lowest mTFS of p-Tau were
seen in a 14-year-old small size Papillion (hippocam-
pus=36.4; cortex =36.3) with a CCD score of 44.
Interestingly a 17-year-old medium size Shiba Inu
with a CCD score of 64 and a 16-year-old small
size female Mongrel with a CCD score of 50 exhib-
ited high mTFS for p-Tau in the hippocampus (62.1
and 56, respectively) and low mTFS for p-Tau in the
cortex (25.9 and 15.3, respectively) (Fig. 6, Table 1).

We then investigated whether the toxic APi-42
oligomers and p-Tau co-localized to the same cel-
lular compartments by double labelling of AB1-42
oligomers (PrioAD13) and p-Tau (ATS) in the hip-
pocampal and cortical regions of the aged dog brains.
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Hippocampus
Ry oy ; A

4G8 anti-Ap antibody

AT8 anti-p-Tau antibody

Cortex

15-year-old small size Pomeranian

Fig. 2. Immunohistochemical staining with 4G8 anti-A and ATS8 anti-pTau antibody in the brain hippocampal and cortical region of an aged
dog. Immunohistochemical staining showed extensive extracellular AR plaques in the A) hippocampus and B) frontal cortex (black arrows)
of a 15-year-old small size Pomeranian. Staining of vascular amyloid (cerebral amyloid angiopathy) was prominent in the C) hippocampus
and D) frontal cortex of a 15-year-old small size Pomeranian respectively (black arrows). Immunohistochemical staining showed extensive
intracellular hyperphosphorylated tau (p-Tau) staining in the E) hippocampus and F) frontal cortex respectively (black arrows) of a 15-year-old
small size Pomeranian. Representative of all aged dogs. Scale bar =20 pm and inserts scale bar =5 pm.

‘We found widespread intracellular co-localization of
oligomers with p-Tau deposits in the hippocampus
and cortex (Fig. 4). High levels of AB-42 oligomers
and p-Tau which co-localized in a large number
of neurons were found in a 15-year-old small size
Pomeranian. Of note, this particular dog displayed
the highest mTFS for both AB-42 oligomer and p-
Tau (Fig. 6, Table 1). This concurrent accumulation
of both AB-42 oligomer and p-Tau [24, 25], indepen-
dent of ABp co-localization, suggests that they may
act synergistically to enhance synaptic dysfunction
and neuronal death as shown in human AD [26, 27].

Clinical and demographic predictors of
neuropathology in aged dogs with canine
cognitive dysfunction

Details of the demographics of the aged dogs in
this study reveal ages of 14 to 17 years with two cas-
trated males, two males, one female, and two spayed
females. There were four small size and three medium
size dogs (Table 1). Previous studies showed that
small size dogs usually have a longer life span than
the larger dogs and are more prone to have age-related
disorder [28, 29].
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PrioAD13 nanobody 4G8 antibody ATS antibody

Hippocampus

15-vear-old small size Pomeranian

Cortex

Fig. 3. Immunofluorescence staining with PrioAD13 anti-Af;-42 oligomer nanobody, 4G8 anti-Af, and AT8 anti phospho-Tau (Ser202,
Thr205) antibody in brain hippocampal and cortical region of an aged dog. LSM800 confocal images were taken at 40x and 100x respectively
for each tissue section with a standard FITC/Texas Red double band-pass filter set. Staining with anti-AB -4, (PrioAD13) nanobody (GREEN)
demonstrated extensive intracellular deposition of Afj-42 oligomers (white arrows) in the hippocampus at A) 40x magnification, scale
bar =20 wm and B) higher magnification at 100x, scale bar=5 pm and also in the frontal cortex at C) 40x magnification, scale bar =20 pm
and D) higher magnification at 100x, scale bar=5 um of a 15-year-old small size Pomeranian; Staining with 4G8 anti-Af antibody (red)
displayed extracellular diffuse plaque (white arrows) in the hippocampus both at E) 40x magnification, scale bar=20 wm and F) higher
magnification at 100x, scale bar=5 wm and in the frontal cortex at G) 40x magnification, scale bar =20 wm and H) higher magnification at
100x, scale bar =5 pm of a 15-year-old small size Pomeranian; Staining with AT8 anti-p-Tau antibody (red) exhibited widespread intracellular
p-Tau (white arrows) in the hippocampus both at I) 40x magnification, scale bar = 20 um and J) higher magnification at 100x, scale bar=5 pum
and in the frontal cortex both at K) 40x magnification, scale bar =20 wm and L) higher magnification at 100x, scale bar =5 pm of a 15-year-old
small size Pomeranian. Representative of all aged dogs.

