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Abstract

Some aged community dogs acquire a degenerative syndrome termed Canine Cogni-
tive Dysfunction (CCD) that resembles human dementia because of Alzheimer’s 
Disease (AD), with comparable cognitive and behavioral deficits. Dogs also have 
similar neuroanatomy, share our domestic environment and develop amyloid-β plaques, 
making them likely a valuable ecological model of AD. However, prior investigations 
have demonstrated a lack of neurofibrillary tau pathology in aged dogs, an important 
hallmark of AD, though elevated phosphorylated tau (p-tau) at the Serine 396 
(S396) epitope has been reported in CCD. Here using enhanced immunohistochemi-
cal methods, we investigated p-tau in six CCD brains and six controls using the 
AT8 antibody (later stage neurofibrillary pathology), and an antibody against S396 
p-tau (earlier stage tau dysfunction). For the first time, we systematically assessed 
the Papez circuit and regions associated with Braak staging and found that all CCD 
dogs displayed elevated S396 p-tau labeling throughout the circuit. The limbic thala-
mus was particularly implicated, with a similar labeling pattern to that reported for 
AD neurofibrillary pathology, especially the anterior nuclei, while the hippocampus 
exhibited dysfunction confined to synaptic layers and efferent pathways. The cingulate 
and temporal lobes displayed significantly greater tauopathy than the frontal and 
occipital cortices, also reflective of early Braak staging patterns in AD. Immuno-
fluorescence confirmed that S396 was accumulating within neuronal axons, somata 
and oligodendrocytes. We also observed AT8 labeling in one CCD brain, near the 
transentorhinal cortex in layer II neurons, one of the first regions to be affected in 
AD. Together, these data demonstrate a concordance in regional distribution of 
tauopathy between CCD and AD, most evident in the limbic thalamus, an important 
step in further validating CCD as a translational model for human AD and under-
standing early AD pathogenic mechanisms.

INTRODUCTION

Approximately 14% of pet dogs over the age of eight will 
naturally develop a neurobehavioral syndrome akin to demen-
tia, termed canine cognitive dysfunction (CCD). Characterized 
by deficits in cognitive function, especially amnesia and 
spatial orientation, as well as agitation, sleep–wake cycle 
disruption and dysnosmia, CCD is clinically reminiscent of 
dementia of Alzheimer’s disease (AD) etiology (36,37). Apart 

from syndromal similarity, community dogs share the human 
domestic environment and have comparable neuroanatomy 
to humans, especially with respect to organization of the 
hippocampus (19,29,36). Thus, CCD may represent a prom-
ising naturalistic translational model of AD dementia (32,56).

Hallmarks of human AD include aggregation and deposi-
tion of amyloid-β (Aβ) as extracellular plaques and hyper-
phosphorylation of the microtubule-associated tau protein 
which aggregates as intracellular neurofibrillary tangles 
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(NFTs). CCD post-mortem studies have found high levels 
of Aβ plaques, with a spatial distribution akin to that seen 
in early stage AD (12,15,20,56). By contrast, prior work 
suggests a more significant difference between that CCD 
and AD in terms of tauopathy.

Physiological tau is mostly confined to neuronal axons where 
it binds and stabilizes microtubules. Microtubule binding and 
other tau functions are regulated by serine, threonine and 
tyrosine phosphorylation at different domains within the protein 
sequence (22,44). In AD, tau is hyperphosphorylated and mis-
localized to the somatodendritic compartment, where it aggre-
gates into NFTs (49). Mechanistically, tau dysfunction may 
include destabilization of microtubules and cytoskeletal break-
down as phosphorylated tau (p-tau) has lower microtubule 
binding affinity; mis-localization of tau would also reduce its 
availability for functions in the axon (49,54). 
Hyperphosphorylation of tau also promotes oligomerization, 
and these oligomeric species are thought to lead to mitochon-
drial damage and neurodegeneration per se (23,42). Alternatively, 
de novo tau synthesis induced by Aβ oligomers may be impli-
cated (4,27). Importantly, hyperphosphorylation and NFT 
develops in a highly stereotyped spatiotemporal pattern through-
out the brain as described by Braak staging, in a manner 
closely related to the emergence of clinical symptoms (8,10).

Previous CCD studies have assessed tauopathy by routine 
immunohistochemical staining. The most commonly 
employed antibody is the AT8 clone, a standard marker in 
human pathology studies, as it targets the S202 and T205 
phospho-epitopes that are hyperphosphorylated on tau in 
NFTs. Using this, studies have reported AD-related tauopathy 
is absent in aged colony dogs (13,16) and is present in 
<10% of CCD dogs (40,43). However, a small number of 
studies have also examined a variety of tau phospho-epitopes 
that may mark earlier stages of tau pathology.

In humans, hyperphosphorylation of tau at the S396 
residue occurs earlier than at the AT8 epitope (5,18,30), 
and has been associated with tau oligomerization in human 
cells (47). Accordingly, S396 may identify earlier stages of 
tau dysfunction in neuronal cell bodies and processes prior 
to PHF or NFT formation. In CCD, elevated levels of 

S396 p-tau have been found in hippocampal and frontal 
cortex synaptosomes (43), and intraneuronal accumulations 
in the parietal cortex and dorsal hippocampus have also 
been observed (57). Pugliese, Mascort, Mahy and Ferrer 
(33) also found significantly higher S396+ p-tau immunore-
activity in the prefrontal cortex of CCD dogs compared 
to healthy controls, and changes in the subcellular localiza-
tion of tau with age. These studies thus indicate that early 
stage tauopathy is present in CCD.

Prior work has focused on brain regions associated with 
Braak staging, especially the hippocampus. While this is 
classically considered the centre of AD-related pathology, 
Braak and Braak’s seminal paper also highlights the thala-
mus as one of the earliest regions to become affected by 
tauopathy (10). Recent studies further highlight the Papez 
circuit, which links the hippocampus, thalamus and cingulate 
cortex, as critical for episodic memory function and critical 
to cognitive dysfunction in AD dementia (3). In this study, 
we therefore, for the first time, systematically assess the 
Papez circuit for tauopathy in addition to neocortical regions 
typically associated with later stage disease. Combining both 
early and late stage tau pathology markers will allow a 
more complete understanding of the relevance of CCD to 
human AD modeling.

MATERIALS AND METHODS

Dogs

This study was performed on the brains of six CCD dogs 
and six healthy controls (Table  1). All procedures were per-
formed in accordance with New South Wales and Australian 
law. The brains were acquired through donation with owner’s 
consent for research use at the time of elective euthanasia. 
Dogs were of various breeds but of similar size and age 
as it has been shown that these, not breed, are the impor-
tant factors in CCD prevalence (36). Full medical history 
of the six CCD dogs revealed no neurological comorbidities 
and included assessment of the dog’s cognitive status and 

Table 1. CCD dog subjects and dementia behaviors.

Canine # 1 2 3 4 5 6

Sex Female Male Female Female Male Female
Breed Toy Fox Terrier Whippet Terrier Cross Jack Russel Terrier Silkie Terrier Kelpie Cross
Post-mortem Delay (Hours) 1.5 2 <4 <4 3 <4
Age 16 14 17 16 15 16
CCDR 65 72 62 69 60 58
Pacing 4 5 5 5 5 5
Wall Staring 4 5 5 5 5 5
Getting Stuck Behind Objects 4 5 5 5 5 3
Failure to Recognize People/Animals 3 5 1 3 4 4
Walking into Objects 1 5 5 5 5 2
Touch Avoidance 5 5 5 4 5 4
Difficulty Finding Food 3 2 5 5 5 2

All CCD dogs examined in the study are listed below, including their age and canine cognitive dysfunction rating (CCDR), as per Salvin, McGreevy, 
Sachdev and Valenzuela (37). Canines diagnosed with CCD were assessed using the CCDR on a number of different dementia-related behaviors. 
These are presented below for the six CCD dogs examined in this study, scored on a scale of 1–5, as per Salvin, McGreevy, Sachdev and Valenzuela 
(37).
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CCD behavioral severity using the Canine Cognitive 
Dysfunction Rating (CCDR) scale (37) (Table 1). The CCDR 
scale assessess the core clinical features of CCD, including 
frequency, severity and rate of changes of abnormal behav-
iors including pacing and locomotion, owner recognition 
and interaction, wall staring and olfaction. These are summed 
to produce a global clinical score that ranges from 0 to 
39 (normal), 40 to 49 (at risk) and 50 to 80 (CCD). The 
CCDR has been validated against clinical veterinary diag-
nosis in a large study (N  ~  1000) and externally recom-
mended for clinical use (37). Cadavers of control dogs, 
grayhounds approximately 10 years of age who had undergone 
elective euthanasia, were obtained from donation through 
the University of Sydney, Faculty of Veterinary Science.

