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Abstract: Meningoencephalitides of Unknown Origin (MUO) comprises a group of non-infectious
inflammatory brain conditions, which frequently cause severe neurological disease and
death in dogs. Although multiple diagnostic markers have been investigated, a
conclusive diagnosis, at present, essentially relies on postmortem histopathology.
However, different groups of biomarkers, e.g. acute phase proteins, antibodies,
cytokines, and neuro-imaging markers may prove useful in the diagnostic investigation
of dogs with MUO. It appears from the current literature that acute phase proteins such
as C-reactive protein are often normal in MUO, but may be useful to rule out steroid
responsive meningitis-arteritis as well as other systemic inflammatory conditions. In
antibody research, anti-glial fibrillary acidic protein (GFAP) may play a role, but further
research is needed to establish this as a consistent marker of particularly Pug dog
encephalitis. The proposed diagnostic markers often lack specificity to distinguish
between the subtypes of MUO, but an increased expression of interferon-γ (IFN-γ) in
necrotizing meningoencephalitis (NME) and interleukin-17 (IL-17) in granulomatous
meningoencephalitis (GME) in tissue biopsies may indicate their potential as specific
markers of NME and GME, respectively, suggesting further investigations of these in
serum and CSF. While neuro-imaging is already an important part of the diagnostic
work-up in MUO, further promising results have been shown with Positron Emission
Tomography (PET) as well as proton resonance spectroscopy (1H MRS), which may
be able to detect areas of necrosis and granulomas, respectively, with relatively high
specificity. This review presents different groups of established and potential diagnostic
markers of MUO assessing current results and future potential.
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Abstract  19 

Meningoencephalitides of Unknown Origin (MUO) comprises a group of non-infectious 20 

inflammatory brain conditions, which frequently cause severe neurological disease and death in 21 

dogs. Although multiple diagnostic markers have been investigated, a conclusive diagnosis, at 22 

present, essentially relies on postmortem histopathology. However, different groups of 23 

biomarkers, e.g. acute phase proteins, antibodies, cytokines, and neuro-imaging markers may 24 

prove useful in the diagnostic investigation of dogs with MUO. It appears from the current 25 

literature that acute phase proteins such as C-reactive protein are often normal in MUO, but may 26 

be useful to rule out steroid responsive meningitis-arteritis as well as other systemic 27 

inflammatory conditions. In antibody research, anti-glial fibrillary acidic protein (GFAP) may 28 

play a role, but further research is needed to establish this as a consistent marker of particularly 29 

Pug dog encephalitis. The proposed diagnostic markers often lack specificity to distinguish 30 

between the subtypes of MUO, but an increased expression of interferon-γ (IFN-γ) in necrotizing 31 

meningoencephalitis (NME) and interleukin-17 (IL-17) in granulomatous meningoencephalitis 32 

(GME) in tissue biopsies may indicate their potential as specific markers of NME and GME, 33 

respectively, suggesting further investigations of these in serum and CSF. While neuro-imaging 34 

is already an important part of the diagnostic work-up in MUO, further promising results have 35 

been shown with Positron Emission Tomography (PET) as well as proton resonance 36 

spectroscopy (1H MRS), which may be able to detect areas of necrosis and granulomas, 37 

respectively, with relatively high specificity. This review presents different groups of established 38 

and potential diagnostic markers of MUO assessing current results and future potential. 39 
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Introduction  43 

Non-infectious inflammatory central nervous system (CNS) conditions are common in 44 

dogs (Tipold, 1995; Tipold and Schatzberg, 2010), and may cause severe and potentially life-45 

threatening neurological disease, unless diagnosed and treated early. Obtaining a definitive 46 

diagnosis ante-mortem may be challenging, and much is still unknown in terms of the underlying 47 

etiology and pathophysiological mechanisms involved.  48 

 49 

Non-infectious inflammatory CNS diseases in dogs may be assigned to one of two major 50 

subgroups: steroid responsive meningitis-arteritis (SRMA), which primarily affects the 51 

meninges, and the meningoencephalitides of unknown origin (MUO), which also involves the 52 

brain parenchyma and possibly spinal cord. The underlying etiology in both presumably involves 53 

an immune system dysregulation; this theory is supported by the positive effect of 54 

immunosuppressive treatment, but the exact mechanisms are unclear  (Talarico and Schatzberg, 55 

2010; Gaitero et al., 2016; Uchida et al., 2016). Different infectious agents, environmental and 56 

genetic influences have been investigated as possible disease triggers, but have so far been 57 

inconclusive (Greer et al., 2009; Schatzberg et al., 2009; Wilbe et al., 2009; Pedersen et al., 58 

2011; Rose and Harcourt-Brown, 2013; Jeffery et al., 2017; Hoon-Hanks et al., 2018). The 59 

absence of a specific pathogenic agent or known disease trigger complicates development of a 60 

confirmatory diagnostic test, and the establishment of a diagnosis currently relies on clinical 61 

presentation indicative of CNS disease, diagnostic imaging and cerebrospinal fluid (CSF) 62 

analysis and exclusion of other causes of meningitis, encephalitis and myelitis (Coates and 63 

Jeffery, 2014; Cornelis et al., 2019).  64 
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During extensive research of the pathological processes involved, numerous potential 66 

biomarkers have been explored, some of which may hold diagnostic potential. The present paper 67 

reviews previous research on biomarkers of MUO and seeks to evaluate their potential as 68 

possible diagnostic markers in dogs. For a review of biomarkers of SRMA, please see part 2. 69 

 70 

Meningoencephalitides of unknown origin (MUO) 71 

MUO may be subclassified according to their histopathological characteristics and 72 

includes granulomatous meningoencephalitis (GME) and the necrotizing encephalitides 73 

including necrotizing leukoencephalitis (NLE) and necrotizing meningoencephalitis (NME). 74 

MUO may affect dogs of any breed or age, although Pugs, Italian greyhounds, Chihuahuas and 75 

Yorkshire terriers (Talarico and Schatzberg, 2010; Cooper et al., 2014) seem predisposed, and 76 

cases are often young to middle-aged (Cornelis et al., 2019). Clinical signs reflect the location of 77 

the parenchymal lesions and thus vary considerably between cases (Coates and Jeffery, 2014; 78 

Cornelis et al., 2019). Of the aforementioned MUO, GME is presumed to be the most prevalent, 79 

comprising three clinically differing subtypes: a disseminated, a focal and an ocular type (Coates 80 

and Jeffery, 2014). In both GME and NME the onset of disease is frequently acute and 81 

progressive (Cordy and Holliday, 1989; Tipold et al., 1993; Adamo et al., 2007). Systemic signs 82 

such as fever, depression, vomiting, anorexia and systemic leukocytosis may accompany the 83 

neurological signs, but are uncommon, and other non-neurological signs are rare (Talarico and 84 

Schatzberg, 2010), as opposed to SRMA in which general signs of systemic inflammation are 85 

common (Lowrie et al., 2009).  86 
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 87 

A presumptive diagnosis of MUO is based on magnetic resonance imaging (MRI) 88 

findings and CSF analysis in combination with the clinical presentation and exclusion of 89 

infectious causes, whereas a conclusive diagnosis requires histopathological evaluation.  90 

 91 

Yet, despite correct diagnosis and appropriate immunosuppressive treatment, the 92 

prognosis for MUO is at best guarded, which is why new insights into the complex 93 

pathophysiological mechanisms and their biomarkers are so important (Muñana and Luttgen, 94 

1998; Lowrie et al., 2013; Cornelis et al., 2016). A biomarker is defined as “any substance, 95 

structure, or process that can be measured in the body or its products and influence or predict 96 

the incidence of outcome or disease” (Biomarkers Definitions Working Group, 2001). 97 

Biomarkers include both endogenous and introduced substances such as inulin used in the 98 

assessment of renal function. The term “diagnostic marker” describes a subcategory of 99 

biomarkers, which “detect or confirm the presence of a disease or condition of interest” and thus 100 

may seem particulary useful from a clinical perspective (FDA-NIH Biomarker Working Group, 101 

20161).  102 

Accordingly, biomarkers are essential tools as informants in the ongoing research of pathological 103 

mechanisms of MUO as well as in daily diagnostic investigations. Multiple studies have 104 

investigated the pathological phenotype for minimally invasive biomarkers, particularly in blood 105 

                                                 