In our study, a 15-year-old small size male Pomera-
nian and a 17-year-old medium size spayed female
Mongrel displayed the highest ABp count (Fig. 5,
Table 1) as well as mTFS for AB-4> oligomer and p-
Tau (Fig. 6, Table 1). However, while a 14-year-old
Papillion displayed one of the lowest pathological

scores we also found that a 16-year-old small size
female Mongrel also had many low scores (Figs. 5
and 6, Table 1). In addition, a medium size breed
Shiba Inu is one of the oldest dogs included in our
study and showed the highest CCD score of 64 but
exhibited the lowest number of plaques and moderate
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PrioAD13 nanobody ATS antibody PrioAD13 nanobody & AT8 antibody

Hippocampus

15-year-old small size Pomeranian

Cortex

= Sum

Fig. 4. Co-localization AR oligomers and phosphorylated Tau (p-Tau) in the hippocampus and frontal cortex of an aged dog. LSM800
confocal images were taken at 40x and 100x respectively with a standard FITC/Texas Red double band-pass filter set. Staining with anti-
ABi1-42 (PrioAD13) nanobody (GREEN) exhibited intracellular deposition of AB1-42 oligomers (white arrows) in the A) hippocampus and in
the E) frontal cortex of a 15-year-old small Pomeranian, Scale bar =20 pwm. Staining with AT8 anti-p-Tau antibody (red) displayed widespread
intracellular p-Tau (white arrows) in the B) hippocampus and in the F) frontal cortex of a 15-year-old small Pomeranian respectively, Scale
bar =20 pwm. Co-localization, such as indicated by arrows, of anti-AB-42 (PrioAD13) nanobody and AT8 anti-p-Tau antibody demonstrated
the intracellular co-accumulation of AB-42 oligomers and p-Tau in the hippocampus at C) 40x magnification, scale bar =20 wm and D) higher
magnification at 100x, scale bar=5 pwm and in the frontal cortex at G) 40x magnification, scale bar =20 wm and H) higher magnification at
100x, scale bar =5 pm, respectively. Representative of all aged dogs.
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Ap plaque count in hippocampus and CCD scores Ap plaque count in frontal cortex and CCD scores

Fig. 5. Comparing the CCD Scores with hippocampal and cortical AR plaque count (PC) in seven aged dogs. CCD score of > 50 were
considered as CCD or dog dementia. AR PC was calculated from whole tissue sections at high power fields (40x). PC of A plaques: < 10
considered as low, 10-20 as moderate, and >20 as high in the hippocampus and frontal cortex. A small size male Pomeranian with CCD
score of 58 displayed the highest PC in the (A) hippocampus, PC =30 and in the (B) frontal cortex, PC=32. In contrast, a medium size
spayed female Shiba Inu with highest CCD score of 64 exhibited the lowest PC in the (A) hippocampus, PC=5 and a 16-year-old small size
female Mongrel with CCD score of 50 showed the lowest PC in the (B) frontal cortex, PC = 10.

levels of AP-42 oligomers and p-Tau (Figs. 5 and 6, DISCUSSION

Table 1), which suggests that CCD score might be

triggered by the age and pathological scores includ- In the present study we investigated the presence
ing AB1-42 oligomers and p-Tau depositions but not of neuropathological hallmarks normally associated

with ABp deposition [22]. with human AD in a few breeds of aged dogs affected
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Fig. 6. Comparing the CCD Scores with hippocampal and cortical Af31-42 oligomers (ABo), hyperphosphorylated tau (p-Tau) mean Ten Field
Score (mTFS) in seven aged dogs. CCD score of > 50 were considered as CCD or dog dementia. mTFS is the mean value calculated from
10 consecutive high-power fields (40x). mTFS of ABo in the hippocampus and frontal cortex: <42 considered as low, 42-52 as moderate,
> 52 as high and mTFS of p-Tau <40 considered as low, 40-50 as moderate, > 50 as high in the hippocampus and frontal cortex respectively.
A small size male Pomeranian with CCD score of 58 has the highest ABo mTFS =55.1 and 63.5 and p-Tau mTFS =64.2 and 67.2 in the (A)
hippocampus and in the (B) frontal cortex respectively. In the (A) hippocampus a 16-year-old small size female Mongrel with CCD score
of 50 exhibited the lowest ABo mTFS =11.9 and a 14-year-old small size castrated male Papillion with CCD score of 44 showed the lowest
p-Tau mTFS =36.4 whereas, in the (B) frontal cortex a 16-year-old small size female Mongrel with CCD score of 50 showed the lowest