Tissue processing

All CCD dogs underwent brain extraction within 4  h post-
mortem. Brains were bisected into hemispheres. One was 
cut into 4-mm thick sections, snap frozen in isopentane at 
−80 °C then stored at −80°C. The remaining hemisphere 
was immersion fixed in 4% paraformaldehyde for 7  days 
before being cut coronally into 4-mm thick sections. Regions 
of interest were then dissected out, embedded into paraffin 
blocks and sectioned at 10  µm thickness for EnVision™ 
immunohistochemistry, and at 20  µm thickness for fluores-
cence immunohistochemistry.

EnVision™ Immunohistochemistry

EnVision™ immunohistochemistry was used to visualize both 
p-tau S396 and AT8 labeled sections (35,48). Sections were 
dewaxed in xylene and rehydrated through graded ethanols, 
before undergoing antigen retrieval in 0.01  M citric acid 
(Sigma-Aldrich, Castle Hill, NSW, Australia) for 10 mins at 
95ºC with 0.05% Tween (Sigma). Blocking of non-specific 
labeling was performed with 10% donkey serum in Tris buff-
ered saline with 0.05% Tween (TBST) (Sigma). Alternating 
adjacent sections were incubated for 1 h at room temperature 
in primary antibodies against either p-tau S396 (Ab109390; 
Abcam) (three sections) or PHF Tau (MN1020; Invitrogren) 
(three sections), both diluted 1:500 in TBST with 1% donkey 
serum (Table  2), or TBST with 1% donkey serum only as 
a no-primary antibody control (one section). Sections were 
then washed in TBST and stained according to manufacturer 
instructions (EnVision™ G2 System/AP, Rabbit/Mouse 
(Permanent Red) Kit, Dako). Sections were then lightly coun-
terstained with hematoxylin, dehydrated through graded etha-
nol followed by xylene, and mounted with DPX. For more 
detailed experimental procedures see Supporting Methods.

Fluorescence immunohistochemistry

Sections underwent dewaxing, rehydration and antigen retrieval 
as above, followed by permeabilization in 0.1% Triton (Sigma) 
in phosphate buffered saline (PBS) (Sigma) for 10 mins and 
blocking in 10% donkey serum in TBST for one hour. Sections 
were then incubated overnight at 4°C with S396 p-tau primary 

antibody along with a primary antibody against either glial 
fibrillary acidic protein (GFAP; astrocyte marker), Iba-1 (micro-
glial marker), β-3 tubulin (B3T; neuronal marker), myelin basic 
protein (MBP) or O4 (oligodendrocyte markers). See Table  2 
for more details. Sections were then washed in TBST and 
incubated for 75  minutes with Alexa fluorophore conjugated 
secondary antibodies (1:400). Finally, slides were counterstained 
with NucBlue LiveCell probe (Thermo Fisher Scientific) and 
mounted with Faramount aqueous mounting medium (Dako).

Imaging and analysis

EnVision™ immunohistochemistry was imaged using an 
Olympus VS-120 Slide Scanner (Olympus-life science, Shinjuku, 
Tokyo, Japan) under 40x objective magnification. Regions of 
interest were defined at acquisition using the freehand draw-
ing tool. These were: (i) the hippocampal formation including 
entorhinal cortex, (ii) the thalamus at the level of the anterior 
nucleus, (iii) internal capsule at the level of the anterior tha-
lamic nucleus, (iv) the mamillary body, (v) the anterior cin-
gulate cortex and cingulum bundle, (vi) the prefrontal lobe, 
(vii), temporal lobe (at the level of the mid thalamus) (viii) 
occipital lobe (approximately 6  mm from the occipital pole) 
and (ix) cerebellum. Only S396 p-tau labeling was performed 
in the mammillary bodies, cingulate lobe and cerebellum. All 
cortical regions also contained adjacent subcortical white mat-
ter, and cortical gray and white matter were analyzed together. 
Double immunofluorescence was imaged using a Nikon C2 
confocal microscope.

Automated area quantification was performed for EnVision™ 
immunolabeled sections using a custom macro in Fiji software 
(National Institute of Health) (39) in a manner adapted from 
Sankaranarayanan (38) and Dai (14). Briefly, custom color 
deconvolution was performed to separate permanent red tau 
labeling and hematoxylin staining. Threshold analysis was 
performed to assess immunolabeling at low, intermediate and 
high intensity thresholds for S396, with high intensity cor-
responding to densely accumulated S396 deposits (Figure S1, 
Supporting File 1). Total stained pixels for each threshold 
were counted to obtain a percentage area of tissue immu-
nolabeled, as a measure of pathological severity. Images were 
tiled to apply this analysis across the whole tissue region. 
Detailed analysis methods are available in Supporting Methods. 
Pathological severity in more specific structures was also semi-
quantitatively assessed by inspection on a five-point scale, 
blind to clinical status (Figure S2, Supporting File 1).

Statistical analysis

Statistical analysis was performed in GraphPad Prism 
(GraphPad Software Inc., San Diego, CA, USA). Area immu-
nolabeled for each tissue section in each dog was normalized 
to a no-primary antibody control for that dog’s brain region, 
and the signal from each region of interest was normalized 
to signal from the cerebellum of the same dog. Global dif-
ference in p-tau between CCD and non-CCD groups based 
on EnVision™ immunohistochemistry was calculated by com-
paring the mean labeling across regions for all dogs using 
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the two-tailed Wilcoxon signed rank test. Comparisons in 
area labeled within and between groups for all regions were 
performed using two-way ANOVAs with the false discovery 
rate (FDR) (Benjamini–Hochberg–Yekutieli procedure, 
Q  =  0.05) correction method for multiple comparisons.

Western blotting

From the snap frozen brain sections, tissue biopsies were 
extracted from nine different regions of interest (ventral hip-
pocampus, anterior thalamic nucleus, gray and subcortical white 
matter of the temporal, frontal, occipital and cingulate cortices, 
fornix, internal capsule and cerebellum), matched to immuno-
labeled areas in the opposite hemisphere. This tissue was then 
resuspended in RIPA buffer (10 ul/mg) containing 150  nM 
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 5mM 
EDTA, 0.1% SDS and 50  mM Tris, with Complete Protease 
Inhibitor and PhosStop inhibitors (50uL/mL). Tissue was then 
dissociated by trituration and left on ice for 30 mins before 
being spun at 16,000  g at 4°C for 20 mins. Protein extracted 
in the supernatant plus Novex Sharp LC5800 standard was 
loaded in a 10 % SDS-polyacrylamide gel for electrophoresis. 
Proteins were then transferred to a nitrocellulose membrane 
using a BioRad semi-dry transfer system. The membrane was 
blocked in 5 % milk powder before incubation with anti-p-tau 
S396 primary antibody (ab109390, Abcam) overnight, followed 
by washing and incubation with anti-mouse or anti-rabbit HRP 
(1:5000). (We did not observe AT8+ p-tau by western blotting 
(data not shown), consistent with the sparse labeling shown 
in the immunohistochemistry data). One gel was performed 
for each dog, including all nine brain regions and a positive 
chick brain control. Antibody labeling was visualized with 
ImmunoHRP detection kit and developed using a Bio-rad 
Chemidoc XRS system with an exposure of 100 s. Membranes 
were reprobed following this for β-actin as a loading control 
(Table 2), with a 1-h primary antibody incubation time. Western 
blotting was performed for all six CCD dogs, and non-CCD 
Canine 7. Blotting was not performed on Canine 6 internal 
capsule or cingulate lobe or other non-CCD dogs as fresh 
frozen tissue was unavailable.

