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Canine cognitive dysfunction syndrome (CCDS) is a progressive neurodegenerative
disorder in senior dogs that is mainly associated with decreased ability to learn and
respond to stimuli. It is commonly under-diagnosed because behavioral changes are
often attributed to the natural process of aging. In the present study, we used for
the first time a comprehensive approach enabling early diagnosis of canine patients
with mild cognitive disorders (MICl). We included CAnine DEmentia Scale (CADES)
questionnaires, biochemical parameters, and biomarkers in blood serum, and correlated
them with post-mortem histopathological changes. The CADES questionnaires enabled
us to identify MiICl dogs developing changes mainly in domains corresponding to
social interaction and spatial orientation, which seems to be crucial for delineating early
cognitive disorders. Biochemical analyses in these dogs showed slightly elevated liver
enzyme parameters (AST and ALT) and significantly decreased sodium and chloride
levels in blood serum. Furthermore, we describe for the first time a significant increase
of neurofilament light chain (NFL) in blood serum of MiCl dogs, compared to normal
aging seniors and young controls, but no changes in TAU protein and amyloid-p (AB42)
peptide levels. In canine brains with cognitive impairment, amyloid plaques of mainly
diffuse and dense types were detected. Furthermore, activated microglia with amoeboid
body and dystrophic processes occurred, in some cases with spheroidal and bulbous
swellings. On the other hand, no TAU pathology or neurofibrillary tangles were detected.
These results suggest that a combination of CADES questionnaire mainly with CNS injury
biomarker (NFL) and with biochemical parameters (ALT, AST, Na, and Cl) in blood serum
may predict CCDS in senior dogs.

Keywords: canine cognitive dysfunction, neurodegeneration, CADES, questionnaire biomarkers, TAU, Ag42, NFL

INTRODUCTION

The population of aging dogs is growing significantly, similar to the increase in senior numbers
in the human population. Currently dogs live much longer due to the excellent care of their
owners, who provide them with a balanced diet, regular exercise and training, dental care, and
social interactions, but also regular preventive examinations by veterinarians (1). There is no doubt
that prolonged life expectancy is associated with different age-related systemic diseases, which are
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treated at veterinary clinics as per standard treatment procedure
(symptomatology-based and anti-inflammatory treatment)
(2). However, senior dogs are also exposed to a higher
risk of prevalence of neurodegenerative diseases, for which
there is no effective therapy available. Neurodegenerative
features in elderly dogs are manifested by cognitive deficits
that could be paralleled with human neurodegenerative
symptoms, particularly Alzheimer’s disease (AD) (3). However,
to understand the similarities and differences between canine
and human cognitive impairment, there is a need to include
approaches supported by reliable cognitive tests, biomarkers, and
pathological changes associated with neurodegeneration. We
also need to consider the variability in aging between different
breeds. In general, large-breed dogs are considered to be seniors
at 6-7 years of age, whereas in small breeds, it is not until they
reach 10 years (1).

Many studies have documented that senior dogs may
experience canine cognitive dysfunction syndrome (CCDS),
also known as “canine dementia.” In these dogs, we usually
notice behavioral changes that are described in short by the
acronym DISHA [Disorientation, altered social Interactions,
altered Sleep-wake cycles, House soiling and loss of other learned
behaviors, altered Activity levels and increasing Anxiety; (4-
8)], as well as neuropathological changes in the brain. CCDS
is observed mainly in large-breed dogs over 8 years of age
showing slow onset of behavioral and cognitive changes. Several
questionnaires are available, which can discriminate between
cognitive decline at different stages in senior dogs (7, 9-11).
Our group has developed a CAnine DEmentia Scale (CADES)
questionnaire, which can distinguish the onset of behavioral
and cognitive changes, as well as the severity and progression
of cognitive impairment in senior dogs (8). This questionnaire
contains 17 items separated into four domains related to changes
in behavior, which enable identification of three stages of the
disease: mild, moderate, and severe cognitive impairment (8).

However, the key diagnostic tools for neurodegenerative
disease in dogs rely on biomarker screening in both blood and
cerebrospinal fluid (CSF) (12, 13). Due to the fact that most
owners do not agree with CSF collection, blood samples remain
as a suitable surrogate for biomarker candidates. So far, there are
few studies showing alterations in A4, plasma levels between
younger healthy, mildly, and severely cognitively impaired dogs
(13, 14). Another study showed high CSF amyloid-p (AP) levels
in younger dogs, which are not likely to harbor deposits of
amyloid in their brains yet (15).

Thus, due to some contradictions in A levels, there is a need
to include other biomarker candidates such as TAU protein and
neurofilament light protein (NFL), firstly studied as blood-based
biomarkers in AD (16). In this context, human clinical trials
have played an important role in the search for new biomarkers.
Both proteins can be analyzed by means of highly sensitive
a single-molecule array method (Simoa, Quanterix), which
enables detection and monitoring of very low concentrations
of biomarkers in blood samples (16). Recently, NFL which is
released into the bodily fluids when axons are damaged, has
been considered as a potential biomarker for various cerebral
proteopathies, including human AD (16, 17). Furthermore, data

from clinical study of familiar AD suggest that NFL levels in the
blood may serve as a biomarker to monitor neurodegeneration
and disease progression already in presymptomatic stage of
AD (17).