1 See: National Institutes of Health BEST (Biomarkers, EndpointS, and other Tools). 

www.ncbi.nlm.nih.gov/books/NBK326791/ (Accessed 10 April 2021) 
 

http://www.ncbi.nlm.nih.gov/books/NBK326791/
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and CSF, with variable success. An overview of investigated biomarkers in MUO research is 106 

presented in Tables 1-6 and Fig. 1. 107 

 108 

Biomarkers 109 

Acute Phase Proteins (APPs) 110 

Acute phase proteins are serum proteins, which change (increase or decrease) in 111 

concentration by at least 25% in response to systemic inflammation and the direct stimulation by 112 

pro-inflammatory cytokines (Murata et al., 2004). APPs, such as C-reactive protein, are highly 113 

sensitive indicators of systemic inflammation, yet with a low specificity in regards to the cause 114 

of inflammation, and with significant inter-species differences in APP response (Eckersall and 115 

Bell, 2010).  116 

 117 

The value of APPs including CRP and D-dimer as biomarkers of systemic inflammation 118 

in SRMA has been confirmed in several studies (Bathen-Nöthen et al., 2008; Lowrie et al., 2009; 119 

la Fuente et al., 2012). However, limited evidence is available on the actual behavior of APPs in 120 

MUO, which are only indirectly addressed in studies of SRMA with MUO included for 121 

comparative purposes (Bathen-Nöthen et al., 2008; la Fuente et al., 2012). la Fuente et al. (2012) 122 

compared dogs with SRMA with a group of dogs with other inflammatory neurological diseases, 123 

of which the majority (n=29/37) had MUO. They investigated CSF and serum CRP and D-dimer 124 

and found that CRP was only moderately and inconsistently increased in blood and CSF of the 125 

included MUO cases as opposed to SRMA cases, in which CRP was markedly increased. D-126 

dimer changes were also inconsistent in dogs with MUO. Supportive results have been reported 127 
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by Bathen-Nöthen et al. (2008) where low levels of serum CRP (mean below 20 mg/L) were 128 

found in the group of ‘other meningoencephalitides’ in contrast to a mean of 142 mg/L in SRMA 129 

cases. Altogether, CRP and D-dimer are not immediately useful as diagnostic markers for MUO, 130 

but  normal values may make SRMA, sepsis and other systemic inflammation less likely. 131 

 132 

Antibodies 133 

Studies of antibodies in the pathophysiology and diagnosis of MUO typically describes 134 

the presence of either distinct immunoglobulin-families (e.g. IgG, IgM, IgA) or autoantibodies. 135 

Tipold et al. (1994) investigated IgG, IgM and IgA in serum and CSF for GME relative to other 136 

inflammatory CNS diseases in dogs, and found that IgG, IgM and IgA were generally elevated in 137 

dogs with GME, and also showed that IgG was partially produced intrathecally. The changes in 138 

immunoglobulin concentrations could, however, not be distinguished from other inflammatory 139 

CNS diseases, including infectious encephalitides. Therefore, none of these immunoglobulins 140 

appear to hold potential as specific diagnostic markers of MUO (Tipold et al., 1994). However, it 141 

has been shown in humans that different subclasses of IgG may be associated with specific 142 

disease processes such as pemphigus vulgaris, and the more specific role of IgG in MUO 143 

pathogenesis might be worth pursuing (Schroeder and Cavacini, 2010).   144 

 145 

Autoantibodies are antibodies that target self-antigens rather than foreign antigens. They 146 

are generally implicated in a wide variety of autoimmune, paraneoplastic and infectious diseases, 147 

but it is often difficult to conclude if they are the primary cause of disease, a secondary result of 148 

tissue damage or antigen cross reactivity, or mere “footprints” of an infectious agent (Naparstek 149 
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and Plotz, 1993). This, however, does not exclude the value of autoantibodies as diagnostic 150 

markers.  151 

 152 

Specific autoantibodies are today used as a standard diagnostic tool in human 153 

autoimmune encephalitides (AIE), where NMDA receptor (NMDAR) autoantibodies are among 154 

the most commonly detected (Kelley et al., 2017). A standard panel of autoantibodies used in 155 

humans, including antibodies directed against NMDA, AMPA and GABAB receptors, has 156 

recently been studied in dogs with different CNS diseases (Stafford et al., 2019). Amongst the 157 

investigated autoantibodies only NMDAR autoantibodies were identified, and with only two 158 

positive results out of 17 dogs with MUO (Stafford et al., 2019).  159 

 160 

Glial fibrillary acidic protein (GFAP) and GFAP autoantibodies have been more 161 

extensively studied for dogs with MUO.  Anti-GFAP autoantibodies in serum have been found to 162 

be present in both healthy dogs and dogs with CNS diseases including NME, and are thereby not 163 

of immediate diagnostic value for NME when measured in serum (Fujiwara et al., 2008). 164 

However, when measured in CSF, this autoantibody has presented with a relatively high 165 

specificity for GME and NME compared to other inflammatory CNS diseases (Uchida et al., 166 

1999; Matsuki et al., 2004). The clinical value of anti-GFAP autoantibodies in CSF has been 167 

confirmed with a sensitivity and specificity of 91% and 73%, respectively, in dogs with NME 168 

(Toda et al., 2007). Monitoring these autoantibodies over time in three NME cases, which 169 

received immunosuppressive treatment, revealed that high autoantibody levels persisted in two 170 
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Pug dogs with continuous clinical disease, but switched from positive to negative in a 171 

Pomeranian with clinical remission of the disease (Matsuki et al., 2009).  172 

 173 

A pattern of characteristically high anti-GFAP autoantibody levels in CSF has been 174 

reported for Pug dogs with NME  (Matsuki et al., 2004, 2009), but also in healthy Pugs (Toda et 175 

al., 2007). Interestingly, measuring GFAP itself, rather than its autoantibody, in serum, this 176 

protein was similarly only found to be elevated (> 0.1ng/ml) in Pugs with NME, and not in other 177 

breeds with NME (Miyake et al., 2013). The characteristic findings for Pug dogs of GFAP, 178 

which is known as a marker of astrocytes (Zhang et al., 2017), may relate to an inherent fragility 179 

of astrocytes in this breed. Including this breed in studies of GFAP autoantibodies therefore may 180 

influence results as healthy Pug dogs with elevated GFAP autoantibodies may act as false 181 

positives. Other obstacles for the use of anti-GFAP autoantibodies diagnostically arise from their 182 

presence in a few other neurological diseases in dogs (Matsuki et al., 2004); similarly, in 183 

humans, GFAP autoantibodies have been detected in a wide variety of CNS diseases (Iorio et al., 184 

2018). Whether GFAP autoantibodies play a role in the pathogenesis of NME is therefore still 185 

controversial (Vandevelde et al., 1981; Naparstek and Plotz, 1993; Pham et al., 2008). 186 

 187 

Anti-transglutaminase 2 (TG2) is another autoantibody potentially associated with MUO 188 

(Tanaka et al., 2012). TG autoantibodies are associated with human CNS affecting celiac disease 189 

(Hu et al., 2006; Freeman, 2008; Hadjivassiliou Marios et al., 2008). Although, the specificity of 190 

TG2 is low in the diagnosis of MUO, the findings of TG2 may help elucidate the etiology of 191 

MUO (Tanaka et al., 2012).  192 
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 193 

Taken together, measuring specific antibody families still lacks specificity for MUO. Yet, 194 

anti-GFAP autoantibodies in CSF and possibly serum of dogs with NME could prove useful as a 195 

diagnostic marker. In addition, investigating specific IgG antibody subclasses may hold potential 196 

to aid in estimating pathogenesis (Schroeder and Cavacini, 2010).  197 

 198 

Cytokines and Cell Markers 199 

MUO subtypes GME, NME, and NLE, are usually distinguished based on 200 

theirhistopathological characteristics and specific immune cell composition. Where GME is 201 

histologically characterised by perivascular accumulations of inflammatory cells (perivascular 202 

cuffs) particularly in the white matter of the CNS (Summers et al., 1995), NME is characterized 203 

by extensive necrosis and cavitation and mononuclear cell infiltrates in the grey and white matter 204 

of the cerebrum. NLE is also characterized by necrotic lesions, but unlike NME, NLE 205 

predominantly presents with necrosis in the white matter. Involvement of different immune cell 206 

subtypes can be identified by the use of specific cell markers such as cluster of differentiation 207 

(CD), e.g. CD20 for B-cells, CD11 for macrophages, CD4 for T helper cells (Th cells) and CD8 208 

for killer T cells.  209 

 210 

In GME, a possible dominance of T-cells over B-cells has been reported in the 211 

characteristic perivascular cuffs by the use of CD3, CD4 and CD8 as T-cell markers and IgG-, 212 