Western blotting analysis

Images were processed with the Gel Analyzer Plugin in 
Fiji. Lanes were selected and total intensity for S396 p-tau 
peaks were measured. Background was also measured and 
subtracted from measured values which were also normal-
ized to the β-actin loading control. S396 p-tau labeling was 
further baselined to cerebellum. Data analysis was also 
performed in GraphPad Prism, and comparison in intensity 
between analyzed regions and the cerebellum was performed 
by one-way ANOVA using the FDR (Benjamini–Hochberg–
Yekutieli procedure, Q = 0.05) correction method for multiple 
comparisons.

RESULTS

AT8 immunolabeling is sparse and restricted to 
superficial layers of the inferior temporal lobe 
in CCD

AT8+ neurons were sparsely observed using EnVision™ labe-
ling in one CCD dog (Canine 3 – Figure  1). This labeling 
was limited to neuronal somata, consistent with an abnormal 
distribution of p-tau. The immunoreactive neurons were 
found in superficial Layer II of the composite gyrus, a 
region of the canine cortex in the inferior temporal lobe 
located immediately lateral to the transentorhinal cortex (52). 
Other CCD and non-CCD dogs were AT8− in this and all 
other regions evaluated (Figure S3, Supporting File 1).

CCD dogs show elevated levels of S396 p-tau 
Immunoreactivity across diverse brain regions

In contrast to AT8 labeling, which is considered a relatively 
late stage marker of tau-related changes in AD, other p-tau 
epitopes may reflect earlier stage abnormalities in tau phos-
phorylation and distribution. We therefore evaluated S396+ 
p-tau immunoreactivity in CCD and control dogs using 
EnVision™ immunohistochemistry and western blotting across 
all nine brain regions. Labeling in each region is summarized 

Table 2. Antibodies used for envision™ immunohistochemistry and immunofluorescence

Experiment Target (clone) Clonality Host Dilution Source Cat. Number

EnVision™ IHC PHF Tau (AT8) Monoclonal Mouse 1:500 Invitrogen* MN1020
EnVision™ IHC and Fluorescence p-tau S396 Monoclonal Rabbit 1:500 Abcam† Ab109390
Western Blotting p-tau S396 Monoclonal Rabbit 1:10,000 Abcam† Ab109390
Fluorescence GFAP (SMI-22) Monoclonal Mouse 1:500 BioLegend‡ 835301
Fluorescence Iba-1 Polyclonal Goat 1:200 Abcam† Ab5076
Fluorescence B3T (TUJ1) Monoclonal Mouse 1:500 BioLegend‡ 801201
Fluorescence MBP Monoclonal Mouse 1:500 Abcam† Ab24567
Fluorescence O4 Monoclonal Mouse 1:100 Merck§ MAB345A4
Western Blotting Β-actin Monoclonal Mouse 1:3000 Sigma¶ A1978

*Rockford, Illinois, USA.
†Location Unavailable.
‡San Diego, California, USA.
§Temecula, California, USA.
¶Castle Hill, NSW, Australia.
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in Table  3. (An extended table is available in Supporting 
File 1).

Western blotting of  CCD brains indicated significantly 
elevated S396 p-tau in all assessed regions except the hip-
pocampi of  CCD dogs, using the cerebellum as internal 
control (Frontal Lobe: P  =  0.0012; Internal Capsule: 
P  =  0.0012; Thalamus: P  =  0.0023; Cingulate Lobe: 
P = 0.0062, Occipital Lobe: P = 0.0086; Fornix: P = 0.009; 
Temporal Lobe: P  =  0.0132; Hippocampus: P  =  0.1041) 
(Figure  2A,B). At the group level, western blot measure 
of  S396 p-tau was substantially higher across all brain 
regions in CCD dogs compared to the healthy aged con-
trol, and this was corroborated by finding significantly 
greater histological mean immunolabeling intensity across 
all regions in the CCD dogs compared to healthy controls 
(Figure  2D). Full statistical results are available in 
Supporting File 2.

Hippocampal p-tau immunolabeling 
predominates in white matter and   
synaptic layers

In all CCD dogs, S396+ labeling was observed in the ven-
tral hippocampal formation (Figure 2). Some intraneuronal 

S396+ labeling in the CA1-CA3 and subicular regions of 
the stratum pyramidale was evident in Canine 5 
(Figure  3B,C), though the other five CCD brains displayed 
no labeling in the cell body layers. Five CCD dogs did, 
however, exhibit immunoreactivity in layers composed of 
neuronal dendritic and axonal processes including the stra-
tum moleculare and stratum radiatum [Figures  3F and 
S5A,B (Supporting File 1)]. P-tau labeling was also regularly 
observed in the hilus but not stratum granulosum of  the 
dentate gyrus [Figures  3G and S5C (Supporting File 1)]. 
The strongest immunoreactivity in the hippocampal forma-
tion of  CCD brains was observed in the white matter 
pathways of  the alveus and fimbria (Figure  3D,E), with 
labeling of  cell processes in transverse or longitudinal cross-
section denoted by punctate or thread-like patterns, respec-
tively. This labeling became stronger in the medial portions 
of  the fimbria (Figure S5D, Supporting File 1), with some 
non-CCD dogs also exhibiting light immunoreactivity in 
this portion of  the hippocampal formation only (Figure 
S7E, Supporting File 1).

Strong immunoreactivity in the entorhinal cortex was 
rarely observed, though deeper portions of  the cortex 
exhibited some positivity (Figure  3H), which became 
stronger still in the subcortical white matter (Figure  3I). 

Figure 1. AT8+ labeling in the inferior temporal cortex of canine 3. AT8 
labeling was observed through EnVision™ Immunoreactivity in select 
neurons of Layer II in the composite gyrus in the inferior temporal cortex 
of Canine 3, just lateral to the transentorhinal cortex. A′ and B′ represent 

the boxed areas in a and b. Scale bar represents 100 µm (Boxed Areas: 
20  µm). Negative control images are available in Figure S3. [Colour 
figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Quantitative analysis revealed that the lower intensity 
S396+ labeling (Cerebellum: P = 0.0121; non-CCD Control: 
P  =  0.0065), but not the more intense thresholds of 
accumulated tau (Cerebellum: p>  0.6418; non-CCD 
Control: P  =  0.5057) was significantly greater in CCD 
hippocampi compared to its cerebellum and compared to 
the hippocampi of  non-CCD dogs, respectively 
(Figure  2C,E). Images from control sections (Figure S6A-
C) and control brains (Figure S7D-F′) can be found in 
Supporting File 1.

S396 p-tau labeling predominates in early stage 
AD cortical areas and heavily involves 
subcortical white matter

Within the cortex, accumulations of S396+ p-tau in the 
neuronal soma were observed more frequently in the 

temporal (Figure  4B, Figure S6H-I for control slides) and 
cingulate cortices (Figure  4D) compared to other cortical 
regions, often with teardrop shape typical of NFTs 
(Figure  4B,D,F). These were not typically observed in the 
occipital cortex of any dog (Figure  4H). Generally, immu-
noreactivity in gray matter was localized to dendrites and 
axons as evident by radial streaks of immunoreactivity ori-
entated orthogonal to the cortical layers.

The strongest immunoreactivity was in the subcortical 
white matter, where labeling indicated localization in neuronal 
axons and glial cell bodies (Figure  4A,C,E,G). This gener-
ally became stronger and intra-axonal high-intensity accu-
mulations became more frequent deeper in the white matter 
(Figure S5O, Supporting File 1).

