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General Introduction 

 Canine idiopathic encephalitis includes two distinct disorders, necrotizing 

encephalitis (NE) and granulomatous meningoencephalomyelitis (GME).  NE is 

characterized by prominent necrosis and the infiltration of inflammatory cells including 

lymphocytes, plasma cells and macrophages.  NE is divided into two subtypes, 

necrotizing meningoencephalitis (NME) and necrotizing leukoencephalitis (NLE) 

according to the distribution of the lesions.  In most of NME cases, necrosis and 

inflammatory cell infiltration are located in the hippocampus, thalamus and 

leptomeninges as well as in the cerebral cortex and subcortical region.  NME has been 

reported in various canine breeds including the pug [11, 19, 47, 55], Maltese [26, 68, 

85], Shih-tzu [90], papillon [88], Chihuahua [36] and Pekingese [18].  Meanwhile, in a 

few breeds, such as the Yorkshire terrier [5, 24, 50, 57, 91, 93] and French bulldog [84], 

the lesions are predominately observed in the cerebral white matter, and the disease is 

called necrotizing leukoencephalitis (NLE).  Accordingly, NME and NLE seem to be 

breed-specific, respectively.  The age of the onsets of NME and NLE varies, but tends 

to be as early as 9 years, with some exceptions.  Most of the affected dogs show 

generalized seizures, head tilt, circling, depression and sometimes visual defects. 

 GME is the other idiopathic canine CNS disorder that is characterized by 

granulomatous lesions containing epithelioid cells, and perivascular cuffs composed of 

lymphocytes, plasma cells, macrophages and some neutrophils mainly in the cerebellum 

and brain stem [1, 27, 28, 43, 44, 45, 88, 89, 90].  GME has been considered to be an 

inflammatory form of reticulosis, which is characterized by the proliferation of 

reticulohistiocytes derived from the leptomeninges or microglial cells [89].  

Reticulosis was categorized into three types; 1) inflammatory reticulosis, 2) neoplastic 

reticulosis and 3) microgliomatosis.  Inflammatory reticulosis was composed of 
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reticulohistiocytes, lymphocytes, plasma cells and other leukocytes, whereas neoplastic 

reticulosis was of monomorphic neoplastic cells.  At the present, although it is still 

controversial, GME is considered a variant inflammatory reticulosis.  Furthermore, 

there are three types of GME according to the localization of lesions; 1) ocular form, 2) 

focal form and 3) disseminated form [85].  GME has been reported in dogs of various 

breeds and ages.  Female dogs are more susceptible than male dogs [87].  Clinical 

signs are various reflecting the site of lesions, such as facial paralysis, circling, head tilt, 

depression, nystagmus, blindness with abnormal papillary light reflexes and cervical 

pain. 

 Given the etiology and the pathophysiology, NE and GME seem to be different 

diseases.  However, I have observed a few GME cases that did not display prominent 

granulomatous lesions, and a few rare cases involved in the cerebral cortex and white 

matter.  Also, the characteristic malacic changes were not observed in some acute 

NME or NLE cases, only with leptomeningitis.  Differential diagnoses for NME 

should therefore be considered. 

 The etiopathogeneses of NME, NLE and GME still remain unclear, although 

many previous reports have tried to identify their causes [5, 30, 59, 66, 69, 76, 81, 88, 

89, 92].  Because of the failure of the detection of pathogens in NME, NLE or GME 

cases in previous reports, the direct relation to certain specific pathogens could be 

hardly supported.  Some reports have suggested that these conditions are autoantibody-

mediated [81, 90, 92] or T cell-mediated [43, 88, 89].  Although autoantibodies against 

glial fibrillary acid protein (GFAP) have been detected in the cerebrospinal fluid (CSF) 

of many dogs with NME, they may not be specific to NME and were absent in some 

cases [59, 81].  It is therefore disputed whether autoantibodies against GFAP are a 

cause or secondary products of NME.  Suzuki et al. reported that CD3-positive T cells 
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predominate in NME and GME lesions [88, 89] and suggested that GME is a form of 

delayed type hypersensitivity based on an autoimmune response [43].  Thus, the T cell 

response may play a key role in NME, NLE and GME. 

The definitive diagnosis of NME, NLE and GME has been based on the 

characteristic histopathological lesions.  In recent, tentative diagnoses of the diseases 

are possible by computed tomography (CT) or magnetic resonance imaging (MRI) 

system.  Additionally, the detection of anti-GFAP autoantibodies in the CSF is useful 

for the possible diagnosis readily.  Since these diseases have been considered immune-

mediated disorders, these have been treated and maintained with immunosuppressive 

drugs.  By such reasons, studies on the cause and pathogenesis of these diseases have 

decreased, while studies on the genetic background have been paid attention in recent.  

Thus, there are needs to investigate whether NME, NLE and GME are different diseases, 

and what the nature of inflammatory reactions of these diseases is.  In addition, it 

should be confirmed whether these diseases are autoimmune-mediated and produced by 

self-antigens, using experimental models. 

 This thesis is composed of 3 chapters.  In the Chapter 1, the distinct lesions 

and their localizations in NME, NLE and GME cases were compared, and the infiltrated 

inflammatory cells among three diseases were identified and quantified.  In NME and 

NLE cases, the relations with astrocytes and the T cells or IgG were demonstrated.  In 

the Chapter 2, the mRNA and protein levels of the distinct cytokines and chemokine 

receptors in the three diseases were examined with fresh frozen brain tissues.  The 

inflammatory cells that produced and/or secreted the cytokines were identified and 

quantified.  In the Chapters 1 and 2, the similarities and the differences of 

inflammatory reactions among the diseases were confirmed, and the relation to distinct 

lesions was also discussed.  In the Chapter 3, experimental animal models for NME, 
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NLE and GME were sought with LEW rats injected with a rat cerebrum homogenate or 

the rat cerebellum homogenate, and the pathogenesis was discussed. 
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Chapter I  

Comprehensive immunohistochemical studies on canine necrotizing 

meningoencephalitis (NME), necrotizing leukoencephalitis (NLE) and 

granulomatous meningoencephalomyelitis (GME) 
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Summary  

In dogs, there are several idiopathic meningoencephalitides, such as necrotizing 

meningoencephalitis (NME), necrotizing leukoencephalitis (NLE), and granulomatous 

meningoencephalomyelitis (GME).  Although they are often assumed to be immune-

mediated, the etiology of these diseases remains elusive.  In this study, the 

histopathology of the lesions caused by these conditions and the inflammatory cell 

populations produced in response to them were examined among dogs affected with 

GME, NME, or NLE in order to understand their pathogeneses.  The brain tissues of 

dogs with NME (n=25), NLE (n=5), or GME (n=9) were used.  The inflammatory 

cells were identified by immunohistochemistry using antibodies against CD3, IgG, 

CD20, CD79acy, and CD163.  In NME and NLE, malacic changes were located in the 

cerebral cortex, and the cerebral white matter and thalamus, respectively.  The 

distribution of the brain lesions in NME and NLE was breed-specific.  In GME, 

granulomatous lesions that were mostly composed of epithelioid macrophages were 

observed in the cerebral white matter, cerebellum, and brain stem.  Although the 

proportions of IgG-, CD20-, and CD79acy-positive cells (B cells) were not significantly 

different among the GME, NME, and NLE lesions, that of CD3-positive cells (T cells) 

was increased in GME.  In NME and NLE, CD163-positive cells (macrophages) had 

diffusely infiltrated the cerebral cortex and white matter, respectively.  However, in 

GME, CD163-positive cells accumulated around the blood vessels in the cerebral and 

cerebellar white matter.  The distributions of these pathologic lesions were quite 

different among GME, NME, and NLE, whereas there were no marked differences in 

the proportions of inflammatory cells.  
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Introduction 

 Necrotizing non-suppurative meningoencephalitis (NME) is an idiopathic 

inflammatory disease of the canine central nervous system (CNS) that is characterized 

by prominent necrosis and the infiltration of inflammatory cells including lymphocytes, 

plasma cells, and monocytes or histiocytes into the cerebral cortex and/or white matter, 

hippocampus, thalamus, and leptomeninges.  NME has been reported in various canine 

breeds including the pug [11, 19, 47, 55], Maltese [25, 68, 85], Shih-tzu [88], papillon 

[88], Chihuahua [36], Pekingese [18], Yorkshire terrier [5, 24, 50, 57, 91, 93], and 

French bulldog [84].  The areas of necrosis and inflammatory cell infiltration are 

localized in the cerebral cortex and subcortical region in most NME cases, whereas, in a 

few breeds, such as the Yorkshire terrier and French bulldog, the lesions are 

predominately observed in the white matter, and the disease is called necrotizing 

leukoencephalitis (NLE).  

 Granulomatous meningoencephalomyelitis (GME) is another idiopathic canine 

CNS disorder that is characterized by perivascular cuffs composed of lymphocytes, 

plasma cells, macrophages, and some neutrophils, and granulomatous lesions containing 

epithelioid cells, mainly in the cerebellum and brain stem [1, 27, 28, 43, 44, 45, 88, 89, 

90].  However, we have observed a few GME cases that did not display prominent 

granulomatous lesions, perivascular cuffs, or inflammatory cell infiltration, and rare 

cases involved the cerebral cortex and white matter.  Differential diagnoses for NME 

should therefore be considered.  

 The etiopathogeneses of NME, NLE, and GME remain unclear, although many 

previous reports have tried to identify their causes [5, 30, 59, 66, 69, 76, 81, 88, 89, 92].  

In a few cases of GME, the involvement of Borna virus [66, 94] or West Nile virus [90] 

was suspected.  In NME and NLE cases, the influence of RNA viruses, such as canine 
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distemper virus, herpes virus, and rabies virus, has also been examined [11, 16, 18, 36, 

47, 57, 76, 84, 88, 91].  However, no viruses were detected by PCR in paraffin-

embedded brain tissues from dogs with NME, NLE, or GME [76].  Some reports have 

suggested that these conditions are autoantibody-mediated [81, 90, 92] or T cell-

mediated [43, 88, 89].  Although autoantibodies against glial fibrillary acid protein 

(GFAP) have been detected in the cerebrospinal fluid (CSF) of many dogs with NME, 

they were not specific to NME and were absent in some cases [59, 81].  It is therefore 

disputed whether autoantibodies against GFAP are a cause or secondary products of 

NME.  Suzuki et al. reported that CD3-positive T cells predominate in NME and GME 

lesions [88, 89] and suggested that GME is a form of delayed type hypersensitivity 

based on an autoimmune response [43].  Thus, the T cell response may play a key role 

in NME, NLE, and GME.  

 NME, NLE, and GME are considered to be different diseases because of their 

unique characteristic lesions, localization in the brain, and breed specificities.  

Therefore, to confirm whether they are different, the dominant inflammatory cell 

populations of the diseases should be compared.  Thus, in the present study, we 

compared the lesions, lesion locations, and inflammatory cell populations of NME, 

NLE, and GME. 

 

Materials and Methods 

Dog brains 

The brain tissues of dogs with NME, NLE, and/or GME were obtained during 

necropsies performed between 1990 and 2009 at our laboratory.  The brains from 25 

NME, 5 NLE, and 9 GME cases were examined (Table 1).   
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Pathological examinations 

Brain tissues were fixed in 10% neutral buffered formalin, and selected tissues 

were subsequently routinely embedded in paraffin, sectioned at 4㎛, and stained with 

hematoxylin and eosin (HE), HE-Luxol fast blue (HE-LFB), and toluidine blue (TB) for 

microscopic examinations.  Other fresh brain tissues from 2 dogs with NME and 1 dog 

with GME were frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan, Tokyo, 

Japan) and subsequently stored at -80C.  