CD20-, and CD79acy antibodies as B-cell markers (Kipar et al., 1998; Suzuki et al., 2003; Park 213 

et al., 2012). However, as other studies report an almost equal representation of T- and B-cells in 214 
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GME, when applying other cell markers, it has been highlighted that the identification of cell 215 

types to some extent depends on the choice of cell markers and their sensitivity towards specific 216 

immune cells. IgG and IgM for instance are particularly sensitive markers of B-cells (Tipold et 217 

al., 1999; Jardim et al., 2001).  218 

 219 

In GME, NME and NLE, a mixed population of macrophages is present, demonstrated by 220 

a strong expression of the cell markers MHC-II, lysozyme and CD163. In GME, this is 221 

particularly true in the perivascular cuffs, whereas in NME and NLE, macrophages appear 222 

diffusely distributed in the cortex and white matter (Moore, 1986; Kipar et al., 1998; Park et al., 223 

2012). A significantly higher presence of lysozyme-positive macrophages has been shown in 224 

GME as compared to NME, where the lysozyme marker may indicate a cell mediated immune 225 

response (Yamashita et al., 1978; Moore, 1986; Suzuki et al., 2003). On the other hand, 226 

microglia, which also represent macrophage-like activity in the brain, appears to be strongly 227 

present in NME, but not in GME, as evidenced by a high presence of RCA-1 positive microglia 228 

cells (Mannoji et al., 1986; Suzuki et al., 2003).  229 

 230 

An intense astrocytosis has been demonstrated in GME by GFAP immunohistochemistry, 231 

but has also been reported in NME and NLE (Jardim et al., 2001; Park et al., 2012). The 232 

evidence of astrocytes in necrotizing encephalitides is, however, not surprising, given the role of 233 

astrocytes in CNS scar formation (Fawcett and Asher, 1999). 234 

 235 
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Recruitment of immune cells to sites of inflammation is largely mediated by a number of 236 

different cytokines, i.e. protein messenger molecules (McInnes, 2017). Changes in cytokine 237 

levels may be observed in blood and CSF in response to a change in immune-activity and could 238 

thus serve as possible diagnostic markers of MUO, or even assist in distunguishing between 239 

GME, NME and NLE (Kunz et al, 2009; Kostic et al., 2019). For instance, the histone-like 240 

chromatin protein HMGB-1, secreted by some immune cells as a proinflammatory cytokine, has 241 

been found elevated in CSF of a group of dogs with encephalitides of various aetiologies, and 242 

thus seems to be a positive marker of encephalitis. It has however not been investigated for 243 

specific subtypes of MUO (Miyasho et al., 2011). 244 

 245 

Another cytokine, CCL19, has been investigated in CSF for MUO and SRMA. CCL19 is 246 

produced by dendritic cells and macrophages, it guides immune-cells into the CNS and is 247 

involved in chronic inflammation and lymphoid neogenesis. It was found siginificantly elevated 248 

in CSF for both MUO and SRMA (compared to healthy controls), but with no significant 249 

distinction between the two (Bartels et al., 2014). However, levels of CCL19 decreased 250 

significantly with glucocorticoid treatment in both MUO and SRMA indicating a marked effect 251 

on CCL19 activity by anti-inflammatory therapy; this could partly explain a decreased influx of 252 

inflammatory cells to the CNS, and improvement of the clinical signs. Pooling of individual 253 

MUO disease groups in the cited study unfortunatly precludes any specificity of CCL19 as a 254 

diagnostic marker distinguishing individual MUO diagnoses, though a potential as a prognostic 255 

or monitoring marker remains.  256 

 257 
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A similar example is Neuron Specific Enolase (NSE), a neuron- and neuroendocrine 258 

specific enzyme, which was decribed as a potential biomarker for MUO (Nakamura et al., 2012). 259 

It is already a valuable serum biomarker of a number of CNS conditions in humans which would 260 

seem promising in the quest for MUO serum biomarkers in dogs  (Isgrò et al., 2015). NSE was 261 

significantly upregulated in CSF in 25 dogs with MUO compared to 15 healthy controls, but 262 

until further evaluation, this biomarker also lacks disease specificity as it is mediated by general 263 

neuronal cell death (Nakamura et al., 2012).  264 

 265 

Lack of specificity is often a problem in terms of diagnostic MUO markers, but 266 

expression of IFN-γ has been found markedly higher in tissue from dogs with NME compared to 267 

NLE and GME, whereas IL-17 is increased in GME (Park et al., 2013). IFN-γ is known to have 268 

cytotoxic effects, corresponding well to the malacic histopthological changes in NME cases. IL-269 

17, in turn, has previously been associated with multiple autoimmune diseases, which adds to the 270 

hypothesis of GME being an autoimmune disease.  271 

 272 

In summary, studies of cell markers and cytokines have extended our understanding of 273 

the pathogenic processes in MUO and support the hypothesis of autoimmune etiologies (Suzuki 274 

et al., 2003a; Schwartz et al., 2008, 2011; Maiolini et al., 2013; Bartels et al., 2014). However, 275 

none of these have so far revealed any highly promising potential as diagnostic markers, mainly 276 

due to a lack of specificity or, in cases of tissue biopsies, due to the invasive sampling methods.  277 

 278 

Micro-RNAs 279 
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MicroRNAs (miRNAs) are short non-coding RNAs, which play an important role in gene 280 

regulation of many physiological processes, where they usually act by silencing the translation of 281 

specific messenger RNA (mRNA) (Su et al., 2016). The CNS is particularly abundant in tissue 282 

specific miRNAs, and each cell type in the CNS expresses a unique pattern of miRNAs, which 283 

regulate the immune system (Kim et al., 2004; Jovičić et al., 2013). Some mi-RNAs, e.g. miR-284 

155, promote proinflammatory mediators, while others, e.g. miR-124, act as anti-inflammatory 285 

mediators (Ponomarev et al., 2011). Dysregulation of miRNAs may be responsible for inducing 286 

disease, as evidenced in several human diseases (Ponomarev et al., 2013; Su et al., 2016). 287 

Changes in specific miRNAs may therefore act as potential biomarkers of disease (Su et al., 288 

2016). In addition, miRNAs are present in most extracellular fluids including serum and CSF, 289 

which facilitates sampling and highlights their potential use as diagnostic markers (Su et al., 290 

2016).  291 

 292 

The importance of miRNAs in autoimmune diseases in both animals and humans has 293 

been emphasized in several studies (Baltimore et al. 2008; Garo and Murugaiyan, 2016; Muñoz-294 

San Martín et al, 2019). Previous investigations of miRNA in dogs have mainly focused on 295 

oncology, while very few have studied miRNAs in canine CNS disorders. However, an increase 296 

of miR-21 and miR-181c levels in CSF has recently been shown in dogs with MUO, suggesting 297 

a possible role of these miRs in the pathogenesis of MUO (Gaitero et al., 2016). Both miR-21 298 

and miR-181c have previously been associated with CNS disorders and autoimmunity in both 299 

humans and animal models (Lu et al., 2009, 2011; Haghikia et al., 2012; Bhalala et al., 2013; 300 

Murugaiyan et al., 2015), and it has been shown that miR-21 deficient mice are nearly resistant 301 
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to experimental autoimmune encephalitis and systemic lupus erythematosus (Murugaiyan et al., 302 

2015; Garchow and Kiriakidou, 2016). The exact functional role of  miR-21 and miR-181c in 303 

MUO has not yet been established,  and whether elevated levels of miRNAs are specific for 304 

MUO or merely a result of the higher CSF cellularity in these has not yet been clarified. 305 

The role of miRNAs in inflammatory CNS disease is worth pursuing, not only as biomarkers, but 306 

also in the quest of better understanding underlying disease processes. Yet, since miRNAs are 307 

present both intra- and extracellularly, it is important to be aware of the origin of the miRNA 308 

under investigation as the measured concentration likely depends on whether cell fractions or 309 

extracellular fluid are investigated. In general, a higher degree of consistency is urged when 310 

studying miRNAs as results are highly sensitive to methodological variations (Cirera et al. 311 

2019).  312 

 313 

Genetic markers 314 

A strong familial tendency of NME has been found in Pug dogs (Greer et al., 2009) and 315 

the trait has been localized to the MHC-II region of the dog leukocyte antigen (DLA) (Greer et 316 

al., 2010a). As decribed previously, Pugs with NME also present with significantly higher levels 317 

of GFAP autoantibodies, and a more severe course of the disease than other breeds with NME, 318 

which is also considered a breed disposition (Matsuki et al., 2004).  319 

 320 

The identification of an association between MHC-II proteins and NME is interesting 321 

because it is paralleled in human multiple sclerosis (MS). In fact, the comparability of NME and 322 

acute fulminant MS manifestations (e.g. ‘Marburg’s variant’) has previously been highlighted 323 
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(Greer et al., 2010b). An MHC-I/II association is, however, not specific to inflammatory CNS 324 

diseases in dogs but has also been indicated in multiple other immune-mediated diseases 325 

including immune-mediated hemolytic anemia (IMHA), immune-mediated rheumatic disease 326 

