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Abstract

Background
Tau is a microtubule-associated protein involved in the assembly and stabilization of microtubules. In human medicine,
hyperphosphorylation of tau is associated with microtubule instability and is considered to play a role in the progression of
multiple sclerosis (MS). MS is an autoimmune neurological disease that shares many characteristics, including
pathological mechanisms, with canine meningoencephalitis of unknown etiology (MUE). With this background, this study
investigated the presence of hyperphosphorylated tau in dogs with MUE and experimental autoimmune encephalomyelitis
(EAE).

Methods
Totally, eight brain samples of the dogs were examined that included two neurological normal dogs, three dogs with MUE,
and three canine EAE models. Anti-tau (phospho-S396) antibody was used for immunohistochemistry (IHC), which stained
hyperphosphorylated tau.

Results
In normal brain tissues, the expression of hyperphosphorylated tau was not identi�ed. In all the dogs with EAE and one of
the dogs with MUE, immunoreactivity for S396 + p-tau was observed in the glial cell cytoplasm and background in the
periphery of the in�ammatory lesion.

Conclusion
These results suggest for the �rst time that tau pathology may be involved in the progression of neuroin�ammation in
dogs, similar to human MS.

Background
Tau is a fundamental component involved in the binding and stability of microtubules and directly interacts with the
proteins involved in the microtubule-dependent transport [1]. Its physiological roles are to stabilize microtubules and
maintain the morphological and structural polarization of neurons [2]. The phosphorylation of threonine, serine, and
tyrosine at various domains within the protein sequence regulates microtubule binding and the activity of tau [3]. An
adequate amount of phosphorylation of tau is required for it to function in normal conditions [4]. In pathological
conditions, however, phosphorylation of tau occurs more at serine, threonine, and tyrosine residues than in normal
conditions, which is referred to as hyperphosphorylation [4, 5].

Hyperphosphorylated tau destabilizes and disrupts the microtubule and inhibits axonal transport [6, 7].
Hyperphosphorylated tau also promotes oligomerization, and such tau oligomers may induce mitochondrial damage and
neurodegeneration [8, 9]. Additionally, hyperphosphorylated tau catalyzes the formation of potentially toxic aggregates
called neuro�brillary tangle [6, 10, 11]. Although the exact pathological role of neuro�brillary tangle is not well understood,
it is used as a marker of neurodegeneration [6]. This pathology of tau based on hyperphosphorylation has long been
studied as the major pathological mechanism of neurodegenerative disorders [6].

An association between neuroin�ammation and hyperphosphorylated tau was also found in experiments using various
mouse models [12]. The involvement of proin�ammatory cytokines in tau hyperphosphorylation has also been investigated
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[13]. Especially, the potential of phosphorylated tau (p-tau) as a biomarker of multiple sclerosis (MS), the most common
neuroin�ammatory disease, has been proved by the identi�cation of hyperphosphorylated tau and axonal loss in a mouse
model of experimental autoimmune encephalomyelitis (EAE) and MS [14–17].

The term meningoencephalitis of unknown etiology (MUE) was introduced to refer to dogs with non-infectious
in�ammatory disorders in the central nervous system (CNS) without a histopathological diagnosis [18]. Generally, MUE
includes necrotizing leukoencephalitis (NLE), granulomatous meningoencephalomyelitis (GME), and necrotizing
meningoencephalitis (NME) [19].

Several etiologies have been theorized for the pathogenesis of MUE, and immune-mediated causes are most likely [20].
Recent data have shown that in�ammatory lesions of MUE contain numerous cluster of differentiation 3 (CD3) antigen-
positive T lymphocytes [20]. Similarly, MS is also regarded as a T lymphocyte-mediated autoimmune disease and is
speci�c for myelin antigens in the CNS, which results in demyelination and axonal damage [21]. Additionally, genetic
studies have con�rmed that genes involved in NME highly correlate with genes that are related to human MS [22]. Because
of these similarities, MUE in dogs is considered a naturally occurring canine model of MS [22].

Although hyperphosphorylated tau has been found to be involved in MS and mouse EAE models, there is no evidence of its
presence in dogs with neuroin�ammatory diseases. Based on the similarities between human MS and canine MUE, it was
hypothesized that hyperphosphorylation of tau may contribute to the development of canine neuroin�ammatory diseases.
Therefore, this study aimed to evaluate the presence of hyperphosphorylation of tau in canine MUE and EAE using
immunohistochemistry (IHC).

