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Abstract Alzheimer’s disease (AD) is a signifi-
cant burden for human health that is increasing in
prevalence as the global population ages. There is
growing recognition that current preclinical models
of AD are insufficient to recapitulate key aspects of
the disease. Laboratory models for AD include mice,
which do not naturally develop AD-like pathology
during aging, and laboratory Beagle dogs, which do
not share the human environment. In contrast, the
companion dog shares the human environment and
presents a genetically heterogeneous population of
animals that might spontaneously develop age-asso-
ciated AD-like pathology and cognitive dysfunction.
Here, we quantitatively measured amyloid beta (Ap42
or Abeta-42) levels in three areas of the companion
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dog brain (prefrontal cortex, temporal cortex, hip-
pocampus/entorhinal cortex) and cerebrospinal fluid
(CSF) using a newly developed Luminex assay. We
found significant positive correlations between Ap42
and age in all three brain regions. Brain Ap42 abun-
dance in all three brain regions was also correlated
with Canine Cognitive Dysfunction Scale score in a
multivariate analysis. This latter effect remained sig-
nificant when correcting for age, except in the tem-
poral cortex. There was no correlation between Ap42
in CSF and cognitive scores; however, we found
a significant positive correlation between AP42 in
CSF and body weight, as well as a significant nega-
tive correlation between AP42 in CSF and age. Our
results support the suitability of the companion dog
as a model for AD and illustrate the utility of veteri-
nary biobanking to make biospecimens available to
researchers for analysis.
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Introduction

Alzheimer’s disease (AD) is the leading cause of
dementia among the elderly and is an urgent national
and international research priority [1, 2]. There is a
growing consensus that biological aging underlies
this relationship and that the known “hallmarks”
of aging [3] either contribute causally to AD or, at
a minimum, create a permissive physiology that is
necessary for AD onset and progression [4, 5]. Neu-
ropathologically, AD is characterized by the aggre-
gation of protein deposits in various parts of the
cerebrum, including the prefrontal cortex, temporal
cortex, hippocampus, and entorhinal cortex. These
aggregates notably consist of amyloid beta (Ap42)
senile plaques and hyperphosphorylated Tau (pTau)
neurofibrillary tangles, both of which are accompa-
nied by neuronal death, loss of synaptic connections
in the brain, and cerebral atrophy. Ultimately, this
results in the development and progression of clini-
cal dementia. The underlying pathological processes
leading to these outcomes are complex and not com-
pletely understood. While there are several medical
interventions available that may slow progression of
the disease, it remains incurable, debilitating, and
terminal.

A major limitation to AD research is a lack of
animal models that spontaneously develop AD-like
pathology and also adequately reflect the genetic and
environmental complexity of humans. For example,
mice do not naturally develop age-related AD-like
pathology, and consequently, all currently used mouse
models have been genetically engineered to specifi-
cally develop various aspects of AD-like pathology
[6, 7]. Laboratory Beagle dogs do spontaneously
develop AD-like pathology as they age [8]; however,
they are kept in a laboratory setting that fails to model
the environmental variation experienced by people.
Similarly, both AD-model mouse strains and labora-
tory Beagle dogs are relatively genetically inbred and
fail to capture the impact of genetic diversity on AD
progression and clinical presentation.
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In this context, the privately owned companion
dog offers an opportunity to overcome these limita-
tions. Companion dogs are genetically heterogeneous,
with a powerful and well-understood genetic archi-
tecture, consisting of more than 300 relatively inbred,
genetically isolated purebred breeds along with a rich
population of genetically diverse mixed breed dogs
[9]. Companion dogs also share the complex human
environment, including exposure to many potential
risk factors of AD. Dogs also develop many of the
same age-related pathologies as people, but they age
more rapidly than humans [10-12]. This accelerated
aging rate makes it possible to rapidly understand the
impact of specific genetic and environmental factors
on age-related disease, including age-associated neu-
rodegenerative disease.

