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Canine cognitive dysfunction (CCD) syndrome is a well-recognized naturally 
occurring disease in aged dogs, with a remarkably similar disease course, 
both in its clinical presentation and neuropathological changes, as humans 
with Alzheimer’s disease (AD). Similar to human AD patients this naturally 
occurring disease is found in the aging canine population however, there is little 
understanding of how the canine brain ages pathologically. It is well known that 
in neurodegenerative diseases, there is an increase in inflamed glial cells as well 
as an accumulation of hyperphosphorylation of tau (P-tau) and amyloid beta  
(Aβ1-42). These pathologies increase neurotoxic signaling and eventual neuronal 
loss. We assessed these brain pathologies in aged canines and found an increase 
in the number of glial cells, both astrocytes and microglia, and the activation 
of astrocytes indicative of neuroinflammation. A rise in the aggregated protein  
Aβ1-42 and hyperphosphorylated tau, at Threonine 181 and 217, in the cortical brain 
regions of aging canines. We then asked if any of these aged canines had CCD 
utilizing the only current diagnostic, owner questionnaires, verifying positive or 
severe CCD had pathologies of gliosis and accumulation of Aβ1-42 like their aged, 
matched controls. However uniquely the CCD dogs had P-tau at T217. Therefore, 
this phosphorylation site of tau at threonine 217 may be a predictor for CCD.
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1. Introduction

Age is the number one risk factor for cognitive decline in canines and humans; however, the 
etiology is not known. Studying aging dogs with and without canine cognitive dysfunction 
(CCD) syndrome shows promise for a better understanding of human age-related 
neurodegeneration. Canine cognitive dysfunction is considered an age-related disease, with the 
prevalence ranging from 14–35% of the senior canine population, exponentially increasing with 
age (Neilson et al., 2001; Azkona et al., 2009; Salvin et al., 2010). In a two-year longitudinal study 
of 51 dogs over the age of 8 years, 33% of dogs with normal cognitive status progressed to mild 
cognitive impairment and 22% of dogs with mild cognitive impairment progressed to CCD 
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(Schutt et  al., 2015). In another study of 180 geriatric dogs (aged 
11–16 years), 28% of dogs 11–12 years old and 68% of dogs 15–16 years 
old exhibited signs of cognitive impairment (Neilson et al., 2001). 
Unlike commonly used transgenic, canines age and develop CCD 
naturally, making them an ideal avenue for studying brain aging and 
disease. With the aging canine population steadily increasing, it is 
essential to study these aging dogs, especially given the implications 
and translational value for their human counterpart. Therefore, a 
clearer understanding of the neuropathogenesis of aging canine brains 
is essential for the future development of diagnostic tests and to 
facilitate timely intervention, for human patients and canines alike.

Although research has shown neuropathology within the aged 
canine brain, information on CCD-specific pathology, outside of those 
associated with age, is needed. The aging canine brain, similar to 
humans, correlates with declined cognition and neuronal pathology 
(Cummings and Cotman, 1995; Head et al., 1998; Rofina et al., 2006; 
Mormino and Papp, 2018). One common pathology in brain aging is 
an increase in glial inflammation, which usually affects the cortex and 
hippocampus (Beach et al., 1989). Although glia, especially microglia 
and astrocytes, are critical for normal brain function, neuroinflammation 
in the central nervous system (CNS) induces reactive cell phenotypes. 
Microglial proliferation and reactivity play an important role in 
neurodegenerative responses. Studies show that aged canines exhibit 
greater levels of the microglial marker ionized calcium binding adaptor 
molecule 1 (Iba1) in the hippocampus (Hwang et al., 2008; Ozawa et al., 
2016; Smolek et  al., 2016). Microglia are also critical mediators of 
astrocyte activation through their release of proinflammatory 
chemokines and cytokines (Liddelow et  al., 2017). Like microglia, 
activated, or A1, astrocytes secrete pro-inflammatory molecules and 
promote neuronal death over time. They are also a source of complement 
system proteins, especially C3, which mediates neuronal damage in 
models of AD (Wu et al., 2019; Pekna and Pekny, 2021).