Materials And Methods

Animals
This study was conducted on the brains of a total of eight dogs, including two neurologically normal dogs, three dogs with
MUE, and three dogs with EAE (Table 1). In all cases, brains were obtained for research use through donation with the
consent of the owner at the time of elective euthanasia or death. Client-owned dogs with MUE and healthy dogs that
presented to the Veterinary Teaching Hospital at Chungbuk National University, between November 2017 and November
2020 were evaluated. Two control dogs with no known neurological disease were included. Dogs with MUE were included if
two or more of the following criteria were ful�lled: 1) clear clinical signs, 2) cerebrospinal �uid (CSF) mononuclear
pleocytosis (de�ned as a pleocytosis comprising at least 50% mononuclear cells with no other leukocyte exceeding 25%),
3) MRI of CNS consistent with the focal or multifocal disease most compatible with a non-infectious and in�ammatory
etiology [19]. All dogs with MUE were con�rmed by post-mortem histopathological examination.
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Table 1
Signalments and clinical features of control dogs, dogs with EAE, and dogs with MUE

Group Number Breed Sex Age Neurological signs Onset
of
signs

Therapy Survival
time (d)

DD

Control 1 Maltese Neutered
male

14
y

None - - - MMVD

2 Cane
Corso

Intact
male

6 y None - - - HI

EAE 1* Beagle Intact
male

3 y Stuporous mental
state, tetra-paresis,
anorexia

Acute - 39 NLE

2* Beagle Intact
female

1 y Depression, head
turn, ataxia

Acute - 35 NLE

3* Beagle Intact
male

2 y Depression, head
turn, ataxia

Acute - 14 NLE

MUE 1 Maltese Intact
female

7 y Head tilt, head turn,
seizure

Acute PDS + 
MMF

165 NME

2 Maltese Neutered
female

4 y Seizure, ataxia Acute PDS + 
MMF

1164 NME

3 Yorkshire
Terrier

Intact
male

8 y Head turn, seizure Acute PDS + 
MMF

317 NLE

*These dogs were euthanized due to severe neurological de�ciencies.

EAE, experimental autoimmune encephalomyelitis; MUE, meningoencephalomyelitis of unknown etiology; PDS,
prednisolone; MMF, mycophenolate mofetil; DD, de�nitive diagnosis; NLE, necrotizing leukoencephalitis; NME,
necrotizing meningoencephalitis; MMVD, myxomatous mitral valve degeneration; HI, heartworm infection; d, days; y,
years.

Three beagle dogs (1–3 years old, weighing 8.5–11 kg, two males/one female; DooYeol Biotech, Seoul, Republic of Korea)
were used for inducting EAE. All dogs were considered healthy based on their physical examination, complete blood count,
and serum chemistry pro�le. The dogs were acclimated at least one month before induction. They were housed under an
arti�cial light cycle, illumination time from 9:00 to 21:00. The relative humidity in the air was maintained at 40 ± 10%, and
the temperature was sustained at 20 ± 2°C. The air was ventilated at 10 cycles/h. Each dog was kept in an individual cage.
The beagle dogs were fed 300 g (once/day) of standard laboratory diet (Cargill Agri Purina Korea Inc., Sungnam, Korea)
and allowed access to water ad libitum. The study on EAE was approved by the Institutional Animal Care and Use
Committee (CBNUA-1466-20-01) of the Laboratory Animal Research Center of Chungbuk National University.

Induction of EAE
The brain tissue of one dog with EAE in this study and one client-owned dog with glioma were used in the EAE
immunization protocol. EAE was induced referring to the methods used in previous studies [23–25]. Before the induction of
EAE, two brain samples of glioma and EAE were stored at -80℃ after necropsy. The glioma tissue was used to induce EAE
of two beagle dogs (EAE-1 and EAE-2), and the brain tissue of EAE-1 was used to induce EAE of one beagle dog (EAE-3).
Brie�y, 8 g of forebrain tissues were homogenized in an ice bath for 5 min with 4 mL of phosphate buffered saline (PBS).
The resulting suspension was emulsi�ed with the same amount of Freund’s complete adjuvant (Sigma-Aldrich, USA); each
milliliter of Freund’s complete adjuvant contained 1 mg of heat-killed and dried Mycobacterium tuberculosis (H37Ra, ATCC
25177), 0.85 mL para�n oil, and 0.15 mL mannide monooleate. Each dog was subcutaneously injected with homogenate



Page 5/20

(0.20 mL/kg) in the bilateral axillary and inguinal regions under sedation with alfaxalone (3 mg/kg, intravenous; Alfaxan,
Careside Co., Ltd., Korea). All dogs received a booster injection seven days later.