Despite available behavioral tools at veterinary clinics, owners
are not well aware of behavioral changes in their dogs and
they often overlook the early onset of CCDS, leading to
late diagnosis of CCDS when the brain tissue is conclusively
damaged. Particularly in cognitively impaired dogs, reduction in
neuron numbers has been described in the cortex, hippocampus,
and the limbic system (18, 19). Brain atrophy is often linked to
multifaceted pathologies such as enlargement of lateral ventricles,
dysfunction of the glymphatic and meningeal lymphatic systems,
changes in the choroid plexus, vascular changes, significant
increase in protein accumulation such as TAU protein, a2-
macroglobin, amyloid peptides, albumin or transthyretin in CSF
(20), damage to DNA, and inflammation mainly in prefrontal
cortex (14, 21). However, the main concern is associated with
formation of large aggregates of AP deposits leading to structural
damage in brain tissue (22). These aggregates spread in a prion-
like manner, forming intracellular and extracellular deposits that
impair the proper functioning of neurons. There is evidence
of AP deposits and amyloid angiopathy (microangiopathy
and macroangiopathy) in the brain of aged dogs (22, 23).
Besides AP plaques, inflammatory response with activation of
microglial cells and astrocytes has also been noticed in dogs
with CCDS (microgliosis and astrocytosis) (23, 24). Unlike AP
deposits, TAU neurofibrillary inclusions have only rarely been
identified in affected canine brains (24). This seems to be so
far an important pathological difference of neurodegeneration
between human (severe TAU pathology) and canine tissue
(rare TAU pathology). Furthermore, neural death leads to
decrease in excitatory neurotransmitters such as acetylcholine
with its neuronal projections from basal forebrain to cerebral
cortex and hippocampus, a component of cognitive function,
especially memory; dopamine in the substantia nigra in the
midbrain, ventral tegmental area, and hypothalamus, involved
in motoric function; norepinephrine in the pons, related to
waking and attention; and serotonin in the brainstem, controlling
mood, and sleep cycle. These neurochemical changes lead to
neurotransmitter system dysfunction, together with reduced
neuronal and synaptic function, which is seen in aging dog brains
and may be responsible for the clinical expression of CCDS (10).

The aim of our study was to stratify canine patients with mild
CCDS (MiCl), characterized by slow onset of clinical symptoms.
In this case, we used for the first time a comprehensive approach
involving four components: (i) clinical and neurological
observation in order to exclude other concurrent diseases
with similar symptomatology as CCDS, (ii) behavioral scoring
involving CADES for monitoring early behavioral changes,
(iii) monitoring of neurodegenerative biomarkers (NFL, TAU
protein, and AP42 peptide) in blood samples, and (iv) analyzing
pathological changes in post-mortem dog tissues. Our data
confirmed that these tools are reliable in capturing early cognitive
changes and can be used for early diagnosis of CCDS in elderly
dogs. Early diagnosis can differentiate pathological aging from
the normal aging process in order to begin early treatment. This
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will increase the chances to extend dogs’ life in good cognitive
and physical condition and to prolong a healthy human-dog
relationship. So far, the recommended treatment lies only in
antioxidant nutritional supplements such as denamarin, silybin,
vitamin E, cholodin, and omega-3 fatty acids that can be added to
any diet.

MATERIALS AND METHODS
Dogs

We have selected suitable dogs for our study, from patients
who came for regular preventive examinations to our University
Hospital of UVMP. From the wider group of 40 dogs over 8 years
of age, 30 owners agreed with participation on the study, and
from them, we selected only 24 dogs that did not suffer from
any secondary diseases. As for young dogs, we obtained approval
from 15 dog owners. Due to the owner’s checkout, one dog was
excluded from this group.

We examined 30 senior dogs of 14 different medium breeds,
over 8 years old, and 15 young dogs of 7 different medium breeds,
<3 years old, both sexes with body weight ranging between
10 and 20kg. These dogs were selected from regular patients
visiting the University Veterinary Hospital at the University of
Veterinary Medicine and Pharmacy in Kosice, Slovakia during 1
year. All animals were treated according to European legislation
on animal handling and experiments (86/609/EU). We adhered
to a high standard of veterinary care to ensure that all studied
dogs received the best care available. A separate group of senior
dogs (n=5) aged 13-14 years old, of various breeds and weighing
10-15kg, was analyzed with CADES scores and afterwards
euthanized due to various fatal diseases and used for pathological
analyses. Two additional dogs were used for positive control
(13-year-old Pekingese, 8 kg, CADES 27) and negative control
(9-year-old American Cocker Spaniel, 11kg, CADES 0). Dogs
were on no medication, the body weight (10-20kg) correlated
with the standards for corresponding breed, and body condition
score was 4-5, according to World Small Animal Veterinary
Association (WSAVA) standards. For all dogs included in our
study, we obtained fully informed consent from the dog owners.