Just like in humans, cognitive decline is considered
to be a natural part of the biological aging process in
dogs, but also like in humans, a subset of dogs will
develop dementia in old age, which is referred to as
Canine Cognitive Dysfunction (CCD) [13]. CCD is a
syndrome that mirrors many of the clinical features
of human AD, including progressive loss of cognitive
function such as decreased ability to learn, increased
anxiety, loss of normal sleep patterns, and aimless
wandering. It can be reliably diagnosed using the
owner- or veterinarian-administered Canine Cogni-
tive Dysfunction Rating Scale (CCDRS) [14], which
is based on a validated questionnaire that assesses the
dog’s cognitive function using 13 variables scored
on a scale of 1-5 points each, leading to CCD scores
that can range from 13 to 65 points. CCD scores of
50 points and above are indicative of a diagnosis of
CCD.

Molecular features of Alzheimer’s disease in
humans that have been associated with CCD in dogs
include brain AP42 deposition, which accumulates
in diffuse plaques and in the cerebral vasculature, as
well as hyperphosphorylated Tau (pTau) found both
diffusely and in neurofibrillary tangles [15-17]. The
canine amyloid precursor protein (APP) is~98% sim-
ilar to human APP, and the canine AP42 peptide is
identical to human AP42. The mechanism of amyloid
beta accumulation, oligomerization, and deposition is
also thought to be similar, if not identical, in dogs and
people [17, 18].

Several studies have looked at AP42 and/or pTau
histopathology in dog brains using immunohisto-
chemistry (IHC), including studies correlating Ap42
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pathology with age [10, 16, 19] and clinical CCD [11,
12, 20], pTau presence with clinical CCD [21] or age
[10, 16], and at least one study correlating Ap42 and
pTau presence with age and body size [16]. While
there is research into the correlation between Af42
levels and cognitive function in laboratory beagles
[22], to our knowledge nobody has as of yet measured
Ap42 in companion dog brains in a quantitative man-
ner and correlated these measurements with cognitive
function. Here, we used a newly developed Luminex
assay [23, 24] to quantitatively measure Ap42 in
brains and cerebrospinal fluid (CSF) from privately
owned companion dogs with known CCD scores and
report statistically significant correlations between
cognitive phenotype and AB42 abundance in these
brains.

Methods

Dog brain samples, CSF, and cognitive scores and
other phenotype information were provided by the
Canine Brain and Tissue Bank (CBTB) of the Sen-
ior Family Dog Project at ELTE in Budapest, Hun-
gary  (https://familydogproject.elte.hu/canine-brain-
and-tissue-bank-for-researchers/) [25]. Samples were
obtained within 4 h post mortem from privately
owned companion dogs that had been euthanized
for medical reasons and whose brains and CSF were
then frozen and stored at—80 °C. All the dissec-
tions and samplings were performed at ELTE by a
veterinary anatomist (KC). Samples were shipped to
the University of Washington on dry ice. Sampled
regions analyzed here consisted of prefrontal cortex
(gyrus proreus), temporal cortex (gyrus ectosylvius
medius), and entorhinal cortex/hippocampus (at the
level of the distal part of cornu temporale ventriculi
lateralis) as shown in Fig. 1, as well as CSF. Owners
had previously provided informed consent to donate
their dogs’ bodies upon death and were asked to fill in
the Canine Cognitive Dysfunction Rating Scale ques-
tionnaire [14] translated into Hungarian, reflecting
the most recent known cognitive status of their dogs.
The absence of any disease that would be transmis-
sible through brain tissue or any medical status that
would foreclose the donation was affirmed in the con-
sent form by the veterinarian who had performed the
euthanasia.