Clinical assessments
Each beagle dog was evaluated by a daily examination for neurological abnormalities and their general condition after the
�rst injection of brain tissue. The neurological examination included mental status, gait analysis, postural reactions, cranial
nerve examination, and spinal re�exes. The successful induction of EAE was based on the following criteria: 1) clear
neurological signs or 2) abnormal CSF �ndings (increased protein concentration and nucleated cell pleocytosis).

Physical and neurological examinations were performed in dogs with MUE. The neurological examination was conducted
for the mental status, gait analysis, postural reactions, cranial nerves, and spinal re�exes. Signalment, history, clinical
signs, the onset of clinical signs of dogs with MUE were obtained from questionnaires provided by clients. All medical
records, including CSF analysis, therapeutic drugs, and survival times were reviewed individually.

MRI and CSF analysis
MRI was performed every 14 days after the �rst injection and just after the �rst clinical symptoms of EAE were identi�ed.
MRI was carried out using a 1.5-Tesla device (GE Healthcare, Signa Creator, Milwaukee, Wisconsin). All beagle dogs were
injected with propofol (Provive ® inj., Myungmoon Pharm. Co., Ltd., South Korea) at 4 mg/kg intravenously (IV) to induce
anesthesia and general anesthesia was maintained with iso�urane (Terrell™, Minrad Inc., USA). The T1-weighted (pre- and
post-contrast), T2-weighted, and FLAIR (�uid-attenuated inversion recovery) images were acquired in the transverse and
sagittal planes. CSF analysis was performed every seven days after the �rst injection and immediately after the �rst
clinical signs of EAE were observed. In dogs with EAE, CSF collection was performed while maintaining general anesthesia
with iso�urane (Terrell™, Minrad Inc., USA) after the induction with propofol (Provive ® inj., 4 mg/kg, IV; Myungmoon
Pharm. Co. Ltd., South Korea). CSF was obtained from the cerebellomedullary cistern of two dogs with EAE (EAE-1 and
EAE-3) using a 22-gauge spinal needle (B Braun, Melsungen, Germany). CSF was collected in polypropylene tubes and
stored at -80°C until further use. The collected CSF was used for testing for total protein (mg/dL), total nucleated cell count
(cells/µL), and cytology.

MRI scans and CSF collection in the dogs with MUE were performed in the same manner as in dogs with EAE using a 0.3-
Tesla unit (Airis II, Hitachi, Japan) or 1.5-Tesla unit (Signa Creator, GE Healthcare, Milwaukee, WI, USA). Following the MRI
scan, CSF was collected from each dog with MUE. CSF examination of dogs with MUE was performed using the same
protocol as dogs with EAE.

Histopathology and IHC
All dogs underwent brain extraction within 4 h of post-mortem. Gross examinations were recorded, and the brain was then
transversely sectioned into 4 mm thick slices compared to MRI �ndings. Samples containing the lesions were �xed in 10%
formalin, embedded in para�n, and serially sectioned into 4 µm thick slices. Hematoxylin and eosin (H&E) staining was
performed on the tissue sections to evaluate the histological lesions.

Recombinant anti-tau (phospho-S396) antibody (Abcam, Cambridge, UK) was used for IHC. Vectastain elite Avidin-Biotin
Complex kit was obtained from Vector Laboratories (Burlingame, CA, USA). The silane-coated tissue slides were
depara�nized and rehydrated with xylene and a gradually decreasing concentration of alcohols, respectively, and washed
under tap water for 10 min. Washed slides were boiled in tris-ethylene diamine tetra acetic acid buffer (pH 9.0) for 15 min
in a microwave and kept at room temperature (RT) for 30 min for antigen retrieval. Antigen-retrieved tissues were then
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washed, and incubated with 3% H2O2 for 10 min at RT. Washed tissues were blocked by 5% goat serum in PBS for 1 h.
Blocked tissues were washed with PBS and incubated with the primary antibodies (diluted 1: 4000) at 4 ℃ overnight. The
tissues were washed in PBS and incubated with diluted secondary antibody (Vectastain) for 30 min at RT. The tissues were
washed with PBS and incubated with ABC reagent (Vectastain) for 30 min at RT. Further, the tissues were washed for 5 min
in PBS and incubated in 3,3'-diaminobenzidine tetrahydrochloride solution for 10 min or until the tissues change their color.
Furthermore, tissues were washed and counterstained with hematoxylin for 1 min.

