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Abstract: Steroid responsive meningitis-arteritis (SRMA) in dogs causes severe inflammation of
meningeal arteries leading to generalized meningitis with possible neurological signs,
as well as a systemic inflammatory response. The etiology and exact pathogenesis are
unknown, but an immune-mediated origin has been suggested and is supported by a
positive response to immunosuppressive treatment with corticosteroids. A collection of
clinical and paraclinical characteristics may be highly indicative of SRMA, but a single
and conclusive diagnostic test or biomarker is currently not available. The aim of this
review is to provide an overview of the current understanding and knowledge on
SRMA, with special emphasis on potential biomarkers and their applicability in the
diagnostic work-up. Though no specific markers for SRMA currently exist, clinically
useful markers include IgA and several acute phase proteins e.g. C-reactive protein. A
frequent problem of both acknowledged and proposed biomarkers, is, however, their
inability to effectively differentiate SRMA from other systemic inflammatory conditions.
Other proposed diagnostic markers include genetic markers, acute phase proteins
such as serum amyloid A, cytokines such as interleukin-17 and CC-motif ligand 19,
endocannabinoid receptors and heat shock protein 70; these suggestions however
either lack specificity or need further investigation.
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Abstract  15 

Steroid responsive meningitis-arteritis (SRMA) in dogs causes severe inflammation of 16 

meningeal arteries leading to generalized meningitis with possible neurological signs, as well as 17 

a systemic inflammatory response. The etiology and exact pathogenesis are unknown, but an 18 

immune-mediated origin has been suggested and is supported by a positive response to 19 

immunosuppressive treatment with corticosteroids. A collection of clinical and paraclinical 20 

characteristics may be highly indicative of SRMA, but a single and conclusive diagnostic test or 21 

biomarker is currently not available. The aim of this review is to provide an overview of the 22 

current understanding and knowledge on SRMA, with special emphasis on potential biomarkers 23 

and their applicability in the diagnostic work-up. Though no specific markers for SRMA 24 

currently exist, clinically useful markers include IgA and several acute phase proteins e.g. C-25 

reactive protein. A frequent problem of both acknowledged and proposed biomarkers, is, 26 

however, their inability to effectively differentiate SRMA from other systemic inflammatory 27 

conditions. Other proposed diagnostic markers include genetic markers, acute phase proteins 28 

such as serum amyloid A, cytokines such as interleukin-17 and CC-motif ligand 19, 29 

endocannabinoid receptors and heat shock protein 70; these suggestions however either lack 30 

specificity or need further investigation. 31 

 32 

Keywords: Biomarker; Diagnostic test; Inflammation; Meningitis; SRMA; Vasculitis 33 
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Introduction 35 

Non-infectious inflammatory central nervous system (CNS) disorders are common causes 36 

of severe and potentially life-threatening neurological disease in dogs (Tipold, 1995b; Tipold and 37 

Schatzberg, 2010). These conditions may, broadly speaking, be divided into those characterized 38 

by inflammatory changes affecting primarily the meninges, causing a meningitis, and those 39 

affecting the brain parenchyma as well as the meninges, causing a meningoencephalitis (Coates 40 

and Jeffery, 2014). Two important subclassifications within the non-infectious inflammatory 41 

CNS diseases are Steroid Responsive Meningitis Arteritis (SRMA) and Meningoencephalitis of 42 

Unknown Origin (MUO) (Coates and Jeffery, 2014).  43 

 44 

The exact pathogeneses of these non-infectious inflammatory CNS diseases are currently 45 

unknown, but in both SRMA and MUO an immune-system dysregulation or autoimmune 46 

disorder is assumed to account for at least part of the etiology (Talarico and Schatzberg, 2010; 47 

Gaitero et al., 2016; Uchida et al., 2016). Immunosuppressive treatment is often effective, 48 

supporting the assumption of an autoimmune disorder (Suzuki et al., 2003a; Tipold and 49 

Schatzberg, 2010; Coates and Jeffery, 2014). Multiple etiologies have, however, been 50 

investigated as possible disease triggers, including infectious agents, environmental and genetic 51 

factors (Greer et al., 2009; Schatzberg et al., 2009; Wilbe et al., 2009; Pedersen et al., 2011; Rose 52 

and Harcourt-Brown, 2013; Jeffery et al., 2017; Hoon-Hanks et al., 2018).  53 

 54 

From a clinical perspective, the different non-infectious inflammatory CNS diseases may 55 

constitute a challenge in terms of obtaining a definitive ante mortem diagnosis. The absence of a 56 
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specific pathogenic agent or known disease trigger, complicates the diagnostic workup and 57 

impedes development of a confirmatory diagnostic test as well as prevents targeted treatment.   58 

 59 

Numerous potential biomarkers have been explored in the investigation of pathological 60 

processes of non-infectious inflammatory CNS diseases in dogs. A biomarker is ‘a defined 61 

characteristic that is measured as an indicator of normal biological processes, pathogenic 62 

processes, or responses to an exposure or intervention’ (FDA-NIH Biomarker Working Group, 63 

20161). For instance, C-Reactive Protein (CRP) is a well-established biomarker of systemic 64 

inflammation, but others may include radiographic and histologic biomarkers. Identifying 65 

specific biological indicators of underlying disease processes in non-infectious inflammatory 66 

CNS diseases may not only serve to elucidate disease mechanisms, but may also hold diagnostic 67 

value. Diagnostic markers can ultimately be incorporated into test kits that may confirm (or 68 

reject) the presence of these non-infectious inflammatory CNS diseases.  69 

 70 

This review presents different groups of established and potential diagnostic markers of 71 

SRMA assessing current results and future potential. 72 

 73 

Steroid responsive meningitis-arteritis (SRMA) 74 

Steroid responsive meningitis-arteritis (SRMA) is but one of many names covering a 75 

collection of non-infectious meningitides. These are characterized histologically by 76 

inflammatory lesions in the leptomeninges and associated arteries, which show a positive clinical 77 

response to high-dose corticosteroids (Tipold and Schatzberg, 2010). Dogs with SRMA are 78 

                                                 
1 See: BEST (Biomarkers, EndpointS, and other Tools). https://www.ncbi.nlm.nih.gov/books/NBK326791/ 

(Accessed 30 April 2021) 

https://www.ncbi.nlm.nih.gov/books/NBK326791/
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common patients in veterinary practice, although exact prevalence estimates of the disease do not 79 

exist. Medium to large sized dogs are more commonly affected than small breed dogs, and 80 

specific breeds, e.g. Bernese mountain dog, Beagle, Whippet and Boxer have a high occurrence, 81 

suggesting a genetic predisposition (Cizinauskas et al., 2000; Anfinsen et al., 2008; Lowrie et al., 82 

2009a; Rose et al., 2014). Such a genetic predisposition has been evidenced in the Nova Scotia 83 

duck tolling retriever (Anfinsen et al., 2008; Hansson-Hamlin and Lilliehöök, 2013). SRMA is 84 

described in two forms: The classic form presents with acute clinical signs, including cervical 85 

hyperesthesia and rigidity, a stiff gait with a hunched back, fever, anorexia, reluctance to move 86 

and depression (Cizinauskas et al., 2000). Frequent relapses will occur if the disease is not 87 

medically controlled leading, ultimately, to the second chronic or ‘protracted’ form. The latter, 88 

which is far less common, presents as a result of chronic inflammation causing fibrosis of the 89 

meninges that may compress the vasculature or obstruct the flow of cerebrospinal fluid (CSF), 90 

which further compromises blood flow to certain CNS structures (de Lahunta and Glass, 2009). 91 