Clinical and Neurological Observation

All dogs were processed for clinical and neurological examination
(including evaluation of mentation, posture and gait, cranial
nerves, postural reaction, spinal reflexes, pain, and spinal
palpation), urine examination [pH, protein (Dipstick), protein-
to-creatinine ratio, glucose, ketones, and bilirubin], complete
blood count (CBC), and serum chemistry screening [selected
biochemistry parameters—aspartate aminotransferase (AST),
alanine transaminase (ALT), alkaline phosphatase (ALP), gamma
glutamyl transferase (GMT), pancreatic amylase (pAMS), lipase
(LPS), creatinine (CREA), UREA, total protein (TP), albumin
(ALB), ammonium (NH3), glucose (GLU), cholesterol (CHOL),
triglyceride (TG), total lipids (TL), phosphor (P), calcium (Ca),
chloride (Cl), natrium (Na), and kalium (K)], and thoracic and
abdominal ultrasound examination was performed to exclude
tumors. All blood serum samples immediately underwent blood
chemistry examination, and the rest of serum samples were

frozen at —80°C until use. Furthermore, we performed other
necessary examinations (ophthalmology, orthopedic, and x-rays)
in order to exclude other concurrent diseases with similar
symptomatology to CCDS. Finally, after excluding patients with
systematic diseases, we selected 24 senior dogs (S) (>8 years) and
14 young control dogs (YC) (<3 years), which were assigned to
our study with the owners’ approval.

Behavioral Scoring for Cognitive

Impairment

For clear distinction between physiological and pathological
aging, we used the canine dementia scale (CADES) questionnaire
developed by our group (8). Experienced veterinarians filled in
this questionnaire together with the owners, while observing the
dogs to see if any abnormal behavior appeared. The CADES
questionnaire is divided into four domains reflecting clinical
signs of CCDS. These domains are A: spatial orientation, B:
social interaction C: sleep-waking cycle, and D: house soiling.
Every domain consists of a couple of items. In general, CADES
comprises 17 items all scored from 0 to 5 points; 0 points means
no abnormal behavior was observed; 2, abnormal behavior was
detected at least once in 6 months; 3, abnormal behavior was
detected at least once in a month; 4, abnormal behavior appeared
two to four times in 1 month; 5, abnormal behavior was seen
several times a week. Number 1 is excluded from the scale
as it brings easier scoring from 0 to 95 as a total score from
17 items in four domains (A+B+C+D). The total score (0-
95) from the questionnaire can divide patients into four stages
according to clinical manifestation of behavioral changes. For
normal aging, the score is 0-7 points; mild cognitive impairment,
8-23 points; moderate cognitive impairment, 24-44 points;
and severe cognitive impairment, 45-95 points (Supplementary
Table 1, CADES).

Collection of Blood Samples

Fresh blood samples (5-6 ml/dog) were collected by experienced
veterinarians from senior dogs (n = 24, normal aging dogs NA:
n = 11; mild cognitive impairment dogs MiCl: n = 13), and
young control dogs (YC: n = 14) from the cephalic vein, and
were collected in serum-separator tubes (4.4 ml, 75 x 13 mm, Z-
Gel, Sarsted AG & Co KG, Niimbrecht, Germany) and in tubes
containing anticoagulant (K3E 1.3 Micro tube, 1.6 ml EDTA/ml,
Sarsted AG & Co KG, Nimbrecht, Germany). The tubes were
allowed to stand for 15-30min at room temperature and
afterwards were centrifuged for 10 min at 3,500 x g. Separated
serum was collected, apportioned into 1.0-ml aliquots, and stored
at —80°C until use for additional analyses.

Screening Biomarkers Related to

Neurodegeneration

Concentrations of neurofilament light chain (NFL), TAU
proteins, and AP42 peptide in blinded dog serum samples
were measured using Simoa digital ELISA, using an HD-1
Analyzer (Quanterix, Boston, USA). For the analysis, Simoa™
NF-Light Advantage Kit, Simoa™ Mouse TAU Discovery Kit,
and Simoa™ AB-42 Advantage Kit were used (Quanterix,
Boston, USA). Briefly, frozen dog serum samples were melted,
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TABLE 1 | Antibodies used for IHC.

Antibody Species Description of immunogen Source Dilution
raised/clonality

Anti-lbai Rabbit/polyclonal Synthetic peptide corresponding to C-terminus of Ibal Wako Chemicals, USA 1:500

Anti-human PHF-tau (clone AT8) Mouse/monoclonal Phospho-PHF-tau pSer2021Thr205 Thermo Scientific, USA 1:1,000

Anti-B-amyloid (clone 4G8) Mouse/monoclonal This antibody is reactive to amino acid residues 17-24 of Covance, USA 1:500

B-amyloid; the epitope lies within amino acids 18-22 of

B-amyloid (VFFAE)

centrifuged for 10 min at 25°C, and 20,000 x g, and supernatants
were transferred onto Simoa sample plates together with
calibrators for NFL, mouse TAU, and AP42 kits (parts of
kits). Each measurement was done in duplicate according
to the manufacturer’s recommendations. Concentrations were
calculated using Simoa™ HD-1 instrument software.