 

Immunohistochemistry 

For antigen retrieval, deparaffinized sections were autoclaved at 121C for 15 

min or digested with proteinase K (1:400, Wako, Osaka, Japan) at 37C for 30 min.  

Additionally, for the CD79acy immunostaining, sections were treated with 1% sodium 

dodecyl sulfate (SDS) at room temperature for 5 min and then treated with 

hyaluronidase (4,000 U/ml, Sigma, St. Louis, MO, U.S.A.) at 37C for 30 min.  

Endogenous peroxidase activity was blocked by incubating the sections with 3% 

hydrogen peroxide in methanol at room temperature for 5 min.  For the tissue blocking, 

the sections were further treated with skimmed milk at 37C for 40 min.  The sections 

were then incubated at 37C for 1 hr or at 4C overnight with primary antibodies.  The 

primary antibodies employed are listed in Table 2.  Thereafter, the sections were 

incubated with the Envision polymer reagent (DAKO Japan, Kyoto, Japan) or the 

LSAB reagent (DAKO Japan) at room temperature for 40 min.  Visualization was 

performed with 3,3’-diaminobenzidine tetrahydrochloride (Wako), and counterstaining 

was performed with hematoxylin.     

 

Quantitative data analysis 
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The numbers of CD3-, IgG-, CD20-, CD79acy-, and CD163-positive cells per 

200 mononuclear cells were counted under ⅹ400 magnification in 10 selected fields of 

perivascular cuff lesions and areas displaying parenchymal infiltration.  Then, mean 

cell percentage and standard deviation values were calculated. Mean values were 

compared using the Student's t-test.  

 

Double-labeling immunofluorescence 

Six m thick-paraffin sections were autoclaved at 121C for 15 min for antigen 

retrieval and treated with skimmed milk at 37C for 40 min to block nonspecific 

reactions.  The first primary antibodies were employed at 4C overnight.  The first 

primary antibodies were rabbit polyclonal antibodies against human CD3 (Dako, Japan) 

and biotinylated sheep antiserum against canine IgG (American Qualex, San Clemente, 

CA, U.S.A.).  The sections were then incubated with the second primary antibody, 

mouse monoclonal against human glial filament protein (GFP, prediluted, PROGEN, 

Heidelberg, Germany), at 37C for 1 hour.  The secondary antibody cocktail was 

employed at room temperature for 1 hour.  The cocktail included fluorescein 

isothiocyanate–labeled goat anti-rabbit IgG (1:200, Vector Laboratories, Burlingame, 

CA, U.S.A.), fluorescein streptavidin (1:200, Vector Laboratories), and Alexa fluor 594-

labeled goat anti-mouse IgG (1:200, Invitrogen, Eugene, OR).  Fluorescein 

streptavidin was used to visualize the first biotinylated canine IgG antibody.  The 

sections were finally counterstained with TO-PRO-3 iodide (1:1000, Invitrogen, 

Camarillo, CA) at room temperature for 30 min, mounted with Vectashield HardSet 

(Vector Laboratories), and observed using the Zeiss LSM 510 confocal laser scanning 

microscope.  
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Results 

Breed specificities 

 Different from GME, NME and NLE tended to be breed-specific and usually 

occurred in small breeds.  Pug, Chihuahua, Maltese, and papillon dogs were often 

affected by NME (Table 1, Fig. 1A).  Yorkshire terriers and some pugs were more 

likely to be affected by NLE (Table 1, Fig. 1C).  One papillon with NME developed 

malacic lesions in both the cerebral cortex and white matter. 

 

Pathological changes   

[NME] 

Among the microscopic findings of NME, malacic changes and inflammatory 

lesions were most prominent in the cerebral cortex, hippocampus, and thalamus (Table 3, 

Table 4, Fig. 1B).  In addition, endothelial hyperplasia or microgliosis were also 

observed in the capsula interna, nucleus geniculatus medialis, nucleus caudatus, crus 

cerebri, pons, nuclei habenulares, nucleus pretectalis, and the cerebral cortex in several 

cases. 

 The histopathological lesions of the NME dogs examined were divided into 

three phases: acute, subacute, and chronic.  The acute phase lesions were mainly 

composed of regions of mild inflammatory cell infiltration.  Moderate malacic changes 

and intense inflammatory reactions were observed in the subacute phase (Figs. 2A, 2B).  

In the chronic phase, extensive malacic changes predominated.  Areas of 

leptomeningeal infiltration and perivascular cuffs were most commonly observed in the 

subacute phase, while they were also found in the chronic phase accompanied with 

extensive necrosis.  The inflammatory reactions progressed continuously throughout 

the progression of the disease.  
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[NLE] 

Lesions were found in the thalamus of the majority of NLE cases and in the 

hippocampus, mesencephalon, cerebellum, and spinal cord in a few cases (Table 3, 

Table 4).  The capsula interna was affected in one case.   

 Malacic changes were specifically found in the cerebral white matter and 

subcortical region (Fig. 1C), and inflammatory lesions (Figs. 1D, 2C, 2D) were located 

in similar regions to those in which they were found in NME.  Different from NME, 

the subleptomeningeal lesions and astrogliosis were mild to moderate.  Inflammatory 

cell infiltration was prominent in the ependyma and mild in the choroid plexus.  

Vacuolar changes, swollen or fragmented myelin fibers, and spheroid formation were 

found in the peripheral malacic regions.   

[GME] 

Characteristically angiocentric or nodular granulomatous lesions (Figs. 1F, 2E, 

2F) composed of macrophages, epithelioid cells, lymphocytes, plasma cells, and 

neutrophils were observed in the cerebellum, medulla oblongata, and spinal cord (Table 

3, Table 4).  Lesions were detected in the cerebral white matter, especially in 

subcortical regions, such as the mesencephalon and thalamus (Fig. 1E).  

 Perivascular cuff lesions as well as those involving leptomeningeal infiltration, 

astrogliosis, and microgliosis were multifocal and asymmetric.  The perivascular cuffs 

consisted of lymphocytes, plasma cells, macrophages, neutrophils, and hypertrophic 

endothelial cells.  Areas of leptomeningeal infiltration were prominent in the 

cerebellum, brain stem, and spinal cord, especially in the sulci, but mild in the cerebrum.  

Astrogliosis and microgliosis were frequently detected in the active and severe 

inflammatory lesions.  Malacic lesions were observed in a few cases, which were 

milder than those found in NME.  
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 Quantification of inflammatory cells 

Immunohistochemistry was used to quantify the number of inflammatory cells 

as illustrated in Figs. 13-22.  CD3-positive T cells in the perivascular cuffs, 

neuroparenchymal, and leptomeningeal lesions were predominant among the 

inflammatory cell populations in the order of GME, NLE, and NME, and the 

proportions of these cells were significantly different between the diseases (Figs. 3A, 

3D, 3G, 4).  However, there were few CD3-positive T cells in the malacic regions of 

NME and NLE.  

In this study, IgG, CD20, and CD79acy were used as B cell markers.  CD20 is 

present in the cell membrane of late pro-B cells through memory cells, but not plasma 

cells, while IgG is present in the cytoplasm of plasma cells.  CD79acy is expressed in 

the cell membrane throughout B cell life cycle, as well as active plasma cells.  The 

proportion of IgG-positive plasma cells and CD20- and CD79acy positive B cells was 

not significantly different (Figs. 3B, 3E, 3H, 4).  CD20-positive B cells were more 

frequently observed in the perivascular cuffs than in the neuroparenchyma, while IgG-

positive plasma cells and CD79acy-positive B cells infiltrated similarly in the 

perivascular cuffs and in the neuroparenchyma (Figs. 3B, 3E, 3H, 4). 

 We then used CD163 as a macrophage and epithelioid cell marker as it is 

slightly more specific than other anti-macrophage antibodies such as anti-

myeloid/histiocyte antigen (MAC387), lysozyme, Iba-1, and macrophage (HAM56).  

CD163-positive macrophages were observed more frequently in the GME lesions, 

particularly in the perivascular cuffs, than in those observed in NME and NLE (Figs. 3C, 

3F, 3I, 4).  In NME, NLE, and GME, CD163-positive macrophages were localized in 

the active inflammatory lesions such as the perivascular cuffs and areas of 

neuroparenchymal infiltration (Figs. 3C, 3F, 3I).  In NME and NLE, they were mainly 
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found in the cerebral cortex and white matter, particularly in necrotic lesions, and rarely 

in the cerebellum, brain stem, and spinal cord.  On the other hand, in GME, they were 

mostly observed in the cerebellum, brain stem, spinal cord, and cerebral white matter.  

CD163-positive epithelioid cells were specifically detected in the granulomatous lesions 

of GME, but not NME or NLE (Fig. 3I).  

The proportion of myeloperoxidase-positive neutrophils was approximately 

5~10%, although no suppurative lesions were found in NME, NLE, or GME (data not 

shown).  Neutrophils were mainly located in the necrotic, perivascular cuff, 

neuroparenchymal, and leptomeningeal lesions, and they were also frequently observed 

in the granulomatous GME lesions.  

 

Double-labeling immunofluorescence 

[CD3 and GFAP] 

In the NME lesions, many CD3-positive T cells (green) adhered to GFAP-

positive astrocytes (red) in the peripheral malacic regions of the cortex (Fig. 5A).  

However, in the NLE and GME lesions, CD3-positive T cells had infiltrated among the 

fibrous processes of GFAP-positive astrocytes in the white matter (Fig. 5C).  

 

[IgG and GFAP] 

The cytoplasm and/or processes of some astrocytes were labeled with both IgG 

and GFAP (yellow) in both NME (Fig. 5B) and NLE (Fig. 5D), but not in GME.  

These double-positive astrocytes were more prominent in NME than NLE and were 

frequently observed in the leptomeninges and the periphery of the lesions displaying 

necrosis and astrogliosis.  
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Discussion 

 In the present study, the brain lesions observed in pug, papillon, Chihuahua, and 

Maltese dogs with NME were mainly characterized by cerebral cortical lesions such as 

malacia, perivascular cuffs, and the neuroparenchymal infiltration of inflammatory cells.  

The lesions were located in the white matter as well as the cerebral cortex in a few pug, 

papillon, and Chihuahua dogs.  In contrast, similar brain lesions were localized in the 

white matter of Yorkshire terriers with NLE.  Thus, the distribution of NME and NLE 

lesions seems to be breed-specific.  On the contrary, in dogs with GME the 

characteristic granulomatous lesions were mostly located in the cerebellum, brain stem, 

and spinal cord, and additional non-granulomatous inflammatory lesions were found in 

the cerebral white matter and mesencephalon.  Consequently, in NME and NLE the 

histopathological lesions are malacic or inflammatory and are found in the 

prosencephalon and parts of the mesencephalon, whereas those found in GME are 

granulomatous or inflammatory and are usually located in the rhombencephalon.  The 

distribution of the lesions in these canine brain inflammatory diseases was consistent 

with that described in previous reports [1, 5, 11, 18, 19, 23, 24, 26, 27, 28, 36, 43, 44, 45, 

47, 50, 55, 57, 68, 69, 84, 85, 88, 89, 90, 91, 93]. 

 In a comparison of the inflammatory cell populations among NME, NLE, and 

GME, CD3-positive T cells were found to be the most prominent inflammatory cells in 

these diseases and were most often observed in the GME lesions, followed by those of 

NLE and NME, confirming the results of previous reports [28, 36, 43, 45, 84, 88, 89, 

90].  CD163-positive macrophages were more predominant in GME than in NME or 

NLE, although the difference was not significant.  It is plausible that the macrophages 

that infiltrate into the malacic lesions in the brains of dogs with NME or NLE act as 

scavenger cells that remove malacic or inflammatory products [58].  In contrast, the 
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macrophages in GME lesions are thought to form granulomatous lesions as part of an 

immune response [43, 55, 58, 88, 90].  In this study, the proportion of IgG-positive 

plasma cells and CD20- and/or CD79acy-positive B cells was not significantly different 

among NME, NLE, and GME.  B cells seemed to infiltrate into the neuroparenchyma 

less than plasma cells since CD20-positive B cells were observed more in the 

perivascular cuffs than in the neuroparenchyma.  The proportion of inflammatory cells 

did not differ significantly among NME, NLE, and GME, although there were marked 

differences in the histopathology of the lesions and their locations.  Taken together, 

these results suggest that these diseases share a common pathogenesis in dogs. 