In addition to glial inflammation, the aggregation and deposition 
of amyloid-β1-42 (Aβ1-42) as insoluble, extracellular plaques is a common 
brain pathology seen in humans with neurodegenerative disease, 
especially in the cerebral cortex. Aβ1-42 is also present in canines with 
cognitive decline, and cognitive impairment in aged canines has been 
strongly associated with the accumulation of Aβ1-42 (Pugliese et al., 
2005; Rofina et al., 2006; Barnes et al., 2016). The amino acid sequence 
of β-amyloid is identical between humans and dogs (Johnstone et al., 
1991) allowing for the use of similar reagents across species, further 
establishing the canine as an appropriate model. In addition to Aβ1-42, 
hyperphosphorylation of the tau protein (P-tau) is also commonly 
found in humans with AD and has also been recently discovered in 
CCD dogs (Abey et al., 2021). Thus, we investigated the occurrence of 
P-tau and Aβ1-42 in our aged canine brains, using antibodies for multiple 
phosphorylation sites of tau and techniques to verify the role of these 
misfolded proteins in the aging canine.

2. Materials and methods

2.1. Sample collection and preparation

Forty-seven canine brains were obtained from privately owned 
dogs by owner consent after canines were euthanized and necropsied. 
The brains were collected at the James L. Voss Veterinary Teaching 
Hospital at Colorado State University. Canine brains were fixed in 10% 

neutral buffer formalin for a minimum of 72 h. After fixation, brains 
were processed using a tissue processor (Leica TP  1020) and 
embedded in paraffin wax using a tissue embedder (Leica EG 1160). 
Tissue blocks containing the cortex were cut from the frontal lobe 
when possible, however due to the condition of brain tissue, this was 
not always possible. Hippocampus blocks were selected by finding the 
most intact area of hippocampus available. Using a microtome 
(ThermoFisher HM1030), sections were cut at 5 μm and mounted on 
a charged slide. The details for euthanasia, age, and weights of the 
canines are listed in Table 1.

2.2. Immunohistochemical staining and 
microscopy imaging analysis

Immunohistochemistry was used to visualize a variety of 
neurological antibodies including: GFAP (DAKO Cat. #20334), Iba1 
(Abcam 5,076), S100β (Abcam 41,428), AT270 (Thermo Fisher 
MN1050), T217 (Abclonal AP1233) and Aβ1-42 (Thermo Fisher 
44344). Sections were dewaxed in xylene and rehydrated through 
graded ethanol’s, before undergoing antigen retrieval in 0.01 M 
sodium citrate for 20 min at 95°C. Endoperoxides were removed by 
incubating sections in 0.30% hydrogen peroxide and water solution 
for 30 min. Blocking of non-specific labeling was performed with 10% 
hose serum in Tris-A in 2% BSA [2% bovine serum albumin (BSA) 
and 2% Triton-X in tris buffered saline (TBS)]. Sections were 
incubated overnight at 4°C in primary antibodies diluted with Tris-A 
in 2% BSA [GFAP 1:400, Iba1 1:400, Aβ1-42 1:200, S100β 1:750, T217 
1:100, T181 1:500]. Sections were then washed with Tris-A in 2% BSA 
and incubated for an hour against their corresponding biotinylated 
secondary antibodies, goat anti-rabbit or horse anti-mouse (Vector 
labs), diluted in 10% horse serum in Tris-A 2% BSA 1:250. Slides were 
counterstained with hematoxylin, rinsed in bluing reagent and 
dehydrated through graded ethanol followed by xylene, mounted with 
mounting media and cover slipped with #1 cover glass.

Slides were visualized using Olympus BX51 microscope and 
Olympus DP70 camera and saved as virtual slide images at 20X 
objective. Quantitative analysis was performed using Olympus 
CellSens Dimension Desktop  3.1 using Count and Measure 
quantification application. After scanning the tissue on the slide, a 
representative area was selected for quantification by cell counting 
using CellSens software. The representative area was chosen after 
looking at the full area of cortex or hippocampus. The size of the area 
chosen was calculated in μm2, and the number of positive cells in that 
area were then normalized over an area of 1 mm2.

2.3. Immunofluorescent staining and 
microscopy imaging analysis

Immunofluorescence was used to visualize co-expression of 
certain proteins in glial or neuronal cell types: C3(Abcam 181,147) 
[1:250] and S100β (Abcam 41,428) [1:750]. Slides were visualized 
using BX63 fluorescence microscope equipped with a Hamamatsu 
ORCA-flash 4.0 LT CCD camera and collected using Olympus 
CellSens software version 3.1. Images were taken as virtual slide 
images at 10X objective to be  analyzed on Olympus Cell Sense 
technology using Count and Measure quantification application.
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2.4. Analysis of canine owner 
questionnaires for canine cognitive decline

Two commonly used veterinary scales for CCD were given to 
client owners following the necropsy of their canine, Canine 

Cognitive Dysfunction Rating Scale (CCDR) (Salvin et al., 2011a) 
and the Canine Dementia Scale (CADES) (Madari et al., 2015). These 
questionnaires were either collected in person by veterinary staff or 
distributed online, when in person communication was not 
an option.