ABo mTFS=41.1 and p-Tau mTFS = 15.3 respectively.

with a syndrome called canine cognitive dysfunction
(CCD) [9, 22]. Transgenic mice, used extensively
to investigate human AD [5], have provided cru-
cial information related to AD pathogenesis but their
translational use has been inadequate. Therapeutic
successes in treating AD in mice models have failed
in numerous human AD clinical trials [30]. Dogs
with CCD appear to replicate many neuropathologi-
cal hallmarks of human AD, including accumulation
of AP oligomers and plaques as well as CAA [9,
11, 31]. However, dogs with CCD are not univer-
sally accepted as a valid natural disease model of AD
because the presence of a fundamental lesion, namely
p-Tau, has been demonstrated in only a minority of
cases and thus its association with this syndrome
remains controversial [10, 11, 13—15]. To thatend, we
used a refined antigen retrieval protocol that enabled
us to conclusively identify p-Tau in the hippocam-
pal and cortical regions of aged dogs. The newly
refined protocol for both immunohistochemical and
immunofluorescence p-Tau staining relied on the use
of the 2100 antigen retriever [32], which helped
maintain optimal temperature, pressure and cycle
time automatically controlled by an in-built sensor.
The p-Tau are composed of microtubule-associated
hyperphosphorylated tau protein. In human AD,
p-Tau are deposited within the neurons and their mor-
phology may vary according to the type of neurons
[16,23]. Braak and Braak proposed six distinct stages
for the progression of p-Tau [33, 34] which include

Braak and Braak stage III/IV where NFTs is present
in the hippocampus [12, 33, 34]. In the current study,
aged dogs exhibited extensive deposition of intra-
cellular ATS positive p-Tau in the hippocampal and
frontal cortex region, therefore replicating morpho-
logical and regional distribution similar to human AD
pathology [12]. Aged dogs also exhibited widespread
distribution of both A 1-47 oligomers [35] and diffuse
APBp in the frontal cortex and hippocampal region
[14, 17]. In human AD brain, regional distribution of
ApPpisless predictable as compared to p-Tau distribu-
tion [12]. According to the Braak and Braak staging
of amyloid accumulation, ABp first deposits in the
basal portions of the frontal, temporal, and occipital
lobes (stage A) and then expand towards the hip-
pocampal region (stage B) [34, 36]. In the canine
brain, widespread ARp deposition has been found
involving prefrontal, parietal, occipital, and entorhi-
nal cortices in dogs [37]. However, ABo have not
been well characterized histopathologically in dog
brains affected with CCD. A previous study by Head
and colleagues demonstrated accumulation of APo
in the CSF of aged beagles which inversely corre-
lated with brain total AR load [35]. Furthermore,
Rusbridge and colleagues were able to immunodetect
Ao in blood and CSF of an aged dog affected with
CCD using single domain camelid antibody frag-
ments PrioAD12 (AB1—40), or PrioAD13 (AB1-42)
and also reported the neurotoxic effect of dog Ao in
a human neuroblastoma cell line [38]. In the present
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study, we identified AB1—42 oligomers using single
domain camelid antibody in our immunofluorescence
assay. We showed extensive distribution of intra-
cellular AB1—42 oligomers in the frontal cortex and
hippocampus which failed to co-localize with dif-
fuse AP plaques. In contrast, co-accumulation of
p-Tau and AB;-42 oligomers deposits were conspic-
uous and closely linked. This strongly supports the
hypothesis that it is the co-accumulation of both A3
oligomers and p-Tau, and not A3 plaques and p-
Tau that are responsible for the neurotoxic effects
and resultant cognitive deficits associated with AD
[24] and CCD [38-40]. This might also indicate
that ABo may be responsible for initiating accumu-
lation and spread of p-Tau as shown previously in
human AD [41, 42]. Shin and colleagues reported a
synergistic interaction between ABo and tau aggre-
gates [25]. The authors used different assemblies
of AR in a tau cell-based model, including human
neuroblastoma cells and primary hippocampal neu-
rons and showed that tau seeding was facilitated
by APo rather than A fibrils or aggregates [25].
Interestingly, Chambers and colleagues showed for
the first time that aged domestic cats develop hip-
pocampal A3 accumulation and NFT formation [43].
The authors demonstrated that ABo accumulate in
the cytosol of hippocampal pyramidal cells and sug-
gested that these lead to p-Tau and NFT development
[43, 44]. Moreover, we developed a new scheme
that allowed us to count the number of positively
stained cells in 10 consecutive high-power fields (40
x) resulted in a score, similar to the “mitotic index”
widely used for assessing cancer pathology [45], to
quantify AB-47 oligomers and p-Tau (mTFS); we
also quantified the total number of plaques (PC) in the
hippocampal and cortical regions of the seven aged
dogs. We then compared the quantified brain patholo-
gies (MTFS versus PC) with cognitive performance
(CCD scores). The cognitive scores were determined
by a reference study by Salvin and colleagues who
had developed a comprehensive questionnaire con-
sisting of 13 questions to enable dog owners to rate
cognitive function/dysfunction in aged dogs with
98.9% diagnostic accuracy [22]. This questionnaire
was used to score CCD (CCD score) in the seven
dogs investigated in this study [21]. Among the
seven aged dogs, five dogs were diagnosed with
CCD (score > 50) and two dogs were nondemented
(CCD score < 50) which included a 16-year-old small
size Lhasa Apso with a CCD score of 38 and a
14-year-old small size Papillion with a CCD scores
of 44.