(IMRD), hypothyroidism and diabetes mellitus type 1 in certain breeds (Wilbe et al., 2009; 327 

Pedersen et al., 2011). The identification of specific geno- and haplotypes linked to increased 328 

risk for NME may not be immediately applicable in diagnostic tests, as homozygosity for these 329 

haplotypes does not per se cause NME (Greer et al., 2010a; Pedersen et al., 2011). Yet, for 330 

breeding purposes for example in Pugs and Yorkshire terriers genetic screening with selection 331 

against homogozygosity may prove valuable to reduce the prevalence of NME in these breeds. 332 

 333 

Similar immune-related genetic findings have been reported for greyhounds with non-334 

suppurative meningoencephalitis, a condition very similar to NME both pathologically and 335 

clinically (Callanan et al., 2002). Genes involved in immune function were highly expressed in 336 

affected dogs (n = 3) and coded for MHC proteins, complement components and mx-proteins 337 

(Greer et al., 2010b). Mx-proteins have previously been identified in several canine 338 

encephalitides, including one study identifying these in 17/18 MUO cases (Porter et al., 2006). 339 

Mx-proteins are usually associated with viral activity but multiple PCR analyses of MUO 340 

affected dogs have failed to provide evidence of a viral presence (Porter et al., 2006; Haller et al., 341 

2007; Greer et al., 2009, 2010a; Schatzberg et al., 2009; Collinet et al., 2020). The presence of 342 

virus in presumed MUO cases should, however, not immediately be excluded. This is 343 

exemplified by a case of wild type canine distemper in a dog, for which NME was diagnosed 344 

upon histopathology and no viral inclusion bodies were found. Using immunohistochemistry and 345 
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pan-paramyxovirus reverse transcription PCR however, the virus was confirmed in the CNS 346 

(Schatzberg et al., 2009). Moreover, mx-proteins, as those found in MUO cases by Porter et al. 347 

(2006), are highly active against negative strand viruses – such  as CDV (Verhelst et al., 2013). 348 

The presence of mx-proteins may however also be part of a potential immune dysfunction 349 

disease etiology involving dysregulation of interleukins (Al-Masri et al., 2009).  350 

 351 

CSF analysis 352 

Conventional CSF analysis remains an important diagnostic tool in many CNS diseases, 353 

not least in inflammatory conditions. In dogs with MUO CSF analysis typically shows elevated 354 

protein concentration (>0.3g/L) and mononuclear pleocytosis (>5 cells/L), although cell counts 355 

may vary greatly, and even be normal in up to 22% of dogs (Granger et al., 2010; Coates et al., 356 

2014). The differential cell count may give some indication of the MUO subtype, as the cell 357 

count with NE is usually dominated by lymphocytes (>80%), although a mixed cell pleocytosis 358 

may be seen at times (Granger et al., 2010; Coates et al., 2014). The cytological findings are less 359 

consistent with GME, where both lymphocytic, mixed cell and neutrophilic pleocytosis have 360 

been described (Muñana et al., 1998; Granger et al., 2010). However, as opposed to SRMA, 361 

neutrophilic pleocytosis is rare (<10%) in MUO (Muñana et al., 1998; Granger et al., 2010), and 362 

a differential cell count of >50% mononuclear cells may be suggestive of a diagnosis of MUO 363 

(Smith et al., 2009; Granger et al., 2010; Cornelis et al., 2019). However, pleocytosis also occurs 364 

with infectious brain conditions, CNS neoplasia and noninflammatory vascular disease, and as 365 

both may share some MRI characteristics with non-infectious inflammatory CNS diseases as 366 

well, these should be considered as alternate differential diagnoses (Tipold, 1995; Lobetti and 367 
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Pearson, 1996; Lamb et al., 2005; Cibas, 2009; Perske et al., 2011). It is therefore important that 368 

infectious causes such as canine distemper virus, Toxoplasma gondii, Neospora caninum, 369 

Ehrlichia canis, Rickettsia rickettsii, Bartonella spp. and Borrellelia burgdorferi be ruled out by 370 

serology or polymerase chain reaction (PCR) on CSF particularly in areas where these agents are 371 

evidenced causes of infectious encephalitides (Tipold, 1995; Di Terlizzi and Platt, 2009; Sykes, 372 

2013).  373 

 374 

Other potential biomarkers 375 

MRI presents the mainstay in diagnostic imaging for MUO and other CNS disorders, and 376 

imaging characteristics for MUO have been intensively investigated (Speciale et al., 1992; 377 

Dzyban and Tidwell, 1996; Ducoté et al., 1999; Young et al., 2009). As conventional MRI is not 378 

considered a biomarker based on the previously stated definitions, a description of specific MRI 379 

characteristics in relation to MUO subtypes is considered beyond the scope of this review. 380 

However, the use of e.g. radiotracers as biomarkers in advanced diagnostic imaging has shown 381 

promising potential in MUO diagnosis. For instance Positron Emission Tomography (PET), 382 

which is a functional imaging technique using radiotracers to asses metabolic processes 383 

(Vaquero and Kinahan, 2015), has been evaluated in dogs with MUO and found to show good 384 

agreement with MRI (Eom et al., 2008). It appeared that PET scans correctly detected areas of 385 

necrosis and cavitation as hypometabolic areas using the radiotracer Fluorine-18 386 

fluorodeoxyglucose (FDG) in dogs with NME (Eom et al., 2008; Kang et al., 2010). Areas of 387 

hypermetabolism were found associated with granuloma lesions in GME (Kang et al., 2010). 388 

These findings indicate the possibility to differentiate between MUO subtypes on FDG-PET 389 
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compared to other imaging modalities, and further investigation of this aspect is warranted. 390 

FDG-PET may be of particular benefit in cases where MRI changes are not seen, as FDG-PET 391 

can detect early abnormalities based on focal metabolic changes before anatomical changes 392 

occur. It may also be able to distinguish them from some tumor forms (Eom et al., 2008). 393 

However, because FDG-PET presents lower anatomical detail than CT and MRI, it is still 394 

recommended in combination with MRI (Eom et al., 2008; Kang et al., 2010). Increasing the 395 

number of tested animals, and investigating other radiotracers than FDG as well as performing 396 

serial PET scans related to progressive clinical findings, will further improve our knowledge of 397 

the potential for PET imaging in MUO research and diagnostics.  398 

 399 

Another interesting functional imaging modality, which has shown promising results with 400 

regard to distinguishing between MUO and neoplasia is proton magnetic resonance spectroscopy 401 

(1H MRS) (Carrera et al., 2016). 1H MRS investigates focal changes in intracellular metabolites 402 

in relation to structural brain abnormalities. It has been used with success in combination with 403 

MRI when distinguishing neoplasia from other CNS diseases, but further studies are needed to 404 

assess its value in MUO diagnostic terms, and in particular its potential to differentiate 405 

subgroups of disease (Carrera et al., 2016; Cornelis et al., 2019). 406 

 407 

The use of electroencephalography (EEG) in infectious and non-infectious encephalitis 408 

has previously been attempted (Croft, 1970; Sawashima et al., 1996; Mariscoli and Jaggy, 1997).  409 

A pattern of high voltage, slow waves (HVSA) has been described for a case of NME 410 

(Sawashima et al., 1996), and the same pattern confirmed by Mariscoli and Jaggy (1997) in 25 411 
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dogs with encephalitides of various etiologies. However, with the great advances in 412 

neuroimaging, the use of EEG as a diagnostic tool in MUO is presumably of little relevance.  413 

 414 

The characteristic presence and behaviour of neuroexcitatory amino acids has been 415 

extensively reviewed in human CNS diseases such as Alzheimer’s, epilepsy and Huntington’s 416 

disease. Excitatory amino acid transporters (EAATs) help to secure a homestasis of excitatory 417 

amino acids in the neuronal synapse, and have been found unregulated in some human CNS 418 

diseases (Dunlop et al., 1999). Although not extensively studied in veterinary medicine, 419 

homeostasis of neurotransmitters has been studied in relation to canine epilepsy with 420 

neuroexcitatory amino acids such as glutamate and aspartate highly increased during seizures.  421 