Generalized ataxia and paresis can be seen in the protracted form if motor and proprioceptive 92 

neurons are affected (Tipold and Jaggy, 1994). This chronic form, however, may be difficult to 93 

confirm except by post-mortem histopathology. 94 

 95 

Unlike MUO, SRMA is usually characterized by a systemic inflammatory response with 96 

pyrexia and an inflammatory leukogram with left-shift neutrophilia in addition to the 97 

neurological disease (Tipold and Schatzberg, 2010). A systemic vasculitis, which may involve 98 

e.g. the thyroid, heart and mediastinum, is occasionally seen (Snyder et al., 1995). The systemic 99 

disease manifestations offer other diagnostic options than with MUOs, e.g. the possible detection 100 
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of acute phase proteins in peripheral blood samples, although these may lack specificity to 101 

differentiate SRMA from other systemic inflammatory conditions. 102 

 103 

At present, a confirmation of the clinical suspicion is based essentially on a CSF analysis 104 

demonstrating inflammatory features. In the acute form of SRMA, these are characterized by 105 

increased protein concentrations and polymorphonuclear pleocytosis, with no toxic changes, 106 

whereas in the protracted form, a mixed cell pleocytosis, possibly dominated by mononuclear 107 

cells, is characteristic (Tipold and Jaggy, 1994). However, multiple studies have investigated 108 

possible biomarkers of SRMA in the search for a more specific and possibly less invasive 109 

diagnostic test, as evidenced by the present review.  110 

 111 

Biomarkers 112 

An overview of investigated biomarkers in SRMA research is presented in tables 1-5 . 113 

Fig. 1. depicts an illustrative overview of current biomarker groups investigated in SRMA 114 

research. 115 

 116 

Acute phase proteins (APPs)  117 

Acute phase proteins are serum proteins, which change (increase or decrease) in 118 

concentration by at least 25% in response to systemic inflammation and the direct stimulation by 119 

pro-inflammatory cytokines (Murata et al., 2004). Acute phase proteins are highly sensitive 120 

indicators of systemic inflammation, yet with a low specificity in regards to the cause of 121 

inflammation, and with significant inter-species differences in APP response (Eckersall and Bell, 122 

2010).  123 
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 124 

Acute phase proteins are widely used in human medicine to screen patients for acute 125 

inflammation, and have also been extensively employed in veterinary medicine over the last 10-126 

15 years (Kjelgaard-Hansen et al., 2003; Bathen-Nöthen et al., 2008). Examples of APPs 127 

routinely used in the veterinary clinical setting include Serum Amyloid A (SAA), CRP and 128 

Haptoglobulin (Hp) (Eckersall and Bell, 2010).  129 

 130 

Several APPs have been investigated in relation to SRMA in the search for less invasive 131 

tests than those involving CSF collection. A significant increase in CRP has been shown in both 132 

serum and CSF in several studies of dogs with SRMA (Bathen-Nöthen et al., 2008; Lowrie et al., 133 

2009a; la Fuente et al., 2012). However, a significant increase in serum CRP is also seen with 134 

other systemic inflammatory conditions e.g. sepsis, which means that serum CRP as a diagnostic 135 

tool in SRMA is dependent on exclusion of other causes for systemic inflammation (Bathen-136 

Nöthen et al., 2008; la Fuente et al., 2012). However, CRP and SAA, another elevated APP in 137 

acute SRMA, may be useful in long-term management of these dogs, and in early detection of 138 

possible relapse. They both seem to follow the clinical course of the disease, i.e. to decrease with 139 

the remission of clinical disease, but increase again upon relapse (Lowrie et al., 2009b). 140 

 141 

Albumin, which is known as a negative APP, has been found to be significantly lower in 142 

serum of dogs with SRMA in comparison to other neurological diseases, but similar to CRP, this 143 

change could not be distinguished from dogs with sepsis and thus lacks specificity in regards to 144 

SRMA (Bathen-Nöthen et al., 2008).  145 

 146 
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D-dimer has also been examined as a possible marker of SRMA, in which it was 147 

significantly increased in CSF compared to other disease groups, including systemic 148 

inflammatory disease. However, serum levels of D-dimer were significantly higher in dogs with 149 

systemic inflammatory disease than in SRMA (and other disease groups), thereby precluding D-150 

dimer as a valuable peripheral biomarker or alternative to CSF analysis in SRMA (la Fuente et 151 

al., 2012).  152 

 153 

Antibodies 154 

Measuring antibodies in diagnostics and investigations of disease etiologies generally 155 

focuses on the presence of distinct immunoglobulin-families (Ig-, e.g. IgA, IgG, IgM), or 156 

possible auto-antibodies typically arising from the highly specific IgG isotype. Increased IgA 157 

concentrations in both serum and CSF are characteristic for dogs with SRMA, and can be found 158 

not only in the acute stage but also the chronic, even after treatment with corticosteroids 159 

(Felsburg et al., 1992; Tipold et al., 1994; Tipold and Jaggy, 1994; Cizinauskas et al., 2000; 160 

Tipold and Schatzberg, 2010; Maiolini et al., 2012a), suggesting IgA as a valuable biomarker of 161 

SRMA. The value of IgA testing in SRMA is supported by Maiolini et al. (2012a) in a study 162 

comparing 311 dogs with SRMA with 214 cases of other neurologic diseases, revealing a 163 

sensitivity of 91% and specificity of 78% for SRMA when applying paired serum and CSF IgA 164 

results. However, a significant difference in IgA concentrations between SRMA and the group 165 

‘other inflammatory CNS diseases’ could only be found in serum, and not in CSF. Therefore, 166 

both serum and CSF IgA measurements are needed to distinguish SRMA from other 167 

inflammatory CNS conditions with this marker. A potential weakness of this study, however, is 168 

the lack of a disease group with systemic inflammation, since these often pose a challenge in 169 
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terms of specificity when diagnosing SRMA. This should be investigated further. Furthermore, 170 

the value of IgA measures in guiding management of the clinical course of SRMA is 171 

questionable since IgA levels remain high in spite of clinical resolution of disease (Lowrie et al., 172 

2009b). Increased levels of IgG and IgM in CSF have also been found in several dogs with 173 

SRMA, although less consistently than for IgA (Tipold et al., 1994; Tipold and Jaggy, 1994). For 174 

both, and also for IgA, an intrathecal production appears to take place in relation to the 175 

inflammatory condition (Tipold et al., 1994).  176 

 177 

A particular pathological form of antibodies is the autoantibody Rheumatoid factor (Rf), 178 

which is directed against the fc region of IgG antibodies. Its presence is one of the diagnostic 179 

criteria in rheumatoid arthritis, but it may also act as a serological indicator of other autoimmune 180 

diseases (Ingegnoli et al., 2013). The presence of Rf has therefore been investigated in a study of 181 

13 dogs with SRMA, but was not identified in any of these (Tipold et al., 1995a).  182 

 183 

Cytokines  184 

Cytokines, e.g. interleukins, interferons and chemokines, are protein messenger 185 

molecules that are essential in the communication and recruitment of immune cells. Changes in 186 

different cytokine levels may be observed in response to a change in immune-activity as with 187 

inflammatory CNS diseases where the recruitment of leukocytes to affected tissues is partially 188 

mediated by specific cytokines. In turn, response cytokines are secreted by immune cells, 189 

illustrating a complicated and highly interdependent relationship between cytokines and immune 190 

cells (McInnes, 2017). 191 

 192 
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In SRMA, a predominance of neutrophils in blood and CSF is typically found, but 193 

lymphocyte subsets in CSF, blood and surrounding tissues have also been a subject of 194 

investigation (Felsburg et al., 1992; Kipar et al., 1998; Tipold et al., 1999; Jardim et al., 2001). It 195 

has been shown that dogs with SRMA present with a predominating B- over T-lymphocyte ratio 196 

in blood and CSF as well as in meningeal lesions of acute SRMA, although this may depend on 197 

the lesion selected for histological evaluation (Felsburg et al., 1992; Tipold et al., 1999; Suzuki 198 

et al., 2003b). However, in the chronic form, only T-cells are present in inflamed arteries, which 199 

are also diffusely infiltrated with immunoglobulins and a particular predominance of CD4 (T 200 

helper) over CD8 (cytotoxic) T cells in serum (Tipold et al., 1999; Schwartz et al., 2008b). 201 

 202 

A local production of chemokines appears to be responsible for the chemotaxis of 203 

leukocytes into CSF. Interleukin-8, in particular, has been shown to be involved in the abundant 204 

neutrophil chemotaxis in SRMA, but is not considered a useful biomarker due to a lack of 205 

specificity (Hammond et al., 1995). 206 

 207 

Interleukin-6 and TGF-β have also been found elevated in serum and CSF of dogs with 208 

SRMA, although not consistently (Hogenesch et al., 1995; Maiolini et al., 2013). Both are known 209 

to stimulate the production of IgA in humans and laboratory animals, which correlates well with 210 

the findings of elevated levels of IgA in dogs with SRMA (Beagley et al., 1989; Sonoda et al., 211 