Quantitatively, while all neocortical regions examined in CCD 
dogs exhibited significantly greater S396+ labeling compared 
to healthy controls at lower intensities (Cingulate: P  <  0.0001; 

Table 3. Semi-quantitative p-tau S396 pathological severity scoring

CCD dogs Non-CCD dogs

1 2 3 4 5 6 7 8 9 10 11 12

Hippocampal formation
Fimbria +++ ++ − + ++ − − − ++ + − +
Alveus ++ ++ − + ++ − − − ++ + − −
Stratum pyramidale (CA1) − − − − + − − − − − − −
Stratum moleculare + + + − ++ + − − + − − −
Dentate gyrus hilus + + − + + + − − + − − −
Subiculum + − − − + + − − + − − −
EC GM + − + + + − − − + − − −
EC WM ++ + + + ++ ++ − − + − − −
Thalamus and adjacent structures
Dorsal/ant. thalamic peduncle ++++ +++ +++ +++ +++ ++++ ++ + ++ − − −
Fornix (body) +++ ++ +++ +++ N/A N/A N/A − N/A − − −
Internal medullary lamina +++ ++ + +++ +++ ++ ++ − ++ − − −
Anterior nuclear group ++ ++ + +++ ++ +++ + − − − − −
Stria terminalis ++++ ++ ++ ++++ +++ ++++ ++ + +++ + + ++
Mediodorsal nucleus +++ +++ ++ ++ ++ ++ ++ − ++ − − −
Stria medullaris thalami ++++ +++ +++ ++ +++ ++++ ++ + +++ − − +
External medullary lamina ++ + +++ ++ ++ ++ + − ++ − − −
Mammillothalamic tract +++ ++ ++ ++ +++ ++ ++ − ++ − − −
Mammillary bodies ++ + + + ++ + + + − − − −
Neocortical regions
Temporal cortex + + ++ + − ++ − − + − − −
Temporal white matter ++++ +++ ++++ ++ + ++++ ++ + ++ − − +
Frontal cortex + − + + + + − − − − − −
Frontal white matter ++ +++ ++ +++ ++ ++ + − ++ − − −
Occipital cortex + − + + + − − − − − − −
Occipital white matter ++ ++ +++ +++ ++ ++ + − − − − −
Cingulate cortex + + ++ + + + − − − − − −
Cingulate white matter ++++ ++++ +++ +++ +++ +++ + + + − − −
Other structures
Internal capsule ++++ + +++ +++ ++ ++ − − + − − −
Cerebellum − − − − − − − − − − − −

S396+ Pathology visualized with EnVision™ labeling was semiquantitatively scored across various substructures in different brain regions. “−” = No 
labeling. “+” = Light labeling only in limited areas, some punctate immunoreactivity. “++” = More extensive, stronger labeling, lots of immunoreac-
tive puncta. “+++” = Strong labeling over much of tissue region, strong nuclear associated immunoreactivity, small accumulations present. “++++” =   
Very strong, dense labeling across most of the tissue region, extensive nuclei associated immunoreactivity, lots of accumulations present. An ex-
tended version of the table is available in Supporting File 1, as are exemplar images of semiquantitative intensity levels (Figure S2, Supporting File 1). 
N/A = not available.
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Temporal: P  =  0.0002; Frontal: P  =  0.0005; Occipital: 
P  =  0.0005) (Figure  2C), at higher intensity thresholds, only 
the temporal and cingulate lobes displayed significantly greater 
levels compared to controls (Cingulate: P  =  0.0011; Temporal: 
P  =  0.017; Frontal: P  =  0.5057; Occipital: P  =  0.5057), and 
compared to the other cortical regions (Cingulate vs. Frontal: 

P  =  0.0046, vs. Occipital: P  =  0.0047; Temporal vs. Frontal: 
P  =  0.0378, vs. Occipital: P  =  0.0378) and hippocampus 
(Cingulate: P  =  0.0047; Temporal: P  =  0.0378) [Figures  2E 
and S4B (Supporting File 1)]. These differences appear largely 
because of higher levels in the subcortical white matter, evident 
in lower magnification micrographs (Figure S5M-U, Supporting 
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File 1). Control dogs rarely exhibited immunoreactivity in 
cortical gray or white matter (Figure S7G-I′, Supporting File 
1). No labeling was observed in the cerebellum of any dog 
(Figure S6J-O, Supporting File 1).

Strongest S396 p-tau in thalamus and internal 
capsule

A complex but consistent pattern of labeling was observed 
in nuclei of the thalamus, associated white matter pathways, 
and other adjacent diencephalic regions of the CCD dogs 
[Figures  5, S6D-G and S7A-C′ (Supporting File 1) for con-
trols]. Limbic nuclei of the thalamus, most notably the 
mediodorsal nucleus (Figures  5A and S5I) and anterior 
nuclear group (Figures  5B and S5F), consistently exhibited 
strong immunoreactivity, with relatively frequent accumula-
tions of S396 p-tau in neuronal somata. The anterior nuclei 
contained significantly more S396+ neuronal somata than 
any cortical region (Figure  2F). By contrast, the ventroan-
terior nucleus was largely spared (Figure S5K, Supporting 
File 1), with only light labeling associated with the white 
matter fascicles. However, the internal medullary lamina 
(Figures  5G and S5J) and nuclei, external medullary lamina 
and reticular nucleus (Figure  5H) also featured S396+ accu-
mulations in neuronal somata and axons.

Similar S396+ puncta associated with cross-sectioned axons 
were evident within white matter fascicles of the mammil-
lothalamic tract (Figures 5I and S5H) and fornix (Figure 5J) 
across all CCD dogs. The neuronal cell bodies within the 
gray matter of the mammillary bodies themselves, however, 
exhibited little immunoreactivity in the dogs (Figure  5K).

The internal capsule also regularly displayed strong S396 
labeling in white matter fascicles (Figures  5I and S5L), with 
large intra-axonal deposits notable in the pathways between 
the internal capsule and anterior thalamic nuclei in the 
dorsal thalamic peduncle (Figures  5D and S5G). S396 posi-
tivity around glial nuclei was also the commonplace through-
out the internal capsule. Two other white matter pathways 
adjacent to the thalamus, the stria terminalis (Figures  5E 
and S5G) and stria medullaris (Figure  5F), both exhibited 
some of the strongest immunoreactivity across the CCD 
dogs. These two structures were labeled in some non-CCD 

dogs as well, even in the absence of any other diencephalic 
immunoreactivity (Figure S7B, Supporting File 1). Two 
control dogs also exhibited light positivity in other thalamic 
structures (Figure S7A, Supporting File 1).

Quantitatively, there was significantly more S396+ tauopa-
thy in the thalamus (P  =  0.0003) and internal capsule 
(P = 0.0021) than in controls, and in particular, these regions 
had significantly more abnormal accumulations of intensely 
immunolabeled S396+ p-tau than not only healthy controls 
(Thalamus: P  =  0.0186; Internal Capsule: P  =  0.0011) but 
also other regions within CCD brains (Thalamus vs. Frontal/ 
Occipital/ Hippocampus: P  =  0.0378; Internal Capsule vs. 
Frontal/ Occipital/ Hippocampus: P = 0.0046) (Figure 2C,E). 
Moreover, of all the regions with elevated high-intensity 
S396+ p-tau labeling compared to healthy controls (including 
the cingulate lobe, temporal lobe, and internal capsule), the 
thalamus clearly exhibited the strongest effect size (Cingulate: 
Cohen’s D  =  1.2541; Temporal: D  =  1.2701; Thalamus: 
D  =  3.4227; Internal Capsule: D  =  1.1783) (See Supporting 
File 2 for full statistical details).

S396+ double immunofluorescence

Double immunofluorescence with S396 p-tau and panels of 
neuronal and glial cell markers was performed to clarify 
the intracellular labeling patterns observed from EnVision™ 
immunohistochemistry.

MBP antibodies (Figure 6A), which mark the myelin sheath 
around neuronal axons, and B3T (Figure  6B), a neuronal 
cytoskeletal marker, confirmed that intensely labeled S396+ p-tau 
accumulations were within axons in the white matter of CCD 
dogs, often associated with axonal bulging. This was most 
pronounced in the internal capsule and deep subcortical white 
matter. Double labeling was also used to visualize the intra-
neuronal somata accumulations of S396+ p-tau most frequently 
observed in the thalamus. S396+ accumulations colocalized with 
B3T+ neuronal cell bodies and processes, and frequently extended 
into the axon initial segment and proximal dendrites (Figure 6C). 
In some sections, S396+ labeling was observed extending over 
40  µm into a primary process, and axonal tortuosity could 
be observed. Three-dimensional (3D) projections from z-stacks 
are also available in Supporting File 3.