TABLE 1 Aged canine cause of death, age and weight information.

Canine # Age (years) Weight (kg) Reason for Euthanasia

Ca110 2.2 years N/A N/A

Ca111 1.2 years 14.6 N/A

Ca112 4.7 years 25.6 N/A

Ca113 4.2 years N/A N/A

Ca152 15 years 44 Severe OA, inability to rise

Ca153 9 years 7.8 Nasal carcinoma

Ca154 8 years 39.4 Hemiangiosarcoma

Ca155 12 years 7.23 Severe lethargy, mental obdundation

Ca156 11 months 5.79 GME

Ca159 15 years 21.1 Nasal carcinoma with multifocal metastisis

Ca160 8 years 8.41 Hind limb paralysis

Ca169 8 years 30 Cardiac mass

Ca170 9 years 18.7 Severe cushing’s disease

Ca171 13 years 26.8 Disseminated lymphoma (stage V)

Ca172 10 years 26.1 Left temporal osteosarcoma

Ca173 14 years 8 DOA – cardiac arrest

Ca174 11 years 19.6 Multifocal carcinomas and sarcomas

Ca175 13.5 years N/A N/A

Ca177 16 years N/A N/A

Ca178 15 years N/A N/A

Ca183 14 years 11.3 Decline, unable to walk, possible bladder stones

Ca186 9 years N/A N/A

Ca187 13yo N/A N/A

Ca188 9 years 54 Pericardial effusion, peritoneal effusion, acute lethargy and anorexia

Ca189 11.5 years 43.3 Metastatic mast cell tumor

Ca192 10 years N/A Hemoabdomen

Ca193 8 years 15.7 Severe nasopharyngeal obstruction with fibrous scar tissue

Ca194 10 years 10.1 Labored breathing

Ca195 12.5 years 23.6 DCM due to grain-free diet

Ca196 12 years 20 Abdominal mass, difficulty defecating and urinating

Ca197 12 years 30 Bicavity effusion

Ca198 13.5 years 35 Anorexia, lethargy, obtunded on presentation, abdominal effusion, hypovolemic, diffuse hepatic nodules

Ca199 13 years 8.4 Decline due to age

Ca256 8 years 20 Hemangiosarcoma

Ca264 13 years 9.7 Respiratory distress

Ca289 15 years 4.9 Chronic cough, hepatomealgy, degenerative heart disease

Ca351 13.6 years N/A Degenerative mitral disease, bilateral adrenomegaly, hypoadrenocorticism

Ca800 12.4 years N/A Severe emaciation, general decompensation

N/A = data not available.
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2.5. Statistical analysis

All data is presented as mean ± SEM. Differences between 
experimental groups were analyzed using an unpaired t-test using 
Prism GraphPad. Significance is denoted as * = p ≤ 0.05.

3. Results

3.1. Increased glial inflammation in the 
cortex and hippocampus of aged canines

Young (1–4 years of age) and aged (over 8 years of age) canine 
brains were stained for glial markers and quantified in two brain 
regions related to neurodegenerative disease, the cortex and 
hippocampus. Canines between the ages of 5–7 years of age were 

excluded from analysis due to information in current literature about 
canine aging occurring significantly after the age of 8.

Representative images of the cortex of a 3-, 9- and 12-year-old 
canine stained for GFAP (Figures 1A–C), Iba1 (Figures 1E–G) and 
S100β (Figures 1I–K) is shown. No significant increase is seen in 
any of the glial cells, however a trending increase is present in all 
three. GFAP staining cells show a mean of 156.2 GFAP positive 
cells per mm2 in young canines compared to 187.8 GFAP positive 
cells per mm2 in aged canines (Figure  1D; p value = 0.4348; 
t = 0.7882; df = 44). In Iba1 staining, the mean for young canines is 
164.4 Iba1 positive cells per mm2 while in aged canines it increases 
to 199.6 Iba1 positive cells per mm2 (Figure 1H; p value = 0.5634; 
t = 0.5822; df = 44). Finally, in S100β staining, the mean is 98.2 
S100β positive cells per mm2 in young canines and 176.0 S100β 
positive cells per mm2 in aged canines (Figure 1L; p value = 0.0580; 
t = 1.946; df = 44).