1989; van Vlasselaer et al., 1992). Both have been suggested as biomarkers of SRMA, in which 212 

IL-6 in serum has further been shown to decrease with immunosuppressive treatment and 213 

convalescence indicating its potential use in the continuous disease monitoring (Hogenesch et al., 214 

1995). In addition, vascular endothelial growth factor (VEGF), which presumably plays an 215 
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important role in the characteristic systemic arteritis found in SRMA, and which also increases in 216 

dogs with SRMA, has been suggested as a biomarker (Maiolini et al., 2013). However, IL-6, 217 

TGF-β and VEGF all have difficulty differentiating SRMA from other cases of systemic 218 

inflammation presenting the clinician with the same problem as many APPs (Maiolini et al., 219 

2013).  220 

 221 

Another proinflammatory cytokine, IL-17, which is known to stimulate neutrophil 222 

mobilization, but is also implicated in autoimmune disease, has been found increased in CSF and 223 

serum of dogs with SRMA (Lubberts et al., 2001; Freundt-Revilla et al., 2017). A skewed 224 

immune response towards Th17-cells, which produce IL-17, was also shown, supporting further 225 

investigations of autoimmune mechanisms in SRMA, as Th17-cells are often involved in 226 

autoimmune diseases (Freundt-Revilla et al., 2017). 227 

 228 

CC-motif ligand 19 (CCL19), which is another cytokine involved in immune cell influx 229 

to CSF, has been associated with chronic inflammation in SRMA as well as MUO (Bartels et al., 230 

2014). CC-motif ligand 19 has been found elevated in acute SRMA and shown to decrease with 231 

glucocorticoid treatment. However, as is the case for MUO, CCL19 cannot be considered a 232 

specific marker of SRMA alone, but has been suggested as a therapeutic target in both SRMA 233 

and MUO (Bartels et al., 2014).  234 

 235 

Immune cells 236 

The behavior of different markers of immune cells involved in SRMA has been studied in 237 

the investigation of underlying mechanisms, and possible diagnostic markers of disease. One of 238 
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these, cluster of differentiation (CD) 40 ligand (CD40L), is particularly expressed on the surface 239 

of activated Th-cells, but is also excreted by these cells in a soluble bioactive form (Kim et al., 240 

2015; Freundt-Revilla et al., 2017). The presence of CD40L has been studied in serum and CSF 241 

from acute, chronic and treated dogs with SRMA, respectively, and was compared to healthy 242 

controls and dogs with other neurological disorders. CD40L was found increased in acute and 243 

relapsing SRMA in CSF, but not in serum (Freundt-Revilla et al., 2017). A strong positive 244 

correlation between CD40L and IL-17, as well as with levels of CSF pleocytosis, was also 245 

reported (Freundt-Revilla et al., 2017). This is not surprising as other studies have confirmed the 246 

induction of a Th17 response by CD40L (Lezzi et al., 2009; Kim et al., 2015). For the purpose of 247 

monitoring treatment success, it is notable that levels of both IL-17 and CD40L were found very 248 

low or undetectable in treated SRMA (Freundt-Revilla et al., 2017).   249 

 250 

A pan-leukocyte marker CD11a (also known as LFA-1), which mediates leukocyte cell 251 

adhesion to the endothelia wall facilitating e.g. trans-endothelial migration, has been found to be 252 

highly and selectively expressed on neutrophils in SRMA, suggesting an essential role of CD11a 253 

in neutrophilic migration and consequent pleocytosis of CSF seen in SRMA (Greenwood et al., 254 

1995; Schwartz et al., 2008a). The potential of systemic factors like CD11a as bio- and early 255 

diagnostic markers of SRMA, is yet to be investigated.  256 

 257 

Toll-like receptors (TLRs) are important in the innate immune response. They are 258 

presented by polymorphonuclear cells, and their expression varies in relation to the present type 259 

of infection or pathology, such as autoimmune disease (Hurst and von Landenberg, 2008). The 260 

possibility of an infectious agent implicated in the pathogenesis of SRMA has been discussed by 261 
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several authors (Burgener et al., 1998; Tipold et al., 1999; Schwartz et al., 2011), and the pattern 262 

of TLRs on polymorphnuclear cells was investigated to further address this hypothesis (Maiolini 263 

et al., 2012b). Expression of TLRs (TLRs 2, 3, 4, 5 and 9) on leukocytes in blood and CSF in 264 

dogs with SRMA was compared to dogs with bacterial encephalitis as well as other CNS 265 

disorders in dogs. However, no similarities in the expression of TLR’s between SRMA and 266 

bacterial encephalitis was found, suggesting that SRMA is not associated with an ongoing 267 

bacterial infection, although a bacterial trigger of the potential autoimmune response could not 268 

be rejected (Maiolini et al., 2012b). An increase in TLR9, suggested to be involved in 269 

autoimmunity, has been shown for dogs with SRMA and MUO, these findings however need 270 

further investigation (Krieg and Vollmer, 2007; Green and Marshak-Rothstein, 2011; Maiolini et 271 

al., 2012b). The use of TLRs as biomarkers has been highlighted in several neoplastic and 272 

immunological diseases (Hopkins and Sriskandan, 2005; Srinivasan et al., 2008; Takala et al., 273 

2011; ten Oever et al., 2014; Zhu et al., 2015). Further studies of TLRs in the search for 274 

biomarkers in inflammatory CNS disease therefore seem worthwhile.  275 

 276 

In summary, the studies of cell markers and cytokines have extended our understanding 277 

of the pathogenic processes in play in SRMA and have so far led us on track of autoimmune or 278 

hyper-immune etiologies (Suzuki et al., 2003a; Schwartz et al., 2008b, 2011; Maiolini et al., 279 

2013; Bartels et al., 2014). In this process, the potential of selective therapies and diagnostic 280 

biomarkers has been suggested, but a significant improvement in terms of using least invasive 281 

diagnostic tools, e.g. valuable serum-markers, are still pending. In other words, CSF markers are 282 

usually needed to distinguish SRMA from other conditions, in particular other systemic 283 
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inflammatory conditions. Moreover, a challenging aspect of using cytokines as a diagnostic tool 284 

is that they are highly sensitive to treatment, time of sampling and patient selection. 285 

 286 

Imaging  287 

Magnetic resonance imaging (MRI) is the reference standard of imaging for the 288 

evaluation of brain lesions, and is indicated in order to differentiate a suspected SRMA case from 289 

its differential diagnoses, including MUO. MRI including contrast is regarded as the best method 290 

for evaluation of the meninges (Mellema et al., 2002). In humans, T2 weighted Fluid Attenuated 291 

Inversion Recovery (FLAIR) offers an accuracy of 92 % for detecting meningitis (Azeemuddin, 292 

2013). Imaging characteristics of SRMA in dogs have, however, only been described to a very 293 

limited degree and include the possible finding of meningeal enhancement including the choroid 294 

plexus (Wrzosek et al., 2009; Tipold and Schatzberg, 2010; Miloslawa et al., 2013). However, as 295 

meningeal enhancement is not specific for meningitis, but may be caused by a number of other 296 

conditions, e.g. neoplasia and ischemia, further advances in neuroimaging are needed for SRMA 297 

to be diagnosed based on MRI only (Mellema et al., 2002).  298 

 299 

Genetic markers 300 

Although, certain breeds appear predisposed to SRMA, only few studies with a specific 301 

genetic focus have been carried out, and no genetic tests are currently available (Anfinsen et al., 302 

2008; Wilbe et al., 2009; Wilbe et al., 2010; Rose et al., 2014). A study of 362 Nova Scotia duck 303 

tolling retriever pedigrees yielded strong support for an important genetic involvement in the 304 

development of SRMA (Anfinsen et al., 2008).  In addition, Nova Scotia duck tolling retrievers 305 

are considered predisposed to SRMA as well as immune-mediated rheumatic disease (IMRD). 306 
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These diseases are identified as part of a Systemic Lupus Erythematosus (SLE)-related disease 307 

complex – a group of autoimmune diseases that have been linked to the genomic major 308 

histocompatibility complex 2 region (MHC-II, syn. DLA-II or in humans: HLA-II) (Johanneson 309 

and Alarcón-Riquelme, 2001; Anfinsen et al., 2008; Lahita, 2014). Accordingly, a potential 310 

relationship between MHC-II related genes and SRMA and IMRD has been investigated (Wilbe 311 

et al., 2009). Interestingly, in this study a link between IMRD and MHC-II genotypes was 312 

evidenced for IMRD (n = 51), but not for SRMA (n = 49, healthy controls, n = 78). However, in 313 

another study by Wilbe et al. (2010) a region of genome-wide significance was identified on 314 

chromosome 32, where several genes are known to be involved in immune regulation. These 315 

results motivate further investigations of candidate genes involved in SRMA, not only in Nova 316 