Image analysis
The immunohistochemical image was scanned using an Olympus VS-200 Slide Scanner (Olympus-life science, Shinjuku,
Tokyo, Japan). Using a custom macro in Fiji software (National Institute of Health), automated area quanti�cation for
immunolabeled sections was performed according to a previous study [26]. A custom color deconvolution was performed
to separate brown tau labeling from H&E staining. S396 immunolabeling was evaluated using threshold analysis at
intermediate intensity levels. As a measure of pathological severity, a percentage area of immunolabeled tissue was
calculated by counting the total stained pixels against the threshold. Images were tiled to apply this analysis across the
entire tissue area. The results were evaluated as none when the percent area of an immunolabeled tissue was less than
10%, light when it was 10% or more, moderate when it was 20% or more, and strong when it was 30% or more.

Results

Signalments and clinical �ndings
The signalments, clinical features, and medical records of control dogs, dogs with EAE, and dogs with MUE are shown in
Table 1. Two control dogs (Maltese and Cane Corso, 14 and 6 years old, respectively, diagnosed with myxomatous mitral
valve degeneration and heartworm infection individually, weighing 3 and 61.5 kg, both males) showed no abnormalities on
neurological examination. Both dogs died of chronic heart failure and heartworm infection, respectively, which were
unrelated to CNS.

All three beagle dogs developed EAE. The �rst neurological signs of EAE were identi�ed within an average of 28.3 days
(range, 12–39 days) after the �rst injection. The initial neurological symptom commonly identi�ed in EAE was ataxia,
which progressed rapidly to tetra-paresis. In addition, head turn, head tilt, and stuporous mental state were initially
observed. Other neurological symptoms, such as respiratory paralysis and comatose mental state, were observed within
one to two days after the �rst signs were observed. Non-speci�c clinical signs, including depression and anorexia, were
also noted concurrently with the initial neurological signs. All three dogs with EAE underwent an acute clinical course. All
beagle dogs with EAE were euthanized in an average of 29.3 days (range, 14–39 days) after the �rst injection due to severe
CNS-related symptoms.

The MUE group consisted of two Maltese and one Yorkshire Terrier. There were two females (one neutered) and one intact
male, and the ages were 7, 4, and 8 years, respectively. Seizures were observed in all dogs. Other con�rmed neurological
signs and non-speci�c clinical signs were head turn in two cases, ataxia in one case, and head tilt in one case. The onset of
clinical signs was acute in all the dogs. All dogs with MUE received combination therapy with prednisone and
mycophenolate mofetil. MUE-1, MUE-2, and MUE-3 had survival periods of 165, 1164, and 317 days, respectively. The
cause of death in all cases with MUE was status epilepticus resulting from poor control of neurological symptoms despite
the continued treatment. Two dogs with MUE were diagnosed with NME and one dog (MUE-3) was diagnosed with NLE
based on the histopathologic examination.

MRI and CSF analysis
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The MRI and CSF �ndings of dogs with EAE and dogs with MUE are presented in Table 2. The results of MRI and necropsy
of brains are shown in Fig. 1. In both the EAE and MUE groups, multifocal white matter lesions were con�rmed as
hyperintense on brain T2-weighted and �uid-attenuated inversion recovery (FLAIR) images on MRI. In T1-weighted images,
there were hypo- to isointense signals in both groups. Peripheral contrast enhancement of the ill-de�ned lesion was only
observed in the post-contrast T1-weighted image of MUE-1. Some cavitary lesions were identi�ed in MUE-2. Gross
examination of necropsy samples revealed ill-de�ned lesions coincident with hemorrhagic atrophy.

In CSF analysis of the EAE group, slightly or severely elevated total protein levels were observed, and neutrophilic
pleocytosis was con�rmed except for EAE-2. In EAE-2, the collection of CSF failed despite several attempts and was
stopped due to bleeding. All dogs with MUE showed normal total protein levels. MUE-2 and MUE-3 showed monocytic and
lymphocytic pleocytosis in CSF analysis, respectively. No abnormal �nding was observed in the CSF analysis of MUE-1.