 This retrospective study has several limitations such as variability in disease 

duration and treatment.  The majority of cases had been diagnosed presumptively as 

NME, NLE or GME through clinical signs, autoantibody test, computed tomography 

(CT) or magnetic resonance imaging (MRI).  The dogs were treated with 

immunosuppressive drugs, such as corticosteroids (prednisone, prednisolone, and 

dexamethasone) and anticonvulsants such as phenobarbital and pentobarbital.  They 

died or were euthanized due to poor response to the treatment, and a definitive diagnosis 

was made with NME, NLE, and GME through the histopathological examination.  

Corticosteroids such as dexamethasone and prednisone inhibit T cell- or macrophage-

mediated immunity, production of cytokines, and partial B cell-mediated immunity [14, 

21, 22, 41, 56, 67, 86].  This study was performed with the cases which progressed 

acutely or chronically despite continuous treatment and maintenance.  Certainly, some 

degree of inflammatory reactions could have been affected by corticosteroids.  

However, inflammatory reactions of cases in this study were active, and characteristic 

lesions such as malacic or granulomatous changes were observed.  This suggests that 

the nature of the inflammatory reactions was not significantly distorted by treatment. 
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 Double-labeling IFA was performed to identify the targets of inflammatory cells.  

CD3-positive T cells were found in close proximity or attached to astrocytes, and the 

cytoplasm and astrocytic processes were positive for IgG in NME and NLE lesions, 

although the distribution of the lesions differed among the diseases.  These IgG-

positive astrocytes were more prominent in NME than in NLE.  Since NME 

prominently affects the cerebral gray matter, which is composed of protoplasmic 

astrocytes, and NLE affects the white matter, which is composed of fibrous astrocytes, 

the difference in the lesion distribution between NME and NLE can be attributed to the 

targets of autoantibodies against protoplasmic astrocytes or fibrous astrocytes [60, 97].  

In addition, since astrogliosis was more significant in NME than in NLE and the 

proportion of autoantibodies in dogs with NLE was low compared with those described 

for NME in previous reports [59, 90], it could be considered that these differences are 

related to the etiologies of the various conditions.  In fact, in some previous reports [59, 

81, 90, 92], the involvement of an autoantibody to astrocytes in the etiology of NME 

was indicated.  However, double labeling IFA could not confirm whether these 

autoreactive inflammatory cells against GFAP are a primary cause or a secondary 

consequence of NME.   

 In some cases, malacic changes and inflammatory lesions were observed both 

in the gray matter and white matter in NME and NLE, although the distribution of 

lesions was different.  The proportion of inflammatory cells was not significantly 

different.  The presence of IgG in GFAP-positive astrocytes was observed in both 

NME and NLE.  Thus, NME and NLE may be considered the same disease entity, 

necrotizing encephalitis, and divided into subtypes, the gray matter form and the white 

matter form, according to the distribution of lesions. 

 Although there have been many attempts to detect specific pathogens or 
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antigens that induce NME, NLE, or GME, all have failed except for the reports detailing 

the involvement of GFAP [11, 18, 19, 36, 55, 57, 59, 66, 69, 76, 78, 81, 84, 85, 88, 90, 

91, 92, 93, 94].  Similarly, no specific pathogens or antigens have been detected in 

human multiple sclerosis (MS) [10, 42, 54, 64].  MS is an autoimmune-mediated, 

inflammatory, and demyelinating inflammatory disorder affecting the CNS white matter, 

which is divided into several subtypes according to the lesions produced and the clinical 

course of the disease.  It is disputed whether MS is mediated by MHC class II-

restricted CD4+ T cells, MHC class I-restricted CD8+ T cells, or antibody-complement 

complex [13, 38, 42, 48, 54, 52, 64, 73].  However, other evidence suggests that 

genetic factors such as HLA-DR2 play a crucial role in susceptibility to the familial 

type of MS [31, 32, 52, 64].  Chromosomes 17q22 and 6p21 (MHC) may also be 

associated with MS [31, 64, 75].  Taken together, multiple etiological factors including 

both environmental and genetic factors are likely to correlate with the onset of MS.  In 

fact, it was reported that DLA-DR class II antigen may be associated with the cause of 

NME in pug dogs [30], and that the mutation of mitochondrial DNA is related to NLE 

in Yorkshire terriers [5].  Canine brain diseases might be caused by genetic and 

environmental factors as well as multiple immune-mediated mechanisms.  

 

 

 

 

 

 

 

 



 21 

 

 

 

 

 

 

 

 



 22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

 

Figure 1. Histopathological lesions in NME, NLE and GME 
(A, B) Cerebrum; pug, necrotizing meningoencephalitis (NME)  (A) No. 5.  Grey  
malacic changes (arrow) were observed in the cerebral cortex (ampullary sulcus, 
Sylvius sulcus).  The lateral ventricles were dilated bilaterally.  (B) No. 9. Malacic 
changes and infiltrating cells in the neuroparenchyma were observed in the cerebral 
cortex.  HE.  (C, D) Cerebrum; Yorkshire terrier, necrotizing leukoencephalitis (NLE), 
No. 27  (C) Yellowish malacic changes (arrow) were observed in the cerebral white 
matter (thalamus, internal capsule, and centrum semiovale).  (D) Perivascular cuffs, 
and the parenchymal infiltration of inflammatory cells were observed in the cerebral 
white matter.  Demyelinations was characterized by the prominent infiltration of lipid-
laden (blue) macrophages (arrow) in the cerebral white matter, and astrocytosis in the 
cerebral subcortex.  LFB-HE.  (E, F)  Cerebellum; beagle, granulomatous 
meningoencephalomyelitis (GME), No. 33.  (E) Grey areas (arrow) were found in the 
cerebellar white matter.  (F) Granulomatous lesions (arrow), perivascular cuffs, and 
areas of parenchymal infiltration were prominent in the cerebellar white matter.  HE. 
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Figure 2. Characterisitic inflammatory lesions in NME, NLE and GME 
(A, B)  Cerebrum; pug, NME, No. 5.  (A) Perivascular cuffs, composed of plasma 
cells and lymphocytes, were found in the cerebral cortex and subcortex.  HE.  (B)  
Infiltration of inflammatory cells, such as plasma cells and lymphocytes, were observed 
in the cerebral cortex and subcortex.  HE.  (C, D) Cerebrum; Yorkshire terrier, NLE, 
No. 27.  (C) Perivascular cuffs were observed in the cerebral white matter and parts of 
the subcortex.  HE.  (D) Infiltration of inflammatory cells and microgliosis were 
found in the cerebral white matter and parts of the subcortex.  HE.  (E, F) GME  (E) 
Cerebellum; Beagle, No. 33.  Perivascular cuffs, composed of macrophages, 
lymphocytes, and plasma cells, were found in the cerebellar white matter.  HE.  (F) 
Cerebrum; toy poodle, No. 35.  Characteristic nests of epithelioid cells were found in 
the cerebellar white matter.  HE.  
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Figure. 3  Immunohistochemistries on NME, NLE and GME 
(A~C) Cerebrum; pug, NME, No. 1.  (A) CD3-positive T cells were observed in the 
Virchow-Robin space (perivascular cuffs) and the neuroparenchyma.  (B) Large 
numbers of CD20-positive B cells were observed in the Virchow-Robin space 
(perivascular cuffs).  (C) CD163-positive macrophages were observed in the 
perivascular cuffs as well as malacic neuroparenchyma.  (D~F) Cerebrum; Yorkshire 
terrier, NLE, No. 26.  (D) CD3-positive T cells were observed in the Virchow-Robin 
space (perivascular cuffs) and the neuroparenchyma.  (E) CD20-positive B cells were 
observed in the Virchow-Robin space (perivascular cuffs) prominently.  (F) CD163-
positive macrophages were observed in the perivascular cuffs.  (G~I) Cerebellum; 
beagle, GME, No. 33.  (G) CD3-positive T cells were present in the Virchow-Robin 
space (perivascular cuffs).  (H) CD20-positive B cells were observed in the 
perivascular cuffs as well as the neuroparenchyma in proximity to the nest of epithelioid 
cells.  (I) Characteristic nest of epithelioid cells, CD163-positive, were observed in the 
neuroparenchyma. 
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Figure 4. The percentages of CD3-, IgG-, CD20-, CD79acy-, and CD163-positive cells 

(mean±SEM, %) in the perivascular cuffs (PC) and neuroparenchymal infiltration 

(NPI) in animals with NME, NLE, and GME (*P<0.01).  
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Figure 5.  Double-labeling stains in NME, NLE and GME 
(A, B) Cerebrum; papillon, NME, No. 17.  (A) CD3-positive T cells are represented 
as green signals produced by FITC, and GFAP-positive astrocytes are represented 
as red signals produced by Alexa 594.  Nuclei are represented as blue signals 
produced by DAPI.  Many CD3-positive T cells (green) were in close proximity to 
GFAP-positive astrocytes (red) in the peripheral malacic regions of the cortex.  (B) Ig
G and IgG-positive plasma cells are represented as green signals produced by FI
TC, and GFAP-positive astrocytes are represented as red signals produced by Ale
xa 594.  Nuclei are represented as blue signals produced by DAPI.  The cytoplasm 
and/or processes of some astrocytes were labeled with both IgG and GFAP (yellow) in 
NME.  These double-positive astrocytes were more prominent in NME than NLE.  (C, 
D) Cerebrum; Yorkshire terrier, NLE, No. 27.  (C) In the NLE, CD3-positive T cells 
had infiltrated among the fibrous processes of GFAP-positive astrocytes in the white 
matter.  (D) The cytoplasm and/or processes of some astrocytes were labeled with both 
IgG and GFAP (yellow) in NLE. 
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Chapter II 

Th1-, Th2- and Th17-related cytokine and chemokine receptor mRNA and protein 

expression in brain tissues, T cells and macrophages in dogs with necrotizing and 

granulomatous meningoencephalitis 
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Summary 

 Necrotizing meningoencephalitis (NME), necrotizing leukoencephalitis (NLE) 

and granulomatous meningoencephalomyelitis (GME) are idiopathic inflammatory 

diseases in the central nervous system (CNS) of dogs.  In our previous study, the 

proportion of inflammatory cells, except the CD3-positive T cells, in parenchymal and 

perivascular lesions in the brain did not differ.  However the breed-specificities, 

clinical courses and specific lesions were distinct among these diseases.  Thus, 

similarities and differences of the pathology among these diseases were implied.  In 

this study, mRNA and/or protein expression levels of cytokines and chemokine 

receptors were investigated in NME (n=2), NLE (n=4), and GME (n=2) cases, and their 

relationship in the formation of specific lesions was discussed.  The mRNA and 

protein expression levels of IFN-γ and IL-17 were marked in NME and GME, 

respectively.  Also, mRNA expression levels of CXCR3 and CCR2 were prominent in 

NME and GME, respectively.  Results of double-labeling immunofluorescence to 

identify cells producing IL-17 in these lesions showed that most CD163-positive 

macrophages/microglia, but fewer CD3-positive T cells, were IL-17-positive in GME.  