Scotia duck tolling retrievers, but also in other breeds that are predisposed to SRMA. However, 317 

the disease appears to be complex, involving several genetic risk factors, and genetic testing may 318 

therefore reveal a risk of developing disease, but cannot confirm a diagnosis of SRMA. 319 

 320 

Other 321 

A variety of attempts have been made to address the problem of SRMA from less 322 

conventional approaches. For example, potential risk factors including signalment, recent 323 

vaccination as well as social, demographic and climatic factors have been investigated in a study 324 

of 60 dogs with SRMA and 120 healthy controls (Rose et al., 2014). In this study, only ‘breed’ 325 

was associated with increased risk of developing SRMA. No correlation to sex was found 326 

although several autoimmune disorders show a higher affinity for females (Pedersen, 1999; 327 

Fairweather and Rose, 2004; Invernizzi et al., 2009). Possible disease triggers, including 328 

infectious or neoplastic conditions have also been studied (Rose and Harcourt-Brown, 2013). 329 
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Standard screening diagnostics recommended for immune-mediated hemolytic anemia, including 330 

screening for underlying infections (e.g. Neospora or Toxoplasma serology) or neoplastic 331 

conditions with thoracic x-rays and abdominal ultrasound, could not identify any such disease 332 

triggers in 21 dogs with SRMA (Rose and Harcourt-Brown, 2013). Although, the included cases 333 

were selected based on a presentation with a typical clinical picture for SRMA (<1.5 years old, 334 

neck pain, depression, pyrexia, no other neurological signs), these results indicate that in dogs 335 

with this particular presentation any underlying trigger in terms of neoplasia and/or infection is 336 

unlikely, and a number of diagnostic tests may therefore seem less relevant. This valuable 337 

information may pave the way for a more cost-effective diagnostic approach for the clinician 338 

(Rose and Harcourt-Brown, 2013).  339 

 340 

Heat shock protein 70 (hsp70), which is an immunoregulatory protein, has been 341 

suggested to play an active role in autoimmune and chronic disease activity of some CNS 342 

diseases (Georgopoulos and McFarland, 1993; Wieten et al., 2010; Moore et al., 2012; Mansilla 343 

et al., 2014). Its extracellular component, ehsp70, may therefore potentially serve as a biomarker 344 

of immune-mediated CNS disease, including SRMA (Georgopoulos and McFarland, 1993; 345 

Wieten et al., 2010; Moore et al., 2012; Mansilla et al., 2014). A local CNS production of hsp70 346 

has been shown in both acute and treated SRMA, but the use of ehsp70 as a possible biomarker 347 

needs further investigation (Moore et al., 2012).  348 

 349 

The endocannabinoid system (ECS) holds an important immunoregulatory function in the 350 

CNS (Parolaro et al., 2002; Wolf et al., 2008). In a recent study of dogs with SRMA compared to 351 

dogs with inflammatory intraspinal spirocercosis (IS, caused by aberrant migration by 352 
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Spirocerca lupi), a general up-regulation of ECS was present in both, with particularly increased 353 

levels of Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) in serum and CSF (Freundt-354 

Revilla et al., 2018). A characteristic pattern of cannabinoid receptor 2 (CB2) positive immune 355 

cells surrounding meningeal blood vessel, dura mater and other CNS specific structures in dogs 356 

with SRMA was also shown (Freundt-Revilla et al., 2018). CB2 is expressed by immune cells 357 

and modulates cell migration, antigen presentation and cytokine release. As such, a role of the 358 

ECS in a potential immune dysregulation in SRMA has been hypothesized (Galiègue et al., 359 

1995; Buckley et al., 2000; Pertwee, 2006; Maresz et al., 2007; Miller and Stella, 2008). 360 

Moreover, since elevated endocannabinoid levels are measurable in serum as well as in CSF, and 361 

serum concentrations seem to reflect treatment success, a potential use of endocannabinoids as a 362 

diagnostic or prognostic tool may exist (Freundt-Revilla et al., 2018). 363 

 364 

Lastly, the study of microRNA (miRNA) is a fast-growing field in science, but it is still 365 

relatively new in the face of non-infectious inflammatory CNS diseases. MicroRNAs are short 366 

polypeptide chains (~ 22 nucleotides) that regulate gene expression, usually by a silencing action 367 

(Su et al., 2016). Dysregulation of miRNAs has been associated with several human diseases 368 

(Ponomarev et al., 2013; Su et al., 2016). More recently, miRNAs have also been found to be 369 

important in the regulation of the innate and adapted immune system, as well as resolution of the 370 

pro-inflammatory phase and transmission to tissue repair (Su et al., 2016). As miRNA have been 371 

reported to play a role in the induction of some neurological disorders, they have been 372 

highlighted as possible biomarkers of disease and potential highly selective therapeutic targets 373 

(Su et al., 2016). Numerous human and animal experimental studies have focused on the role of 374 

miRNAs in autoimmune disease, including those related to the CNS (Garo and Murugaiyan, 375 
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2016). However, only few studies have focused on canine CNS disorders and miRNAs, with no 376 

significant findings for SRMA so far (Gaitero et al., 2016; Marioni-Henry et al., 2018). The 377 

matter of miRNAs in inflammatory CNS diseases is however worth pursuing in the quest for 378 

better understanding of the underlying disease-processes, prognosis and selective treatment. For 379 

the sake of inter-investigational comparisons and conclusions, future studies would benefit from 380 

a higher degree of methodological consistency and transparency than what is currently presented 381 

(Cirera et al., 2019). 382 

 383 

Conclusions 384 

The etiology and pathogenesis of SRMA remains elusive in spite of many efforts to study 385 

them. In this process, multiple biomarkers have been investigated. Acute phase proteins have 386 

proved useful as part of the diagnostic work-up. However, several lack specificity to differentiate 387 

SRMA from other systemic inflammatory conditions, e.g. CRP, SAA and IgA. A multitude of 388 

scientific approaches are presented in SRMA research which likely mirrors the difficulty of 389 

identifying etiology and pathogenesis. The present review seeks to provide an objective 390 

foundation for future research and an indication of where to go next. We encourage future, 391 

possibly multi-center, studies of non-infectious inflammatory CNS diseases, including large-392 

scale and well-defined disease groups, in order to provide more evidence based information that 393 

can guide clinicians within this area. Understanding and effectively diagnosing systemic 394 

autoimmune inflammatory diseases such as SRMA, could eventually benefit both animals and 395 

humans in terms of specific diagnostics and treatment.  396 
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Table 1 759 

Overview of acute phase protein activity in steroid responsive meningitis arteritis (SRMA), with comparison to other diseases 760 

and/or healthy conspecifics.  761 

Biomarker Reference Test 

material 

Method Biomarker 

Activity 

SRMA, 

n 

Control groups, 

(n) 

Study design Important considerations 

α2-macroglobulin  Bathen-

Nöthen et al. 

2008 

Serum Chromogenic 

substrate assay 

→ 17 H (8), Sep (6),  

OND (68), 

Cneo (21) 

Case-control OND includes IE, ME and IVDD 

Albumin Bathen-

Nöthen et al. 

2008 

Serum Blood 

biochemistry 

↓ 

 

31 OND (44), 

Cneo (23) 

Case-control Significant difference to OND 

(including IVDD and ME) and 

Cneo, but no significant 

difference to cases of IE (n = 24), 

Sep (n = 6) or H (n = 8). 

Albumin Rose and 

Harcourt-

Brown, 2013 

Serum Blood  

biochemistry 

↓ 21 Lab.ref. Descriptive  

Alpha-1-acid 

glycoprotein 

Lowrie et al. 

2009a 

Serum RID ↑ 9 Lab.ref. Descriptive Significant decrease upon 

remission 

Alpha-1-acid 

glycoprotein 

Lowrie et al. 

