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Abstract

Background

Meningoencephalitis of unknown origin (MUO) is an inflammatory disease of the canine

central nervous system (CNS) that shares several features with multiple sclerosis (MS) in

humans. In approximately 95% of MS patients,� two immunoglobulin G (IgG) oligoclonal

bands (OCBs) are detectable exclusively in the cerebrospinal fluid (CSF).

Hypothesis/objectives

To investigate OCBs in CSF and serum in dogs affected by MUO, intervertebral disc dis-

ease (IVDD), idiopathic epilepsy (IE), intracranial neoplasia (IN), steroid-responsive menin-

gitis-arteritis (SRMA), and diseases outside the CNS. We hypothesize that the highest

prevalence of CSF-specific OCBs (� two OCBs uniquely in the CSF) would be found in

dogs affected by MUO.

Animals

Client-owned dogs (n = 121) presented to the neurology service due to neurological deficits.

Methods

Prospective study. Measurement of IgG concentration in CSF and serum via a canine IgG

ELISA kit. OCB detection via isoelectric focusing (IEF) and immunoblot.

Results

Presence of CSF-specific OCBs was significantly higher in dogs with MUO (57%) compared

to 22% in IN, 6% in IE, 15% in SRMA, 13% in IVDD, and 0% in the non-CNS group (p <
.001). Dogs with MUO were 9.9 times more likely to show CSF-specific OCBs than all other

diseases together (95% confidence interval, 3.7–26.4; p < .001).
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Conclusions and clinical importance

MUO showed the highest prevalence of CSF-specific OCBs, indicating an inflammatory B

cell response. Future studies are needed to evaluate the prevalence in the specific MUO

subtypes and a possible similarity with human MS.

Introduction

Meningoencephalitis of unknown origin (MUO) encompasses idiopathic, non-infectious

inflammatory diseases of the canine central nervous system (CNS), which can be further sub-

divided into granulomatous meningoencephalitis (GME), necrotizing meningoencephalitis

(NME), and necrotizing leukoencephalitis (NLE) via histopathological examination [1].

Although the exact number of affected dogs is currently not known and may vary among

countries, early studies reported an incidence of GME of up to 25% of all canine CNS disorders

[2]. Attempts to identify an underlying infectious agent have failed so far. Thus, an autoim-

mune pathogenesis is suspected [3–6]. Major factors contributing to the disease are genetic

susceptibility and environmental factors [1].

Studies have highlighted characteristics [7–10] similar to multiple sclerosis (MS), an inflam-

matory demyelinating disease affecting the CNS of humans [11]. For instance, a strong dog

leukocyte antigen (DLA) class II association in Pug Dogs affected by NME has been found,

resembling the association between human leukocyte antigen (HLA) class II and MS in

human patients [7]. Moreover, a gender predisposition for females has been recognized in

both diseases [9, 10]. A comparison between the canine MUO and MS in humans can be

found in Table 1. The diagnostic guidelines for MS are summarized in the McDonald criteria

from the International Panel of MS [12]. In these criteria, immunoglobulin G (IgG) oligoclonal

bands (OCBs) remain a valuable diagnostic test, as evidence of intrathecal antibody synthesis

supports the diagnosis. However, those bands are not specific for MS, which is why clinical,

imaging as well as laboratory evidence needs to be interpreted together to reach a diagnosis of

MS [12]. CSF abnormality is defined by the presence of OCBs different from any such bands

in serum. These bands are found in CSF in chronic inflammatory diseases of the CNS due to

increased local antibody synthesis. The method most widely used for their detection is isoelec-

tric focusing (IEF) on agarose gel followed by immunoblotting or immunofixation for IgG

using paired CSF and serum samples [13–15]. A previous meta-analysis reported the diagnos-

tic sensitivity of CSF OCBs for MS using the above-mentioned gold standard to be 93%,

respectively [16].