From these results, it seems that IFN-γ play key roles in the lesions of NME, and 

macrophages/microglia that infiltrate brain lesions producing IL-17 are more important 

in GME than T cells. 
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Introduction 

 Necrotizing meningoencephalitis (NE) and granulomatous 

meningoencephalomyelitis (GME) are idiopathic inflammatory diseases in the central 

nervous system (CNS) of dogs.  NE is characterized by malacic changes and is 

subdivided into necrotizing meningoencephalitis (NME, the gray matter type) and 

necrotizing leukoencephalitis (NLE, the white matter type) according to the location of 

lesions.  NE appears to be breed-specific and affects the pug [11, 19, 47, 55], shi-tzu 

[88], papillon [88], maltese [26, 68, 85], Chihuahua [34], yorkshire terrier [5, 24, 50, 57, 

91, 93], and french bulldog [84].  Conversely, GME is characterized by granulomatous 

lesions in the cerebral white matter and cerebellum and is not breed-specific.  While 

the cause of these diseases still remains obscure, it has been reported that CD3-positive 

T cells play significant roles [43, 88, 89].  Also, in our previous report [chapter 1], 

CD3-positive T cells were the most prominent inflammatory cells in these diseases, 

especially in GME lesions.  CD163-positive macrophages were more predominant in 

GME than in NME and NLE, although this was not significant.  The proportion of 

IgG-, CD20-, CD79acy-, and myeloperoxidase-positive inflammatory cells was not 

different among these diseases.  Overall, the proportion of inflammatory cells in 

parenchymal and perivascular lesions in the brain does not greatly vary among these 

diseases, although marked differences in the histopathology of lesions and their location 

have been observed.  Thus, we concluded that these diseases may share a common 

pathogenesis.  

 It has been assumed that Th1 cells mediate human autoimmune diseases, such 

as multiple sclerosis (MS) [53, 83, 95] and rheumatoid arthritis (RA) [17, 77].  In 

murine experimental autoimmune encephalitis (EAE), a disease model of MS, similar 

phenomena have also been recognized [4, 95].  However, treatment with an antagonist 
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of Th1 cells could not prevent and/or ameliorate the symptoms of MS and EAE [4, 7, 

53].  Also, it was suspected that humoral immunity, especially B cells, may mediate 

these diseases [48].  It was then discovered that Th17 cells play a key role in MS and 

EAE [4, 40]
 
 and that self-specific Th17 cells are highly pathogenic in autoimmune 

diseases such as RA [37, 49, 80], autoimmune uveitis [96], and Crohn’s disease [12, 46].  

It has been suggested that Th17 cells are important at the initiation of such diseases and 

that Th1 cells are also important for the maintenance and/or deterioration of these 

diseases [4, 71]. 

 Chemokine receptors, such as chemokine (C-X-C motif) receptor 3 (CXCR3), 

C-C chemokine receptor type 2 (CCR2), and C-C chemokine receptor type 4 (CCR4), 

have also been reported to be associated with MS and EAE [4].  CXCR3 is expressed 

primarily on activated T cells, such as Th1 cells [3, 15].  Th1 cells that express CXCR3 

produce a large amount of IFN-γ [4, 15].  It has also been reported that T cells 

expressing CCR2 produce a large amount of IL-17 [3, 4, 74].  CCR4 is expressed on 

leukocytes [3, 4, 15, 74].  T cells that express CCR4 produce IL-4 or IL-17 according 

to the co-expression of CRTh2 or CCR6 [3, 4, 15, 74]. 

 In the present study, we compared the levels of inflammatory cytokines and 

chemokine receptors in the brain lesions of NME, NLE, and GME cases, and discussed 

the relationship of these cytokines in the formation of specific lesions. 

 

Materials and Methods 

Brain tissues 

Frozen brain tissues from NME (n=2), NLE (n=4), GME (n=2), and control (n=3) cases 

were used in this study (Table 1). NME, NLE and GME were diagnosed by 

histopathological examination.  Potential infectious causes were excluded by both 
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histopathological examination and immunohistochemistry against canine distemper 

virus (CDV). 

 

RNA extraction and cDNA synthesis 

Total RNA was prepared by the guanidinium thiocyanate-phenol-chloroform 

method (ISOGEN, Wako, Osaka, Japan) from brain tissues and reverse-transcribed with 

a PrimeScript
®
 RT-PCR kit (Takara, Otsu, Japan). 

 

Real-time PCR quantification using SYBR Green I 

Real-time PCR on the ABI PRISM (Applied Biosystems, Foster City, CA, 

USA) was performed in a total volume of 25μl of SYBR
®
 Green Realtime PCR Master 

Mix (TOYOBO, Osaka, Japan) and primers for either CCR2, CCR4, CXCR3, GAPDH, 

IFN-γ, IL-12p35, IL-12p40, TBX21, IL-4, IL-10, GATA3, IL-17, IL-21, or RORγt 

(Table 2).  The PCR reaction was performed on a MicroAmp
TM

 Optical 96-well 

Reaction Plate (Applied Biosystems) with an initial degeneration step at 54C for 30s 

and at 95C for 3m, followed by 10 cycles at 95C for 30s, and an annealing step at 

68C for 1m, at 72C for 30s, and 30 cycles at 95C for 30s.  At the end of each cycle, 

the intensity of fluorescence emitted from SYBR Green was measured.  After 

completion of the process, samples were subjected to a dissociation curve analysis 

(from 60C above annealing temperature to 95C).  Samples were then quantified 

automatically (7900HT version 2.3 Sequence Detection Systems, Applied Biosystems).  

A single narrow peak was observed by the dissociation curve analysis at the specific 

melting temperature and a single band of the predicted size was observed by 2% agarose 

gel electrophoresis.  Each case was compared with a control group by the ΔΔCt 

method and relative quantification was performed.  
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Immunoblot 

Brain tissues from NME, NLE, and GME cases were homogenized with a 

TissueRuptor (QIAGEN, Homebrechtikon, Switzerland) and TissueRuptor disposable 

probes (QIAGEN) in a buffer containing 10mM Tris-HCl (pH 7.8), 1% NP-40, 0.1% 

SDS, 150mM NaCl, 1mM EDTA (pH 8.0), Proteinase inhibitor cocktail, 2mM Na3VO4, 

10mM NaF, and DW.  Lysates were incubated on ice for 30 min and centrifuged at 

12000g at 4C for 20 min.  Supernatants were collected.  Proteins were separated by 

SDS-PAGE and were transferred to Immun-Blot
®
 PVDF Membranes (BIO-RAD, 

Hercules, CA, USA).  Membranes were blocked with 150 mM NaCl, 10 mM Tris-Base, 

and 40 mM Tris-HCl buffer (pH 7.8) containing 5% skim milk and 0.05% Tween-20 

and were incubated with one of the primary antibodies at 4C overnight and then with 

appropriate secondary antibodies at room temperature for 1 hour.  The primary 

antibodies used were listed in Table 3 and the secondary antibodies were donkey anti-

goat IgG horseradish (HRP)-conjugated (1:5000, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) and donkey anti-rabbit IgG HRP-conjugated (1:5000, GE Healthcare, 

Buckinghamshire, UK).  Membranes were visualized with Amersham ECL Prime 

Western blotting detection reagent (GE Healthcare, Uppsala, Sweden) using a 

Molecular Imager® ChemiDox
TM

  XRS+ with Image Lab
TM

 software (BIO-RAD, 

Tokyo, Japan).  Positive bands were relatively quantified using Image Lab
TM

 software 

(BIO-RAD) compared to a beta-actin band. 

 

Double-labeling Immunofluorescence quantification 

Ten μm thick-OCT compound-embedded frozen brain tissue sections were first 

treated with skimmed milk at 37C for 40 min.  Sections were then incubated at 4C 

overnight with a first primary antibody and then with a second primary antibody at 



 36 

37C for 1 hour.  Primary antibodies used were listed in Table 3.  A secondary 

antibody cocktail was employed at room temperature for 1 hour.  The cocktail included 

fluorescein isothiocyanate-labeled horse anti-mouse IgG (1:200, Vector Laboratories, 

Burlingame, CA, USA) and Alexa fluor 594-labeled donkey anti-rabbit IgG (1:200, 

Invitrogen, Eugene, OR, USA).  Sections were finally mounted with Vectashield 

HardSet with DAPI (Vector Laboratories) and observed using a Leica DMI3000 B 

fluorescence microscope.  The number of positive cells was counted under x 400 

magnification in 5 to 10 selected fields, perivascular cuffs or neuroparenchymal 

infiltrates, of each case and the mean percentage was calculated.  

 

Results 

mRNA levels of cytokines and transcription factors 

Among cytokines for the Th1 immune response, IFN-γ mRNA levels in the two 

NME cases were markedly higher than those in NLE and GME cases.  IL-12B mRNA 

levels were high in the two GME cases, and moderately high in the one NLE case (Fig. 

1, upper).  However, the expression levels of a Th1 cytokine, IL-12A, and the 

transcription factor, TBX21, were not different between the diseases (Fig. 1, upper).  

Among the cytokines for the Th2 immune response, IL-4 mRNA levels were high in 

NLE and GME cases (Fig. 1, middle).  However, IL-10 levels were not different 

between the diseases, although that was moderately high in the one NME case (Fig. 1, 

middle).  GATA3 levels, a transcription factor of Th2 cells, were high in all NME and 

GME cases, and one NLE case, but not in the other three NLE cases (Fig. 1, middle).  

In cytokines of the Th17 immune response, IL-17 as well as IL-21 mRNA levels were 

the highest in GME cases, and considerable in the one NLE case (Fig. 1, bottom).  

RORγt levels, a transcription factor of Th17 cells, were moderate and similar between 
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the diseases (Fig. 1, bottom).  IL-12B is a subunit of IL-23, a stimulating factor of the 

secretion of IL-17, as well as IL-12.  Thus, the high expression level of IL-12B in 

GME cases signifies that the Th17 immune response is more connected than the Th1 

immune response.  Conclusively, IFN-γ was prominent in NME, and IL-17 and IL-21 

were marked in GME. 

 

mRNA levels of chemokine receptors 

Among chemokine receptors, CXCR3, CCR2, and CCR4 mRNA levels were 

examined.  In NME and NLE cases, CXCR3 mRNA levels were the highest among the 

three chemokine receptors (Fig. 2).  CCR2 and CCR4 mRNA levels were similar in 

NME and NLE cases (Fig. 2).  In GME cases, CCR2 mRNA levels were the highest 

among the three chemokine receptors, though the levels in all three were similar (Fig. 2).  

Also, CCR2 mRNA levels in GME cases were higher than those in NME and NLE 

cases (Fig. 2).  These results imply that cells expressing CXCR3, such as Th1 cells and 

macrophages/microglia, infiltrated in NME or NLE cases and cells expressing CCR2, 

such as Th17 cells and macrophages/microglia, infiltrated prominently in GME cases.   

 

Protein levels of cytokines 

To confirm whether protein expressions of cytokines in brain lesions were 

similar to those of mRNA, we measured expression levels by immunoblot analysis.  

Expression of the IFN-γ protein was high in NME cases, which reflected mRNA 

expression results (Fig. 3, upper).  IL-4 was expressed prominently in one NLE case 

(No. 5) (Fig. 3, middle).  IL-17 was expressed prominently in two GME cases (Fig. 3, 

bottom).  Transcription factors were expressed similarly in all cases and controls, 

except for the expression of the RORγt protein, which appeared slightly higher in NME 
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and GME (data not shown).  Conclusively, predominant cytokines were distinct in 

diseased tissues among these diseases, as IFN-γ and IL-17 were expressed 

predominantly in NME and GME, respectively. 