2009b 

Serum RID ↑ 20 Lab.ref Prospective  Significant decrease from 

presentation to remission and to 

resolution  

Alkaline 

phosphatase 

Bathen-

Nöthen et al. 

2008 

Serum Blood biochem-

istry 

↑ 34 Lab.ref.  Descriptive Significant correlation to serum 

CRP 

Alkaline 

phosphatase 

Rose and 

Harcourt-

Brown, 2013 

Serum Blood biochem-

istry 

↑ 21 Lab.ref. Descriptive  

CRP Bathen-

Nöthen et al. 

2008 

Serum ELISA ↑ 36 H (8), Cneo ( 

26), 

OND (69), 

Case-control Significant difference to H and 

Cneo and OND (including IVDD, 

IE and ME), but no significant 

difference to Sep group also 

included (n = 6) 
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CRP Bathen-

Nöthen et al. 

2008 

CSF ELISA ↑ 35 

 

H (8), OND 

(96)  

Case-control CRP correlated with RBC count 

in CSF 

CRP Lowrie et al. 

2009a 

Serum ITA 

 

↑ 9 Lab.ref. Descriptive Significant decrease upon 

remission. Increased during 

relapse 

CRP Lowrie et al. 

2009a 

CSF ITA 

 

Detectable 

 

 

9 No lab.ref. Descriptive Significant decrease from 

presentation to remission. Earlier 

study found that CRP was 

undetectable in CSF of healthy 

dogs (Bathen-Nöthen et al. 2008) 

CRP Lowrie et al. 

2009b 

Serum ITA 

 

↑ 20 Lab.ref. Prospective  Significant decrease from 

presentation to remission and to 

resolution 

CRP Fuente et al. 

2012 

Serum TR-IFMA 

 

↑ 11 H (7), OND 

(158) 

Case-control Not significantly elevated 

compared to systemic disease 

CRP Fuente et al. 

2012 

CSF TR-IFMA 

 

↑ 11 H (7), OND 

(158) 

Case-control Not significantly elevated 

compared to systemic disease  

D-dimer Fuente et al. 

2012 

Serum ITA → 11 H (7), OND = 

(158), Sys (7) 

Case-control  

D-dimer Fuente et al. 

2012 

CSF ITA ↑ 11 H (7), OND 

(158), Sys (7) 

Case-control  

Haptoglobin Lowrie et al. 

2009a 

Serum Hemoglobin 

binding 

capacity 

↑ 9 Lab.ref. Descriptive Inconclusive behavior in relation 

to remission 

Haptoglobin Lowrie et al. 

2009a 

CSF Hemoglobin 

binding 

capacity 

Undetecta

ble 

9 No lab.ref. Descriptive Hp not detected in CSF 

Haptoglobin Lowrie et al. 

2009b 

Serum Hemoglobin 

binding 

capacity 

↑ 20 Lab.ref. Prospective Significant decrease from 

presentation to resolution, and 

from remission to resolution, not 

from presentation to remission 

Serum amyloid A Lowrie et al. 

2009a 

Serum ELISA ↑ 9 Lab.ref. Descriptive Significant decrease upon 

remission. Increased during 

relapse 
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Serum amyloid A Lowrie et al. 

2009a 

CSF ELISA detectable 9 No lab.ref. Descriptive Highly significant decrease from 

presentation to remission 

Serum amyloid A Lowrie et al. 

2009b 

Serum ELISA  ↑ 20 Lab.ref Prospective  Significant decrease from 

presentation to remission and to 

resolution 

↑, significant increase; ↓, significant decrease; →, no significant difference(s); H, healthy; Sep, sepsis; OND, other neurological 762 

diseases; Cneo, CNS neoplasia; IE, idiopathic epilepsy; ME, meningoencephalitides; IVDD, intervertebral disc disease; Lab.ref., 763 

laboratory normal reference values; RID, radial immunodiffusion; CRP, C-reactive protein; ELISA, enzyme linked immunosorbent 764 

assay; CSF, cerebrospinal fluid; RBC, red blood cells; ITA, immunoturbidimetric assay; Sys, systemic disease; TR-IFMAtime-765 

resolved immunofluorometric assay; Hp, haptoglobin766 

  767 
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Table 2 768 

Overview of antibody biomarker activity in steroid responsive meningitis arteritis (SRMA), with comparison to other diseases 769 

and/or healthy conspecifics.  770 

Biomarker Reference Test 

material 

Method Biomarker 

Activity 

SRMA, 

n 

Control 

groups (n) 

Study 

design 

Important considerations 

Anti-nuclear 

antibody 

Felsburg et al. 

1992 

Serum Indirect IF → 3 H (10) Case-

control 

No anti-nuclear antibodies detected. 

Only beagles included 

IgA Felsburg et al. 

1992 

Serum RID ↑ 3 H (10) Case-

control 

Only beagles included 

IgA Tipold et al. 

1994 

Serum ELISA, RID  ↑ 12 H (15) 

Lab.ref. 

Case-

control 

 

IgA Tipold et al. 

1994 

CSF ELISA, RID  ↑ 12 H (15) Case-

control 

 

IgA Maiolini et al. 

2012a 

Serum ELISA  ↑ 145 

 

non-CNS 

(46), OIC 

(34), OND 

(134) 

Case-

control 

Untreated dogs with SRMA 

Significant increase in IgA in CSF 

compared to all other groups 

IgA Maiolini et al. 

2012a 

CSF ELISA  ↑ 145 non-CNS 

(46), OND 

(134) 

Case-

control 

No significant difference compared to 

other inflammatory CNS diseases 

IgA Lowrie et al. 

2009b 

Serum ELISA ↑ 20 Lab.ref. Prospective  Significant decrease from 

presentation to resolution, and from 

remission to resolution, but values 

remained elevated from presentation 

to remission 

IgA Lowrie et al. 

2009b 

CSF ELISA  ↑ 20 Lab.ref. Prospective  No significant difference from 

presentation to remission 

IgA (auto-

reactive) 

Schulte et al. 

2006 

CSF-

extracted 

antibody 

ELISA, Western 

Blot, CSF 

reactivity against 

brain tissue  

→ 55 H (15), OND 

(30) 

Case-

control 

No sure signs of CSF reactivity 

against brain structures 

IgA rheumatoid 

factor  

Tipold et al. 

1995b 

Serum ELISA  → 5 H (10) Case-

control 

No IgA rheumatoid factor detected in 

dogs with SRMA or Healthy 
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IgG Tipold et al. 

1994 

Serum and 

CSF (IgG-

index) 

ELISA, IgG-index ↑ 12 H (15) 

 

Case-

control 

 

IgG (auto-

reactive) 

Schulte et al. 

2006 

CSF-

extracted 

antibody 

ELISA, Western 

Blot, CSF 

reactivity against 

brain tissue  

→ 53 H (15), OND 

(26) 

Case-

control 

No sure signs of IgG reactivity 

against brain structures 

IgM Tipold et al. 

1994 

Serum ELISA, RID  → 12 H (15) Case-

control 

 

IgM Tipold et al. 

1994 

CSF ELISA, RID inconclusi

ve 

12 H (15) Case-

control 

Elevated in 6/12  

IgM (auto-

reactive) 

Schulte et al. 

2006 

CSF-

extracted 

antibody 

ELISA, Western 

Blot, CSF 

reactivity against 

brain tissue  

→ 54 H (15), OND 

(27) 

Case-

control 

No sure signs of IgM reactivity 

against brain structures 

IgM rheumatoid 

factor 

Tipold et al. 

1995b 

Serum ELISA  → 7 H (10) Case-

control 

No IgM rheumatoid factor detected 

Rheumatoid 

factor  

Felsburg et al. 

1992 

Serum Rose-Waaler PHA → 3 H (10) Case-

control 

No rheumatoid factor detected. Only 

beagles included 

↑, significant increase; ↓, significant decrease; →, no significant difference(s); IF, Immunofluorescence; H, healthy; IgA, 771 

immunoglobulin A; RID, radial immunodiffusion; ELISA, enzyme linked immunosorbent assay; Lab.ref., laboratory normal 772 

reference values; CSF, cerebrospinal fluid; non-CNS, diseases not primarily affecting the CNS; OIC, other inflammatory CNS 773 

diseases; OND, other neurological diseases; PHA, passive hemagglutination test. 774 

  775 
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Table 3 776 

Overview of cell marker activity in steroid responsive meningitis arteritis (SRMA), with comparison to other diseases and/or 777 

healthy conspecifics.  778 

Biomarker Reference Test material Method Biomarker 

activity 

SRMA, 

n 

Control groups, 

(n) 

Study 

design 

Important considerations 

B/ T cell ratio Felsburg et al. 