Figure 2. Quantification of S396+ p-tau in CCD dog brain regions. S396 
p-tau pathological severity was quantified in different regions in CCD 
and non-CCD brains by (A,B) western blotting and (C-E) automated 
image analysis of EnVision™ labeling at different intensity thresholds, 
and (F) manual counting of EnVision™ labeled sections. A. Densitometry 
of mean relative western blot immunolabeling intensity for different 
regions in CCD dogs (n = 6) and a non-CCD dog (n = 1). Results of a 
one-way ANOVA comparing CCD brain regions to the cerebellum is 
shown. B. Western blot of S396 p-tau in a CCD dog, showing main 
bands between 110 and 55 kD, and β-actin (exposed independently) as 
a loading control at 42 kD. (C,E) Quantification of tissue area labeled at 
a (C) low and (E) high intensity threshold by automated image analysis 
of EnVision™ labeling. Results of two-way ANOVAs comparing all 
regions within CCD dogs (n  =  6) and non-CCD dogs (n  =  6) and 
comparing between groups for each region are shown. (E) Mean area 

labeled at low intensity threshold across regions of CCD dogs compared 
to non-CCD dogs. Results of a two-tailed Wilcoxon signed-rank test are 
shown (P = 0.0078). (F) Manually counted number of S396+ deposits in 
neuronal somata in different cortices or thalamic nuclei, with results of 
a one-way ANOVA comparing all regions shown (P = 0.0283). All graphs 
show mean  ±  SEM, and all statistical analyses were corrected for 
multiple comparisons using the FDR method. Full statistical results with 
corrected and uncorrected p values, t values, degrees of freedom, and 
Cohen’s D are available in Supporting Information. ****P  <  0.0001, 
***P  <  0.001, **P  <  0.01, *P  <  0.05 (Int. Caps  =  Internal Capsule; 
Hippoc. = Hippocampus; Mam. Bod = Mammillary Body; Ant. Nuc. = 
Anterior Thalamic Nucleus; MD Nuc. = Mediodorsal Thalamic Nucleus; 
Ret. Nuc. = Reticular Nucleus of the Thalamus; IML Nuc. = Nuclei of the 
Internal Medullary Lamina of the Thalamus).
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To confirm the nature of the glial associated S396+ labeling, 
double staining was performed with microglial marker Iba-1 
(Figure S8A, Supporting File 1), astrocytic marker GFAP (Figure 
S8B, Supporting File 1) and oligodendrocyte marker O4 

(Figure  6D,E). S396 positivity was confirmed to be associated 
with oligodendrocyte somata, colocalizing with O4 in thalamic 
and white matter regions. No colocalization of S396 signal 
with GFAP or Iba-1 was observed in the CCD dogs.
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DISCUSSION
This study set out to investigate tauopathy in community 
dogs with CCD. Tau is normally confined to the axonal 
domain, with hyperphosphorylation and redistribution to 
the somatodendritic compartment abnormal and reflective 
of  an underlying pathology. AT8+ neuronal somata were 
only observed in one dog, consistent with previous reports 
that this advanced feature is infrequently observed in CCD 
brains (40,43). However, we report here that CCD dogs 
have significantly more S396+ p-tau than non-CCD dogs 
across a range of  brain regions. The regional distribution 
of  this increased S396+ immunoreactivity is reminiscent 
of  patterns described by Braak staging for human AD, 
and particularly involves structures of  the Papez circuit, 
thought to be heavily implicated in the early stages of 
the disease (3). Localization in dendrites and white matter 
axons of  the brain further corresponds with early stages 
of  human AD tau dysfunction. On the other hand, we 
also observed S396 immunoreactivity in oligodendrocytes, 
a pattern not commonly associated with AD. Together, 
these data suggest CCD dogs naturally exhibit mixed 
involvement of  AD tau dysfunction with other distinct 
tau pathological mechanisms.

Absence of AT8 pathology

In the CCD dogs examined in this study, only one dog 
displayed AT8+ immunoreactivity. These AT8+ neurons were 
found adjacent to the entorhinal cortex in the composite 
gyrus of the inferior temporal lobe (52). All AT8+ neurons 
were in superficial cortical layers, which closely correspond 
to observations from Braak and Braak (10), regarding Stage 
I tauopathy in AD patients. Given the close association 
between CCD and age (36), it is perhaps not coincidental 
that this was also the oldest dog in the group.

The absence of AT8+ tau in CCD dogs, especially given 
the abundance of S396 p-tau, may be because of several 
factors. Phosphorylation of the tau protein can occur at 
many different amino acid residues. It is plausible that canine 
tau in CCD is phosphorylated at different residues to human 
tau in AD, and that the AT8 antibody, specific to S202 
and T205 phospho-epitopes, may not represent an ideal 
marker for canine NFTs. Perhaps more likely, as many pre-
vious authors have also suggested, it may simply be because 
CCD dogs do not live long enough for the tauopathy to 

progress to the NFT stage (16,40). Behavioral changes central 
to CCD such as spontaneous aggression and nocturnal dis-
turbances are poorly tolerated in community dogs, with 
euthanasia typically considered within a short time frame 
following manifestation of these symptoms.

Intense abnormal S396 p-tau

Quantification of S396 immunohistochemistry was supported 
by western blotting and revealed that all regions examined 
in CCD brains, except the cerebellum, had significantly more 
S396+ immunoreactivity than non-CCD controls. This agrees 
with a previous study utilizing western blotting, which 
reported a higher level of S396 p-tau in the dorsal hip-
pocampus and parietal cortex of CCD dogs (57). When 
thresholding for the most intense immunoreactivity, only 
the thalamus, temporal and cingulate cortices and internal 
capsule had significantly higher levels of S396 p-tau immu-
noreactivity than other regions, potentially indicative of a 
more advanced stage of tau dysfunction or pathology. This 
cortical and thalamic distribution is reminiscent of early 
stage human AD, where higher levels of NFTs are observed 
here than in the frontal and occipital cortices (8,10). However, 
while we observed evidence for abnormal re-distribution to 
the neuronal soma and hyperphosphorylation of tau, we 
did not observe evidence of tau aggregation in to PHFs 
and the generation of NFTs in CCD. Given non-fibrillar 
accumulation of p-tau in the neuronal soma precedes the 
development of NFTs (5), the overall pattern suggests that 
tau pathology in dogs is at an even earlier stage than in 
humans with early stage AD.

In most gray matter structures, S396+ p-tau labeling was 
largely absent from the neuronal cell bodies. Rather, immu-
noreactivity was located in dendritic processes and neurites 
of the neuropil. This pattern aligns with findings from pre-
vious studies of CCD pathology (33,57). However, across 
all regions, positivity was more predominantly observed in 
white matter axons, supporting findings by Wegiel, Wisniewski 
and Soltysiak (50) who observed Tau-1+ deposits in the 
white matter of the canine cortex and hippocampus. Rodent 
and cellular AD models have shown that S396+ p-tau appears 
first in the axons and dendrites prior to its aggregation 
into NFTs within the neuronal soma (17). Although the 
precise mechanism for NFT formation remains unknown, 
whether through mislocalization into the soma (17,26,49), 
or through de novo synthesis within the somatodendritic 

Figure 3. S396+ p-tau immunoreactivity in the ventral hippocampus 
was especially in white matter and synaptic layers. (A) Whole 
hippocampal formation including entorhinal cortex. Intraneuronal 
immunoreactivity (arrowheads), especially around the region of the 
axon hillock, was observed in (B) the CA1 stratum pyramidale, and (C) 
the CA3 stratum pyramidale of Canine 5. In other CCD dogs, the stratum 
pyramidale displayed little S396 labeling. Immunoreactivity was 
strongest in (D) the alveus, and especially in (E) the fimbria. Punctate 
S396+ labeling was also observed in synaptic layers such as (F) the 
stratum moleculare, and in (G) the hilar region of the dentate gyrus (not 
in the stratum granulosum). Sparse immunoreactivity was observed in 