FIGURE 1

Increased glial reactivity in the cortex of aging canines. Increase no significant change was detected in GFAP+ cells (A–D), IBA1+ cells (E–H) or S100β 
positive cells (I–L) compared to young canines. n = 5 young; n = 41 aged. Scale bar = 20 μM Unpaired t-test (D: t = 0.8882; H: t = 0.5822; L: t = 1.946. 
df = 44), error bars = SEM, p < 0.05. p values: D = 0.4348, H = 0.5634, L = 0.0580, ns = non-significance.
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All available brains with a hippocampus, 27 of the  
46 dogs included in this study, were also analyzed. Due to the 
availability and nature of tissue received for dissection, not all 
canines had hippocampus present. Representative images of the 
hippocampus of 3-, 9- and 12-year-old canines stained for GFAP 
(Figures 2A–C), Iba1 (Figures 2E–G) and S100β (Figures 2I–K). A 
significant increase in S100β positive cells is also seen with a mean 
of 159.6 S100β positive cells per mm2 in aged canines compared to 
69.5 S100β positive cells per mm2 in young canines (Figure 2L; p 
value = 0.0237; t = 1.464; df = 25), the difference means being 
90.09 ± 37.29. No significant change, although a trend of an increase, 
was identified in the number of GFAP + and Iba1 + cells in the 
hippocampus (Figure  2D; p value = 0.1557; t = 0.2122; df = 25, 
Figure  2H; p value = 0.8336; t = 2.416; df = 25). Raw quantitative 
values of GFAP+, Iba1+, and S100b+ cells for each canine is listed 
in Table 2.

3.2. A1 Astrocytes increase in the cortex of 
aged canines

Young and aged canine brains were analyzed to identify 
co-localization of S100β and C3 staining using co-immunofluorescence. 
Representative images show colocalization of S100β and C3 staining 
of the aged canine in the cortex (Figures 3A,B). A significant increase 
in the percent of S100β to C3 was found (Figure 3C), with p < 0.05 and 
the difference between means being 22.94 ± 10.95.

3.3. Phosphorylated tau and amyloid beta 
plaques increase in the cortex of aging 
canines

Representative images of hyperphosphorylated tau and Aβ1-42 in the 
cortex from 3-, 9- and 12-year-old canines show possible deposits and 

FIGURE 2

Increase glial reactivity in the hippocampus of aging canines. Increase in astrocyte reactivity detected by increase in S100β + (J–L; n = 25) in the 
hippocampus of aged canines when compared to young canines (A,E,I; n = 4). No significant change was detected in GFAP+ (A–D) or Iba1 + cells 
(E–H). n = 4 young; n = 25 aged. Scale bar = 20 μM Unpaired t-test (D: t = 1.464; H: t = 0.2122; L: t = 2.416. df = 25), error bars = SEM, p < 0.05. 
p values: D = 0.1557, H = 0.8336, L = 0.0237 ns = non-significance.
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TABLE 2 Quantitative values of GFAP, Iba1 and S100beta for each canine in the coretex and hippocampus.