1992 

 PB  Direct IF ↑ 3 H (10) Case-

control 

All dogs included were beagles 

B/ T cell ratio Tipold et al. 

1999 

Brain tissue IHC ↑ 9 H (7), OIC (25) Case-

control 

B-cells predominated in 

meningeal lesions mirroring the 

B-cell predominance in the PB 

B/ T cell ratio Schwartz et 

al. 2008b 

 PB  IHC, flow 

cytometry 

↑ 12 (D) 

10 (DT) 

H (7) Case-

control 

Significant difference to H, but 

not to any other included disease 

groups, i.e. IE (n = 9), spinal cord 

trauma (n = 7), OIC (n = 15), 

Cneo (n = 14) and OND (n = 18).  

B/ T cell ratio Schwartz et 

al. 2008b 

CSF IHC, flow 

cytometry 

↑ 

see note 

 

12 (D) 

10 (DT) 

H (7), OND 

(34), OIC (15) 

Case-

control 

Significant difference to OND 

(including IE, spinal cord trauma 

and other neurological disorders). 

Only D was significant difference 

to OIC.   

CD4+/CD8+ 

ratio 

Schwartz et 

al. 2008b 

 PB  IHC, flow 

cytometry 

↑ 12 (D) 

10 (DT) 

H (7), OND (7) Case-

control 

OND = spinal cord traumata 

cases only. No significant 

difference to any other control 

groups i.e. IE (n = 9), OIC (n = 

15), Cneo (n = 14) and 

miscellaneous neurological 

diseases (n = 18). SRMA 

untreated: highest ratio of all 

groups  
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CD11a/LFA-1 Schwartz et 

al. 2008a 

 PB  Flow 

cytometry, 

neutrophil in 

vitro studies 

→ 14 (D) 

16 (DT) 

H (7), OND 

(27), OIC (12), 

Cneo (10) 

Case-

control 

No significant difference to any 

groups though median of D was 

highest among the groups. 

Exposure of neutrophils from 

healthy individuals to sera from 

SRMA individuals led to an 

upregulation of CD11a, 

CD11b Schwartz et 

al. 2008a 

 PB  Flow 

cytometry 

↓ 14 (D) 

16 (DT) 

H (7) Case-

control 

H = beagles only. No Significant 

difference. to any other included 

control groups i.e. OND (n = 27), 

OIC (n = 12) and Cneo (n = 10) 

CD11c Schwartz et 

al. 2008a 

 PB  Flow 

cytometry 

→ 14 (D) 

16 (DT) 

H (7), OND 

(27), OIC (12) 

Case-

control 

 

TLR2 Maiolini et al. 

2012b 

CSF PMNs  Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR2 Maiolini et al. 

2012b 

CSF monocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-C (13), 

OND (9) 

Case-

control 

 

TLR2 Maiolini et al. 

2012b 

CSF 

lymphocytes 

Flow 

cytometry 

↑ 14 Cinf (3) 

 

Case-

control 

Here, Cinf = bacterial meningitis 

cases. Significant difference to 

Cinf, but not to any other group 

included in study i.e. DT (n = 

23), H (n = 6), OIC (n = 6), non-

CNS (n = 13), Cneo (n = 6), 

OND (n = 9) 

TLR2 Maiolini et al. 

2012b 

PB PMNs Flow 

cytometry 

↑ 14 H (6) Case-

control 

Significant difference to H, but 

not to any other group included 

in study i.e. DT (n = 23), Cinf (n 

= 3), OIC (n = 6), non-CNS (n = 

13), Cneo (n = 6), OND (n = 9) 

TLR2 Maiolini et al. 

2012b 

PB monocytes Flow 

cytometry 

↑ 14 OND (9), Cneo 

(6), DT (23) 

Case-

control 

Significant difference to DT, 

Cneo and OND but not to any 

other group included in study i.e. 
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Cinf (n = 3), OIC (n = 6), non-

CNS (n = 13) and H (n = 6) 

TLR2 Maiolini et al. 

2012b 

PB lymphocytes Flow 

cytometry 

↑/↓ (see 

note) 

14 H (6), Cinf (3) Case-

control 

Significantly lower levels than in 

H and significantly higher levels 

than in Cinf (bacterial meningitis 

cases), but not to any other group 

included in study i.e. DT (n = 

23), OIC (n = 6), non-CNS (n = 

13), Cneo (n = 6), OND (n = 9) 

TLR3 Maiolini et al. 

2012b 

CSF PMNs  Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR3 Maiolini et al. 

2012b 

CSF monocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR3 Maiolini et al. 

2012b 

CSF 

lymphocytes 

Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR3 Maiolini et al. 

2012b 

 PB PMNs Flow 

cytometry 

↑ 14 Non-CNS (13) Case-

control 

Significant difference to non-C, 

but not to any other group 

included in study i.e. DT (n = 

23), H (n = 6), OIC (n = 6), 

Cneo (n = 6), OND (n = 9), Cinf 

(n = 3) 

TLR3 Maiolini et al. 

2012b 

 PB monocytes Flow 

cytometry 

↑ 14 Non-CNS (13) Case-

control 

Significant difference to non-

CNS (pyometra cases), but not to 

any other group included in 

study, i.e. DT (n = 23), Cinf (n = 

3), OIC (n = 6), H (n = 6), Cneo 

(n = 6), OND (n = 9) 
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TLR3 Maiolini et al. 

2012b 

 PB lymphocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR4 Maiolini et al. 

2012b 

CSF PMNs  Flow 

cytometry 

↑ 14 OIC/MUO (6), 

Cneo (6) 

Case-

control 

Significant difference to OIC and 

Cneo, but not to any other group 

included in study, i.e. DT (n = 

23), Cinf (n = 3), H (n = 6), 

OND (n = 9), non-CNS (n = 13)  

TLR4 Maiolini et al. 

2012b 

CSF monocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR4 Maiolini et al. 

2012b 

 

 

 

CSF 

lymphocytes 

Flow 

cytometry 

↑/↓ (see 

note) 

14 DT (23), Cinf 

(3), OND (9) 

Case-

control 

Significantly lower than in DT 

and OND group, and 

significantly higher than in Cinf 

(bacterial meningitis cases), but 

no significant difference. to any 

other group (H, OIC, OND) 

TLR4 Maiolini et al. 

2012b 

 PB PMNs Flow 

cytometry 

↑ 14 H (6), OND (9) Case-

control 

Significant difference to H and 

ON, but not to any other group 

(DT, IC, OIC, non-CNS, CN) 

TLR4 Maiolini et al. 

2012b 

 PB monocytes Flow 

cytometry 

↑ 14 DT (23), H (6), 

OND (9) 

Case-

control 

Significant difference to DT, H 

and ON, but not to any other 

group (IC, OIC, non-CNS, Cneo) 

TLR4 Maiolini et al. 

2012b 

PB lymphocytes Flow 

cytometry 

↑/↓ (see 

note) 

14 H (6), Cinf (3) Case-

control 

Significantly lower than in H and 

significantly higher than in Cinf 

(bacterial meningitis) 

TLR5 Maiolini et al. 

2012b 

CSF PMNs  Flow 

cytometry 

↑ 14 OIC (MUO) (6), 

Cneo (6) 

Case-

control 

Significant difference to OIC and 

Cneo, not to other groups (H, 

DT, Non-CNS, OND) 

TLR5 Maiolini et al. 

2012b 

CSF monocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR5 Maiolini et al. 

2012b 

CSF 

lymphocytes 

Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

Case-

control 
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(6), non-CNS 

(13), OND (9) 

TLR5 Maiolini et al. 

2012b 

 PB PMNs 

 

Flow 

cytometry 

↑ 14 H (6) Case-

control 

Significant difference to H, but 

not to any other group also 

included (DT, Cinf, OIC, non-

CNS, Cneo, OND) 

TLR5 Maiolini et al. 