(H) the entorhinal cortex, never in neuronal somata, though (I) the white 
matter of the entorhinal cortex often displayed some immunoreactivity. 
Sections labeled for S396+ p-tau using EnVision™ labeling and 
counterstained with hematoxylin. Scale bar represents 20  µm. 
ECxW = Entorhinal Cortex White Matter, ECxG = Entorhinal Cortex Gray 
Matter, Alv = Alveus, SM = Stratum Moleculare, DG = Dentate Gyrus, 
H = Hilus, Fim = Fimbria. Further low magnification micrographs are 
available in Figure S5A-D, and negative control images are available in 
Supporting Figures S6A-C and S7D-F (Supporting File 1). [Colour figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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domain (4,27), the predominance of white matter tauopathy 
in CCD provides further evidence for the former (53,55). 
Double immunofluorescence data confirmed the intra-axonal 
localization of this tau, which was observed to be associ-
ated with bulging of the axon in some regions. Studies on 

nematode and murine tauopathy models neurons have also 
observed such bulging, likely disrupting intraneuronal traf-
ficking and signaling (25,28).

Nevertheless, neuronal soma accumulation of S396 was 
also observed in some specific brain regions, most abundantly 
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in the composite gyrus of the inferior temporal cortex of 
Canine 3, the oldest animal, who also displayed AT8+ NFT 
pathology in the same area. This suggests that this intraso-
mal S396 p-tau may represent a stage closer to NFT for-
mation than the axonal tau changes described above. 
Furthermore, the inferior temporal and parahippocampal 
cortices are known to receive strong projections in humans 
and other mammals from the anterior thalamic nuclei through 
the cingulum bundle and via the cingulate and retrosplenial 
cortices (11). When coupled with the theory that p-tau is 
capable of migrating between brain regions trans-synaptically 
(44), this provides a potential reason as to why this cortical 
region is the first to develop AT8+ NFTs.

In the rest of the CCD dogs, however, soma-localized 
S396+ p-tau was more abundant in the thalamus than any 
other brain region studied, especially in the anterior nucleus 
(Figure 2F), one of the earliest structures to display tauopa-
thy in AD (10). The pattern of thalamic S396+ p-tau immu-
noreactivity we observed as a whole, displayed remarkably 
close correspondence to that described in AD using labeling 
for NFT pathology (9,34). For example, the involvement 
of limbic nuclei contrasted with sparing of motor nuclei, 
and the description of staining between the anteroventral 
nucleus and ependymal wall of the third ventricle (9), bear 
striking resemblance to S396+ labeling in the CCD dogs 
(Figure 5A). This close correspondence of CCD S396+ p-tau 
to human neurofibrillary patterns in the thalamus specifi-
cally, lends further support for the idea that S396+ p-tau 
in the neuronal somata of CCD dogs may reflect a stage 
immediately prior to AT8+/argyrophilic NFT formation. 
Combined with the greater degree of aggregation of S396+ 
p-tau in the thalamus and temporal cortex of CCD dogs 
compared to the occipital and frontal cortices, a favorable 
comparison to Braak staging of NFT pathology in AD 
may be drawn.

Despite this, only low levels of tau changes were observed 
in the neuronal cell bodies of the hippocampus and entorhi-
nal cortex as compared to the thalamus. This is perplexing, 
given the importance of these structures by traditional 
accounts of AD tauopathy. Notably, however, hippocampal 
efferent axonal structures such as the alveus, fimbria and 
fornix, were all strongly immunoreactive for S396 p-tau. 
Similarly, specific hippocampal layers containing pyramidal 
cell dendrites and axonal projections such as the stratum 
moleculare and stratum radiatum were also immunoreactive. 
This suggests that neurons in hippocampal circuits are, in 
fact, affected by tauopathy, but at the earlier stage illustrated 

in Figure  7B, featuring white matter dysfunction prior to 
the soma accumulation seen in the thalamus and various 
cortical regions as per Figure  7C, which seems precursory 
to the further advanced NFT stage (Figure 7D). As a result 
of the proportional under-representation of the alveus, fim-
bria and fornix in the total area of the hippocampal tissue 
sections, this observation was not reflected in the immuno-
labeling or western blotting quantification data and as such, 
the hippocampal neurons should not be considered to be 
spared of tau dysfunction in the CCD dogs (as per 
Figure  7A).

The Papez Circuit

The observations of tauopathy in the limbic thalamus and 
hippocampofugal pathways can also be extended to further 
limbic circuitry. Papez (31) described a circuit that links the 
hippocampus and limbic thalamus via the mammillary bodies 
and cingulate cortex (Figure  7E). The circuit comprises criti-
cal structures for episodic memory, which are compromised 
in AD and contribute to cognitive impairment. The thalamus 
in particular is implicated as having a major role in the 
incipience of tauopathy in AD (3), and lesions to the anterior 
nuclei have been related to spatial memory dysfunction in 
rodents, a common behavioral deficit in CCD (2). Furthermore, 
human diffusion tensor imaging has shown disruptions to 
thalamic connectivity through the fornix, dorsal thalamic 
peduncle, and stria terminalis are associated with AD (58). 
Especially relevant here is the finding that degeneration of 
white matter pathways in the Papez circuit rather than occipital 
and prefrontal white matter is also associated with AD (1). 
The Papez circuit-based model for AD is thus particularly 
relevant and supported by this study, as immunoreactivity 
was observed along the entire circuit as delineated in 
Figure  7E. Thus, not only is the evidence of tauopathy in 
the CCD limbic thalamus consistent with this model, but it 
may also explain the pathology observed in the cingulate 
cortex, cingulum bundle and internal capsule through which 
they are interconnected (51). As such, the hyperphosphoryl-
ated tau observed in CCD brains occurs in a series of 
structures that are not only anatomically connected but 
functionally relevant to the clinical syndrome.

Glial tauopathy

S396 positivity was frequently observed within oligodendro-
cytes, especially in the internal capsule, subcortical white 

Figure 4. S396+ p-tau immunolabelling was more intense in cortical 
white matter than gray matter. The first column shows EnVision™ 
labeling for S396+ p-tau pathology in subcortical white matter compared 
with cortical gray matter in the right column for (A,B) the temporal 
cortex, where labeling was observed to be most intense, especially in 
the white matter adjacent to the lateral ventricle, with extensive 
perinuclear glial labeling, (C,D) the cingulate lobe, where strong labeling 
was also observed in both the cingulum bundle and the cortical gray 
matter, including intraneuronal labeling in several dogs; (E,F) the frontal 
lobe, where labeling in the gray matter was much more sparse though 

intraneuronal deposits were occasionally apparent and labeling in deep 
portions of the white matter was still evident; and (G,H) the occipital 
lobe, where gray matter immunoreactivity was much less strong 
compared to other cortical regions, though white matter and glial 
nuclear labeling were still apparent. Sections labeled for S396+ p-tau 
using EnVision™ labeling and counterstained with hematoxylin. Scale 
bars represent 20  µm. Further low magnification micrographs are 
available in Figure S5m-u, and negative control images are available in 
Figures S6h-o and 7g-i (Supporting File 1). [Colour figure can be viewed 
at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Figure 5. Extensive S396+ pathology was observed in the thalamus and 
adjacent subcortical structures. A. Representative image of a section 
through the anterior thalamus including internal capsule. Labeling was 
evident in neuronal cell bodies (arrowheads) of (B) the anterior thalamic 
nuclei, and (C) the mediodorsal thalamic nucleus, as well as in neuronal 
neurites and axons in these regions. Labeling in (D) the dorsal thalamic 
peduncle, a white matter pathway leading into the anterior nuclear group, 
was also especially evident, as was labeling in (E) the stria terminalis, and 
(F) the stria medullaris. Immunopositive neuronal cell bodies and neurites 
were also observed in (G) the internal medullary lamina, and (H) the external 
medullary lamina, and their associated nuclei. I. The internal capsule 
displayed large accumulations of labeled material and perinuclear glial 
labeling was also notable both in this white matter pathway and in (J) the 