 422 

To investigate potential disease pathways, the behavior of four specific neurotransmitters 423 

and EAATs in CSF from dogs with NME has been studied (Pham et al., 2008) identifying 424 

glutamate and aspartate as significantly increased in NME. Moreover, in NME one or more 425 

factors in CSF is found to elicit an increased expression of glutamate, aspartate and taurine by 426 

astrocytes, while decreasing EAAT2 (Pham et al., 2008). This indicates, that reduced expression 427 

of EAAT2 and disruption of the homeostasis of certain neurotransmitters may contribute to 428 

NME pathology, similar to human MS – a comparability also supported by others (Greer et al., 429 

2010a; Park et al., 2013). 430 

 431 

Recently, microflora-host interactions have gained much attention as potential players in 432 

the pathogenesis of many diseases, including those of the CNS. In humans, an association 433 
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between gut microbiomes and some neurological disorders, including autoimmune and 434 

neurodegenerative conditions such as Multiple Sclerosis and Parkinson’s Disease, has been 435 

found (Schmidt, 2015; Tremlett et al, 2017). Moreover, certain components/bacterial families of 436 

the gut microflora profoundly seem to affect immune system behavior and development of EAE 437 

in mice (Lee et al., 2011). Studies of potential gut microbiome-host interactions in canine MUO 438 

have been initiated recently (Jeffery et al., 2017). Faecalibacterium prausnitzii and Prevotella 439 

spp. have previously been associated with a potential role in autoimmunity and the development 440 

of MS (Miyake et al., 2015; Velasquez-Manoff, 2015). Testing > 30  mixed MUO cases and 441 

healthy controls via fecal 16S rRNA metabarcoding, a significant relationship between high 442 

Prevotella spp. abundance and reduced risk for developing MUO was found  (Jeffery et al., 443 

2017). Collecting fecal samples is minimally invasive and evaluating the relative abundance of 444 

e.g. Prevotella spp. could potentially aid diagnosis; but judging from the results of Jeffery et al. 445 

(2017), it is thus far not a strong diagnostic marker of MUO without high sensitivity. It could 446 

however be used as a risk-assessment tool of developing MUO, particularly in susceptible 447 

breeds; and if this bacterial species has a direct effect on modulation of auto-immunity, not 448 

merely a bystander effect, prophylactic measures, such as probiotics, could be instated with 449 

minimal to no adverse effects.  450 

 451 

Conclusions 452 

At present, a single conclusive diagnostic test for meningoencephalitides of unknown 453 

origin or its subclasses does not exist. The body of research highlights the complex 454 

pathophysiology of the disease but also highlights the huge number of potential biomarkers for 455 
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diagnosis, disease progression and treatment monitoring. There is some evidence indicating that 456 

specific autoantibodies against certain neuroreceptors and intracellular proteins may be involved 457 

in the development of MUO, including NMDAR and GFAP autoantibodies. Although results are 458 

inconsistent and a clear clinical association has not yet been established in dogs, as opposed to 459 

humans, specific autoantibodies in CSF and serum are worth pursuing in the search for 460 

diagnostic markers as well as in the elucidation of mechanisms of disease. Acute phase proteins, 461 

which have proven useful in the diagnosis and treatment of SRMA, are typically normal in MUO 462 

indicating the absence of a systemic inflammatory response in MUO. On the other hand, normal 463 

APP levels may be useful to rule-out SRMA as a differential diagnosis. The investigated 464 

biomarkers often lack specificity to distinguish between the subtypes of MUO, but an increased 465 

expression of IFN-γ of NME and IL-17 in GME in tissue biopsies may indicate their potential as 466 

specific diagnostic markers of NME and GME, respectively, suggesting further investigations of 467 

these in serum and CSF. Finally, neuroimaging, which is already an important tool in the 468 

diagnosis of MUO, may provide further detail by applying specific biomarkers in advanced 469 

modalities such as FDG-PET and 1H MRS, which may differentiate inflammatory lesions from 470 

some of the challenging tumour types and even distinguish between GME and NME. 471 
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Table 1 

Overview of acute phase protein activity in Meningoencephalomyelitis of Unknown Origin (MUO) including Necrotizing Meningo-

Encephalitis (NME), Necrotizing Leuko-Encephalitis (NLE) and Granulomatous Meningo-Encephalomyelitis (GME), with comparisons to 

other diseases and healthy conspecifics. 

Biomarker Reference Specific 

Disease(s) 

(n) 

Test 

material 

Method Activity Control 

group 

(n) 

Study 

design 

Important considerations 

C3 Suzuki et 

al. 2003a 

GME (4); 

NME (11) 

Brain 

sections 

IHC Inconclu-

sive 

None Descriptive Conclusions challenged by low 

specificity of C3 Ab staining.  

C-reactive 

protein 

Fuente et 

al. 2012 

MUO (29) 

(pooled with 

OND, 8) 

Serum TR-

IFMA 

 

↓ SRMA 

(11) 

Case-

control 

Group ”other inflammatory CNS 

diseases” also included non-MUO 

cases, but was dominated by MUO 

cases. Highly significant difference 

between SRMA group and the 

heterogenous MUO group and no 

overlap between the groups 
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C-reactive 

protein 

Fuente et 

al. 2012 

MUO (29) 

(pooled with 

OND, 8) 

CSF TR-

IFMA 

 

↓ SRMA 

(11) 

Case-

control 

Group ”other inflammatory CNS 

diseases” also included non-MUO 

cases, but was dominated by MUO 

cases. Highly significant difference 

between SRMA group and the 

heterogenous MUO group and no 

overlap between the groups 

 

D-dimer Fuente et 

al. 2012 

MUO (29) 

(pooled with 

OND, 8) 

Serum ITA →, see 

note 

SRMA 

(11) 

Case-

control 

Group ”Other inflammatory CNS 

diseases” also included non-MUO 

cases. Though group was dominated 

by MUO cases, heterogeneity may 

have obscured results 
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C3, Complement component 3; IHC, immunohistochemistry; Ab, antibody; OND, other neurological diseases (other than MUO); TR-IFMA, 

time-resolved immunofluorometric assay; ↑, significant increase; ↓, significant decrease; →, no significant difference(s); SRMA, steroid 

responsive meningitis-arteritis; CSF, cerebrospinal fluid; ITA, Immunoturbidimetric Assay. 

 

D-dimer Fuente et 

al. 2012 

MUO (29) 

(pooled with 

OND, 8) 

CSF ITA ↓ SRMA 

(11) 

Case-

control 

Group ”other inflammatory CNS 

diseases” also included non-MUO 

cases, but was dominated by MUO 

cases. Highly significant difference 

between SRMA group and the 

heterogenous MUO group and no 

overlap between the groups 
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Table 2 

Overview of autoantibody activity in meningoencephalomyelitis of unknown origin (MUO, including necrotizing meningo-encephalitis 

[NME], necrotizing leuko-encephalitis [NLE] and granulomatous meningo-encephalomyelitis [GME]), with comparisons to other diseases 

and healthy conspecifics.  

Biomarker Reference Specific 

disease  

(n) 

Test 

material 

Method Activity Control group 

(n) 

Study 

design 

Important considerations 

 

Anti-nuclear 

antibody 

Matsuki et 

al. 2004 

NME (22) CSF IF → H (14), OIC 

(22), Cneo 

(12), OND 

(24) 

Case-

control 

No ANA found 

Astrocyte 

autoantibodies 

(GFAP 

positive 

astrocytes) 

Matsuki et 

al. 2004 

NME (22) CSF IF ↑ H (14), OIC 

(22), Cneo 

(12), OND 

(24) 

Case-

control 

Positive auto-antibody titers >1:1. 

All positive. 18/22, titers >1:10. 

Healthy controls all <1:1. Cneo: 

4/11 >1:1. 1/10 CDV cases >1:1 
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Astrocyte 

autoantibodies 

(GFAP 

positive 

astrocytes) 

Matsuki et 

al. 2004 

GME (3) CSF IF ↑ H (14), OIC 

(22), Cneo 

(12), OND 

(24) 

Case-

control 

Positive auto-antibody titers >1:1. 

All positive. 18/22, titers >1:10. 

Healthy controls all <1:1. Cneo: 

4/11 >1:1. 1/10 CDV cases >1:1 

Astrocyte 

autoantibody 

Park et al. 

2012 

NME (25) Brain 

tissue 

IHC ↑ - Descriptive Immunohistochemistry with 

double-labeling anti-IgG and anti-

GFAP immunofluorescence 

staining resulted in double positive 

astrocytes most prominently in 

NME, but also occurred in NLE. 