1cm University of Wisconsin-Madison Brain Collection

Fig. 1 Transverse sections of a fixed dog brain illustrat-
ing the sampled brain regions. S1, Prefrontal cortex (prorean
gyrus); S2, Temporal cortex (middle ectosylvian gyrus); S3,
Hippocampus and entorhinal cortex. Pictures from University
of Wisconsin-Madison Brain Collection (http://www.brain
museum.org/Specimens/carnivora/basenji, sections #440 and
#1440)

Tissue from dog brain samples was first homog-
enized in chilled RIPA buffer (1% NP-40, 0.5%
sodium deoxycholate, 150 mM sodium chloride,
50 mM Tris hydrochloride, 0.5 mM magnesium sul-
fate—all from Sigma-Aldrich; St. Louis, MO) that
was supplemented with Complete Mini protease
inhibitor (Sigma-Aldrich; St. Louis, MO). Samples
were then centrifuged for 45 min at 21,000 X g and
4 °C. Supernatants containing the RIPA-soluble
fraction were removed and stored. The remaining
pellets were washed with RIPA buffer and centri-
fuged a second time. The RIPA buffer containing
supernatant was then combined with the first RIPA
buffer containing supernatant, aliquoted, and stored
at—80 °C. The combined RIPA buffer supernatant
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contained soluble proteins. The pellets were then
resuspended in 150 pL of chilled 5 M guanidine-
hydrochloride (Gu-HCl) buffer that also contained
Complete Mini protease inhibitor. Resuspended
pellets were then sonicated on ice (10 pulses).
Sonicated samples were then centrifuged 30 min at
21,000 X g and 4 °C. After centrifugation, the super-
natants were transferred into fresh tubes, aliquoted,
and stored at — 80 °C. The Gu-HCl-soluble superna-
tant contains aggregates of proteins like Ap42. Total
protein content of all Gu-HCl supernatants was
determined using a BCA kit (Pierce; Rockford, IL)
together with colorimetric detection (absorbance
at 562 nm) in a plate reader. Brain region and CSF
AP42 concentrations were then measured using a
previously described Luminex assay [23], resulting
in quantitative measurements of AP42 protein lev-
els for all available samples. For dog brain tissue,
we always used 200 ng of Gu-HCl-soluble total pro-
tein per well, and for CSF samples, we always used
50 pL of CSF per well. All samples were tested in
duplicate.

Data were stored and managed in Microsoft Excel
and analyzed in R [26]. We used multiple linear
regression on raw and log transformed data in R to
simultaneously analyze the influence of measured
Ap42 levels in all three brain regions and CSF on
cognitive scores, as well as Wilcoxon and Spearman
tests and linear regression models to test for individ-
ual correlations in our data. A p-value (P) of 0.05 or
less was considered statistically significant for all sta-
tistical tests.

Results

We obtained data and/or samples from a total of
n=45 dogs that had been euthanized at the CBTB
between May of 2017 and June of 2019. This
included brain samples from n=33 dogs, CSF
samples from n=27 dogs, and CCD scores from
n=17 dogs. N=14 dogs had both brains and CCD
scores available, n=11 dogs had both CSF and
CCD scores available, and n= 10 dogs had all three
available. CCD scores in all dogs ranged from 26
to 56, with a median of 40. CCD scores in dogs
with available brain samples ranged from 32 to 50,
with a median of 39. Ages in all dogs ranged from
1 to 18 years, with a median of 13 years; ages in
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dogs with available brain samples ranged from 1
to 17 years, with a median of 12 years. Apart from
CCD scores and Ap42 measurements where avail-
able, phenotypic data included sex, breed, age, and
body weight at necropsy for all 45 dogs. The demo-
graphic and measured data for all 45 dogs are pro-
vided in Supplemental Table 1.