 
Table 2

Characteristics of MRI and CSF in dogs with EAE and dogs with MUE
Group Number Distribution Margin Site T2WI FLAIR T1WI T1WI(C) CSF �ndings

EAE 1 Diffuse Indistinct Telencephalon Hyper Hyper Iso X Neutrophilic
pleocytosis,

elevated
protein level

2 Diffuse Indistinct Telencephalon Hyper Hyper Iso X NE

3 Diffuse Indistinct Telencephalon Hyper Hyper Iso X Neutrophilic
pleocytosis,

elevated
protein level

MUE 1 Focal Indistinct Metencephalon Hyper Hyper Iso O No
pleocytosis,

normal
protein level

2 Diffuse Indistinct Telencephalon,

diencephalon

Hyper Hyper Iso X Monocytic
pleocytosis,

normal
protein level

3 Diffuse Indistinct Telencephalon Hyper Hyper Hypo X Lymphocytic
pleocytosis,

normal
protein level

EAE, experimental autoimmune encephalomyelitis; MUE, meningoencephalomyelitis of unknown etiology; WI, weighted
image; C, post-contrast; Hyper, hyperintensity; FLAIR, �uid-attenuated inversion recovery; Iso, isointensity; Hypo,
hypointensity; NE, not evaluated; O, contrast enhancement was con�rmed; X, contrast enhancement was not con�rmed.

Histopathology and IHC

Control dogs
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The expression of S396 + phospho-tau (p-tau) was investigated using the same protocol by IHC assays of the forebrain of
the normal dogs and compared with lesion sites from the MUE and the EAE groups. No in�ammatory lesions were
identi�ed in the results of H&E staining (Fig. 2A) (Table 3). IHC of S396 p-tau revealed no phosphorylation of tau protein in
glial cells and neurons of the control group (Fig. 3).

 
Table 3

Characteristics of histology and immunohistochemistry for S396 p-tau expression in control dogs, dogs with EAE, and
dogs with MUE

Group Number Brain
tissue

Histologic �ndings Expression of
phospho-tau*

Area
quanti�cation
**

(%)

Control 1 Frontal
lobe

None None 0.726

2 Frontal
lobe

None None 1.608

EAE 1 Rt. Frontal
lobe

Lymphocytic in�ltration with
occasional macrophages

Strong 47.621

2 Rt. Parietal
lobe

Lymphocytic in�ltration with
occasional macrophages

Strong 36.724

3 Frontal
lobe

Neutrophilic in�ltration Moderate 26.322

MUE 1 Rt.
Occipital
lobe

Lymphocytic in�ltration Light 11.137

2 Lt. Frontal
lobe

Lymphocytic in�ltration with
occasional histiocytes

None 3.432

3 Lt. Frontal
lobe

Lymphocytic in�ltration None 1.728

* For the results of area quanti�cation, when the area percentage of the immunolabeled tissue was less than 10% or
more than 10%, 20%, and 30%, it was evaluated as none, light, moderate, and strong, respectively.

**Quanti�cation of tissue area labeled at a high intensity threshold by automated image analysis of S396 p-tau
labeling.

EAE, experimental autoimmune encephalomyelitis; MUE, meningoencephalomyelitis of unknown etiology.

Dogs with EAE
The expression of S396 + p-tau was investigated in three dogs with EAE by IHC assay. There were several pathological
features similar to MUE, such as perivascular cuffs, proliferation and swelling of vascular endothelial cells, and in�ltration
of monocytes in the lesion sites (Fig. 2B) (Table 3). In�ltration of neutrophils was not found in MUE lesions. S396 + p-tau
accumulated in glial cells and was secreted in the background in the periphery of the lesion, which extended to the white
matter (Fig. 4).

Dogs with MUE
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The expression of S396 + p-tau was investigated in three dogs with MUE by IHC assay. In lesion sites, in�ltrated
in�ammatory cells, such as mononuclear cells, were characterized (Fig. 2C and D) (Table 3). In�ammatory perivascular
cu�ng and severe neuronal necrosis were primarily identi�ed throughout the lesion. There was swelling of vascular
endothelial cells and gliosis. In MUE-1 (Fig. 2C), necrosis was mild compared with other dogs (Fig. 2D). S396 + p-tau
accumulation in glial cells was sparsely observed in MUE-1 (Fig. 5A and A’). In the other two dogs, there was no
accumulation of S396 + p-tau in glial cells and neurons (Fig. 5B, B’, C, and C’).