Canine 
ID

Cortex

GFAP 
+ cells 

per 
mm2

Iba1 + cells 
per mm2

S100β + cells 
per mm2 Hippocampus

GFAP 
+ cells 

per 
mm2

Iba1 + cells 
per mm2

S100β + cells 
per mm2

Ca110 109 76 234 77 188 69

Ca111 266 116 105 70 181 132

Ca112 146 190 59 124 227 42

Ca113 117 140 75 136 368 35

Ca152 241 517 133 N/A N/A N/A

Ca153 238 523 378 N/A N/A N/A

Ca154 339 485 199 220 251 253

Ca155 264 175 222 N/A N/A N/A

Ca156 143 300 18 N/A N/A N/A

Ca157 N/A N/A N/A 328 331 123

Ca159 227 209 236 N/A N/A N/A

Ca160 232 239 110 156 351 110

Ca163 169 312 111 58 546 148

Ca164 182 389 90 179 218 184

Ca169 218 150 162 242 274 146

Ca170 236 223 131 N/A N/A N/A

Ca171 140 326 171 309 237 95

Ca172 128 295 56 N/A N/A N/A

Ca173 126 168 92 66 239 117

Ca174 121 307 182 N/A N/A N/A

Ca175 53 329 147 102 280 119

Ca176 341 213 259 N/A N/A N/A

Ca178 388 207 126 N/A N/A N/A

Ca183 203 105 71 266 370 6

Ca184 167 61 294 N/A N/A N/A

Ca185 75 57 122 N/A N/A N/A

Ca186 203 84 49 N/A N/A N/A

Ca187 240 39 137 N/A N/A N/A

Ca188 90 169 83 573 95 N/A

Ca189 44 141 146 85 316 143

Ca192 147 395 102 257 298 248

Ca193 130 123 191 117 292 175

Ca194 122 212 219 N/A N/A N/A

Ca195 339 106 240 210 179 224

Ca196 292 274 299 N/A N/A N/A

Ca197 225 88 312 N/A N/A N/A

Ca198 295 238 251 N/A N/A 275

Ca199 212 234 208 192 303 299

Ca250 205 81 47 N/A N/A N/A

Ca253 181 147 58 87 56 90

Ca256 40 111 206 104 70 125

Ca264 87 77 239 59 203 127

(Continued)
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tangles in the cortex (Figure 4). Two different phosphorylation sites of 
tau (P-tau) were analyzed by immunohistochemistry, including 
threonine 181 (P-tau-Thr181) (Figures  4A–C) and threonine 217 
(P-tau-Thr217) (Figures  4D–F). An increase in intracellular 
accumulation and extracellular fibrils of P-tau is found in canines aged 
9- and 12- years old compared to the young canine brain, aged 3 years. A 
possible formation of an extracellular neurofibrillary tangle with P-tau 
T217 antibody in the 9-year-old canine (see inset in Figure 4E) and 
intracellular P-tau aggregates in the 12-year-old canine (see inset 
Figure 4F) are identified. Intracellular amyloid-β1-42 aggregation was 
increased in the cortex of 9- and 12-year-old canines compared to young 
dogs, although no extracellular plaques are detected (Figures 4G–I).

3.4. Phosphorylated tau and amyloid beta 
plaques are present in the hippocampus of 
aging canines

Representative images of hyperphosphorylated tau and Aβ1-42 in 
the hippocampus of 3-, 9- and 12-year old canines possible tau 
hyperphosphorylation at two sites as well as amyloid beta1-42 
aggregation. Possible tau fibrils are seen at tau phosphorylation site 
threonine 181 (Figures 5A–C) and at threonine 217 (Figures 5D–F), 
intracellular accumulation is seen in both 3- and 12-year old canines. 
Amyloid beta1-42 (Figures  5G–I) aggregation is seen (see inset in 
Figure 5H) in the 9-year old canine.

3.5. Questionnaires determined canine 
cognitive dysfunction in aging dogs and 
correlated to neuropathological results

The Canine Cognitive Dysfunction Rating Scale (CCDR) is based 
on a scale of 0–80 points, ranging from no abnormal behavior to 
severe behavioral disturbances (Salvin et al., 2011a). The CCDR has 
a diagnostic accuracy of 99.3% in dogs. In accordance with previously 
published data, we used a score of 50 for the CCDR questionnaire as 
an optimal diagnostic threshold, meaning it is expected that dogs 
scoring more than 50 points were likely to have CCD (Salvin et al., 
2011a). The second questionnaire, Canine Dementia Scale (CADES), 
has been established as a validated screening tool for CCD, as well as 
a long-term assessment tool for progression and treatment efficacy 
(Madari et  al., 2015). Dogs were classified as having either mild 
(1–7), moderate (scores of 24–44), or severe cognitive impairment 
(scores of 45–95). Of the 19 owner questionnaires we received from 

the aged canines, 26% were positive according to CCDR scoring and 
32% of the dogs were classified as having severe cognitive impairment 
from the CADES questionnaire (Table 3). Another 26% of the dogs 
were classified as either mild or moderate for cognitive impairment 
using the CADES (Table 2). Critically, canines with either positive 
CCDR scores or severe impairment according to the CADES show 
an increase in both gliosis and accumulation of the misfolded 
proteins P-tau and Aβ1-42 compared to aged canines without CCD 
(Figure 6). We also through H&E staining were able to see an increase 
in pyknotic neurons within the aged brains with CCD positive 
surveys. However, some of the aged canines with a negative score for 
CCDR or CADES were not distinguishable from the CCD brains 
(Figures  6E–H). Canines with known comorbidities with the 
potential of impacting cognitive function were excluded from further 
analysis (Table 2).