Post-mortem Neurodegenerative Changes

in Brain Samples

Brain Samples

Senior dogs (n = 5) aged 13-14 years old, of various breeds
and weighing 10-15kg, were separated into two groups, one
with CADES scores 10, 17, and 23 (n = 3) and the other with
CADES scores 39 and 63 (n = 2), and were then euthanized
due to various fatal diseases. Two additional dogs were used for
positive control (13-year-old Pekingese, 8 kg, CADES 27) and
negative control (9-year-old American Cocker Spaniel, 11kg,
CADES 0). A set of archived brain samples from aged dogs
diagnosed antemortem with CADES without matched serum
samples were used for additional immunohistochemical analyses.
Dogs with brain lesions such as neoplasms and vascular lesions,
or with inflammatory diseases confirmed either physiologically
or histopathologically, were excluded from the study. No other
organs except brain were examined histologically to rule out
other causes of neurological signs. Routine necropsies were
performed at the Department of Anatomy of the University of
Veterinary Medicine and Pharmacy in Kosice, after obtaining
informed consent from the dog owners. The canine brains
were removed from the skull and postfixed in 4% PFA for
several weeks.

Immunohistochemistry (IHC) on Paraffin Sections

Canine brains were postfixed in 4% paraformaldehyde (PFA),
without sucrose gradients. After fixation, brains were dissected
and the frontal cortex and hippocampus were straight processed
in automated vacuum tissue processor (Leica, ASP 300),
embedded in paraffin tissue blocks, and later cut on a microtome
(Leica RM2255) into 8-pwm paraffin-embedded sections. THC
staining was preformed manually by experienced technicians
according to standardized protocol. These sections were treated
with formic acid (98%) and heat pre-treatment, followed
by incubation with primary antibodies (Table 1) against tau
(1:1,000, AT8, Thermo Scientific, USA), p-amyloid (1:500, 4G8,
Covance, USA), and Ibal (1:500, Wako, USA). All sections
were incubated with biotinylated secondary antibody (Vectastain
Elite ABC Kit; Vector Laboratories, Burlingame, CA, USA) at

room temperature for 1 h and then reacted with avidin-biotin-
peroxidase complex for 1 h. The immunoreaction was visualized
with VIP (Vectastain Elite ABC Kit; Vector Laboratories,
Burlingame, CA, USA) and counterstained with methyl green
(Vector Laboratories, CA, USA).

Statistical Analysis

The blood serum biochemical parameter data were subjected
to analysis of variance (ANOVA) followed by post-hoc Tukey
analysis to assess differences between the groups (YC, NA, and
MiCI). The significance levels were set at *p < 0.05 (significant)
and *p < 0.01 (very significant). The Sigma Plot statistical
software package (version 13.2; Systat Software Inc., Chicago,
USA) was used for data processing. Statistical analyses of
biomarker (NFL, TAU protein, and AB42 peptide) concentrations
in blood serum were performed by Student ¢-test, and correlation
analysis between the CADES score and levels of NFL in serum
was assessed using Spearman correlation analysis (GraphPad
Prism software, version 8.3).

RESULTS

Biochemistry Parameters in Canine Blood
Senior Dogs

After blood testing, we found that the patients did not show
any remarkable abnormalities in CBC. However, the blood
biochemistry results revealed some changed values, and we
noticed significant elevation of alanine aminotransferase (ALT),
gamma glutamyl transferase (GMT, also known as GGT), and
total protein (TP) in MiCI dogs when compared to YC and
NA group, although the levels of these parameters were still in
the physiological range. Furthermore, we detected significantly
decreased values of chloride and sodium in MiCI dogs, below
the physiological range, when compared to NA and YC groups.
Opverall, changes in CBC showed correlation with the cognitive
stage according to CADES only in a few parameters (Table 2).

Young Controls

Blood samples were analyzed for the same biochemistry markers
as for senior dogs. In all YC, we observed physiological values of
all measured parameters (Table 2).

Behavioral Analysis

Standardized behavioral testing (CADES questionnaire) was
performed on a subset of senior dogs (n = 24) in order to
distinguish the onset of behavioral and cognitive changes (MiCI)
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TABLE 2 | Blood serum biochemical parameters.

Blood serum  Reference YC NA MiCl
parameter range

AST (ukat/L) <0.6 0.39 + 0.11 0.38 +0.15* 0.54 + 0.05*
ALT (ikat/L) <0.949 052 +0.18* 0.53+0.19" 0.9+ 0.2"*
ALP (nkat/L) <1.24 0.8 +0.37 0.61 +0.21 0.63 +0.22
GMT (pkat/L) <0.14 0.09+0.05  0.05%+0.03" 0.13 + 0.03"
Pams (pkat/L) <7.21 5.95 + 0.68 564 +1.2 6.77 +£1.69
LPS (nkat/L) <1.66 0.87+£0.2 1.156+£0.82 0.68 +0.34
CREA (umol/L) 46-88 70.24 £11.08 65.85+22.18 73.05 + 24.86
UREA (mmol/L) 3.97-8 5.23+1.62 4.08 +1.02 424 +£2.23
TP (g/L) 47-74 52.37 £5.31" 61.55+2.39" 63.4+9.13"
ALB (g/L) 26-41 33.64+2.69 33.9+4.19 36.02 +2.2
NH3 (wmol/L) <47 13.87 £2.93 194+ 14.42 20.11 £ 6.4
GLU (mmol/L) 3.6-5.8 4.44 +0.75 4.79 + 0.46 4.94 +0.38
CHOL (mmol/L)  3.3-7.4 5.53+0.73 6.24 +2.88 4.6 +0.96
TG (mmol/L) 0.3-1.2 0.69 + 0.3 0.89 + 0.55 1.03+1.2
TL (9/L) 47-725  6.14+0.67 6.56 + 3.4 572 +1.91
P (mmol/L) 0.9-1.9 1.41£0.3 1.283+£0.28 1.06 £ 0.11
Ca (mmol/L) 2.05-2.9 2.5+0.19 247 £0.13 229 +£0.22
Cl (mmol/L) 110-130 114.57 &+ 1.94* 112.15 +£ 2.27* 106.54 + 6.16"**
Na (mmol/L) 143-151 145.41 £ 2.21* 142.05 &+ 2.49* 135.48 £+ 6.94***
K (mmol/L) 3.5-5.1 4.33+0.5 4.35+ 0.41 4.33+04