2012b 

 PB monocytes Flow 

cytometry 

↑ 14 H (6) Case-

control 

Significant difference to H, but 

not to any other group also 

included (DT, Cinf, OIC, 

nonCNS, Cneo, OND) 

TLR5 Maiolini et al. 

2012b 

 PB lymphocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR9 Maiolini et al. 

2012b 

CSF PMNs  Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR9 Maiolini et al. 

2012b 

CSF monocytes Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

 

TLR9 Maiolini et al. 

2012b 

CSF 

lymphocytes 

Flow 

cytometry 

→ 14 DT (23), H (6), 

Cinf (3), OIC 

(6), non-CNS 

(13), OND (9) 

Case-

control 

  

TLR9 Maiolini et al. 

2012b 

 PB PMNs Flow 

cytometry 

↑ 14 H (6) Case-

control 

Significant difference to H, but 

not to any other group (DT, Cinf, 

OIC, non-CNS, OND) 

TLR9 Maiolini et al. 

2012b 

PB monocytes Flow 

cytometry 

↑ 14 H (6) Case-

control 

Significant difference to from H, 

but not to any other group (DT, 

Cinf, OIC, non-CNS, OND). 

Also, significant difference 

between treated SRMA and 

untreated SRMA (higher) 

TLR9 Maiolini et al. 

2012b 

PB lympho-

cytes 

Flow 

cytometry 

↑ 14 H (6), non-CNS 

(13) 

Case-

control 

D significantly different to H and 

non-CNS (pyometra cases) 
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↑, significant increase; ↓, significant decrease; →, no significant difference(s); PB, peripheral blood; IF, Immunofluorescence; H, 779 

healthy; IHC, immunohistochemistry; OIC, other inflammatory CNS diseases; D, diseased; DT, diseased and treated; IE, 780 

idiopathic epilepsy; CD40+, cluster of differentiation 40 positive; Cneo, CNS neoplasia; OND, other neurological diseases; 781 

TLR2, toll-like receptor 2; CSF, cerebrospinal fluid; PMNs, polymorphonuclear leukocytes; Cinf, infectious CNS disease; non-782 

CNS, diseases not primarily affecting the CNS. 783 

  784 
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Table 4 785 

Overview of cell signaling activity in steroid responsive meningitis arteritis (SRMA), with comparison to other diseases and/or 786 

healthy conspecifics.  787 

Biomarker Reference Test 

material 

Method Biomarker 

activity 

SRMA, n Control groups, 

(n) 

Study 

design 

Important considerations 

CCL19 Bartels et al. 

2014 

CSF ELISA ↑ 

 

16 (D) 

26 (DT) 

H (6), OND (21) Case-

control 

D significant difference to H, DT and 

OND = IE. No significant difference 

between acute and relapsing SRMA. 

Significant difference to dogs with 

SRMA treated with one 

immunosuppressive dose of steroids 

(lower) 

CD40L Freundt-

Revilla et al. 

2017 

Serum ELISA → 30 DT (26), DR (6), 

H (14), OND (8) 

Case-

control 

 

CD40L Freundt-

Revilla et al. 

2017 

CSF ELISA ↑ 31 DT (26), H (14) Case-

control 

Significant difference to DT and H, but 

not to DR or OND 

IFN-γ  Schwartz et 

al. 2011 

 PB  rt-PCR  → 16 DT (16), OND 

(19) 

Case-

control 

 

IFN-γ  Schwartz et 

al. 2011 

CSF  rt-PCR  ↑ 16 DT (16), OND 

(19) 

Case-

control 

 

IL-2 Schwartz et 

al. 2011 

 PB  rt-PCR  ↓ 16 DT (16), OND 

(19) 

Case-

control 

Significant difference to OND, but not 

to DT 

IL-2 Schwartz et 

al. 2011 

CSF  rt-PCR  ↑ 16 DT (16), OND 

(19) 

Case-

control 

 

IL-4 Schwartz et 

al. 2011 

 PB  rt-PCR  → 16 DT (16), OND 

(19) 

Case-

control 

 

IL-4 Schwartz et 

al. 2011 

CSF  rt-PCR  ↑ 16 DT (16), OND 

(19) 

Case-

control 

 

IL-5 Schwartz et 

al. 2011 

 PB  rt-PCR  ↓ 16 DT (16), OND 

(19) 

Case-

control 

Significantly lower levels of IL-5 than 

in DT, no significant difference to 

OND 
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IL-5 Schwartz et 

al. 2011 

CSF  rt-PCR  ↑ 16 DT (16), OND 

(19) 

Case-

control 

 

IL-6 Maiolini et al. 

2013 

Serum ELISA ↑ 28 DT (44), H (8), 

OND (38), OIC 

(13) 

Case-

control 

Significant difference to DT, H, OND 

and OIC, but not to DR (n = 8) or Sys 

(n = 12) 

IL-6 Maiolini et al. 

2013 

CSF ELISA ↑ 26 DT (41), H (8), 

Sys (7), OND 

(43), OIC (13) 

Case-

control 

Significant difference to DT, H, Sys, 

OND and OIC, but not to DR (n = 9, 

only group not significantly different to 

D) 

IL-8 Burgener et 

al. 1998 

CSF Receptorspe-

cific desensi-

tization of 

repeatedly 

stimulated 

canine PMNs, 

see paper 

↑ 21 

(9 acute, 

12 

chronic) 

OIC (18)  Case-

control 

Production of IL-8 correlated with 

levels of IgA in CSF. Neutrophil 

chemotaxis similar to bacterial 

encephalitis and persisted upon 

treatment and resolution of clinical 

signs. 

IL-10 Schwartz et 

al. 2011 

 PB  rt-PCR  → 16 DT (16), OND 

(19) 

Case-

control 

 

IL-10 Schwartz et 

al. 2011 

CSF  rt-PCR  ↑ 16 DT (16), OND 

(19) 

Case-

control 

 

IL-17 Freundt-

Revilla et al. 

2017 

Serum ELISA ↑ 30 OND (9) Case-

control 

Significant difference to OND, but not 

to other groups also included in study, 

i.e. DR (n = 6), DT (n = 26) or H (n = 

12) 

IL-17 Freundt-

Revilla et al. 

2017 

CSF ELISA ↑ 30 DT (26), H (12), 

OND (8) 

Case-

control 

Significant difference to OND, DT and 

H, but not to DR (n = 6) 

TGF-β1 Maiolini et al. 

2013 

Serum ELISA ↓ 35 H (15), OND 

(26), OIC (35) 

Case-

control 

 

TGF-β1 Maiolini et al. 

2013 

CSF ELISA ↑ 36 H (20), OND 

(29) 

Case-

control 

Significant difference to H and OND. 

No significant difference to OIC group 

also included (n = 39) 

VEGF Maiolini et al. 

2013 

Serum ELISA ↑ 28 DT (45), H (8), 

OND (34), OIC 

(17) 

Case-

control 

Significant difference to DT, H, OND 

and OIC, but not to DR (n = 8) or Sys 

(n = 12) 
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VEGF Maiolini et al. 

2013 

CSF ELISA ↑ 21 DT (41), H (8), 

Sys (3), OND 

(32), OIC (11) 

Case-

control 

Significant difference to DT, H, Sys, 

OND and OIC, but not to DR (n = 9, 

only group not significantly different to 

D) 

↑, significant increase; ↓, significant decrease; →, no significant difference(s); CCL19, CC motif ligand 19; CSF, cerebrospinal 788 

fluid; ELISA, enzyme linked immunosorbent assay; PB, peripheral blood; D, diseased; DT, diseased and treated; H, healthy; 789 

OND, other neurological diseases; IE, idiopathic epilepsy; CD40, cluster of differentiation 40; DR, diseased and relapsing; IFN-790 

γ, interferon γ; PB, peripheral blood; rt-PCR, real-time polymerase chain reaction; IL-2, interleukin 2; OIC, other inflammatory 791 

CNS diseases; PMNs, polymorphonuclear leukocytes; Sys, systemic disease; IgA, immunoglobulin A; TGF-β1, transforming 792 

growth factor β1; VEGF, vascular endothelial growth factor. 793 

  794 
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Table 5 795 

Overview of various biomarker activity in steroid responsive meningitis arteritis (SRMA), with comparison to other diseases 796 

and/or healthy conspecifics.  797 

Scientific 

field of 

focus 

Biomarker Reference Test 

material 

Method Biomarker 

activity 

SRMA, n Control 

groups, (n) 

Study design Important considerations 

Genetic 

markers 

Pedigree Anfinsen et al. 