Most frequently found in 

leptomeninges and periphery of 

lesions (astrogliosis and necrosis) 
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Astrocyte 

autoantibody 

Park et al. 

2012 

NLE (5) Brain 

tissue 

IHC ↑ - Descriptive Double positive astrocytes most 

prominent in NME but also 

occurred in NLE. These astrocytes 

were most frequently found in the 

leptomeninges and periphery of 

lesions (astrogliosis and necrosis) 

 

Astrocyte 

autoantibody 

Park et al. 

2012 

GME (9) Brain 

tissue 

IHC → - Descriptive Double positive astrocytes not 

found in GME brain sections 

 

GFAP 

autoantibody 

Uchida et 

al. 1999 

NE (2) Serum IF ↑ H (2), non-C 

(6) 

Case-

control 

Autoantibody against GFAP found 

in serum in two Pugs with NE 

 

GFAP 

autoantibody 

Uchida et 

al. 1999 

NE (2) CSF IF ↑ H (2), non-C 

(6) 

Case-

control  

Autoantibody against GFAP found 

in CSF in two Pugs with NE 
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GFAP 

autoantibody 

Matsuki et 

al. 2009 

NME (3) CSF IF, see 

paper 

↑ Healthy = 

titer  < 1:1, 

see Matsuki 

et al. 2009 

Descriptive Cases = two Pug dogs + one 

Pomeranian. Pug dogs displayed 

characteristic response to therapy 

and higher anti-GFAP antibody 

titers. Anti-GFAP Pugs: > 1:100, 

Pomeranian: 1:100 > 1:10 

 

GFAP 

autoantibody 

Miyake et 

al. 2013 

NME (12 

pug dogs, 

6 of other 

breeds) 

Serum ELISA ↑/→, 

see 

conside

rations 

H (15, 

beagles), OIC 

(11), Non-C 

(56), OND 

(47) 

Case-

control 

Serum anti-GFAP antibodies 

significantly elevated in NME Pug 

dogs, but not for other breeds with 

NME 

GFAP 

autoantibody 

Shibuya et 

al. 2007 

NME (9) CSF IF, 

immunobl

ot etc. 

↑ - Descriptive Only Pug dogs included. 9/9 Pugs 

presented anti-astrocyte antibodies, 

8/9 presented reactivity to GFAP. 

Chymotrypsin digestion indicated 
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that different epitopes may act as 

targets for autoantibodies 

 

GFAP 

autoantibody 

Toda et al. 

2007 

NME (32) CSF ELISA ↑ H (16), OIC 

(23), OND 

(27) 

Case-

control 

Significantly increased GFAP 

autoantibody in NME compared to 

OIC, OND and H. Half of tested 

dogs with NME were Pugs. 

Elevated GFAP autoantibody also 

found in 1/5 healthy Pugs. Leakage 

of GFAP correlated with occurrence 

of anti-GFAP autoantibodies 

 

GFAP Toda et al. 

2007 

NME (32) CSF ELISA ↑ H (16), OND 

(27) 

Case-

control 

Significantly increased GFAP in 

NME compared to OND and H. No 

significant difference found to OIC 

(23) and healthy Pugs (5). Half of 

dogs with NME were Pugs. 3/5 
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healthy Pug dogs had elevated 

GFAP in CSF compared to healthy 

controls. Leakage of GFAP 

correlated with occurrence of anti-

GFAP autoantibodies.  

 

IgA Tipold et 

al. 1994 

GME (5) serum ELISA and 

RID 

→ H (15) Case-

control 

All serum IgA levels were normal 

in 5 GME cases 

 

IgA Tipold et 

al. 1994 

GME (5) CSF ELISA and 

RID 

↑ H (15) Case-

control 

Increased IgA levels in 5/5 dogs 

with GME. Increase was however 

not significantly different compared 

to ON 

 

IgG Tipold et 

al. 1994 

GME (5) serum 

and CSF 

ELISA, 

see paper 

↑ H (15) Case-

control 

Elevated IgG index in 5/5 dogs with 

GME. Intrathecal antibody 

production indicated 



44 

 

 

 

 

(IgG-

index) 

IgM Tipold et 

al. 1994 

GME (5) serum ELISA and 

RID 

→ H (15) Case-

control 

IgM not increased in any of five 

GME serum samples 

 

IgM Tipold et 

al. 1994 

GME (5) CSF ELISA and 

RID 

Incon-

clusive 

H (15) Case-

control 

IgM elevated in 2/5 GME CSF 

samples 

 

Neuron 

Specific 

Enolase 

Nakamura 

et al. 2012 

MUO (25) CSF 2DE, 

MALDI-

TOF mass 

spectromet

ry 

↑ H (15) Case-

control 

Diseased dogs = 10 Pug dogs. D 

was significantly different to H.  

Neuronal 

autoantibodies 

Matsuki et 

al. 2004 

GME (3) CSF IF → H (14), OIC 

(22), Cneo 

(12), OND 

(24) 

Case-

control 

No anti-neural antibodies found 
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TG2 

autoantibody 

Tanaka et 

al. 2012 

NME (19) CSF ELISA, 

IHC and 

immunobl

ot 

↑ H (20) Descriptive TG2 autoantibody significantly 

higher in NME compared to healthy 

controls, but not increased in all 

NME cases (12/19) 

  

TG2 

autoantibody 

Tanaka et 

al. 2012 

NLE (7) CSF ELISA, 

IHC and 

immunobl

ot 

Incon-

clusive 

H (20) Descriptive Increased TG2 autoantibody in 5/7 

compared to controls, however not 

significantly 

 

TG2 

autoantibody 

Tanaka et 

al. 2012 

GME (11) CSF ELISA, 

IHC and 

immunobl

ot 

Incon-

clusive 

H (20) Descriptive Increased TG2 autoantibody in 6/11 

compared to controls, however not 

significantly 

 

CSF, cerebrospinal fluid; IF, immunofluorescence; ↑, significant increase; ↓, significant decrease; →, no significant difference(s); D, 

diseased; H, healthy; OIC, other inflammatory CNS diseases; Cneo, CNS neoplasia; OND, other neurological diseases  (other than MUO); 

OIC, other inflammatory CNS disease; ANA, anti-nuclear antibody; GFAP, glial fibrillary acidic protein; CDV, canine distemper virus; 

IHC, immunohistochemistry; NE, necrotizing encephalitis (comprising NLE and NME); IgG, immunoglobulin G; non-C, non-CNS disease; 

ELISA, enzyme linked immunosorbent assay; RID, radial immunodiffusion; 2DE, two-dimensional electrophoresis; MADI-TOF, Matrix-

Assisted Laser Desorption Ionization Time-Of-Flight mass spectrometry; TG2, transglutaminase 2.
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Table 3 

Overview of immune cell and cytokine activity in meningoencephalomyelitis of unknown origin (MUO, including necrotizing meningo-

encephalitis [NME], necrotizing leuko-encephalitis [NLE] and granulomatous meningo-encephalomyelitis [GME]), with comparisons to other 

diseases and healthy conspecifics. 

Biomarker Reference Disease 

(n) 

Diagnostic 

material 

Analytical 

method 

Activity Control 

group 

(n) 

Study 

design 

Important considerations 

B cells Kipar et 

al. 1998 

GME (11) Brain 

sections 

IHC → - Descriptive Lesions dominated by CD3+ T 

cells and heterogenous group of 

MHC2+ macrophages. B-cells not 

important in granulomatous lesions. 

Histopathology likened to delayed 

type hypersensitivity reactions 

 

B:T cell 

ratio 

Kipar et 

al. 1998 

GME (11) Brain 

sections 

IHC ↓ - Descriptive Lesions were dominated by CD3+ 

T cells and a heterogenous group of 

MHC2+ macrophages. B-cells were 
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not found to play an important role 

inthe granulamatous lesions, thus 

B:T cell ratio was low. The 

appereance was likened to delayed 

type hypersensitivity reactions 

B:T cell 

ratio 

Tipold et 

al. 1999 

GME (4) Brain 

sections 

IHC → Cinf 

(CDV, 6), 

OIC 

(SRMA, 9) 

Descriptive B:T cell ratio was nearly 1. All OIC 

= SRMA. Study also found high 

amount of inactivated or naïve T-

cells in meningeal lesions and 

perivascular cuffs 

B:T cell 

ratio 

Jardim et 

al. 2001 

GME (6) Brain 

sections 

IHC ↑ - Descriptive B:T ratio above 1. T cell marker 

used: CD3, B cell markers: IgG and 

IgM  

B:T cell 

ratio 

Park et al. 