Mean =+ standard deviations of blood serum parameters evaluated in YC (n = 7), NA (n
=7), and MiCl (n = 7) dogs. *p < 0.05 (significant), **p < 0.01 (very significant); * (YC vs
NA), *(YC vs. MiCl), * (NA vs. MiCl).

from normal aging (NA). CADES testing helped us to find some
behavioral changes by comparing the actual cognitive condition
of old dogs to their “top” cognitive condition, which is considered
as reached in the age 1-7 years (8). Dogs with more than one
owner (shelter dogs adopted in adult age and dogs that had
changed owners during their lives) were excluded from the study.

MiCl Dogs

We identified 13 senior dogs with mild cognitive impairment
according to CADES (score 8-23), showing behavioral changes
such as disrupted owner—pet relationship and irritability. The
changes in the most affected domain B, which was related to
social interaction with owners and other dogs, were identified in
all MiCI dogs (Figure 1). The most frequently marked questions
were B6 [changes in interactions human-dog and dog-other
dog (playing, petting, and welcoming); n = 12/13], B7 (changes
in individual dog behavior, exploration activity, playing, and
performance; n = 8/13), and B9 (irritability; n = 8/13). Besides
B domain, we noticed A domain as the second most affected one,
although only seven dogs were identified. Changes in A domain
corresponded to spatial orientation, related with items such as
abnormal response to familiar objects (A3, n = 5/13), aimless
wandering (A4, n = 2/13), or recognition of familiar people and
animals inside or outside (A2, n = 1/13). In contrast, much
less frequent changes in C (sleep-wake cycle, n = 3/13) and D
domains (house soiling, n = 2/13) were detected. Furthermore,
in B domain, we documented the highest scoring (mean 9 + 3.2)

. . = D Domain
CADES Scoring in MiCI Dogs #C Domain
g =B Domain
B A Domain
20 -
=15
.g H
510 4 H
=
©
= 5
=}
@
0 -
1 23 4 56 7 8 910111213
MiCI Dogs Number
FIGURE 1 | Behavioral analyses of MiCl dogs. Stacked bar graph shows
behavioral changes in most affected domains B and A, and occasionally
affected domains C and D in 13 dogs with mild cognitive impairment (MiCl)
tested with CADES.

among all domains (A, mean 2.0 & 2.6; C, mean 1.0 £ 2.1; D,
mean 0.6 £ 1.5). Our overview of results observed for MiCI dogs
is presented in Figure 1.

NA Dogs

In normal aging seniors (n = 11), we observed only slight
behavioral changes, with low scores affecting domain B-social
interaction. Changes were identified in similar items as in MiCI:
B6 (n =2/7), B7 (n = 2/7), and B9 (irritability; n = 1/7), and B8
(response to commands and ability to learn new tasks; n = 1/7).

YC Dogs

We chose young adult dogs aged <3 years. All young control
dogs underwent the whole neurological examination process as
the geriatric dogs over 8 years. CADES testing was excluded from
examination of YC, as CADES is primarily focused on geriatric
dogs. In addition, YC were behaviorally examined to exclude
patients with any behavioral problems (dogs aggressive toward
people or other dogs, with excessive or compulsive behavior, or
with anxiety of any origin).