fornix. K. The mammillary bodies only displayed small amounts of 
immunoreactivity not associated with neuronal somata, though (L) the 
mammillothalamic tract regularly displayed strong punctate labeling 
associated with transverse white matter fascicles. Sections labeled for 
S396+ p-tau using EnVision™ labeling and counterstained with hematoxylin. 
All scale bars represent 20 µm except (a) where scale bar represents 1 mm. 
IC = internal capsule, EML = external medullary lamina, VA = ventroanterior 
nucleus, Mtt = mammillothalamic tract, IML = internal medullary lamina, 
MD  =  mediodorsal nucleus, DP  =  dorsal thalamic peduncle, ST  =  stria 
terminalis, AN  =  Anterior Nucleus, SM  =  stria medullaris, Fx  =  Fornix. 
Further low magnification micrographs are available in Figure S5E-L, and 
negative control images are available in Figures S6D-G and S7A-C 
(Supporting File 1). [Colour figure can be viewed at wileyonlinelibrary.com] 

www.wileyonlinelibrary.com
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matter of the temporal lobe (close to the border of the 
lateral ventricle), cingulum bundle and fimbria/fornix. Similar 
oligodendrocyte tauopathy (including reports of S396 depos-
its) is commonly observed in neurodegenerative diseases such 

as corticobasal degeneration, progressive supranuclear palsy 
and Pick’s disease (24). Boluda, Iba, Zhang, Raible, Lee 
and Trojanowski (6) also describe similar tau labeling within 
oligodendrocytes of the fimbria in transgenic mice which 

Figure 6. Double immunofluorescence demonstrates S396+ p-tau 
accumulations within white matter axons, neuronal somata and 
oligodendrocyte somata. A. Myelin basic protein (MBP) marking the 
myelin sheath around axons in the internal capsule, with S396+ 
accumulating within the myelin-marked axons and causing bulges at the 
sites of accumulation. B. B3T neuronal marker demonstrating axons in 
the internal capsule colocalizing with green S396+ accumulations, 
further demonstrating the presence of tau accumulation within neuronal 
axons. C. Multipolar neuron in the reticular nucleus of the thalamus 
displaying colocalization of neuronal marker B3T and S396 in the soma 
and extending into several neurites, with the nucleus laterally displaced. 

(B3T+ cells noted with arrowheads) (D,E) Oligodendrocyte marker O4. 
C. S396+ accumulations in temporal cortex of white matter, visible 
within longitudinal axons marked by O4 in red, as well as colocalizing 
with perinuclear O4. E, Stria medullaris, demonstrating axons in cross 
section (red) containing S396+ immunoreactivity within them (green), as 
well as green S396+ colocalizing around nuclei with red O4 
oligodendrocyte marker. Arrows mark some S396+O4+ cells. (A-C) are 
maximum intensity projections of z-stacks (3D projections available in 
Supporting File 3), (A,B,D,E) imaged under 60x objective, (C) imaged 
under 40x objective; scale bar represents 20 µm. [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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received intracerebral injections of pathological tau from 
human brains with corticobasal degeneration. The impact 
of oligodendrocyte tauopathy on myelin sheath integrity is 
not well understood, but it may play an important role in 
the dysfunction of neuronal circuitry implicated in CCD-
related cognitive decline.

As such, CCD brains reflect a complex mix of tau abnor-
malities potentially relevant to Alzheimer’s disease and other 
related tauopathies. This is, in fact, also a common obser-
vation in human dementia studies, with one recent study 
demonstrating a admix of pathology to be the most com-
mon cause of cognitive impairment, with classical AD 
pathology rarely existing in isolation (7).

Given the apparent absence of  NFT-related neurode-
generation, the pathological mediator of  cognitive decline 
in CCD remains unclear. An increasing number of  recent 
studies posit that oligomeric Aβ or p-tau represent patho-
logical species that may drive cognitive decline through 
synaptic dysfunction (21,22). Synapse loss is regarded as 
the closest correlate of  cognitive dysfunction (41,45,46), 
and elevated synapse-related S396 p-tau has been observed 
in AD mouse models (55) and CCD dogs (43). While we 
do not confirm whether the S396  +  p-tau accumulations 
observed in our study are oligomeric, this synapse-related 
tauopathy may correspond to the S396 positivity that we 
observed within synaptic layers of  the hippocampus. The 
abnormal accumulation of  tau within axons and oligo-
dendrocytes may also impede intracellular trafficking and 
signal transmission, respectively. Examining synaptic density 
and myelin sheath integrity as early stage pathogenic 

mechanisms in CCD is an important avenue of  future 
research.

CONCLUSION
This study reveals new insights about tauopathy in the 
CCD brain. P-tau in regions of  early Braak staging, sub-
cellular localization within neuronal axons and dendrites 
and ubiquitous presence across anatomically relevant cir-
cuits, altogether suggest a pattern reminiscent of  early 
stage AD. While we do not investigate amyloid here, 
plaques and cerebral amyloid angiopathy are well estab-
lished features of  CCD that likely coexist with the tau 
changes described here as part of  a broader, AD-like 
complex pathological process (15,56). CCD therefore natu-
rally recapitulates many complex aspects of  early stage 
tauopathy as well as other AD pathologies (32,56). 
Considering continued failures to develop new effective 
therapies, this preclinical model may be of  significant 
translational value.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of this article at the publisher’s web site:

Table S1. Extended semi-quantitative assessment of S396+ 
pathology across brain regions in CCD and Non-CCD dogs. 
S396+ Pathology visualised with EnVision Labelling was semi-
quantitatively scored across various substructures in different 
brain regions. “-” = No Labelling. “+” = Light labelling only in 
limited areas, some punctate immunoreactivity. “++” = More 
extensive, stronger labelling, lots of immunoreactive puncta. 
“+++” = Strong labelling over much of tissue region, strong 
nuclear associated immunoreactivity, small aggregations pres-
ent. “++++” Very strong, dense labelling across most of the 
tissue region, extensive nuclei associated immunoreactivity, 
lots of aggregations present. Exemplar images of semiquan-
titative intensity levels are in Figure SX. N/A = Not Available.

Figure S1. Thresholding of S396 EnVision labelling for auto-
mated quantitative image analysis exemplar images. (A) RGB 
image of S396 p-tau labelling in white matter. (B) Colour 
deconvoluted permanent red stain for S396 p-tau image. (C-E) 
Red pixels within a threshold highlighted in red for a range of 
(c) 20-120 “high intensity labelling”, (D) 20-200 “intermediate 
intensity labelling”, (E) 120-220 “lower intensity labelling”. (F) 
RGB image of S396 p-tau labelling in white matter. (g) Colour 
deconvoluted permanent red stain for S396 p-tau image. (H-J) 
Red pixels within a threshold highlighted in red for a range of 
(H) 20-120 “high intensity labelling”, (I) 20-200 “intermediate 
intensity labelling”, (J) 120-220 “lower intensity labelling”.

Figure S2. Exemplar images for semi-quantitative analysis of 
S396 pathological severity. “Severity of S396 labelling across 
regions was assessed semiquantitatively on a five-point scale. 
Examples of labelling at different levels are illustrated. 0 – no 
labelling. 1 (+) sparse punctate labelling in the neuropil, other-
wise mostly diffuse or distributed light labelling only (images 
depict cortical grey matter). 2 (++) Slightly more intense or 
more widespread labelling in neuropil, light labelling around 
some oligodendrocyte nuclei (images depict white matter fasci-
cles travelling transverse to the thalamus, and white matter of 
the alveus respectively). 3 (+++) Extensive intense glial aggre-
gations, widespread neuropil labelling and extensive small 
aggregates and/or punctate labelling (images depict white mat-
ter of the temporal lobe and fibre bundles of the mammillo-
thalamic tract respectively). 4 (++++) same as 3 but with very 
intense and dense labelling of neuropil (as depicted in images 
of the stria medullaris and stria terminalis respectively).”