There was a significant positive correlation
between AP42 levels and age in all three brain
regions studied (prefrontal cortex: P=3E-9, Spear-
man’s rho=0.823; temporal cortex: P=5E-12, Spear-
man’s tho=0.883; hippocampus/entorhinal cortex:
P=3E-5, Spearman’s rho=0.652), and a significant
negative correlation between AP42 and age in CSF
samples (P=0.02, Spearman’s rho= —0.454), as
shown in Fig. 2. When performing linear regression
on age and raw versus log transformed Ap42 data, log
transformed data yielded both higher R*> and lower
P values for all three brain regions, but not for CSF,
indicating an exponential increase in AP42 levels
in the brain with age (R*=0.46 vs. 0.84 for frontal,
0.50 vs. 0.82 for temporal, and 0.07 vs. 0.18 for hip-
pocampus/entorhinal cortex; P=1.3E-5 vs. 1.3E-
13 for frontal, 2.5E-6 vs. 2.4E-13 for temporal, and
0.084 vs. 0.0095 for hippocampus/entorhinal cortex).
Interestingly, we found no significant correlation
between AP42 levels in the brain and the dogs’ body
weight; however, there was a significant positive cor-
relation between AP42 levels in CSF and body weight
(Fig. 3).

When comparing Ap42 levels by sex, we found a
significant difference between males and females in
the prefrontal cortex from dogs aged 10 years and
older, with males having significantly lower levels
than females (P=0.012, W=283, Wilcoxon rank-sum
two-sided test — see Fig. 4 and Supplemental Fig. 1).

CCD scores were not correlated with age
(P=0.351, Spearman’s rho=0.117) or body weight
(P=0.307, Spearman’s rho=0.154). When con-
sidering the impact of Ap42 levels in all three brain
regions and CSF, as well as age, on CCD scores in
general linear models, we found significant effects of
Ap42 levels on CCD scores in all three brain regions,
but not in CSF. When including age as a covariate,
this effect remained significant in the temporal cor-
tex and the entorhinal cortex/hippocampus, but not in
the prefrontal cortex. There was no significant cor-
relation between APB42 levels in CSF and any of the
three brain regions in a general linear model. Results
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Fig. 2 Quantitative meas-
urements of Ap42 levels by
Luminex and dog age in all
three brain regions and in
CSF. Significant positive
correlations exist between
brain Ap42 levels and age
in all three sampled regions,
and a significant negative
correlation exists in CSF.
Statistics as displayed are
based on Spearman tests
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Fig. 3 Quantitative meas-
urements of AP42 levels by
Luminex and body weight
in kilograms. No significant
correlation was found for
AP42 and body weight

in any of the three brain
regions; however, a sig-
nificant positive correlation
was found in CSF. Statistics
are based on Spearman tests
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for the linear models are provided in Supplemental

Table 2 and Supplemental Fig. 2.

Discussion

Here, we describe a study using a recently developed
Luminex assay that allows us to quantitatively meas-
ure AB42 in various parts of the companion dog brain
and CSF. We show that the measures we obtained
in brains correlate with cognitive function as meas-
ured by an owner-completed questionnaire using the
Canine Cognitive Dysfunction Scale (CCDS). This

40

Body Weight (kg)

scale has been shown to have an overall 98.9% diag-
nostic accuracy, with a 77.8% positive predictive
value, a 99.3% negative predictive value, and a high
re-test reliability over 2 months [14]. The CCDS has
also been cross-validated against the CAnine DEmen-
tia Scale (CADES), which is the other commonly
used scale for clinical CCD assessments [27].

In human patients, it is well established that
Ap42 and other AD-related pathologies emerge in
the brain years or even decades before clinical AD
symptoms manifest [28]. Here, we describe a cor-
relation between brain AP42 levels and age in dogs,
which appears to progress exponentially, as reported

@ Springer
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Brain regions in old dogs by sex
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Fig.4 Ap42 levels in all three brain regions by sex in dogs
aged 5 years and older. There is a significant sex difference in
prefrontal cortex, with females having higher levels than males
(P=0.012, Wilcoxon rank-sum two-sided test). There was no
significant age difference between the sexes (P=0.64, Wil-
coxon rank-sum two-sided test)

previously [29]. Additionally, we also show a cor-
relation between cognitive function and Ap42 lev-
els in multiple brain regions in a cohort of compan-
ion dogs. It is noteworthy that this correlation exists
even among dogs with cognitive function scores that
did not meet the diagnostic threshold (score > 50) for
CCD. This is encouraging in that it may mirror a sim-
ilar trajectory in the aging dog, where increased Ap42
levels in the brain appear to be associated with cogni-
tive impairment that might have progressed to clini-
cal CCD had the dogs not been euthanized for other
reasons.