Blood Biomarkers for Neurodegeneration
In human blood, levels of NFL and TAU protein can distinguish
patients with several different neurodegenerative conditions
from healthy ones, so we also used these two biomarkers for
screening of blood serum from dogs enrolled in our study (MiCl,
NA, and YC). In addition, we also analyzed AP-42 peptide in
blood serum, because A aggregates were detected in dogs with
CCDS (24). We measured levels of NFL, TAU protein, and Ap-42
peptide in canine serum using Simoa technology (Quanterix).
This analysis showed that NFL levels in the serum of MiCI
dogs (mean 103.3 pg/ml) were statistically significantly increased
3-fold (p = 0.0463) compared to NA dogs (mean 30.2 pg/ml)
and 7-fold increased (p = 0.0059) compared to YC dogs (mean
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FIGURE 2 | Analysis of NFL, TAU protein, and AB-42 peptide levels in canine serum. Analyses were performed using single molecule array (Simoa) digital ELISA
assay. Concentrations of NFL (A) in canine serum were 103.3 £+ 111.1 pg/ml for MiCl dogs, 30.2 + 30.0 pg/ml for NA dogs, and 13.7 & 10.4 pg/ml for YC dogs. NFL
levels were 3-fold higher in MiCl dogs (mean 103.3 pg/ml) compared to NA dogs (mean 30.2 pg/ml) with statistical significance (‘o = 0.0463) and 7-fold higher
compared to YC dogs (“p = 0.0059). TAU protein concentrations (B) in canine serum were 6.4 + 3.1 pg/ml for MiCl dogs, 6.7 + 4.0 pg/ml for NA dogs, and 5.5 +
2.7 pg/ml for YC dogs. Concentrations of AB-42 peptide in canine serum (C) were 9.6 + 6.3 pg/ml for MiCl dogs, 9.1 + 5.4 pg/ml for NA dogs, and 11.7 £ 5.7 pg/ml
for young control dogs. Note a significant correlation between CADES score and NFL levels in blood serum of analyzed MiCl and normal aging dogs (o < 0.0107,
Spearman coefficient r = 0.4578, 95% confidence interval 0.06418-0.7281) (D).

13.7 pg/ml) (Figure 2A). On the other hand, we could not see
any differences in serum concentrations of TAU protein between
all three tested groups, whereby TAU concentrations in all three
tested groups were very similar (MiCI 6.4 pg/ml, NA 6.7 pg/ml,
and YC 5.5 pg/ml) (Figure 2B). The same observation was also
made for levels of AB-42 peptide in canine serum, with measured
concentrations at comparable levels (MiCI 9.6 pg/ml, NA 9.1
pg/ml, and YC 11.7 pg/ml) (Figure 2C). Furthermore, we found
a significant correlation between CADES score and NFL levels in
the blood serum of all analyzed MiCI and normal aging dogs (p <
0.0107, Spearman coefficient r = 0.4578, 95% confidence interval
0,06418-0.7281) (Figure 2D).

Immunohistochemical Analysis of

Neurodegeneration in Canine Brain

Diffuse and Compact Amyloid Distribution

Canine APP (amyloid precursor protein) is 98% homologous
with human APP and has the same amino acid sequence
(25). In our post-mortem analysis for the presence of amyloid
deposits in the dogs’ brain tissue, we used 4G8 antibody, which
is commonly used for amyloid deposit detection in human
post-mortem studies as well (26). Our immunohistochemical

study of the frontal cortex (Figures3, 4) and hippocampus
(Figure 5), the brain areas responsible for cognitive behavior,
showed the presence of amyloid deposits in typical plaque form.
Interestingly, amyloid plaques in brain tissues were also found
in three dogs with lower CADES score (<24) in diffuse form
(Figures 3A,C), similarly as observed in the normal aging human
brain (26). In two individuals with higher CADES scores (>39)
and CCDS symptoms, amyloid plaques were found with dense
and compact form (Figures 4A,B).

Neuroinflammation and TAU Pathology

Neuroinflammation in the examined dogs was represented by
reactive and senescent microglia, mainly in the frontal cortex,
but also present in the hippocampus. Microglia were presented
in various stages and morphological shapes: from phagocytic
amoeboid form with characteristic enlarged cell processes (full
arrowhead, Figure 3D) to dystrophic with spheroidal or bulbous
swellings (empty arrowhead, Figure 3F), sometimes localized in
clusters (full arrow, Figure 3E). These findings are similar to
those in our previous work (24). In all examined cases, we did
not observe any TAU pathology or neurofibrillary tangles positive
for AT8 antibody in the frontal cortex or hippocampus. Taken
together, we confirmed the presence of B-amyloid plaques and
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FIGURE 3 | Immunohistochemistry of frontal cortex in MiCl dogs. IHC staining of frontal cortex showed three different types of amyloid deposits/plaques positive for
4G8 antibody (A-C) diffuse cloud-like plaques (A), very dense compact plaques (B), and more diffuse plaques (C). Morphology of microglia positive for Iba1 antibody

varied among the analyzed brains. Note: the following types of microglia were identified: activated (D, full arrowhead), clustered (E, full arrow), dystrophic with
fragmented processes (F, empty arrow), and bulbous swelling (F, empty arrowhead). We did not observe any TAU pathology or AT8-positive inclusions in the tested

CADES 23

inflammation in three post-mortem brains (Figure 3) with MiCI
(mild cognitive impairment) and lower CADES scores, and in
two cases with CCDS with higher CADES scores (Figures 4,
5). Positive and negative control showed differences in all
three antibodies. While in positive control (CADES 27) we
could identify amyloid deposits, occasional TAU pathology, and
activated microglia, in negative control (CADES 0), tissue was
free of amyloid and TAU, and only resting microglia was detected
(Figure 6).

DISCUSSION

In the present study, for the first time we used a comprehensive
approach that could enable early diagnosis of canine patients
with mild cognitive disorders (MiCI) involving CADES
questionnaires, peripheral biomarkers (AST, ALT, Na, and Cl),
and biomarkers for neurodegeneration (NFL, TAU protein,
and AP42 peptide) in blood serum. In addition, in a separate

group of dogs with a CADES score for MiCI, we observed
neurodegenerative changes such as amyloid plaque formation
and inflammatory changes associated with activated microglia.