Similar to MS, the pathogenesis of MUO is not fully understood. So far, a T cell-mediated

delayed-type hypersensitivity with involvement of mainly T and just few B cells has been pos-

tulated in dogs with GME [3]. The lack of knowledge about the pathogenesis is reflected by the

absence of specific diagnostic tests for ante mortem definitive diagnosis. The combination of

clinical signs, imaging features, CSF findings, and testing for infectious diseases helps to reach

a presumptive diagnosis: magnetic resonance imaging (MRI) has a good diagnostic value with

a sensitivity of 86% and specificity of 93.1% for classifying brain disease as inflammatory [21].

Accordingly, a normal brain MRI does not rule out inflammatory diseases of the CNS [22] and

canine brain granuloma can be misdiagnosed as glioma [23]. Therefore, histopathology

remains the gold standard, especially for diagnosing the MUO subtypes. The presence of CSF-

specific OCBs in dogs affected by MUO may help to distinguish between inflammatory and
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neoplastic disorders, to non-invasively differentiate the MUO subtypes, and to highlight fur-

ther similarities between the canine MUO and MS in humans.

The only clinical study available in veterinary medicine on OCBs in German Shepherd

dogs diagnosed with degenerative myelopathy involved just a small number of diseased and

healthy dogs and lacked the comparison with other neurological diseases [24].

The aim of the present study therefore was to investigate CSF and serum for the presence of

CSF-specific OCBs with IEF and immunoblot in dogs affected by MUO in comparison to dogs

Table 1. Comparison of MS in humans and canine MUO.

Parameters for

comparison

MS MUO

Signalement [1, 17] • Young adults

• Female:male 3:1

• 3–7 years

• Small, female dogs

Genetic factors • HLA-DRBI�15 [18] NME [7]

• NME-susceptibility haplotype close to the DLA complex

Clinical presentation [1,

11]

• Spinal cord syndrome

• Optic neuritis

• Brainstem or cerebellar syndrome

• Cognitive impairment

• Others

GME

• Multifocal (forebrain, brainstem, spinal cord)

• Focal

• Ocular

NME

• Forebrain

NLE

• Forebrain and brainstem

CSF pleocytosis [1, 19] • Up to 50 cells/μl

• Mononuclear: predominantly lymphocytes, some monocytes

Generally mononuclear.

GME

• Mild to moderate lymphocytic, neutrophilic, mixed

NME, NLE

• Moderate to marked lymphocytic

CSF-specific OCBs [19] • Present 90%–> 95% • Not investigated before

MRI findings [1, 17] • Ovoid, well circumscribed

• Periventricular, juxtacortical, infratentorial, spinal cord

• Hyperintensity on T2W

• Contrast enhancement of new lesions for approximately 6

weeks

GME

• Multifocal, diffuse

• Hyperintensity on T2W and FLAIR

• Variable T1W contrast enhancement

NME

• Asymmetric, multifocal cerebrocortical gray and white matter

lesions

• Hyperintensivity on T2W and FLAIR

• Variable T1W contrast enhancement

• Meningeal enhancement

NLE

• Asymmetric cerebral white matter and brainstem lesions

• Hyperintensivity on T2W and FLAIR

• Minimal contrast enhancement

T vs B cell involvement B- and T-cell involvement [20] GME [3]

• CD3+ T cells

• CD163+ macrophages

• Mainly T cells identified, B cells rarely seen

MUO = meningoencephalitis of unknown origin, MS = multiple sclerosis, HLA = human leukocyte antigen, DLA = dog leukocyte antigen, NME = necrotizing

meningoencephalitis, GME = granulomatous meningoencephalitis, NLE = necrotizing leukoencephalitis, CSF = cerebrospinal fluid, OCB = oligoclonal band,

MRI = magnetic resonance imaging

https://doi.org/10.1371/journal.pone.0280864.t001
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affected by idiopathic epilepsy, intracranial neoplasia, intervertebral disc disease, steroid-

responsive meningitis-arteritis, or diseases not affecting the CNS. We hypothesized that the

highest prevalence of CSF-specific OCBs would be found in dogs affected by MUO.

Materials and methods

The experimental procedures used in this study were approved by the ethical committee of the

Veterinary service, Cantone of Bern (BE121/2020).