2012 

GME (9) Brain 

sections 

IHC Incon-

clusive 

OIC (30) Descriptive Ratio could not be concluded as B-

cell markers yielded variable 

results between them. Results also 

varied between types of lesions. 
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CD3+ cells were however 

significantly higher in GME than in 

NME (n = 25), but not to NLE (n = 

5) 

CD3+ T 

cells 

Kipar et 

al. 1998 

GME (11) Brain 

sections 

IHC ↑ - Descriptive Lesions were dominated by CD3+ 

T cells and a heterogenous group of 

MHC2+ macrophages. B-cells were 

not found to play an important role 

in the granulomatous lesions. The 

appereance was likened to delayed 

type hypersensitivity reactions 

CCL19 Bartels et 

al. 2014 

MUO (16) 

MUO/trea

ted (11) 

CSF ELISA ↑ H (6), 

OND (21) 

Case-

control 

MUO significantly different to H, 

MUO/treated and OND. All OND 

= idiopathic epilepsy 

CCR2 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (NLE 

and NME, 

6) 

Case-

control 

Increased expression of CCR2 in 

GME compared to OIC (NME and 

NLE). However, significance 
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cannot be calculated due to the 

small sample sizes 

CCR4 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (NLE 

and NME, 

6) 

Case-

control 

Increased expression of CCR4 in 

GME compared to OIC (NME and 

NLE). However, significance 

cannot be calculated due to the 

small sample sizes 

CXCR3 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

Incon-

clusive 

OIC (NLE 

and NME, 

6) 

Case-

control 

Increased expression of CXCR3 in 

GME compared to NME and NLE 

but calculation of significance is 

restricted by small sample sizes. 

CXCR3 was the most expressed 

mRNA in NME and NLE out of 

three chemokine receptors tested 

HMBG-1 Miyasho 

et al. 

2011 

Various 

encephalit

ides (31) 

CSF ELISA 

and 

↑ H (10) Case-

control 

D was significantly different to H. 

D group among other consisted of 

17 dogs suspected of NME, 2 
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western 

blot 

suspected of GME, 1 suspected of 

CDV and 9 cases which could not 

be defined further than the presence 

of encephalitis by MRI 

IFN-γ 

(mRNA 

expr.) 

Park et al. 

2013 

NME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

GME, 6) 

Case-

control 

Very marked increase in expression 

of IFN-γ in cases of NME 

compared to OIC (GME and NLE). 

However, significance cannot be 

calculated due to the small sample 

sizes 

IFN-γ 

(protein 

expr.) 

Park et al. 

2013 

NME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

GME, 6) 

Case-

control 

Increase in the expression of IFN-γ 

protein in cases of NME compared 

to OIC (GME and NLE). However, 

significance cannot be calculated 

due to the small sample sizes. 
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IL-12B 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

NME, 6) 

Case-

control 

Increase in expression of IL-12b 

mRNA expression in GME 

compared to OIC (NME and NLE). 

IL-12B is involved in the secretion 

of IL-17 and IL-12. Likewise, IL-

17 and IL-21 were also higher in 

the GME cases. However, 

significance cannot be calculated 

due to the small sample sizes 

IL-17 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

NME 6) 

Case-

control 

Increased expression of IL-17 

mRNA in GME compared to OIC 

(NME and NLE). However, 

significance cannot be calculated 

due to the small sample sizes 
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IL-17 

(protein 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

NME, 6) 

Case-

control 

Increased expression of IL-17 

protein in GME compared to OIC 

(NME and NLE). However, 

significance cannot be calculated 

due to the small sample sizes. 

Double staining 

immunofluorescence also showed 

that macrophages and/or microglia 

were the main producers of IL-17 

and not T-cells 

IL-21 

(mRNA 

expr.) 

Park et al. 

2013 

GME (2) Brain 

tissue 

rt-PCR, 

immunobl

ot, IHC 

↑ OIC (incl. 

NLE and 

NME, 6) 

Case-

control 

Increased expression of IL-21 in 

GME compared to OIC (NME and 

NLE). However, significance 

cannot be calculated due to the 

small sample sizes 
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Lysozyme 

+ 

macrophag

es 

Suzuki et 

al. 2003a 

GME (4) Brain 

tissue 

IHC ↑ OIC (incl. 

NME, 11)  

Descriptive All OIC = NME. Significantly 

higher presence of lysozyme 

producing macrophages in GME 

than in NME. CD3+ T cells tended 

to be more present in GME than in 

NME but the difference was not 

significant 

MHC2+ 

macrophag

es 

Kipar et 

al. 1998 

GME (11) Brain 

sections 

IHC ↑ - Descriptive Lesions were dominated by CD3+ 

T cells and a heterogenous group of 

MHC2+ macrophages. B-cells were 

not found to play an important role 

inthe granulamatous lesions. The 

appereance was likened to delayed 

type hypersensitivity reactions 

Microglia Suzuki et 

al. 2003a 

NME (11) Brain 

tissue 

IHC ↑ OIC 

(GME, 4) 

Descriptive Intense presence of microglia in 

NME compared to GME. CD3+ T 

cells tended to be more present in 
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GME than in NME but the 

difference was not significant. 

IHC, immunohistochemistry; ↑, significant increase; ↓, significant decrease; →, no significant difference(s); CD3, cluster of differentiation 

3; Cinf, infectious CNS disease; CDV, canine distemper virus; OIC, other inflammatory CNS diseases; SRMA, steroid responsive 

meningitis arteritis; IgG, immunoglobulin G; CCL19, CC motif ligand 19; CSF, cerebrospinal fluid; ELISA, enzyme linked immunosorbent 

assay; H, healthy; OND, other neurological diseases; CCR2, CC motif chemokine receptor type 2; mRNA expr, messenger RNA expression; 

rt-PCR, reverse transcription polymerase chain reaction; CXCR3, CXC motif chemokine Receptor 3; HMGB-1, high mobility group protein 

B 1; MRI, magnetic resonance imaging; IFN-γ, interferon γ; IL-12B, interleukin 12B. 
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Table 4 

 

Overview of micro-RNA activity in meningoencephalomyelitis of unknown origin (MUO, including necrotizing meningo-encephalitis [NME], 

necrotizing leuko-encephalitis [NLE] and granulomatous meningo-encephalomyelitis [GME]), with comparisons to other diseases and healthy 

conspecifics.  

Biomarker Reference Disease 

(n) 

Diagnostic 

material 

Analytical 

method 

Activity Control 

group 

(n) 

Study 

design 

Important considerations 

miR-21 Gaitero et 

al. 2016 

MUO 

(10) 

CSF mRNA iso. 

and qRT-

PCR  

↑ OND (8) Case-

control 

D (GME = 3, NLE = 2, Unknown = 5) 

was significantly different to OND. 

miR-21 Gaitero et 

al. 2016 

MUO 

(9) 

Serum mRNA iso. 

and qRT-

PCR  

→ H (4), 

OND (8) 

Case-

control 

D (GME = 3, NLE = 2, Unknown = 5) 

was not significantly different to any 

other group. 

miR-181c Gaitero et 

al. 2016 

MUO 

(10) 

CSF mRNA iso. 

and qRT-

PCR 

↑ OND (8) Case-

control 

D was significantly different to OND. 
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miR-181c Gaitero et 

al. 2016 

MUO 

(9) 

Serum mRNA iso. 

and qRT-

PCR 

→ H (4), 

OND (8) 

Case-

control 

D (GME = 3, NLE = 2, Unknown = 5) 

was not significantly different to any 

other group. 

miR-21, microRNA 21; CSF, cerebrospinal fluid; mRNA, messenger RNA; iso, isolation; qRT-PCR, quantitative real-time polymerase 

chain reaction; ↑, significant increase; ↓, significant decrease; →, no significant difference(s); OND, other neurological diseases (other than 

MUO); D, diseased; H, healthy. 
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Table 5 
Overview of genetic biomarkers in meningoencephalomyelitis of unknown origin (MUO, including necrotizing meningo-encephalitis [NME], 

necrotizing leuko-encephalitis [NLE] and granulomatous meningo-encephalomyelitis [GME]), with comparisons to other diseases and healthy 

conspecifics.  

Biomarker Referen

ce 

Disease 

(n) 

Diagnostic 

material 

Analytical 

method 

Activity Control 

group 

(n) 

Study 

design 

Important considerations 

h2 Greer et 

al. 2009 

NME (58) Pedigree info Mixed 

Bayesian 

strategy 

↑ - Descriptive Study found strong familial 

inheritance of NME in Pug dogs. 