A shift toward the diagnosis of early cognitive disorders
in humans has emerged due to three main factors: a long
pre-dementia stage in neurodegenerative diseases, improvement
in early diagnosis methods, and increased emphasis on early
intervention to prevent or delay dementia (27). Similarly, these
factors play a key role in neurodegenerative diseases in senior
dogs (1).

CADES questionnaires, which disclose cognitive decline at
different stages in senior dogs, enabled us to identify 13 dogs
with mild cognitive impairment (score 8-23). These MiCI dogs
revealed changes either only in domain B (social interaction) or
in combination with A (spatial orientation), and rarely with C
(sleep—wake cycle) and D (house soiling) domains. Thus, changes
in social interaction and particularly in spatial orientation seem
to be crucial for indicating early cognitive disorders. B domain
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FIGURE 4 | Immunohistochemistry of frontal cortex in CCDS dogs. In both analyzed brains, IHC staining against 8-amyloid showed presence of typical diffuse
plagues (A,B) but no presence of TAU inclusions or AT8 positivity (E,F). Microglia cells positive for Iba1 antibody showed activated state with the following
morphology: thicker processes (C, full arrowhead, detail in C’), cluster appearance (D, empty arrowhead, detail D’), and bulbous structures (D, empty arrows). Scale

bar (A-F): 50 wm. Scale bar (C’, D’): 20 wm.

related to social interactions showed changes in human-dog or
dog-other dog interactions. Furthermore, we documented the
highest scoring in B domain among all the domains evaluated
(9 £ 3.2). However, we also noticed irregularity in the way
each domain was scored due to behavioral changes observed
in each dog. Occurrence and frequency of specific behavior
varied from dog to dog. The high degree of behavioral variety
could be explained by suspected differences in neuropathology.
The neuropathology of CCDS that fits the clinical picture is
well-known, but it varies from case to case, though there are
predilection areas in the brain that are responsible for changed
behavior. The hippocampus together with the neo-cortex and the
amygdala are areas of the brain that play a key role in memory,
and neuron loss in these areas leads to disorientation, forgetting

commands, and house-soiling problems (19). Glial (astrocytic
and microglial) alteration may influence the dopaminergic
system, which is relevant for animal behavior such as increased
aggression, irritability, loss of interest in playing with owners or
other dogs, and individual behavior changes (28). Abnormality
in the sleep-waking cycle might be reflected in the altered
autonomic balance in older dogs (29).

Analysis of MiCI dog blood sera revealed several changed
values compared to normally aging dogs, particularly in liver
enzymes, which may indicate the beginning of liver dysfunction.
We noticed elevation of ALT and AST, liver enzymes essential
for amino acid metabolism, and of GMT, an enzyme necessary
for the metabolism of drugs and toxic substances. Although all
three enzymes were significantly elevated in MiCI dogs compared
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FIGURE 5 | Immunohistochemistry of hippocampus in CCDS dogs. Staining against amyloid beta with 4G8 antibody showed condensed form of amyloid plaques (A)
in the case with higher CADES score compared to the one with lower CADES score (B), where we observed the typical diffuse form of amyloid plaque. Iba1-positive
microglia showed activated (C, full arrowhead) and dystrophic morphology (D, empty arrow, detail in D’) in both cases in CA region (C,D). Note: absence of positive
TAU inclusion and AT8 positivity (E,F). Scale bar (A-F): 50 wm. Scale bar (C’, D’): 20 wm.

CADES 39

to the NA group, they reached only the upper limit of reference
values, thus still remaining within the physiological range. Blood
levels of ALT and AST alike are also used in human clinical
practice to measure factors associated with cardiovascular and
metabolic diseases, known as risk factors of AD and cognitive
decline (30-33). Thus, our data may point to a possible link
between peripheral biomarkers of liver functioning (AST and
ALT) and the central biomarkers related to AD, including
NFL, Ap42 peptide, and TAU protein and neurodegeneration.
However, additional studies are needed to determine whether the
involvement of metabolic disturbances in the pathophysiology
of cognitive disorders represents a causative or secondary factor,
and whether liver enzymes could be enrolled as biomarker
candidates for early diagnostics of neurodegeneration (32).

Furthermore, our data clearly show a significant decrease
in sodium and chloride levels, below the physiological range
in MiCI dogs compared to NA. Hyponatremia can be caused
by several factors such as changes in water balance related to
age, medications, and diseases (34). In human patients, it is
related to tiredness, abnormalities in gait, balance (35), and large
bone fracture (36, 37) as well as with cognitive impairments
(38, 39). Pathological processes caused by acute hyponatremia are
well-known, as well as neurological consequences such as brain
edema and hyponatremic encephalopathy (40, 41). However, the
mechanisms of chronic hyponatremia acting on cognition are
poorly understood, although human patients with chronic low
sodium levels produced worse scores in cognitive tests (35). Some
studies indicate that both chronic and acute hyponatremia in
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FIGURE 6 | Immunohistochemistry of cortex in positive control/dog with cognitive declaim (CADES 27) and negative control/dog with normal cognition (CADES 0)
showed differences in all three antibodies. While in positive control, we could identify amyloid deposits (4GB), occasional TAU (AT8) pathology, and activated microglia
(Iba1), with amoeboid morphology (indicated by arrow), cortex of negative control was free of amyloid and TAU. Resting microglia with fine, ramified processes was
detected (indicated by arrow). Note, inserts in positive/negative control with higher magnification of microglia morphology. Scale bars: 50 um.

elderly human patients correlate with cognitive decline (35, 41).
In veterinary patients, hyponatremia is usually associated with
renal disorders, dehydration, vomiting, and diarrhea, and has
great impact on the general condition of dogs and cats (42). Thus,
in our study we show for the first time a possible correlation
between decreased sodium level in blood serum with cognitive
impairment in dogs, which may also lead to hypochloremia.