Sampling of CSF and serum was done during the diagnostic work-up of each patient (no

sampling was done only for research purposes), and all efforts were made to minimize stress

and suffering for each patient. In addition, we have obtained the owner’s written consent for

each of the dogs involved in this study. Human samples were taken during the diagnostic

work-up of the patient in the University Hospital, Zurich (not taken only for the purpose of

the study). Patients signed a consent that residual amount of CSF and serum not needed for

the diagnostic work-up can be used for research purposes. Samples were anonymized prior to

researchers having access to the samples.

CSF and serum samples were prospectively collected from dogs presented to the Small

Animal Clinic, Division of Clinical Neurology, Vetsuisse Faculty, University of Bern, Swit-

zerland due to neurological impairment between April 2018 and June 2020. Patients were

included in the study if all criteria were met: All dogs had a complete medical record includ-

ing signalment, they received a complete diagnostic work-up with clinical and neurological

examination, full blood work (hematology, biochemistry, infectious disease testing if indi-

cated), MRI of the brain and/or spinal cord and CSF puncture. When possible, dogs

received a histopathological and immunohistopathological examination of brain biopsies/

the brain.

Dogs were classified into six disease categories: meningoencephalitis of unknown ori-

gin (MUO), idiopathic epilepsy (IE), intracranial neoplasia (IN), intervertebral disc dis-

ease (IVDD), steroid-responsive meningitis-arteritis (SRMA), and non-CNS category. A

clinical diagnosis of MUO was based on the following criteria: (1) dogs older than 6

months, (2) multiple, single or diffuse intra-axial hyperintensities on T2-weighted MR

images, and/or (3) pleocytosis in CSF analysis with > 50% of mononuclear cells, and (4)

exclusion of infectious diseases (adapted from Granger et al. 2010 [25]). Response to treat-

ment was additionally taken into account to support the diagnosis (follow-up of at least 11

months).

Dogs were assigned to the IE category, if they presented recurrent epileptic seizures and

their diagnostic work-up met the Tier 2 confidence level as defined by the International Veter-

inary Epilepsy Task Force (IVETF) [26]. Dogs were included in the IN category, if they were

diagnosed with a neoplastic lesion based on MRI and subsequent CSF examination, ideally

confirmed by histopathological examination. Dogs were diagnosed with IVDD based on MRI

examination and confirmed by surgery if indicated. Dogs were diagnosed with SRMA based

on clinical signs, CSF findings (neutrophilic pleocytosis) [27] and response to treatment. Dogs

were allocated to the non-CNS disease category, if diseases were located outside the CNS with

a normal MRI examination of the brain as well as an unremarkable CSF examination (e.g.

dogs with otitis media).

Paired serum and CSF samples were collected from all dogs during the diagnostic work-up.

CSF was obtained by atlanto-occipital puncture in lateral recumbency during general anesthesia

and examined within 30 minutes for total protein and total nucleated cell count (TNCC) as well

as cytology. Pleocytosis was defined as a TNCC> 5 cells/μL and was further characterized as

mild (6–50 cells/μL), moderate (51–200 cells/μL) or marked (> 200 cells/μL) [28]. The
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pleocytosis was further characterized by the predominant cell type as neutrophilic, mononu-

clear, eosinophilic, or mixed without a clear predominance of one cell type [28]. Protein content

was measured using the benzethonium chloride method (Cobas c501, Total Protein Urine/CSF

Gen. 3, Roche) and defined as normal if< .33 g/L and increased if> .33 g/L. Blood samples

mostly were taken at the same time or within 24 hours by puncture of a peripheral vein (e.g. V.

saphena lateralis or V. cephalica antebrachii). Serum samples were centrifuged and both CSF

and serum samples frozen in plain plastic tubes at -80˚C within one hour from sampling. Sam-

ples were directly thawed prior to use. Measurements of IgG concentrations in both CSF and

serum samples were performed in the laboratory of Clinical Immunology of the Vetsuisse Fac-

ulty in Bern using a Canine IgG ELISA kit (Abcam, Cambridge, United Kingdom), following

the manufacturer’s instructions. After determination of IgG concentrations, samples were ali-

quoted and again frozen at -80˚C until analyzing the presence of OCBs in the "CSF Laboratory",