We did not find a correlation between brain Ap42
levels and body weight; however, we did find such
a correlation between CSF AP42 levels and body
weight. This is interesting in that larger dogs gener-
ally live less long than smaller dogs and could thus be
expected to develop CCD and associated pathology
earlier than small dogs, as happens with various other
age-related diseases [30-32]. However, this is not the
case for CCD, which appears to not affect large dogs
at earlier ages than small dogs [33]. It may be that
body condition rather than measured weight may be
a better predictor; however, our data unfortunately did
not include this information.

The current National Institute on Aging—Alz-
heimer’s Association (NIA—-AA) consensus criteria
for the neuropathologic diagnosis of AD are based
on histologic characterization of the anatomic dis-
tribution of amyloid plaques and pTau-containing
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neurofibrillary tangles (NFTs) [34-36]. These crite-
ria are based on distribution of amyloid plaques and
NFTs, and on cortical density of neuritic plaques.
They are not quantitative measures but rather ordered
rankings, which limits their utility in studies that
aim to correlate AP42 pathology and cognitive func-
tion. To overcome this limitation, we developed a
Luminex-based assay for quantification of AP42 in
human brain autopsy tissue [24], and we have further
established parameters for this assay that allow quan-
tification of AP42 in mutation-based animal models
of AD and in natural models like non-human pri-
mates and dogs [23]. The data set from our current
study in dogs constitutes one of the first applications
of our Luminex assay to probe the quantitative rela-
tionship between brain Ap42 and cognitive changes.

Both the Dog Aging Project and the Senior Fam-
ily Dog Project aim to leverage privately owned
companion dogs as models for aging and age-related
disease in humans. One aspect of being able to inves-
tigate normative and/or pathological aging in dogs is
the availability of biospecimens from various organs
for research, which should also include clinical and
demographic information for these animals. Both
the existing Canine Brain and Tissue Bank (CBTB)
at ELTE and the future Dog Aging Project Biobank
at Cornell University address this emerging need and
will be useful to conduct larger-scale studies in the
future as more specimens become available.

In summary, to our knowledge, this is the first study
that quantitatively measures AB42 in companion dog
brains and CSF and correlates these findings with meas-
ured cognitive scores. Taken together, our data support
the notion that CCD in companion dogs models several
key aspects of human AD, underscoring the suitability
and potential usefulness of companion dogs as a model
for both observational and interventional studies of AD.
Our results also confirm previous findings on behav-
ioral and neuropathological markers associated with
age-related cognitive dysfunction in laboratory Beagles
[37, 38] and show that these findings likely also apply
to companion dogs, which are genetically diverse and
share the human environment and its various risk fac-
tors [39]. In particular, companion dogs model aspects
of the disease that currently cannot be adequately stud-
ied in a laboratory setting, because companion dogs
share much of the human environment and present a
genetically diverse, heterogeneous population. This
illustrates that they are a potentially valuable model that
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could be used not only for descriptive studies of risk
factors, behavior, and neuropathology, but also to study
possible interventions aimed at preventing or treating
Alzheimer-like pathology that have considerable trans-
lational potential for human health [40, 41].

Limitations of the present study include the rela-
tively low number of samples, as well as the absence
of dogs with CCD scores that are diagnostic for CCD
in the available tissue samples. Nevertheless, the fact
that we were able to find a significant correlation
between CCD scores below the diagnostic threshold
for CCD and ApP42 levels in all three brain regions
examined is encouraging and will be useful as a foun-
dation to conduct additional research into this ques-
tion as more samples become available in the future.
In particular, we plan to also investigate Tau and pTau
levels in these same dog brains and correlate them
with CCD scores, and we will also conduct immuno-
histochemical and neuropathological analyses to fur-
ther explore the correlation between cognitive func-
tion/CCD, AP42, and Tau/pTau levels and pathology
in the aged companion dog brain.
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