For human neurodegenerative diseases, several biomarkers
have been identified in both blood and CSF (43). Although none
of them has been used routinely in clinic diagnostics, they can
help to predict particular diseases as well as monitor therapeutic
efficacy. Similarly, in veterinary medicine, plasma AB42 has
been considered as a biomarker potentially linked to CCDS in
dogs (14).

Based on these studies, we decided to analyze three potential
blood biomarkers for dog neurodegeneration, namely, NFL,
TAU protein, and AB-42 peptide. NFL and TAU proteins are
mainly expressed in neurons, while AB-42 is formed by amyloid
precursor protein (APP). NFL is considered to be a marker for
neuronal injury, particularly in myelinated axons of subcortical
regions (44) occurring in almost all neurodegenerative diseases
(45). In AD, TAU protein undergoes pathological changes and
is accumulated in neurofibrillary tangles, while AB-42 peptide
accumulates in amyloid plaques, so both are the main hallmarks
of AD. In this study, we demonstrate for the first time that NFL
was increased in senior dogs. We also found that YC presented

low levels of NFL, which were increased more than 7-fold in NA
dogs. Furthermore, in MiCI dogs, the NFL levels showed 3-fold
increase compared to normal-aging controls.

These findings are similar to those in humans, where levels of
NFL increase during normal aging and are significantly elevated
by neurodegenerative processes in Alzheimer’s, Huntington’s,
or Parkinson’s disease (46). Interestingly, levels of NFL in
dog serum (NA vs. MiCL 30.2 vs. 103.3 pg/ml) were very
similar to those in human patients with small subcortical
infarcts (SI) and were significantly increased compared to healthy
controls (HC) (SI vs. HC; 73.45 vs. 34.59 pg/ml, p < 0.0001,
Simoa) (47). On the other hand, levels of TAU protein and
AB-42 peptide in serum could not serve as biomarkers for
either neurodegeneration or monitoring of dog aging, because
their levels hardly changed between all tested groups. This
observation correlates with knowledge about levels of TAU and
AB-42 peptide in human plasma in neurodegeneration, where
increases in concentration are only marginal (TAU protein) or
are not changed at all (AB-42 peptide). Because there are still
contradictions in the data as to whether these blood biomarkers
can predict cognitive impairment, more studies need to be
performed (48).

Dogs suffering from CCDS present several macroscopic and
microscopic neuropathological features in the brain, which are
similar to those in humans with AD (3, 24, 49-51). One of
the similarities is the presence of amyloid plaques (identified
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with 4G8 antibody), which are mainly found in diffuse and
dense forms in CCDS dogs (24, 49, 52). These observations
were also confirmed in our study. Furthermore, the presence
of amyloid deposits is age dependent, and the process starts
at the age of 8 years and develops with age. However, density
of plaques varies from case to case (53). In addition, some
studies declare direct correlation between the extent of f-
amyloid deposits and decline in some cognitive functions
(54-57). These data may be at least partially correlated with
our findings.

Another important player in the neurodegeneration process
is neuroinflammation and microglia behavior (58). Interestingly,
our study revealed an activated microglia phenotype with
amoeboid body and dystrophic processes, in some cases with
spheroidal and bulbous swellings, which is not typically seen
in normal aging or young individuals. These changes in dog
microglia are very similar to the microglia in humans suffering
from neurodegenerative diseases, which is in agreement with our
previous study (24). On the other hand, although TAU pathology
was found in brains in different mammalian species such as
monkeys, ruminants (goat, sheep, reindeers, bison), rodents (59),
and also in cats (60), it is quite rare to find it in the aged and
CCDS dog population (24). In our study, we did not observe
any individuals positive for TAU pathology, and these results
are in agreement with our previous work, where we observed
TAU pathology only in 1 case out of 28 examined dogs with
higher CADES scores (24). Taken together and based on our
results from THC analysis, CCDS dogs partly recapitulate the
aging process and early stages of AD pathology. Furthermore,
our data are in agreement with other studies suggesting that the
blood serum concentration of the NFL might be considered as a
biomarker for screening of neurodegenerative disorders also in
veterinary medicine.

CONCLUSIONS

Our combination of CADES questionnaires, peripheral
biomarkers (ALT, AST, sodium, and chloride levels), and the
central biomarker for neurodegeneration (NFL) in canine
blood serum seems to be a suitable diagnostic approach for
identification of senior dogs with initial CCDS. Furthermore,
senior dogs may be considered as a good translation model for
studying the aging process and early AD pathology but cannot
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