2008 

Pedigree 

and 

interview

s 

Genealogical 

investigation 

See note 9 H (353) Retrospective 

cohort  

Only Nova Scotia Duck Tolling 

Retrievers included. The 

genealogical investigation 

strongly indicates an important 

genetic factor in the disease 

 MHC-II Wilbe et al. 

2009 

 PB  DNA isolation, 

PCR and 

sequencing 

→ 49 D (49), H 

(78), non-

CNS (51) 

Case-control All non-CNS = IMRD. 

Occurrence of IMRD was 

correlated to the MHC-II gene 

but SRMA was not  

Risk 

factors 

Season Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

→ 60 Non-

SRMA 

(180) 

Retrospective 

case-control  

 

 Vaccination Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

→ 60 Non-

SRMA 

(180) 

Retrospective 

case-control  

Not associated with time since 

vaccination  

 Environment Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

→ 60 Non-

SRMA 

controls 

(180) 

Retrospective 

case-control  

Not associated with 

Environment categories: Urban, 

Town, Village, Hamlet. 

Environment  

 Sex Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

→ 60 Non-

SRMA 

(180) 

Retrospective 

case-control  

Not associated with sex  

 Neutering status Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

→ 60 Non-

SRMA 

(180) 

Retrospective 

case-control  

Not associated with neutering 
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 Breed Rose et al. 

2014 

Medical 

records 

Univar. uncond. 

log.reg. 

↑ 60 Non-

SRMA 

(180) 

Retrospective 

case-control  

Increased odds ratio in beagles, 

border collies, boxers, Jack 

Russel terriers, Weimaraners 

and whippets 

Other 2-arachidon-

oylglycerol 

Freundt-

Revilla et al. 

2018 

Serum SID-LC + MS2 ↑ 9 H (6) Case-control  

 2-arachidon-

oylglycerol 

Freundt-

Revilla et al. 

2018 

CSF SID-LC + MS2 ↑/↓ (see 

note) 

9 DT (19), 

Cinf (7) 

Case-control Significantly higher than DT, 

but significantly lower than 

Cinf = intraspinal spirocercosis  

 Abdominal 

ultrasound 

changes 

Rose and 

Harcourt-

Brown, 2013 

- Ultrasound  → 21 - Retrospective 

descriptive 

review 

 

 Anandamide  Freundt-

Revilla et al. 

2018 

Serum SID-LC + MS2 ↑ 9 H (6) Case-control Significant difference to H, but 

not to other groups (DT and 

Cinf). All Cinf = intraspinal 

spirocercosis. H was also 

significantly different lower 

than DT and Cinf 

 Anandamide  Freundt-

Revilla et al. 

2018 

CSF SID-LC + MS2 ↑/↓ (see 

note) 

9 DT (19), H 

(6), Cinf 

(7) 

Case-control D significantly higher than DT, 

but significantly lower than 

Cinf. All Cinf = intraspinal 

spirocercosis 

 Complete blood 

count changes 

Rose and 

Harcourt-

Brown, 2013 

PB Standard CBC 

analysis 

↑ 21 Lab.ref. Retrospective 

descriptive 

review 

All cases had changes to the 

complete blood count profile 

including neutrophilia, 

monocytosis, lymphocytosis, 

eosinopenia or anemia 

 Heat shock 

protein 70 

Moore et al. 

2012 

Serum ELISA → 30 DT (30), H 

(8) 

Case-control Highest values in SRMA, but 

no significant difference to 

controls 

 Heat shock 

protein 70 

Moore et al. 

2012 

CSF ELISA ↑ 30 H (8) Case-control D was significantly different to 

H, but not to DT (n = 30) 
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 Serum 

biochemistry 

Rose and 

Harcourt-

Brown, 2013 

 PB  Standard blood 

biochemistry 

↑ 21 Lab.ref. Retrospective 

descriptive 

review 

Changes in Serum biochemistry 

included hypoalbuminemia, 

hyperglo-bulinemia, increased 

alkaline phos-phatase activity, 

hyperphosphatase-mia, 

increased total calcium concen-

tration, hypercholesterolemia, 

hyper-kalemia, increased urea 

concentration and increased 

alanine aminotransferase 

activity 

 Thorax x-ray 

changes 

Rose and 

Harcourt-

Brown, 2013 

- Radiology → 21 - Retrospective 

descriptive 

review 

No changes on orthogonal 

thorax x-rays detected 

 Urine changes Rose and 

Harcourt-

Brown, 2013 

Urine Standard 

urinanalysis 

→ 21  Retrospective 

descriptive 

review 

 

↑, significant increase; ↓, significant decrease; →, no significant difference(s); H, healthy; MHC-II, major histocompatibility 798 

complex 2; PB, peripheral blood; PCR, polymerase chain reaction; D, diseases; non-CNS, diseases not primarily affecting the 799 

CNS; IMRD, immune-mediated rheumatic disease; univar. uncond. log. reg., univariable unconditional logistic regression 800 

analysis; non-SRMA, a Nova Scotia Duck Tolling Retriever not diagnosed with SRMA; SID-LC, stable-isotope dilution liquid 801 

chromatography; MS2, tandem mass spectrometry; CSF, cerebrospinal fluid; DT, diseased and treated; Cinf, infectious CNS 802 

disease; Lab.ref., laboratory normal reference values; ELISA, enzyme linked immunosorbent assay.  803 
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Figure legend 804 

 805 

Fig. 1. Crude overview of investigated biomarkers in relation to SRMA research. Abbreviations: Inner 806 

circle: MOL, Molecular tools; IMAG, Imaging tools; HIST, Histologic tools. Middle circle: Cytokin., 807 

Cytokines; APP, Acute Phase Proteins; AB, Antibodies; cellmark., cell markers; miRNA, microRNAs; 808 

Imm.rec., Immune cell receptors; Correlation, Non-clinical factors of potential correlation with disease; 809 

Cannabin., Cannabinoid receptors and transmitters; std.clin.test, standard clinical tests (bloodwork); 810 

imm. mod., immune modulator; Ultrasound, Ultrasound (sonogram) scan; Xray, Radiography; PET, 811 

Positron Emission Tomography; CT, Computed Tomography; MRI, Magnetic Resonance Imaging; IHC, 812 

Immunohistochemistry. Outer circle: VEGF, Vascular Endothelial Growth Factor; TGF-β1, 813 

Transforming Growth Factor beta 1; IFN-γ, Interferon Gamma; CCL19, C-C motif Ligand 19; CD40L, 814 

Cluster of Differentiation 40 Ligand; IL-[2-17], Interleukins 2-17, respectively; Hp, Haptoglobin; AGP, 815 

Alpha-1-acid Glycoprotein; AMG, Alpha2-Macroglobulin; SAA, Serum Amyloid A; CRP, C-Reactive 816 

Protein; Rf, Rheumatoid factor; ANA, Anti-Nuclear Antibodies; IgG/A/M, Immunoglobulin family G, 817 

A and M, respectively; Ped/Inher., Pedigree and Inheritance study; MHCII, Major Histocompatibility 818 

Complex class II; miR-10b, microRNA 10b; TLR[2-9], Toll-Like Receptors 2-9, respectively; Breed, 819 

dog breed; Season, Season of initiation of clinical signs; Environ., Environment i.e. dog residing in the 820 

city or country etc.; Vaccin., Vaccination status; Neut., Neutering status; 2AG, 2-Arachidonoylglycerol; 821 

CB2, Cannabinoid receptor type 2; AEA, Anandamide; Biochem., Blood Biochemistry; CBC, Complete 822 

Blood Count; Hsp70, Heat shock protein 70; Abdom. US, Abdominal Ultrasound; CD4/CD8, ratio of 823 

CD4+ T cells over CD8+ T cells; CD11a, Cluster of Differentiation 11a; B/T ratio, B over T cell ratio. 824 
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 Steroid responsive meningitis-arteritis (SRMA) is a severe autoimmune disease in dogs. 

 SRMA typically results in a systemic inflammatory response. 

 Proposed diagnostic markers include acute phase proteins and antibodies. 

 Biomarkers of systemic inflammation may be useful, but lack specificity for SRMA. 

 Directions for research on specific disease etiology and diagnostics are proposed. 
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