 

IL-17 and IL-17-producing and/or secreting inflammatory cells 

To identify cells that produce IL-17 in brain lesions, we performed double-

labeling immunofluorescence.  It seemed that CD163-positive macrophages/microglia 

were more positive for IL-17 than CD3-positive T cells.  Indeed, CD163-positive 

macrophages/microglia prominently infiltrated GME, NME, and NLE brains in this 

order.  The percentage of IL-17-positive cells in CD163-positive 

macrophages/microglia was the highest in GME cases, which were 46% (No. 6) and 

73% (No. 7) (Fig. 4, upper).  CD3-positive T cells infiltrated in GME and NME cases, 

and less in NLE cases (Fig. 4, middle).  The percentage of IL-17-positive cells in CD3-

positive T cells was higher in GME cases, which were 20% (No. 6) and 28% (No. 7).  

HLA-DR-positive APCs predominantly infiltrated NME and GME brains, and 35% (No. 

6) and 32% (No. 7) of them were IL-17-positive in GME (Fig. 4, bottom).  We then 

performed double-labeling immunofluorescence against HLA-DR for APCs such as 

macrophages, B cells and dendritic cells.  Since CD20-positive B cells were not 

predominant among these diseases and were negative for IL-17, the result of double-

labeling immunofluorescence against HLA-DR and IL-17 reinforced that against 

CD163 and IL-17.  Conclusively, these results showed that macrophages/microglia 

which infiltrate brain lesions produce IL-17 more than T cells do. 

 

Discussion 

In the present study, the cytokine profile in brain lesions was characteristic of 
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each lesion in NME, NLE, and GME.  Expression levels of IFN-γ and IL-17 were 

prominent in NME and GME cases, respectively.  For chemokine receptors, expression 

levels of CXCR3 and CCR2 were the most prominent in NME and GME cases, 

respectively.  Given that T cells and/or macrophages/microglia expressing CXCR3 or 

CCR2 have been reported to produce a large amount of IFN-γ or IL-17, respectively, 

these results were consistent with the results of cytokines [3, 4, 15, 74]. 

It is evident that NME and NLE could be associated with autoimmunity against 

GFAP [chapter 1, 59, 81, 92].  Autoreactive T cells, B cells, and autoantibodies against 

astrocytes were identified in these diseases [chapter 1].  CD3-positive T cells, CD20-

positive B cells, IgG-positive plasma cells, and HLA-DR-positive or CD163-positive 

microglia or macrophages accumulated in these lesions [chapter 1].  In this report, 

lesions such as perivascular cuffs and the infiltration of inflammatory cells in the 

neuroparenchyma were also prominently observed among the three diseases studied.  It 

has been reported that IFN-γ predominated in the perivascular cuffs of active MS 

lesions [65, 95].  IFN-γ has cytotoxic characteristics [65, 95] and malacic changes 

were prominent in NME cases of this report.  Therefore, such high expression levels of 

IFN-γ could be associated with inflammatory lesions in NME cases.  A previous study 

has suggested that astrocytes stimulate the secretion of IFN-γ and IL-17 from T cells 

and macrophages through the secretion of IL-23 [62].  The possibility cannot be 

excluded that the low expression of IL-17 in NME and NLE in the present results might 

be due to astrocyte damages.  However, considering that CXCR3 mRNA expression 

levels involved in the secretion of IFN-γ were prominent in NME cases, IFN-γ is 

thought to be important in NME. 

In the one NLE case, the mRNA expression profile was similar to those of 

GME and NME cases, which showed high IL-4, IL-17 and IL-21 in cytokines same as 
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those in GME cases, and high CXCR3 in chemokine receptors same as in NME cases.  

However, in the protein expression level, only IL-4 was marked.  Since the other three 

NLE cases in this report included more lesions of the end phase, differences in the 

cytokine repertoire between NLE cases could be accounted for.  We observed a few 

cases that had general inflammatory lesions, but not distinct lesions or showed 

intermixed distinct lesions and distributions among the three diseases.  Thus, 

differential diagnoses had to be considered.  This one NLE case could be one of those 

cases and not a typical NLE case.  In fact, this case showed distinct malacic changes in 

the cerebral white matter, and the distribution was similar to that of GME.  As a result, 

although the IL-4 expression level in this one NLE case was distinct, how important IL-

4 is in NLE cases is not clear. 

mRNA expression levels of IL-17, CCR2, or CCR4, which are involved in the 

secretion of IL-17, and protein expression levels of IL-17 [3, 4, 15, 74], were higher in 

GME cases than in NME and NLE cases.  We then performed double staining to 

confirm which inflammatory cells produce IL-17.  It had been expected that most 

CD3-positive cells produce IL-17 since they infiltrated GME lesions the most markedly 

[chapter 1].  However, a large number of CD163-positive cells were also positive for 

IL-17 in the present GME cases.  The number of CD3- and IL-17-double positive cells 

was modest.  Some HLA-DR-positive cells were IL-17-positive in GME.  Therefore, 

mainly CD163-positive cells may produce IL-17 in GME. 

It has been reported that IL-17 is involved in autoimmune diseases, allergic 

reactions, and anti-tumor immunities, and that infiltrating Th17 cells produce IL-17 in 

some autoimmune diseases, such as rheumatoid arthritis [37, 39, 80], Crohn’s disease 

[12, 46], MS, and EAE [4, 20, 40, 71].  Neutrophils, eosinophils, mast cells, and 

macrophages also produce IL-17 in the lesions of allergic reactions [65, 82].  It has 
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been suggested that GME is related to delayed-type hypersensitivity [43, 89].  Mast 

cells may also participate in the acute phase lesions of GME and stimulate the 

development of GME lesions by increasing the permeability of the blood-brain barrier 

(BBB) [23].  Neutrophils included in the granulomatous lesions of GME as well as 

mast cells may be involved in IL-17 production directly or indirectly through 

macrophages [23].  Taken together, IL-17 being produced by macrophages may be an 

important factor for the formation of GME lesions. 

 The present study is the first to analyze the expression levels of cytokines in 

canine NME, NLE, and GME.  From the results, it is thought that the pattern of mRNA 

and protein expression of cytokine and chemokine receptor would be distinctly different 

in diseased tissues and inflammatory cells in necrotizing and granulomatous forms of 

immune brain disease in small breeds; IFN-γ and CXCR3 in NME, IL-17 and CCR2 in 

GME.  This could be associated with the pathological characteristics of each disease, 

despite the limitation of the small sample of fresh tissue available.  Furthermore, 

macrophages within inflamed brain tissue appear to be disproportionately involved with 

IL-17 production compared to CD3-positive T cells in GME. 
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Figure. 1.  mRNA levels of cytokines by real-time quantitative RT-PCR.   
The relative mRNA level of each cytokine relative to controls was measured and 
calculated in NME (No. 1 and No. 2), NLE (No. 3, No. 4, No. 5, and No. 6), and GME 
(No. 7 and No. 8).  (upper) Th1 cytokines, IFN-γ, IL-12A, and IL-12B, and the 
transcription factor, TBX21.  (middle) Th2 cytokines, IL-4 and IL-10, and the 
transcription factor, GATA3.  (bottom) Th17 cytokines, IL-17 and IL-21, and the 
transcription factor, RORγt. 
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Figure. 2. mRNA levels of chemokine receptors by real-time quantitative RT-PCR.  

The relative mRNA level of each chemokine receptor relative to controls was measured 

and calculated in NME (No. 1 and No. 2), NLE (No. 3, No. 4, No. 5, and No. 6), and 

GME (No. 7 and No. 8). 
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Figure. 3.  Protein levels of cytokines by immunoblot analysis.   

The relative level of each cytokine protein to that of β-actin was measured and 

calculated in NME (No. 1 and No. 2), NLE (No. 3, No. 4, No. 5, and No. 6), and GME 

(No. 7 and No. 8).  (upper) IFN-γ.  (middle) IL-4.  (bottom) IL-17.   
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Figure. 4.  Percentage of positive cells by double-labeling immunofluorescence.  
Results are shown as the ratio of single- (black bar) and double- (open bar) positive 
cells in total mononuclear cells.  (upper) IL-17-positive cells and IL-17- and CD163- 
double positive cells.  (middle) IL-17-positive cells and IL-17- and CD3-double 
positive cells.  (bottom) IL-17-positive cells and IL-17- and HLA-DR-double positive 
cells.  
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Chapter III 

Establishment of a rodent model for canine necrotizing meningoencephalitis 

(NME), necrotizing leukoencephalitis (NLE) and granulomatous 

meningoencephalomyelitis (GME). 
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Summary 

 The pathogenesis of necrotizing meningoencephalitis (NME), necrotizing 

leukoencephalitis (NLE) and granulomatous meningoencephalomyelitis (GME) is still 

uncertain, although they are considered immune-meidated diseases.  The purpose of 

the present study is to generate a rodent model(s) of these diseases.  Rats were injected 

with rat cerebrum or cerebellum homogenates.  Rats injected with cerebrum 

homogenate (Cbr) exhibited vacuolar or malacic changes mainly in the cerebral cortex.  

CD3-positive T cells and Iba-1-positive CD163-negative microglia infiltrated around 

the lesions.  IgG deposited in the GFAP-positive glia limitans from the early phase, 

and CD3-positive T cells attached to the GFAP-positive astrocytes.  Autoantibody 

against glial fibrillary acid protein (GFAP) was detected in the sera.  These 

pathological features of Cbr group were consistent with those of canine NME.  In 

contrast, rats injected with cerebellum homogenate (Cbe) exhibited demyelinating 

lesions with inflammatory reactions in the cerebellum, brain stem and spinal cord.  The 

presence of demyelination and autoantibody against myelin basic protein (MBP) in Cbe 

group were similar to murine experimental autoimmune encephalitis (EAE), unlike 

NLE and GME.  All the present findings indicate that an autoantibody together with 

microglia and T cells may play a major role in the pathogenesis of idiopathic canine 

meningoencephalomyelitis. 
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Introduction 

 There are idiopathic necrotizing meningoencephalitis (NE) and granulomatous 

meningoencephalomyelitis (GME) in dogs.  NE is characterized by malacic changes, 

perivascular cuffs (PC) and the infiltration of inflammatory cells in the 

neuroparenchyma (NP).  NE is divided into two subtypes, necrotizing 

meningoencephalitis (NME) and necrotizing leucoencephalitis (NLE), according to the 

distribution of lesions [26].  NME and NLE are likely to be breed-specific [chapter 1, 5, 

11, 19, 24, 36, 47, 55, 59, 84, 88, 89, 92].  In contrast, GME is characterized by 

granulomatous lesions in the cerebral white matter, cerebellum, brain stem and spinal 

cord [chapter 1], and has been reported in dogs of various breeds. 

 Although the pathogeneses of these diseases have not been fully understood, it 

has been considered that they are immune-mediated, because of 1) the identification of 

autoantibody against glial fibrillary acid protein (GFAP) in NME and NLE, 2) the 

accumulation of autoreactive T cells and B cells against GFAP in the perivascular cuffs 

and neuroparenchyma, and 3) no detection of specific pathogens [5, 19, 43, 55, 59, 66, 

76, 84, 88, 89, 90, 92, 94].  We evaluated infiltrated inflammatory cells to confirm the 

differences among these diseases, since it is anyhow difficult to differentiate these 

diseases histopathologically in some acute or subacute cases [chapter 1].  The 

proportion of CD20-positive B cells, IgG-positive plasma cells, CD163-positive 

macrophages and microglia is not different in these diseases, although CD3-positive T 

cells are significantly major in GME [chapter 1].  IFN-γ and IL-17 were expressed in 

NME and GME cases, respectively [chapter 2].  However, whether these diseases are 

distinct diseases each other might be uncertain, since different immune reactions could 

be produced by the same pathogen [8, 29].  The disruption of the balance of 

Th1/Th2/Th17 immunity may account for the pathogenesis of these diseases. 
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Models for NE and GME are needed to confirm their pathogenesis.  Murine 

experimental autoimmune encephalitis (EAE) is a model for human multiple sclerosis 

(MS) [4, 51].  The autoimmune response against myelin proteins, such as myelin basic 

protein (MBP), proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein 

(MOG), was analysed and the changes of the response through the disruption of the 

balance of the immune response, such as the cytokine expressions and dynamics of 

inflammatory cells, was examined, using this model [6, 49, 61, 63, 79].  However, 

autoantibodies against myelin proteins, demyelination and axonal damage associated 

with EAE were not detected in canine NME, NLE and GME [51, 59, 61, 92]. 