In AD, both neuritic and diffuse plaques are usually
found in human brain where the former are believed
to be associated with synaptic loss and glial cell reac-
tivity and the latter related to ageing. The effects
of neuritic and/or diffuse plaques was previously
investigated in cognitively unimpaired individuals
and dogs [11, 12, 17, 46]. Ahmadi and colleagues
[47] assessed the link between cognitive performance
and diffuse as well as neuritic plaque depositions
in cognitively unimpaired individuals. The authors
showed that cognitively unimpaired individuals with
neuritic plaques exhibited low cognitive performance
whereas diffuse plaques were shown to not influ-
ence cognition. Moreover, this study demonstrated
that while diffuse plaques were not involved in cog-
nitive deficits, increased neuritic plaques deposition
paralleled a decrease in cognitive performance [47].
Similarly, Rofina and colleagues [22] performed a
semiquantitative analysis of diffuse AP plaque depo-
sition in a group of 30 dogs aged between 1 month
to 19 years. The authors showed that diffuse plaques
deposition was significantly higher in dogs older than
11 years. Furthermore, the authors demonstrated that
this increased diffuse plaque burden did not influence
the cognitive ability of the dogs. [22]. Similarly, our
study also confirmed that aged non-demented dogs
(14-year-old Papillion and 16-year-old Lhasa Apso)
with low CCD scores (< 50) also displayed high PC
scores reflecting a high burden of diffuse ABp. Our
study supports the hypothesis that diffuse plaques
might be the part of normal ageing process, however,
larger cohorts of dogs should be investigated in order
to reach a conclusive outcome.

CONCLUSION

In conclusion, aged dogs affected with CCD dis-
play neuropathological features resembling those
observed in human AD, such as intracellular A
oligomers, ABp, CAA, and p-Tau as well as cog-
nitive dysfunction [12]. To date no studies have
conclusively demonstrated this extensive accumu-
lation of p-Tau in dog brains; our study achieved
this goal through the crucial use of an improved
antigen retrieval methodology. Remarkably, early
middle-aged dogs (610 years), equivalent to humans
age 40-60 years [48], displayed cognitive decline
and neurobehavioral changes which worsened with
age, similar to human mild cognitive impairment
[11, 49]. The ability to characterize aged dogs as
a strong translational model for human AD offers
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a real possibility to efficiently investigate molecu-
lar determinants underlying AD pathogenesis, and to
develop and test molecules for effective detection and
treatment of AD. However, the use of imaging modal-
ities, such as PET and MRI, currently used to aid in
the diagnosis of human AD, is limited in aged dogs
affected with CCD [50, 51]. There are substantial
advantages of incorporating PET/MRI neuroimag-
ing platforms to study/monitor AD in a large animal
model such as dogs and will certainly inform on dis-
ease status, correlate blood and eye biomarkers with
brain pathology, and predict treatment outcomes.
Taken together, our results confirm the presence of
the major neuropathological hallmarks of human AD
associated with cognitive decline and argue for the
use of this natural model to investigate AD.
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