4. Discussion

Aged dogs with CCD show promise for modeling human 
age-related neurodegeneration, including Alzheimer’s disease (AD) 
and other AD related dementias (ADRDs), and their respective 
hallmarks of disease, such as brain atrophy, cognitive decline, and Aβ 
in the CSF and brain (Pugliese et al., 2006; Yu et al., 2011; Schutt et al., 
2015; Ozawa et  al., 2016; Smolek et  al., 2016). However, there is 
incomplete knowledge about how age-associated neuropathological 
progression relates to cognitive phenotypes in canines. This data is 
valuable from not only a veterinary perspective, but also a clinical one, 
as the canine is potentially a better model of age-related disease 
progression. The aged canine shares similar environmental factors to 
humans, unlike laboratory murine models, making them an ideal path 
to study the aging brain process. They also demonstrate critical 
elements of human disease, including neuroinflammation and 
aggregations of misfolded proteins. Here, we correlate gliosis to the 
accumulation of the neurotoxic proteins Aβ1-42 and P-tau in aged 
canines with and without CCD.

Microglia are essential for CNS homeostasis and play a role in age 
related neurodegenerative disease pathogenesis by contributing to an 
inflammatory brain state (Wang et al., 2015; Sobue et al., 2021). Our 
study is consistent with previous research that shows aged canines 
exhibit greater levels of the Iba1 protein in the hippocampus and 
canine cortical brain region compared to adult canines (Ozawa et al., 
2016; Thomsen et  al., 2021; Figures  1, 2). Similar to microglia, 
activated astrocytes produce numerous reactive and proinflammatory 
molecules in the AD brain (Heppner et al., 2015). Further, it is also 

Canine 
ID

Cortex

GFAP 
+ cells 

per 
mm2

Iba1 + cells 
per mm2

S100β + cells 
per mm2 Hippocampus

GFAP 
+ cells 

per 
mm2

Iba1 + cells 
per mm2

S100β + cells 
per mm2

Ca289 182 2 253 417 67 624

Ca290 82 112 320 N/A N/A N/A

Ca294 69 84 92 191 63 196

Ca351 219 122 280 50 128 220

Ca800 208 55 190 295 5 88

N/A = data not available.

TABLE 2 (Continued)
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FIGURE 4

Hyperphosphorylation of Tau and Amyloid β1-42 accumulation in the cortex of aging canines. Representative images of young (3 years of age; n = 5) and 
aged (8 years of age and older; n = 41) canines are shown. Phosphorylated threonine 181 tau is increased at 9 (B) and 12 years of age (C) compared to 
young dog (A). Phosphorylated threonine 217 tau is increased at 9 (E) and 12 years of age (F) with P-tau positive plaque like structure in (E, see inset) 
the 9-year-old dog and an intracellular phosphorylation in the 12-year-old canine (F, see inset) compared to young dog (D). Aβ1-42 accumulates in the 
9 (H) and 12 (I) year old dogs more than the young 3-year-old (G). Scale bar = 20 μM.

FIGURE 3

A1 reactive astrocytes increase within the cortex of the aging canine. An increase in C3 (red) co-localized with pan astrocyte marker S100b (green) is 
seen in aged canines (B) compared to young animals (A). Quantification of these cells in the cortex reveals a significant increase in A1 astrocytes with 
age in this brain region (C). (n = 22). Scale bar = 20 μM Unpaired t-test, p = 0.0486, error bars = SEM, p < 0.05.
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known that microglial reactivity is followed by the progressive 
activation of astrocytes which are characterized by co-expression of 
C3 and S100β in AD human brains (Liddelow et al., 2017; Wu et al., 
2019). In this study, we identify that C3 and S100β positive astrocytes 
are significantly increased in the cortex of aged canines. Additionally, 
quantifications of S100β+ cells show a significant increase in both the 
hippocampus and cortex. Although no significant increase of GFAP+ 
astrocytes is seen, these results are likely due to discrepancies in 
cellular expression of these proteins. Although more recent data has 
differentiated astrocytic populations into subtypes based on their 
transcriptional expression, data such as this is extremely limited in the 
canine. Murine studies show that there are populations of astrocytes, 
particularly in the hippocampus, that stain GFAP−. Considering the 
existence of this unique cell population that lacks the common glial 
marker, as well as evidence that S100β plays critical roles in astrocyte 
activation and migration, our data demonstrates the presence of 
gliosis in our canine model. Co-localization of C3 and S100 also 
establish the presence of reactive glial phenotypes in the canine brain, 
irrespective of their subtype (Figure 3).