 In the present study, rats injected with allogeneic brain tissues is examined 

histopathologically and molecular-biologically to develop a suitable model(s) for the 

canine encephalitis. 

 

Materials and methods 

Rat 

Eight-week-old male LEW/SsN rats were purchased from SLC (Shizuoka, 

Japan).  The animals were housed in isolator cages under a specific pathogen-free 

condition.  The experimental procedures in the present study were approved by the 

Experimental Animal Committee of the University of Tokyo. 

 

Immunization using rat brain homogenates 

The rat cerebrum and cerebellum were homogenized in PBS, respectively.  Ce

rebrum (500 µg/µl) and cerebellum (500 µg/µl) homogenates with heat-

killed Mycobacterium tuberculosis H37RA (Difco Laboratories, Detroit, Michigan, US

A) were emulsified in complete Freund’s adjuvant (5 mg/ml, Sigma, Satin Louis, MO, 
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USA).  The emulsion was injected s.c. into the lower flanks of rats.  The outline of 

experiment was summarized in Table 1.   Body weights and clinical symptoms 

were daily recorded. 

 

Pathological analysis 

The brain and spinal cord were removed from rats euthanized when the loss of 

body weights and the clinical symptoms were significant.  Brain and spinal cord 

tissues were fixed in 10% neutral-buffered formalin, and subsequently embedded in 

paraffin, sectioned at 4㎛, and stained with hematoxylin and eosin (HE) or Luxol fast 

blue-HE (LFB-HE) for microscopic examinations.  Some fresh brain tissues were 

frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek Japan, Tokyo, Japan) and 

stored at -80C.   

 

Immunohistochemistry 

Immunohistochemistry (IHC) was performed according to our previous study 

[chapter 1].  Primary antibodies applied were listed in Table 2. 

 

Double-labeling immunofluorescence 

Six m thick-paraffin sections were autoclaved at 121C for 15 min for antigen 

retrieval and treated with skimmed milk at 37C for 40 min to block nonspecific 

reactions.  The first primary antibodies listed in Table 1were employed at 4C 

overnight.  The sections were then incubated with the second primary antibodies also 

listed in Table 1, at 37C for 1 hour.  The secondary antibody cocktail was employed at 

room temperature for 1 hour.  The cocktail included fluorescein isothiocyanate–labeled 

goat anti-rabbit IgG (1:200, Vector Laboratories, Burlingame, CA), fluorescein 
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isothiocyanate–labeled horse anti-mouse IgG (1:200, Vector Laboratories), Alexa fluor 

594-labeled goat anti-mouse IgG (1:200, Invitrogen, Eugene, OR) and Alexa flour 594-

labeled donkey anti-rabbit IgG (1:200, Invitrogen).  The sections were finally 

counterstained and mounted with Vectashield HardSet with DAPI (Vector Laboratories), 

and observed using a Leica DMI3000 B fluorescence microscope. 

 

RNA extraction and cDNA synthesis 

Total RNA was prepared by the guanidinium thiocyanate-phenol-chloroform 

method using the ISOGEN kit (Wako, Osaka, Japan) from the brain and spinal cord 

tissues, and reverse-transcribed with the PrimeScript
®
 RT-PCR kit (Takara, Otsu, Japan).  

 

Real-time PCR quantification 

Real-time PCR on the ABI PRISM (Applied Biosystems, Foster City, CA) was 

performed in a total volume of 25μl of the SYBR
®

 Green Realtime PCR Master Mix 

(TOYOBO, Osaka, Japan).  Primers used were CCR2, CCR4, CCR6, CXCR3, 

GAPDH, IFN-γ, IL-4, IL-10, IL-17A, IL-23A, TGF-β and TNF-α (Table 3).  PCR 

reaction was performed on the MicroAmp
TM

 Optical 96-well Reaction Plate (Applied 

Biosystems) with an initial degeneration step at 54℃ for 30s, at 95℃ for 3m and 

following 10 cycles at 95℃ for 30s, and an annealing step at 68℃ for 1m, at 72℃ for 

30s and following 30 cycles at 95℃ for 30s.  At the end of each cycle, the intensity of 

fluorescence emitted from SYBR Green was measured.  After completion of the 

process, samples were subjected to a dissociation curve analysis (from 5℃ above 

annealing temperature to 95℃).  Samples were then quantified automatically (7900HT 

version 2.3 Sequence Detection Systems, Applied Biosystems).  A single narrow peak 

was observed by the dissociation curve analysis at the specific melting temperature and 
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a single band of the predicted size was observed by 2% agarose gel electrophoresis.  

Result of each case was compared with that of the control group by the ΔΔCt method 

and relative quantification was performed.  

 

Immunoblot 

Normal rat brain and spinal cord tissues were homogenized with the 

TissueRuptor (QIAGEN, Homebrechtikon, Switzerland) and TissueRuptor disposable 

probes (QIAGEN) in a buffer containing 10mM Tris-HCl (pH 7.8), 1% NP-40, 0.1% 

SDS, 150mM NaCl, 1mM EDTA (pH 8.0), proteinase inhibitor cocktail, 2mM Na3VO4, 

10mM NaF and DW.  Lysates were incubated on ice for 30 min and centrifuged at 

12000g at 4℃ for 20 min.  Proteins in supernatants were separated by SDS-PAGE and 

were transferred to Immun-Blot
®

 PVDF Membranes (BIO-RAD, Hercules, CA).  

Membranes were incubated with one of the primary antibodies at 4℃ overnight and 

then with appropriate secondary antibodies at room temperature for 1 hour.  The 

primary antibodies used were listed in Table 1, and the secondary antibodies were 

horseradish (HRP)-conjugated goat anti-rat IgG (1:5000, GE Healthcare, 

Buckinghamshire, UK) and HRP-conjugated donkey anti-rabbit IgG (1:5000, GE 

Healthcare).  Protein bands were visualized with the Amersham ECL Prime Western 

blotting detection reagent (GE Healthcare, Uppsala, Sweden) using a Molecular 

Imager® ChemiDox
TM

  XRS+ with Image Lab
TM

 software (BIO-RAD, Tokyo, Japan). 

 

Autoantibodies detection 

Sera were collected from rats injected with cerebrum or cerebellum 

homogenates for the detection of autoantibodies.  Ten-µm thick cryostat sections of the 

rat brain were reacted with the sera at 4C overnight.  A secondary antibody against rat 
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IgG (Dako, Kyoto, Japan) was employed at room temperature for 40 min.  Then, 

fluorescein streptavidin (1:200, Vector Laboratories) was employed at room temperature 

for 1 hour.  The sections were then incubated with a second primary antibody, mouse 

monoclonal against human glial filament protein (GFP, prediluted, PROGEN, 

Heidelberg, Germany) or rabbit polyclonal against human myelin basic protein (MBP, 

Dako) at 37C for 1 hour.  The secondary antibodies were then employed at room 

temperature for 1 hour.  The secondary antibodies were Alexa fluor 594-labeled goat 

anti-mouse IgG (1:200, Invitrogen) or Alexa flour 594-labeled donkey anti-rabbit IgG 

(1:200, Invitrogen).  The sections were finally counterstained and mounted with the 

Vectashield HardSet with DAPI (Vector Laboratories), and observed using a Leica 

DMI3000 B fluorescence microscope. 

 

Results 

Clinical symptoms 

Body weights of the cerebrum homogenate-injected (Cbr) group and the 

cerebellum homogenate-injected (Cbe) group decreased from 8 or 9 days after injection 

compared to those of control groups (PBS-injected or adjuvant-injected groups) (Fig. 1).  

Rats injected with cerebrum homogenate showed mild tremor, head tilt and circling 

without paralysis.  However, rats injected with cerebellum homogenate showed 

posterior paresis or paralysis and tremor.  No clinical symptoms appeared in rats of 

control groups. 

 

Pathological changes 

In Cbr group, vacuolar and malacic changes and appearance of gemistocytes 

were observed particularly in the cerebral cortex (Figs. 2A, 2B).  Around the lesions, a 
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large amount of inflammatory cells infiltrated.  Additionally, perivascular cuffs, 

infiltration of inflammatory cells in the leptomeninges and neuroparenchyma, 

microgliosis, accumulation of gitter cells and endothelial hyperplasia were distributed 

mainly in the cerebrum (Figs. 2C, 2D).  Inflammatory cell infiltration in the 

leptomeninges appeared prominently in the frontal lobe of the cerebrum from the early 

phase (Fig. 2C).  These inflammatory lesions were observed also in the hypothalamus, 

midbrain and basal ganglia (Table 4). 

In the Cbe group, lesions were demyelination, microgliosis, perivascular cuffs, 

inflammatory cell infiltration in the leptomeninges and neuroparenchyma, and 

endothelial hyperplasia (Figs. 2E, 2F, 2G, 2H).  These lesions were restricted to the 

cerebellum, brain stem and spinal cord (Table 4).  Demyelination was marked from the 

brain stem to the spinal cord (Figs. 2E, 2F). 

 

Immunohistochemical analysis 

In the Cbr group, CD3-positive T cells, Iba-1-positive macrophages or 

microglia and myeloperoxidase-positive neutrophils appeared in the cerebral 

leptomeninges at first.  These cells infiltrated remarkably around the vacuolar or 

malacic lesions in the cerebral cortex (Figs. 3A, 3B and 3C, Table 4).  In the Cbe group, 

CD3-positive T cells, Iba-1-positive macrophages or microglia and myeloperoxidase-

positive neutrophils appeared in the cerebellar leptomeninges and spinal cord in the 

early phase, and then in the cerebral white matter, midbrain, cerebellum and brain stem 

(Figs. 3D, 3E, 3F, Table 4). 

In both groups, the proportion of CD163-positive macrophages was subtle, and 

their distribution was restricted in the leptomeninges and perivascular Virchow-Robin 

spaces, but not in the neuroparenchyma (Figs. 4A, 4B).  CD163 (ED2) is a member of 
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the scavenger receptor cysteine-rich group B (SRCR-B) family and functions as a 

scavenger receptor [25, 72].  CD163 is expressed in approximately 50% of peritoneal 

macrophages, a subset of splenic macrophages and macrophages in other tissues but not 

in monocytes, alveolar macrophages and microglia [25, 72]. CD3-positive T cells, Iba-

1-positive CD163-negative microglia and Iba-1-positive CD163-positive macrophages 

were in close approximity to each other in the leptomeninges and Virchow-Robin space 

(Figs. 4C, 4D, 4E). 

In the Cbr group, CD3-positive T cells and Iba-1-positive macrophages or 

microglia increased in the perivascular cuffs and the neuroparenchyma from 9 to 15 

days post injection (Fig. 5A).  In contrast, the proportion of myeloperoxidase-positive 

neutrophils decreased from 9 to 13 days both in the perivascular cuffs and the 

neuroparenchyma (Fig. 5A), but neutrophils increased again at 15 days (Fig. 5A).  On 

the contrary, in the Cbe group, the proportion of Iba-1-positive macrophages or 

microglia mildly increased from 11 to 15 days post injection both in the perivascular 

cuffs and neuroparenchyma (Fig. 5B).  The proportion of CD3-positive T cells once 

increased at 11 days both in the perivascular cuffs and neuroparenchyma, but decreased 

at 13 and 15 days (Fig. 5B).  The proportion of myeloperoxidase-positive neutrophils 

decreased from 9 to 13 days, although these cells prominently infiltrated in the 

neuroparenchyma at 15 days (Fig. 5B).  