Moreover, they found a high 

inbreeding coefficient for Pug 

dogs.  

MHC-2 ass. 

Genes 

Greer et 

al. 

2010a 

NME (43) Liver/blood/buc

cal swab 

DNA iso., 

PCR and 

sequencin

g 

See note H (147) Case-

control 

Strong association to the MHC-II 

locus was found. Fine resolution 

mapping narrowed down this 

association to the region 
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containing the genes DLA-DRB1, 

-DQA1 and, -DQB1. 

MHC-2 ass. 

Genes 

Greer et 

al. 

2010b 

MUO (3) Brain tissue qPCR, 

microarra

y analysis  

See note H (3) Case-

control 

All animals tested were 

greyhounds. This may be a breed 

specific disease resembling NME.  

MHC-1 ass. 

genes 

Greer et 

al. 

2010b 

MUO (3)  Brain tissue qPCR, 

microarra

y analysis  

See note H (3) Case-

control 

All animals tested were 

greyhounds. This may be a breed 

specific disease resembling NME.  

h2, heritability; ↑, significant increase; ↓, significant decrease; →, no significant difference(s); MHC-2, major histocompatibility complex 

class 2; iso., isolation; PCR, polymerase chain reaction; H, healthy; DLA-DRB1, DRB1 region at the dog leukocyte antigen gene (DQA1 

and DQB1 region of the DLA gene); qPCR, quantitative polymerase chain reaction.  
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Table 6 

 

Overview of miscellaneous biomarker activity in Meningoencephalomyelitis of Unknown Origin (MUO, including necrotizing meningo-

encephalitis [NME], necrotizing leuko-encephalitis [NLE] and granulomatous meningo-encephalomyelitis [GME]), with comparisons to other 

diseases and healthy conspecifics.  

Scientific 

field of focus 

Biomarker Reference Disease 

 (n) 

Diagnostic 

material 

Analytical 

method 

Activity Control 

group 

(n) 

Study 

design 

Important considerations 

Electroencep

halography 

High voltage 

slow waves 

Sawashima 

et al. 1996 

NME 

(1) 

Brain Electroence

phalograph

y 

+ - Case 

study 

High voltage slow waves 

were reported in a dog with 

NME. Mariscoli and Jaggy 

1997 also find high voltage 

slow waves in dogs with 

various encephalitides. 

Microbiomes Faecalibacteri

um prausnitzii 

Jeffery et 

al. 2017 

MUO 

(20) 

Stool 16s rRNA 

metabarcod

ing 

→ H (20) Case-

control 

Diseases and healthy 

animals were matched in 

terms of age, gender and 

breed. No significant 
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difference was found 

between D and H. 

 Prevotella 

spp. 

Jeffery et 

al. 2017 

MUO 

(20) 

Stool 16s rRNA 

metabarcod

ing 

↓ H (20) Case-

control 

Diseases and healthy 

animals were matched in 

terms of age, gender and 

breed. D was significantly 

different from H.  

Neurotransm

itters and 

receptors 

Glutamate Pham et al. 

2008 

NME 

(8) 

CSF ELISA ↑ H (10) Case-

control 

5/8 were Pugs. D was 

significantly different to H. 

 Aspartate Pham et al. 

2008 

NME 

(8)  

CSF ELISA ↑ H (10) Case-

control 

5/8 were Pugs. D was 

significantly different to H. 

 Taurine Pham et al. 

2008 

NME 

(8) 

CSF ELISA → H (10) Case-

control 

5/8 were Pugs. D was 

significantly different to H. 

 GABA  Pham et al. 

2008 

NME 

(8) 

CSF ELISA → H (10) Case-

control 

5/8 were Pugs. No 

significant difference found 

between D and H 
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 EAAT1  Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cell 

cultivation 

and PCR 

↓ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 

and healthy CSF. 5/8 were 

Pugs. D was significantly 

different to H. 

 EAAT2 Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cell 

cultivation 

and PCR 

→ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 

and healthy CSF. 5/8 were 

Pugs. No significant 

difference found between D 

and H 

 Glutamate Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cultivation 

and PCR 

↑ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 

and healthy CSF. 5/8 were 
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Pugs. D was significantly 

different to H. 

 Aspartate Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cultivation 

and PCR 

↑ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 

and healthy CSF. 5/8 were 

Pugs. D was significantly 

different to H. 

 Taurine Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cultivation 

and PCR 

↑ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 

and healthy CSF. 5/8 were 

Pugs. D was significantly 

different to H. 

 GABA [8] Pham et al. 

2008 

NME 

(8) 

Fetal 

astrocytes 

and CSF 

Cultivation 

and PCR 

→ H (10) Case-

control 

Fetal canine astrocytes 

were cultured for 24 hr in 

the presence of NME-CSF 
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and healthy CSF. 5/8 were 

Pugs. No significant 

difference found between D 

and H 

+, active/present marker; 16s rRNA, 16s ribosomal RNA (prokaryotes); ↑, significant increase; ↓, significant decrease; →, no significant 

difference(s); H, healthy; D, diseased (MUO); CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay; GABA, gamma-

aminobutyric acid; EAAT1, excitatory amino acid transporter 1; PCR, polymerase chain reaction.
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Figure legends 

Fig. 1. Crude overview of investigated biomarkers in relation to MUO research. Abbreviations: 

Inner circle: Cell mark., Cell markers; miRNA, microRNAs; APPs, Acute Phase Proteins. 

Middle circle: Rec/trans, CNS Receptor and/or transmitter markers; Microbio., Microbiome; 

Brain act., Brain activity; IHC, Immunohistochemistry; Imm.rec., Immune cell receptors; 

Enzyme, enzymatic biomarker; Histopath., Histopathology; Gene assoc., Gene/disease 

association scan; h2, heritability. Outer circle: Taurin, Taurin neurotransmitter; Aspartate, 

Aspartate neurotransmitter; Glutamate, Glutamate neurotransmitter; EAAT1/2, Excitatory 

Amino Acid Transporters 1 and 2, respectively; GABA, Gamma Aminobutyric Acid 

neurotransmitter; FDG-PET, F-18-Fluorodeoxyglucose Positron Emission Tomography; 1H 

MRS, proton resonance spectroscopy; Fecal bac., Fecal bacterial community composition (16S 

rRNA metabarcoding); EEG, Electroencephalogram; Lyso.,  Lysozyme; Mic.glia, Microglia; 

MHCI/II, Major Histocompatibility Complex class I and II, respectively; B/T ratio, B over T cell 

ratio; CCR2/4, C-C motif Chemokine Receptor 2 and 4; respectively; CXCR3, C-X-C motif 

chemokine Receptor 3; NSE, Neuron Specific Enolase; aAstro, anti-Astrocyte antibody; aTG2, 

anti-Transglutaminase 2 antibody; ANA, Anti-Nuclear Antibodies; aGFAP, anti-Glial Fibrillary 

Acidic Protein antibody; IgG/IgM/IgA, Immunoglobulin family G, M and A; HMGB-1, High 

Mobility Group Box 1; CCL19, C-C motif Ligand 19; IFN-γ, Interferon Gamma; IL-21/17/12B, 

Interleukins 21, 17 and 12B; respectively; Bayesian, Bayesian mixed modelling approach to 

heritability; miR-10b/181b/21, microRNAs 10b, 181b and 21, respectively; CRP, C-Reactive 

Protein; C3, Complement component 3. 
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Fig. 1 Click here to access/download;Figure;MUO fig 1 2.9.20.PNG

https://www.editorialmanager.com/ytvjl/download.aspx?id=565415&guid=dd8a5d4f-71a6-4d15-9d82-22b275f48af3&scheme=1
https://www.editorialmanager.com/ytvjl/download.aspx?id=565415&guid=dd8a5d4f-71a6-4d15-9d82-22b275f48af3&scheme=1
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 Meningoencephalitides of unknown origin (MUO) are severe autoimmune diseases in dogs 

 Research into anti-glial fibrillary acidic protein (GFAP) autoantibodies is recommended 

 Acute phase proteins usually in reference range, unlike steroid-responsive meningitis-arteritis 

 Interferon-γ  and interleukin-17 show potential as specific markers of MUO subtypes 

 Imaging with tracer fluorine-18 fluorodeoxyglucose can detect early abnormalities  
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Please, find enclosed our the revised version of our manuscript Biomarkers of non-infectious inflammatory 

CNS diseases in dogs – where are we now? Part I – Meningoencephalitis of unknown origin (YTVJL-D-20-
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potentials resulting thereof.  
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