Additionally, hippocampal and cortical astrocytes highly express 
genes related to glutamate receptor activity and synaptic transmission 
compared to populations in other brain regions (Lozzi et al., 2020). 
Reactive astrocytic phenotypes, such as those found in the cortex in 
aged canines, reduce glutamate uptake and subsequent conversion 
into its inactive form glutamine. Excessive accumulation of glutamate 
in the synaptic cleft overstimulates NMDA receptors, which are often 

upregulated in the aged brain to overcompensate for loss of function, 
especially in the cortex. Overstimulation eventually causes 
excitotoxicity of the neurons in those regions, contributing to 
cognition loss and overall neurodegeneration (Rothstein et al., 1996). 
Chronic activation of the glial cells in the hippocampus and cortex of 
CCD positive canines may cause dysregulation of glutamate uptake 
and synaptic transmission that exacerbates neuronal damage in 
addition to age-related mechanisms.

Two characteristic features of AD in humans are the presence of 
neurofibrillary tangles, composed of abnormally hyperphosphorylated 
tau protein, and Aβ plaques. Canines share tight AD gene sequence 
homology with humans (Sharman et al., 2013) and have alterations 
in amyloid precursor protein (APP) processing and tau 
immunoreactivity with age (Bates et al., 2014). Aβ deposits have been 
observed in aging dog brains, with the load of Aβ often correlated 
with CCD clinical signs (Head et al., 2010). The astrocyte marker 
S100β is also highly expressed by reactive astrocytes in close vicinity 
of beta amyloid deposits, and immunotherapies for Aβ in dogs 
reduces glial inflammation (Neus Bosch et  al., 2015). Similarly, 
phosphorylated tau protein has been detected in the aging dog brain, 
although with less frequency and density than human AD brains 
(Smolek et al., 2016; Abey et al., 2021). Physiological tau is mostly 
confined to neuronal axons, where it is involved in microtubule 
stabilization. Microtubule binding, among other tau functions, are 
regulated by numerous serine, threonine, and tyrosine amino acid 
sites within the protein. Phosphorylation of these sites results in 

FIGURE 5

Hyperphosphorylation of Tau and Amyloid β1-42 accumulation in the hippocampus of young and aging canines. Representative images of young 
(3 years of age; n = 5) and aged (8 years of age and older; n = 41) canines are shown. Phosphorylated threonine 181 tau is increased at 9 (B) and 12 
years of age (C) compared to young canines (A). Phosphorylated threonine 217 tau is present at 3 years of age (D) and at 12 years of age with distinct 
intracellular deposits at 12 years of age (F) and very little staining at a different dog at 9 years old (E). Aβ1-42 accumulates in the 9 (H) year old dog, more 
than the 3 year old (G) and 12 year old dog (I). Scale bar = 20 μM.
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protein dysfunction and microtubule instability. Cytoplasmic 
deposits of tau phosphorylated at Threonine 181 have been previously 
recognized in the cortex of canines, but no neurofibrillary tangles 
(NFTs) have been identified (Smolek et  al., 2016). In our study, 
we revealed fibril formation of tau phosphorylated at Thr181 and 
intracellular accumulation of tau phosphorylated at Thr217 in the 
cortices and hippocampus of aged canines compared to young 

animals (Figures 4, 5). Threonine 217 phosphorylation in the nine-
year-old dog shows a unique, plaque-like structure or NFT. Although, 
to our knowledge, extracellular aggregation at this phosphorylation 
site has not been shown, this phosphorylation site is found in the 
proline-rich domain of the tau protein in close proximity to other 
amino acid residues commonly implicated in NFT formation (Xia 
et al., 2021). We were able to detect this finding in five of our aged 
canine brains. Different structures, conformations, and misfolds are 
associated with tauopathies, even within the same disease 
classification, which further highlights the variety on 
hyperphosphorylation and aggregation that may occur, especially in 
canines (Moloney et al., 2021; Wennstrom et al., 2022).

Lastly, it is critical that we are able to determine if these aging 
canines have CCD syndrome through the only current clinical 
diagnostic tool available, owner questionnaires (Salvin et al., 2010, 
2011b; Ozawa et al., 2019; O'Brian et al., 2021). To determine this, 
we  asked owners to complete both the CCDR and CADES 
questionnaires on necropsied dogs, as none were diagnosed with 
CCD at the time of death (Table 1). All owners of the canines we have 
performed pathological analysis on were contacted and 19, or 40%, 
of the surveys were returned for analysis (Table  2). However, 
pathology of the dogs with either severe criteria from the CADES 
questionnaire or CCDR positive for dementia show pathologies that 
were not always distinguishable from age matched canine brains. 
We found no significant change in the accumulation and aggregation 
of P-tau and Aβ (Figures 6N,P) in canines with CCD compared to 
aged, matched canines without CCD in all of our canine brains. 
Although misfolded protein aggregates are characteristic of 