CD20-positive B cells and IgG-positive plasma cells were not observed in both 

groups (data not shown). 

 

Expression of cytokines and cytokine receptors 

The mRNA levels of cytokines and chemokine receptors in the Cbr and Cbe 

groups were measured by real-time RT-PCR.  The results were shown in Fig. 6.  In 
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the Cbr group (Fig. 6A), the mRNA level of TNF-α was very high in the cerebrum at 9 

days post injection.  However, the level decreased sharply thereafter.  The mRNA 

levels of IL-23 and IL-17 were low all time in the Cbr and Cbe groups.  The mRNA 

levels of IFN-γ and IL-4 were rather lower.  The mRNA levels of IL-10 and TGF-β 

were mild, although the level of TGF-β in the cerebellum was slightly higher than in the 

cerebrum.  The mRNA level of CCR2 was the highest in the cerebrum, followed by 

CXCR3 at 9 to 13 days post injection.  The mRNA level of CCR4 was high at 9 days, 

and decreased thereafter.  The mRNA level of CCR6 was low at any days. 

 In the Cbe group (Fig. 6B), the mRNA level of TNF-α was high in the 

cerebellum.  The mRNA level of IL-23 was slightly higher in the cerebrum than in the 

cerebellum.  The mRNA level of IL-17 increased from 11 days and was higher in the 

cerebellum than in the cerebrum.  The mRNA levels of IFN-γ and IL-4 were low, 

although those were high in the cerebrum at 11 days.  The mRNA levels of IL-10 and 

TGF-β were moderate and increased from 11 days.  The mRNA level of CXCR3 

increased in the cerebellum with time.  The mRNA level of CCR6 was prominent in 

the cerebellum only at 11 days post injection.  The mRNA levels of other chemokine 

receptors were moderate. 

 

Detection of autoantibodies 

Sera from the Cbr group reacted with proteins of 40~50 kDa extracted from the 

cerebrum, cerebellum and spinal cord, corresponding to GFAP.  Bands corresponding 

to MBP of 20~30 kDa were also detected (Fig. 7A).  Sera from the Cbe group reacted 

with proteins of both 20~30 kDa and 40~50 kDa (Fig. 7A).  However, autoantibodies 

could not be detected in the sera from rats which have shown little symptoms or lesions 

in both groups and control group (data not shown).  Thus, autoantibodies against 
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GFAP or MBP could be generated in both groups and may be involved in the formation 

of the lesions. 

 Sera from rats injected with cerebrum homogenate reacted with GFAP-positive 

glia limitans of the normal rat cerebrum (Fig. 7B).  Also, sera from rats injected with 

cerebellum homogenate reacted with MBP-positive neuronal fibers in the white matter 

of the cerebellum and spinal cord (Fig. 7C).  Overall, autoantibodies against GFAP and 

MBP were detected in sera of Cbr and Cbe groups, respectively. 

 CD3-positive T cells were infiltrated in close proximity to GFAP-positive 

astrocytes in the lesions, and increased with time in Cbr group (Figs. 8A, 8B).  Some 

parts of the GFAP-positive glia limitans were IgG-positive from the early phase to 15 

days (Figs. 8C, 8D).  A few IgG-positive plasma cells were observed in close 

proximity to GFAP-positive astrocytes at 15 days (Fig. 8D).  On the contrary, such 

distributions of CD3-positive T cells and IgG were not observed in Cbe group (data not 

shown). 

 

Discussion 

 In the present study, models for canine idiopathic meningoencephalitis, NME, 

NLE and GME, were generated using rats.  As autoantibodies against GFAP were 

detected in NME and NLE, and the distributions of the lesions were similar between 

canine encephalitis and EAE, rats were injected with purified GFAP, MBP and MOG 

proteins in our preliminary studies (data not shown).  Rats injected with MBP and 

MOG showed demyelinating lesions with inflammatory reaction, but not malacic 

changes, which were consistent with those of EAE, rather than those of NLE and GME.  

Also, rats injected with GFAP did not show any clinical symptoms and 

histopathological changes.  GFAP is an intracellular protein of astrocytes and is not 
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exposed to inflammatory cells in a normal condition.  The injection with GFAP alone, 

therefore, could not be enough to provoke diseases.  Thus, the rat cerebrum or 

cerebellum homogenate was used as a crude immunogen in the present study. 

 In rats with Cbr injection, leptomeningitis in the cerebral cortex was observed 

at the early phase, followed by vacuolar or malacic change restricted to the cerebral 

cortex.  Other lesions, such as perivascular cuffs and infiltration of inflammatory cells 

into the neuroparenchyma, were located in the similar regions to those of NME [chapter 

1].  The percentages of CD3-positive T cells and Iba-1-positive CD163-negative 

microglia increased according to time in the Cbr group.  These T cells and microglia 

infiltrated considerably around the vacuolar or malacic lesions of the cerebral cortex.  

In the lesions of NME and NLE in our previous study, a large amount of CD3-positive T 

cells and CD163-positive macrophages were observed around the malacic lesions 

[chapter 1].  In contrast, CD163-positive macrophages were restricted in the 

subleptomeningeal space or in the Virchow-Robin space and did not infiltrated into the 

neuroparenchyma in the Cbr group.  In these spaces, Iba-1-positive CD163-negative 

microglia were in close proximity to Iba-1-positive CD163-positive macrophages or 

CD3-positive T cells.  Thus, microglia could be activated by macrophages or T cells [2, 

33, 35].  Considering that the lesions in the Cbr group were acute and that those of 

NME and NLE are chronic, microglia may play a key role in the early phase and 

macrophages infiltrating into the neuroparenchyma do so in the late or chronic phase. 

 The mRNA expression of TNF-α and CXCR3 were high in the cerebrum of the 

Cbr group.  In canine NME cases, mRNA of IFN-γ and CXCR3 were highly expressed, 

indicating the differentiation into Th1 immune response [chapter 2].  On the contrary, 

the expression of mRNAs of IFN-γ and IL-4 were mild and the differentiation to Th1 

and Th2 immune response was subtle in the Cbr group.  These results could account 
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for the acute disease progression in this group.  As CXCR3 has been reported to be 

expressed in the microglia as well as activated T cells such as Th1 cells, the importance 

of microglia in this group was implied [4, 9, 70].  Also, since these phenomena were 

more prominent in the cerebrum than in the cerebellum, it could be thought that the 

disease occurring in the Cbr group affects the cerebrum specifically. 

 Autoantibodies against GFAP were detected in the sera from Cbr rats from the 

early phase and IgG was deposited in the GFAP-positive glia limitans.  This result was 

consistent with our observation in dogs that IgG deposited in the glia limitans in acute 

NME cases [chapter 1].  However, few IgG-positive plasma cells or B cells were 

observed.  Therefore, in the early phase, the association of antibodies against GFAP 

with the lesions has been indicated.  Also, CD3-positive T cells were in close 

proximity to GFAP-positive astrocytes from the comparatively early phase, and 

increased with time after injection.  As T cells were in close proximity to reactive or 

damaged astrocytes around the malacic lesions or reactive inflammatory lesions in 

canine NME and NLE of our previous study, T cells have been considered self-reactive 

[chapter 1].  Consequently, pathogenesis of the experimental disease by the Cbr 

injection may be similar to that of canine NME in the acute phase and this disease of 

rats could be a model for NME.  Considering the Cbr model for NME, we can 

conclude that the vacuolar or malacic lesions appear in the comparatively early phase by 

T cells and microglia, and that the lesions become severer by IFN-γ or IL-4 secreted 

from activated T cells. 

 In the Cbe group, the lesions such as perivascular cuffs, leptomenigitis, 

microgliosis and inflammatory cell infiltration into the neuroparenchyma were observed 

in the cerebral white matter, cerebellum, brain stem and spinal cord.  The lesions 

appeared in the leptomeninges of cerebellum and spinal cord in the early phase, and in 
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the cerebellar neuroparenchyma and cerebral white matter later.  Such distribution 

pattern was consistent with that of NLE and GME [chapter 1, 5, 24, 84].  Iba-1-

positive CD163-negative microglia were the most markedly observed, followed by 

CD3-positive T cells.  Same to the Cbr group, Iba-1-positive CD163-positive 

macrophages were restricted to the subleptomeningeal space or Virchow-Robin space.  

However, in this group, demyelination lesions with inflammatory response were 

observed in the brain stem and spinal cord and autoantibodies against myelin proteins 

were detected in sera.  However, in canine NLE and GME, demyelination lesions and 

autoantibodies against myelin proteins were never detected [chapter 1, 5, 24, 59, 84, 88, 

89, 90].  Consequently, the pathogenesis of the Cbe-injected rat was similar to that of 

EAE, but not to that of GME. 

 The pathogenesis of NME, NLE and GME remains elusive, though they have 

been considered to be immune-mediated [5, 19, 43, 55, 59, 66, 76, 84, 88, 89, 90, 92, 

94].  Also, it was not certain whether autoantibody against GFAP detected in the CSF 

or serum would be a cause or a secondary byproduct.  Though the present Cbr and Cbe 

models for the canine diseases are, unfortunately, incomplete, some knowledges were 

obtained from the models; 1) the importance of autoantibody against GFAP, T cells and 

microglia in the early phase of the diseases, 2) the appearance of specific vacuolar or 

malacic lesions in the comparatively early phase, 3) the possibility of NME as an 

autoimmune disease, and 4) the less possibility of GME as an autoimmune response 

against cerebellum proteins.  To our knowledge, the construction of a model for NME 

has never been reported until the present.  The present results may contribute further 

development of researches on the canine brain diseases. 
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Figure 1. Body weight changes.   

The body weight of homogenate-injected rats decreased from 8 days post injection in 

each group but not in PBS or adjuvant control. 
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Figure 2.  Histological changes of Cbr and Cbe groups.   
(A~D) Cbr group.  (A) Cerebral cortex; 13pd.  Vacuolar changes were prominent.  
HE.  Degenerated astrocytes were observed in the lesions (upper square).  IHC, GFAP.  
(B) Subcortical region; 15pd.  Vacuolar or malacic changes were observed.  HE.  
Degenerated or damaged astrocytes were observed in the lesions (upper square).  IHC, 
GFAP.  (C) Leptomeninges of the cerebrum; 9pd.  Infiltration of inflammatory cells.  
HE.  (D) Basal ganglia; 11pd.  Perivascular cuffs and microgliosis were observed.  
HE.  (E~H) Cbe group.  (E) Cervical spinal cord; 15pd.  Demyelination (arrow) was 
observed in the dorsal region.  LFB-HE.  (F) Higher magnification of E.  LFB-HE.  
(G) Cerebellum; 11pd.  Perivascular cuffs and endothelial hyperplasia were observed.  
HE.  (H) Cerebellum; 13pd.  Infiltration of inflammatory cells and microgliosis were 
prominent.  HE. 
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Figure 3.  Infiltration of inflammatory cell in rat injected with Cbr or Cbe 
homogenate.  