Image analysis
The area coverage of expressed S396 + p-tau was measured (Table 3). The area coverage was measured as a percentage
of the total slide. In the control group, the staining area was uncon�rmed at 0.726% and 1.608%, respectively. The presence
of p-tau was con�rmed clearly in all dogs with EAE. The grade of expressed S396 + p-tau was con�rmed as strong, strong,
and moderate for EAE-1, EAE-2, and EAE-3, respectively. Among the dogs with MUE, S396 + p-tau was visually con�rmed
only in MUE-1, and the grade of p-tau staining was evaluated as light. The other dogs with MUE were evaluated as none.

Discussion
This study investigated whether canine MUE and EAE models display abnormally hyperphosphorylated tau. S396 + p-tau
was observed in glial cells in the in�ammatory lesions of all dogs with EAE and one of the three dogs with MUE. Moreover,
positive staining of S396 + p-tau was found in the background of lesions in dogs with EAE. These �ndings suggest that
hyperphosphorylated tau might be involved in the pathological mechanism in canine EAE and MUE similar to human MS.

Previously comparable �ndings of clinical signs, MRI, and histopathology were noted between the canine EAE model and
MUE, and these features were also identi�ed in this study [25]. In the T1-weighted images, the intracranial lesions of all
dogs with EAE and dogs with MUE were con�rmed from hypo- to iso-intensity and in T2-weighted and FLAIR images, they
were identi�ed as hyperintensity. The lesions were mainly observed in the white matter and/or the cortex of the brain.
Identical �ndings were reported in the MRI scan in human MS [27].

Histopathologically, perivascular in�ammatory cell in�ltration and parenchymal cell accumulations of in�ammatory cells
were mainly characterized in both canine EAE and MUE lesions [25, 28, 29]. These features were also identi�ed in this
study. Further, swelling of vascular endothelial cells and astrocytic gliosis were con�rmed. In the previous studies, the
results of IHC in the canine EAE model and MUE revealed CD3-positive macrophages and T cells predominantly [20, 25].
MS is also a typical in�ammatory demyelinating disease similar to MUE in relation to T cell-mediated in�ammatory
pathogenesis and CD3-positive macrophages [28, 30]. Glial �brillary acidic protein (GFAP), used as a marker of disease
progression in human MS, was also responsive to astrocytes in MUE [29, 31, 32]. Correspondingly, GFAP-positive astrocytes
were present within and around the in�ammatory lesions of the canine EAE model [25]. Based on these �ndings,
histopathological characteristics suggest that MUE, EAE, and MS are comparable to each other.

Hyperphosphorylated tau is expressed in glial cells such as astrocytes and oligodendrocytes in the mouse EAE model and
MS [15]. It triggers the loss of microtubule stability and collapse of microtubules [6]. Hyperphosphorylated tau also
aggregates into pathological tau oligomers, ultimately forming pathological insoluble neuro�lament tangles [6]. Similar to
previous studies, the IHC distribution of S396 + p-tau in the lesion of the canine EAE model was identi�ed in this study.
Therefore, the canine EAE, which had the S396 + p-tau expressed lesion in this study could be speculated to have tau
pathology similar to that found in previous research [15, 16, 33]. In addition, S396 + p-tau was expressed not only in glial
cells but also in the background of the lesion. Past studies have reported that p-tau seems to disrupt glial cells, cause
in�ammation stimuli, propagate to other cells, and repeat its pathology [15, 16, 33]. Thus, background S396 + p-tau lesion
could be the cause or result of an in�ammatory lesion of immune-mediated meningoencephalitis in this study. Although
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further studies should be conducted, hyperphosphorylated tau pathology appears to play a role in canine
neuroin�ammatory diseases similar to that in human MS.

EAE-1 and EAE-2 had similar tau expression patterns, whereas EAE-3 did not. Tau expression was strong in EAE-1 and EAE-
2, but moderate in EAE-3. This could be related to a variation in the brain that was used to induce EAE.
Hyperphosphorylated tau protein may seed like a prion, according to a previous study [34]. It was possible that
hyperphosphorylated tau in the brain, which was used as the source, had an effect. EAE-2 was induced using the same
brain as EAE-1, while EAE-3 was induced using the brain of EAE-1. As a result, variations in tau expression in this study
could be attributed to differences in the brain samples used. Experiments in dogs with EAE induced utilizing the same brain
should be conducted to con�rm this.