FIGURE 6

Gliosis and accumulation of misfolded proteins correlates to canines with positive cognitive dysfunction scores. (A) Aged canines with a CCDR/CADES 
score of being negative for CCD (A–J) does show an increase in gliosis and Aβ1-42 accumulation but no P-tau at T-217. (B) Aged canines with a 
moderate or severe CCD score (K–T) show gliosis and Aβ1-42 and P-tau positive cells. Canines negative or mild CADES n = 7; canines moderate or severe 
CADES n = 6. Scale bar = 20 μM.

TABLE 3 Scores of canines with CADES and CCDR owner questionnaires.

Canine 
ID

Age CADES Cognitive 
impairment

CCDR CCD 
±

Ca152 15yo 34 Moderate 49 Negative

Ca163 10yo 19 Mild 55 Positive

Ca169 8yo 0 None n/a N/A

Ca170 9yo 56 Severe 48 Negative

Ca173 14yo 4 None 36 Negative

Ca174 11yo 0 None 35 Negative

Ca183 14yo 0 None 34 Negative

Ca188 9yo 26 Moderate 34 Negative

Ca256 8yo 0 None 34 Negative

Ca264 13yo 0 None 35 Negative

Ca289 15yo 55 Severe 58 Positive

Ca351 13.6yo 49 Severe 51 Positive

Ca800 12.4yo 34 Moderate 45 Negative
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neurodegenerative disease, their presence alone does not equate to 
declined cognitive state and neuropathological damage. Aggregates 
themselves do not cause neuronal death, rather, they contribute to 
neuronal dysfunction and exacerbate damaging, chronic 
neuroinflammatory signaling. The presence of misfolded proteins in 
correlation with increased numbers of phenotypically neurotoxic glia, 
as seen in the CCD positive animals, may intensify neuronal damage 
and loss. This is seen by an increased number of punctate neurons 
(Figure 6M), indicative of apoptotic or dying neurons, identified in 
aged canines with CCD compared to aged canines without 
CCD. Together, these data address the potential cause of cognition 
loss associated with CCD outside of normal aging.

4.1. Study limitations

The variability of our data indicates that there are a few limitations 
to our study that could explain variability within our findings. The 
small sample size of owner questionnaires that we received may not 
be  entirely accurate, as these were performed after their dog had 
passed, and in some cases even years afterword. We were also unable 
to perform a medical review to rule out other causes of clinical disease, 
such as structural abnormalities in the brain or infection. Therefore, 
we are unsure if the absence of significance is due to the lack of power 
for the clinical questionaries, the lack of a full medical review, or that 
there is no true difference between aspects of aging pathology and 
CCD clinical diagnosis. The tissues analyzed was also a limitation of 
this study. We were only able to use available necropsied tissue, which 
meant that not all canine brain sample had the hippocampus brain 
regions. Also due to our small sample size we are unable to assess the 
role of breed differences in aging currently. We therefore chose to use 
eight years of age as our cutoff irrespective of the breed to determine 
in general the neuropathological changes induced. We are award this 
is an extreme limitation of our study and hope with time we will 
be  able to expand these findings to better understand breed 
differences. Future studies that are well powered, include a complete 
medical review (to rule out other medical conditions that could cause 
the neuropathology) and have timely owner questionnaires are 
necessary for future development of this research.

4.2. Conclusion

The aging brain and the factors that lead to susceptibility to 
diseases like cognitive decline is still unknown. To better understand 
this, we have studied thirty-eight naturally aged canine brains for 
pathological markers of glial inflammation, morphological changes, 
accumulation of amyloid β1-42 and hyperphosphorylation of tau. Both 
microglial and astrocyte number are increased, making this the first 
report to our knowledge detecting activation of reactive astrocytes 
defined by co staining with complement 3 (C3) and S100β in naturally 
aging canines, a similar phenotype found in Alzheimer’s disease 
laboratory rodent models and patients. We  also detect Aβ1-42 
accumulation and T181 and T217 for hyperphosphorylation of tau in 
most of the aged brain samples in this cohort. Following owner 
questionnaires, 19 of these aged dogs, 26% were positive for CCD 
based on the CCDR; however, there was no correlation between these 

biomarkers and CCD. However, future studies with timely clinical 
medical review and questionaries may allow us to determine 
differences between the two aging populations.
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