(A~C) Cbr group.  (A) Cerebral cortex; 13pd.  Iba-1-positive microglia or 
macrophages infiltrated in the vacuolar lesions.  (B) Cerebral cortex; 15pd.  CD3-
positive T cells were observed as perivascular cuffs and in the neuroparenchyma.  (C) 
Cerebral cortex; 9pd.  Myeloperoxidase-positive neutrophils were observed in the 
leptomeninges and also infiltrated into the neuroparenchyma.  (D~F) Cbe group.  
(D) Medulla oblongata; 15pd.  Iba-1-positive microglia or macrophages infiltrated 
prominently in demyelinated lesions.  (E) Cerebellum; 13pd.  CD3-positive T cells 
were observed as perivascular cuffs and in the neuroparenchyma.  (F) Cervical spinal 
cord; 11pd.  Myeloperoxidase-positive neutrophils were sparsely observed in the 
dorsal region. 
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Figure 4.  The infiltrations of microglia and macrophages.  Cbr group.   
(A) Cerebral cortex; 13pd.  Iba-1-positive microglia or macrophages diffusely 
infiltrated in the leptomeninges and the neuroparenchyma.  (B) Cerebral cortex; 13pd.  
CD163-positive macrophages were restricted to the leptomeninges.  (C) 
Leptomeninges of the cerebral cortex; 13pd.  CD3-positive T cells were represented as 
green (left) and CD163-positive macrophages were represented as red (middle), and 
merged (right).  CD3-positive T cells were in close approximity to CD163-positive 
macrophages.  (D) Leptomeninges of the cerebral cortex; 13pd.  Iba-1-positive 
microglia or macrophages were represented as green (left) and CD163-positive 
macrophages were represented as red (middle), and merged (right).  Iba-1-positive 
CD163-negative microglia were represented as green and Iba-1-positive CD163-
positive macrophages were represented as yellow (right).  Microglia (green) attached 
to macrophages (yellow) in the leptomeninges.  (E) Cerebral cortex; 15pd.  Iba-1-
positive microglia or macrophages were represented as green (left) and CD3-positive T 
cells were represented as red (middle), and merged (right).  Iba-1-positive microglia or 
macrophages were in close to proximity to CD3-positive T cells in the inflammatory 
lesions. 
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Figure 5.  Quantification of inflammatory cells.   

The mean percentages of Iba-1-, CD3-, and CD163-positive cells were calculated for 

perivascular cuffs (PC) and neuroparenchymal infiltration (NPI) in Cbr (A) and Cbe (B) 

groups with time (9pd~15pd). 
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Figure 6.  Quantification of mRNA expressions of cytokines and chemokine 

receptors.   

The relative expression levels of mRNA were measured in Cbr (A) and Cbe (B) groups 

with time (9pd~13pd). 
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Figure 7.  Detection of autoantibodies in sera from Cbr and Cbe groups.   

(A) Immunoblot. Proteins of the cerebrum (i and ii), cerebellum (iii) and cervical spinal 

cord (iv) from normal rats were extracted and electrophoresed.  Anti-GFAP, the serum 

from Cbr group (p15d), the serum from Cbe group (p15d) and anti-MBP were used as 

the primary antibodies.  In Cbr group, strong positive bands were detected between 40 

and 50kDa, corresponding to GFAP.  Also, there were weak positive bands between 20 

and 30kDa, corresponding to MBP.  In Cbe group, there were positive bands around 

20kDa, corresponding MBP.   
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Figure 7.  Detection of autoantibodies in sera from Cbr and Cbe groups.   

(B~C) Double stain.  Sera from Cbr and Cbe groups were applied to the normal rat 

tissue.  (B) Serum (15pd) from Cbr group bound to glia limitans with green signal 

(left) and GFAP-positive astrocytes and glia limitans were represented with red signal 

(middle).  The co-localization was represented with yellow signal (right).  Nuclei 

were represented with blue signals (DAPI).  (C) Serum (15pd) from Cbe group was 

represented with green signal (left) and MBP-positive myelins were represented with 

red signal (middle).  The colocalization was represented with yellow signal (right).  

Nuclei were represented with blue signals (DAPI). 
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Figure 8.  Double-labeling stains.  Brain of the Cbr group. 
(A) 9 days post injection.  CD3-positive T cells were represented as green signals 
produced by FITC (left), and GFAP-positive astrocytes were represented as red signals 
produced by Alexa 594 (middle).  Merged (right).  Nuclei were represented as blue 
signals produced by DAPI.  CD3-positive T cells (green) were in close proximity to 
GFAP-positive astrocytes (red) in the subcortical region.  (B) 15 days.  A more large 
amount of CD3-positive T cells (green) were in close proximity to GFAP-positive 
astrocytes (red) around the malacic region.  (C) 9 days.  IgG were represented as 
green signals produced by FITC (left), and GFAP-positive astrocytes were represented 
as red signals produced by Alexa 594 (middle).  Merged (right).  Nuclei were 
represented as blue signals produced by DAPI.  The glia limitans was labeled with 
both IgG and GFAP (yellow).  These double-positive regions appeared from the early 
phase.  (D) 15 days.  The processes of astrocytes around the blood vessels were 
labeled with both IgG and GFAP (yellow) weakly.  Also, IgG-positive plasma cells 
were observed around those regions. 
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Conclusions 

 In the Chapter 1, histopathological characteristics such as lesions and the 

distributions of lesions, and the quantification of inflammatory cells in NE and GME 

were compared.  NME and NLE are two subtypes of NE, according to the distributions 

of the lesions.  In NME, malacic lesions were located in the cerebral cortex and 

subcortical regions.  Other inflammatory lesions were distributed in the thalamus and 

hippocampus prominently.  In NLE, on the contrary, malacic lesions and inflammatory 

lesions were observed in the cerebral white matter, midbrain, cerebellum and spinal 

cords.  Additionally, NME affected pug, Chihuahua, Maltese and papillon, and NLE 

affected Yorkshire terriers, consistent with the previous results that these diseases 

seemed to be breed-specific.  In GME, granulomatous lesions, characterized by the 

accumulation of epithelioid cells, were distributed in the cerebellum, brain stem, spinal 

cords and cerebral white matter.  It was unlikely that GME is breed-specific.  It 

seemed that NE and GME had different characteristic lesions and the etiologies.  In the 

result of the quantification of infiltrating inflammatory cells, the proportion of CD3-

positive T cells were significantly different among the three diseases, and was the 

highest in GME.  CD163-positive macrophages diffusely infiltrated around the malacic 

lesions in NME, and accumulated in the granulomatous lesions in GME.  It could be 

thought that CD163-positive macrophages play a role as scavengers in NME and as 

effector cells in GME.  In NE, IgG was deposited in the GFAP-positive astrocytes, and 

CD3-positive T cells accumulated around GFAP-positive degenerated astrocytes.  

These results were not observed in GME.  Totally, these canine idiopathic 

inflammatory disorders of the CNS might be caused by certain genetic factors and 

multiple immune-mediated mechanisms.  In this chapter, the identification of T cell 

subpopulation, such as helper T1 or T2 cells and cytotoxic T cells, were further analysed 
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to confirm the distinct immune responses among these diseases.  However, due to the 

limit of antibody availability and the state of tissues, the trial had been failed. 

 To investigate the difference of characteristic immune responses among these 

diseases, the expression profiles of cytokines and chemokine receptors were examined 

in the Chapter 2.  IFN-γ, IL-4 and IL-17 were expressed highly in NME, NLE and 

GME, respectively.  As for chemokine receptors, the level of CXCR3 was high in 

NME and NLE, and that of CCR2 was high in GME.  These results could account for 

or support the results of cytokine expressions.  It has been reported that CXCR3-

expressing T cells (Th1 cells) produce a large amount of IFN-γ and CCR2-expressing T 

cells (Th17 cells) produce IL-17.  Overall, it is thought that Th1 and Th17 immune 

responses might be prominent in NME and GME, respectively.  As the expression 

level of IL-17 was the most prominent in GME, IL-17-producing cells in GME were 

identified using the double-labeling stain.  CD163-positive macrophages were the cells 

most producing IL-17, followed by HLA-DR-positive antigen-presenting cells and 

CD3-positive T cells.  Considering more chronic NE cases, the low expression levels 

of cytokines or chemokine receptors were observed in the present study.  It was 

reported that astrocytes stimulate the secretion of IFN-γ and IL-17 from T cells and 

macrophages through the secretion of IL-23.  The low expression of IL-17 in NME 

and NLE may be due to the astrocyte damage.  However, the expression level of IFN-γ 

was higher in NME than GME.  Additionally, the proportion of CD163-positive 

macrophages was not different among these diseases.  Totally, the high expression 

levels of IFN-γ and IL-17 could be specific in NME and GME, and account for the 

characteristic lesions between these diseases. 

 In the previous two chapters, the similarities and differences in the 

histopathological lesions and inflammatory responses among the three diseases were 
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confirmed.  However, the fundamental pathogenesis of the diseases could not be 

understood yet.  As autoantibodies against GFAP were detected in the CSF or serum of 

NE cases, NE have been considered immune-mediated.  Meanwhile, since 

autoantibodies against GFAP have been detected in the CSF or serum of other brain 

disorders including GME, it is not certain whether the autoantibody to GFAP is a cause 

or a secondary product. 

Thus, in the Chapter 3, the generation of experimental models for NME, NLE 

and GME was tried, using rats.  In rats with an injection of cerebrum homogenate 

(Cbr), vacuolar or malacic lesions were observed in the cerebral cortex and the 

subcortical region early after injection.  CD3-positive T cells, and Iba-1-positive and 

CD163-negative microglia infiltrated prominently around the lesions.  The expression 

levels of TNF-α and CXCR3 were high.  This could support an important role of T 

cells and microglia in the onset of this disease.  Also, autoantibody against GFAP was 

detected in the serum of the rats showing clinical symptoms and lesions.  By the 

double-labeling stain, IgG was detected in the GFAP-positive glia limitans, and CD3-

positive T cells were in close proximity to GFAP-positive normal or degenerated 

astrocytes.  These results were consistent with those in NME.  Thus, this disease of 

rats might be an acute model for NME.  Through this model, the importance of 

autoantibodies against GFAP, T cells and microglia in the early phase, and that of the 

appearance of specific vacuolar or malacic lesions in the comparatively early phase, 

could have been understood.  Also, the possibility of NME as an autoimmune disease 

was indicated. 

On the contrary, in rats with an injection of cerebellum homogenate (Cbe), 

demyelinated and inflammatory lesions were observed in the cerebral white matter, 

cerebellum, brain stem and spinal cords.  CD3-positive T cells and Iba-1-positive and 
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CD163-negative microglia were prominent around the lesions.  The expression levels 

of TNF-α and CXCR3 were high, similar to those in the Cbr group.  Autoantibodies 

against MBP were detected in the serum.  The distribution of lesions was similar to 

that in NLE and GME.  However, demyelination and autoantibodies against MBP have 

never been recognized in NLE and GME.  Thus, this disease of rats might be 

experimental autoimmune encephalitis (EAE), rather than a model for NLE or GME.  

Although the construction of a model for GME was failed, it was indicated that GME 

may not be caused by the autoimmune response against cerebellum proteins.  

Considering autoantibodies against GFAP were detected in the CSF from some GME 

cases, the existence of a common autoantigen between NME and GME might be 

suspected.  There are a few diseases which are caused by different immune responses 

of Th1 or Th2 to the same pathogen or antigen.  Approaches to clarify both a pathogen 

or antigen and an immune mechanism could be necessary for the construction of a 

model for GME.  This is the first demonstration of the possibility that NME might be 

caused by an autoimmunity against cerebrum proteins such as GFAP.   

To my knowledge, the analysis of cytokine or chemokine receptors among the 

canine inflammatory brain diseases and the construction of a model for NME have not 

been reported so far.  The present study indicated that these diseases might be caused 

by distinct immune responses, based on a common autoimmunity and according to the 

genetic and environmental factors.  Further researches on the fundamental 

development of the autoimmunity against GFAP would be necessary.  I hope the 

present study much contributes to further researches. 
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