The results of IHC showed positive labeling of p-tau in all dogs with EAE and one dog with MUE (MUE-1). Contrary to dogs
with EAE, S396 + p-tau was not identi�ed in the other two dogs with MUE. The absence of S396 + p-tau in dogs with MUE
may be due to several factors. As mentioned above, although MS, EAE, and MUE share various histopathological
characteristics, there are also subtle differences [22]. The pathological hallmark of MS and EAE is a lesion consisting of
perivascular in�ltration of in�ammatory cells, with subsequent demyelination [28, 35, 36]. Demyelination also occurs in
MUE, but rather necrosis is a key pathology of MUE [22, 29]. Thus, MUE may have a partially different pathology than MS;
therefore, the tau pathology involved in the pathological course might also be different.

Phosphorylation of tau protein may occur at several amino acid residues [6]. In humans, the anti-phospho-tau
(pS202/pT205) monoclonal antibody (AT8) has been mainly used in tau pathology studies, as it has been shown to be
involved in the oligomerization of tau in Alzheimer’s and MS in humans [16, 37]. Although studies on tau pathology in
veterinary medicine have been limited, one study reported that the S396 epitope is more involved in the pathology of canine
cognitive dysfunction syndrome than the AT8 epitope, which is associated with neuro�brillary tangles [26]. Compared with
AT8, the S396 epitope is hyperphosphorylated at an early stage of the disease [38–40]. The only dog with MUE with the
result of S396 + p-tau was necropsied at 165 days after con�rmation of onset, while the other dogs with MUE were
necropsied at 304 and 1165 days, respectively, after the �rst signs were identi�ed. Due to the prolongation of MUE, it is
likely that a late epitope rather than an early epitope was mainly involved or that other tau protein epitopes were involved in
MUE pathology. Therefore, further studies are needed for other p-tau epitopes, such as AT8 and AT180.

In this study, all dogs with MUE were treated with immunosuppressants, such as prednisolone and MMF, from diagnosis to
death. Previous studies reported that hyperphosphorylation of tau was induced by hyperactivating the mammalian target
of rapamycin (mTOR) pathway [41, 42]. Further, it is well known that glucocorticoids, such as prednisolone, inhibit the
mTOR pathway [43, 44]. In addition, a study reported decreased p-tau expression in the group containing the mouse EAE
model which was treated with prednisolone [14]. Altogether, it was suspected that p-tau was not expressed in dogs with
MUE due to the long-term immunosuppressive treatment. Additionally, it was presumed that a little amount of p-tau was
con�rmed for MUE-1 because the treatment period was relatively short compared with that of other dogs with MUE.

According to a previous NME study [20], NME lesions could be divided into three stages depending on the extent of tissue
necrosis and the severity of the in�ammatory response. Compared with MUE-1, moderate tissue necrosis and severe
in�ammatory changes were noted in the histopathologic examination of MUE-3. In MUE-2, severe malacic changes and
cavitations were dominant, although in�ammatory changes were less compared with MUE-1 and MUE-3. Based on the
histopathologic features and the survival time, MUE-2 and MUE-3 were considered to be in the late stages of NME
compared with MUE-1. EAE models were euthanized within two days after symptom con�rmation; hence, the disease was
in its infancy, and necrosis hardly progressed. Considering that accumulation of S396 + p-tau was mainly found inside glial
cells in MS and that most of these glial cells were in a necrotic state in MUE cases, p-tau could not be normally con�rmed.
To con�rm this, further studies on MUE brains in the early stage of the disease are needed.
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This study had several limitations. First, the sample group was too small to generalize the relationship between MUE and
tau protein. The number of healthy controls, in particular, was insu�cient, as was the number of samples by the type of
MUE. Additional studies should be carried out with a larger number of samples. Second, various types of p-tau antibodies
were not utilized. As mentioned above, hyperphosphorylation could occur at several amino acid residues. In this study, only
the anti-tau (phospho-S396) antibody was used for IHC. The possibility of expressing p-tau of different isotypes could not
be con�rmed. Therefore, studies including other p-tau antibodies such as AT8 and AT180 should be conducted. Finally,
there were no validations in untreated dogs with MUE and testing in dogs with MUE at an initial stage. Signi�cant
discrepancies in the outcomes could be caused by differences in immunosuppressive treatment and the extent of brain
tissue necrosis. Brain samples from an initial MUE were not available. Therefore, further research is required with samples
that ful�ll these criteria.