Figure S3. AT8− no-primary negative control and non-CCD 
healthy control labelling. Representative images depicting lack 
of AT8+ immunoreactivity in (A-B) Negative no-primary 
controls of CCD dog canine 3 inferior temporal cortex. (C-
F) Representative images depicting lack of AT8+ labelling in 
non-CCD dogs with primary antibodies applied in the (C) 
Inferior temporal cortex, (D) Anterior thalamic nucleus, (E) 
Hippocampal formation, (F) CA1 stratum pyramidale. Scale 
bars represent 100 µm unless otherwise marked.

Figure S4. Additional quantitative assessment of ccd and non-ccd 
dog S396+ p-tau pathology. (A) Densiometric quantification of 
mean Western blot labelling intensity for different regions in 
CCD dogs (n=6), with individual data point shown (equivalent 
of Figure 1A). Statistical results not shown. (B) Quantification 
of tissue area with intermediate level labelling by automated 
image analysis of EnVision™ labelling. Results of two-way 
ANOVAs comparing all regions within CCD dogs (n=6) and 
non-CCD dogs (n=6) as well as comparing between groups for 
each region are shown. (C) Mean area labelled at intermedi-
ate intensity threshold across regions of CCD dogs compared 
to non-CCD dogs. Results of a two-tailed Wilcoxon signed-
rank test are shown (P = 0.0078). (D) Mean area labelled at 
low intensity threshold across regions of CCD dogs compared 
to non-CCD dogs. Results of a two-tailed Wilcoxon signed-
rank test are shown (P  =  0.0078). All graphs show mean ± 
SEM, and all statistical analyses were corrected for multiple 
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comparisons using the FDR method. Full statistical results 
with corrected and uncorrected p values, t values, degrees 
of freedom, and Cohen’s D are available in Supplementary 
File 2. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05   
(Int. Caps = Internal Capsule; Hippoc. = Hippocampus; Mam. 
Bod = Mammillary Body).

Figure S5. Further small-scale micrographs of S396+ p-Tau 
immunohistochemistry illustrating broader labelling patterns 
throughout multiple brain regions in CCD dogs. (A) CA3 region 
from a representative CCD dog, featuring strong labelling in 
the alveus (Alv), some labelling in the stratum oriens (SO), lit-
tle to no labelling in the stratum pyramidale (SP), but further 
immunoreactivity in the stratum radiatum (SR). (B) Atypical 
labelling in the stratum pyramidale of Canine 5, also showing 
immunoreactivity in the stratum radiatum, and some labelling 
in the stratum lacunosum-moleculare (SM), but none in the 
granular cell layer of the dentate gyrus (DG). (C) Labelling 
in the hilus of the dentate gyrus, especially towards the lat-
eral (upper) arm of the granular cell layer. (D) Intense label-
ling observed throughout the fimbria of CCD dogs, especially 
towards the medial portion (bottom). (E) Body of the fornix. 
(F) Anterior thalamic nucleus, including intraneuronal S396+ 
inclusions in neuronal soma (arrowheads). (G) Stria terminalis 
and dorsal thalamic peduncle. (H) Patches of strong punctate 
immunoreactivity from fascicles of the mammillothalamic 
tract in cross-section. (I) Mediodorsal thalamic nucleus. (J) 
Internal medullary lamina of the thalamus and intraneuronal 
inclusions in intralaminar nuclei. (K) Largely spared ventroan-
terior nucleus (top left) contrasted with labelling in the exter-
nal medullary lamina. (L) Extensive intra-axonal deposits in 
the internal capsule. (M) Neurons with soma-localised S396 
p-tau deposits in Layer II of the temporal cortex of Canine 
3, who had AT8+ neurons in the same region. (N) Border of 
the lateral ventricle in the white matter of the temporal cortex 
including extensive intense perinuclear glial soma deposits. (O) 
Labelling predominantly in the white matter of the occipital 
cortex, much less intense in more distal parts of the gyri (left) 
and more intense in deeper white matter (right), a pattern typ-
ical of neocortical regions. (P) Labelling in cingulate cortex 
exemplifying more intense immunoreactivity in deeper cortical 
layers, another pattern typical across neocortical regions. (Q) 
Labelling in frontal cortex including an S396+ immunoreac-
tive apical dendrite approximately 100 µm long. (R) Limited 
immunoreactivity observed in the occipital cortex. (S) Strong 
immunoreactivity in the white matter of the cingulate lobe, 
including intense perinuclear glial deposits. (T-U) Labelling in 
(T) frontal and (U) occipital cortical white matter including 
some small intra-axonal aggregations and lighter perinuclear 
glial labelling. Scale bar represents 100 µm except where noted.

Figure S6. No-primary and biological negative control immu-
nohistochemical labelling for CCD dogs. (A-L) Representative 

negative no-primary control labelling from CCD dog brains 
demonstrating lack of any labelling. All figures chosen to 
correspond to dogs and regions from main text figures. (A) 
Hippocampal formation. (B) CA3 of Canine 5 depicting layers 
from alveus to granular cell layer of dentate gyrus, equivalent 
to Figure S5b. (C) Fimbria. (D) Thalamus. (e) Anterior tha-
lamic nucleus. (F) Mediodorsal nucleus. (G) Internal capsule. 
(H-I) Temporal lobe white matter. (J) Cerebellum. (K) Deep 
cerebellar nuclei. (l) Cerebellar folia. (M-O) Representative 
negative internal control from CCD dog cerebellum showing 
lack of positive S396 labelling (with primary antibody against 
S396 p-tau). Scale bar represents 100 µm except where other-
wise specified.

Figure S7. S396+ p-tau immunohistochemistry in healthy control 
brains. (A) Atypical labelling in the anterior thalamic nuclei of 
Canine 7 showing low levels of punctate S396+ labelling. (B) 
Labelling typical of non-CCD dogs in the anterior thalamic 
nuclei of Canine 10, with some weak immunoreactivity in 
the stria terminalis and lateral ventricle wall, but no positive 
labelling in the nucleus itself, or the rest of the thalamus. (C) 
Internal capsule of Canine 10. (A’-C’) Negative no-primary 
antibody controls of corresponding micrographs. (D) Fimbria 
and CA3 stratum pyramidale of Canine 7, with only weak 
labelling in the medial portion of the fimbria. (E) Fimbria and 
CA3 stratum pyramidale of Canine 12, showing only immu-
noreactivity in the medial fimbria. (F) CA1 region including 
alveus, stratum oriens, and stratum pyramidale of Canine 9, 
the only non-CCD dog to display any immunoreactivity in the 
hippocampus proper. (D’-F’) Negative no-primary antibody 
controls of corresponding micrographs. (g) Frontal cortex 
of Canine 8. (H) Cingulum bundle and cingulate cortex of 
Canine 8. (I) Temporal cortical white matter at the border of 
the lateral ventricle of Canine 8, exhibiting light immunore-
activity seen in some non-CCD dogs. (G’-I’) Negative no-pri-
mary antibody controls of corresponding micrographs. Scale 
bar represents 100 µm.

Figure S8. Double immunofluorescence with glial markers 
demonstrates glial nuclei associated S396+ accumulations are 
not in microglia or astrocytes. (A) Microglial marker Iba-1 
(red channel, occipital cortex), (B) astrocytic marker GFAP 
(red channel, occipital cortex). (A,B) Show no colocaliza-
tion between green S396 accumulations and red glial marker, 
although in (B) it appears that two astrocytes may be engulfing 
a GFAP- S396+ glial soma. Imaged under 60x objective, scale 
bars represent 20 µm.

Figure S9. S396+ p-tau EnVision™ labelling without hematoxy-
lin counterstain in CCD dog. Micrographs depict a section of 
hippocampus from CCD Canine 1 with S396+ p-tau labelling 
with no hematoxylin counterstain, showing accumulations in 
(A) the alveus, and (B) the fimbria. Scale bar represents 20 µm.