Conclusion
This study demonstrates abnormal p-tau in dogs with EAE and dogs with MUE compared with normal dogs. Moreover, the
p-tau distribution in both groups was similar to that of human MS. Together, these results implicate evidence of tau
dysfunction in canine EAE and MUE, as in human MS. To the best of the author’s knowledge, this is the �rst study
suggesting that tau pathology might be involved in neuroin�ammation in dogs. This study provides a platform for further
investigation on the contribution of hyperphosphorylated tau in canine MUE. Furthermore, the canine EAE model could be
used as a model for tau pathology for human MS.
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Figure 1

Brain MRI and necropsy �ndings in dogs with MUE and dogs with EAE.

The necropsy image of MUE-1 was not available (NA). Multifocal ill-de�ned diffuse lesions (white arrows) of the white
matter were con�rmed as hyperintense in T2w and FLAIR images in both the EAE and MUE groups. There were hypo- to
isointense signals in T1w of both groups, while peripheral contrast enhancement (arrowhead) was only observed in the
medulla of MUE-1. Necrotic cavitary lesions (*) were identi�ed in the cerebral cortex and cerebral white matter in MUE-2 and
MUE-3. Gross examination revealed multiple ill-de�ned lesions with hemorrhagic atrophy (black arrows) in the gray and the
white matter except for MUE-1.

MUE, meningoencephalomyelitis of unknown etiology; FLAIR, �uid-attenuated inversion recovery; MRI, magnetic resonance
imaging; T1w, T1-weighted; T1w(C), post-contrast T1-weighted; T2w, T2-weighted.
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Figure 2

Hematoxylin and eosin staining of control dogs, dogs with MUE, and dogs with EAE.

(A) No histologic abnormalities were observed in the frontal lobe of control-1. (B) Parenchymal in�ltration of neutrophils
was observed in the frontal lobe of EAE-3. Malacic changes were rarely identi�ed. (C) In�ammatory perivascular cuffs were
identi�ed and in�ltration of lymphocytes was observed at the occipital lobe of MUE-1. (D) Malacic changes and multifocal
areas of in�ammatory cell in�ltration were observed in the frontal lobe of MUE-2. The scale bar represents 100 μm.

MUE, meningoencephalomyelitis of unknown etiology; EAE, experimental autoimmune encephalomyelitis.
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Figure 3

Immunohistochemistry of the frontal lobe of control-1 (A and A’) and control-2 (B, and B’).

S396 labeling was not observed in the whole frontal lobes of the control group. A’ and B’ are enlarged photos of the boxed
areas of A and B, respectively. The scale bar represents 1 mm (A and B) and 100 μm (A’ and B’). 
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Figure 4

S396+ p-tau immunoreactivity in the EAE group.

(A, A’) In the frontal lobe of EAE-1, in�ammatory perivascular cuffs and monocyte in�ltration were identi�ed. Abundant
hyperphosphorylated tau accumulated in glial cells (arrows) and was secreted in the background in the periphery of the
lesion (arrowheads), which was extended to the white matter. (B, B’) There was the in�ltration of monocytes in the lesion of
the parietal lobe of EAE-2. Strong immunoreactivity was observed in the glial cell cytoplasm (arrow) and background in the
periphery of the lesion (arrowheads). (C, C’) Moderate neutrophil and lymphocyte in�ltration was observed at the frontal
lobe lesion of EAE-3. There were several S396 positive signals in the glial cells (arrows). A’, B’, and C’ represent the boxed
areas in A, B, and C. The scale bar represents 1 mm in A, B, and C and 100 μm in A’, B’, and C’.

EAE, experimental autoimmune encephalomyelitis; p-tau, phosphorylated tau.
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Figure 5

S396+ p-tau expression in the MUE group.

In MUE-1 (A, A’) and MUE-2 ( B, B’), in�ammatory perivascular cuffs were identi�ed and in�ltration of lymphocytes was
observed (arrowheads). In MUE-3 (C, C’), lymphocyte in�ltration was con�rmed (arrowheads) and severe cell necrosis was
identi�ed. (A, A’) Immunoreactivity of S396+ p-tau was con�rmed inside glial cells around the perivascular cuff in the
occipital lobe (arrows) of MUE-1. In the frontal lobe of MUE-3 (B, B’) and MUE-2 (C, C’), the signal of S396+ p-tau was not
con�rmed in the whole lesion. A’, B’, and C’ represent the boxed areas in A, B, and C. The scale bar represents 1 mm in A, B,
and C and 100 μm in A’, B’, and C’.

MUE, meningoencephalomyelitis of unknown etiology; p-tau, phosphorylated tau.