Department of Neurology, University Hospital Zurich, via IEF followed by immunoblotting

(SEBIA Swiss GmbH, Wollerau, Switzerland) as previously described [29]. Samples were diluted

with Aqua ad iniectabilia to reach equal IgG concentrations of 25mg/l in CSF and serum prior

to analysis. Proteins were separated via the IEF and then blotted onto a membrane via immuno-

blot. OCBs were then highlighted via the use of a canine rabbit-anti-IgG antibody (Jackson

ImmunoResearch Laboratories, Ely, United Kingdom; H+L, purified, polyclonal, Alkaline

Phosphatase conjugated; product code 304-055-033). The presence of OCBs was independently

evaluated by three blinded experienced raters (AL, MZ, EdA). If only two out of three agreed on

the result, the most experienced examiner (AL) reevaluated the blots to reach a consensus. Simi-

lar to the guidelines used for OCB detection in CSF and serum in human medicine, dogs were

considered to have CSF-specific OCBs, i.e. intrathecal IgG synthesis, if two or more OCBs were

detectable in CSF, but absent in corresponding serum, equivalent to OCBs type 2 (normal

serum and additional OCBs in CSF) and OCBs type 3 (identical OCBs in serum and CSF with

additional bands in CSF not present in serum) [13, 15, 30]. Type 1 reflects no OCBs in serum or

CSF, type 4 identical OCBs in serum and CSF, reflective of a systemic, but not intrathecal IgG

synthesis, and type 5 the presence of identical monoclonal bands in CSF and serum [13, 15].

Due to the lack of canine controls with confirmed CSF-specific OCBs, human CSF and serum

samples with confirmed CSF-specific OCBs were used as positive control on all blots.

Statistical analysis

Statistical analysis was performed using NCSS (NCSS 12 Statistical Software; LLC, Kaysville,

Utah, United States). For all analyses, p< .05 was considered statistically significant. Summary

descriptive statistics were calculated to describe the population of patients included as well as

different CSF findings and pathology results. Concentrations were non-normal distributed.

Therefore, the median was used additionally to describe total protein, TNCC, IgG in CSF and

serum per disease category. A Kruskal-Wallis test was used for assessment of group differences

of continuous, non-parametric data (IgG concentration in CSF and CSF-specific OCBs, IgG

concentration in CSF and TNCC). Moreover, associations were assessed between the presence

of CSF-specific OCBs and the TNCC as well as CSF cytology. Logistic regression and contin-

gency tables were used to evaluate a possible relation between CSF-specific OCBs and single

disease categories, and MUO versus all other disease categories summarized. Kappa statistics

were used to assess the interobserver agreement.

Results

125 dogs were initially included in the study. Four dogs from the MUO category had to be

excluded as they were diagnosed with idiopathic cerebellitis (n = 2) and eosinophilic
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meningoencephalitis (n = 2). Therefore, 121 dogs were enrolled in the present study compris-

ing 28 dogs with MUO, 18 dogs with IE, 23 dogs with IN, 13 dogs with SRMA, 23 dogs with

IVDD, and 16 dogs with non-CNS disease (Table 2). The most common breeds were French

Bulldog (17/121), mixed breed (16/121), Chihuahua (9/121), and Dachshund (6/121). Forty-

four percent of the dogs (53/121) were female (15/53 intact, 38/53 neutered) and 56% were

male (29/68 intact, 39/68 neutered). The mean age of the study population was 5 years and 4

months (range: 2 months– 12 years and 7 months) and mean body weight was 16 kg (range:

1.11–56.7 kg).

In the MUO disease category, 15/28 dogs showed a good response to treatment and were

still alive at the time of writing, 2/28 were lost to follow-up and 11/28 died or were euthanized.

Of the latter, a postmortem examination was declined by the owner in 7/28 dogs. Histopathol-

ogy was available in 4/28 dogs with MUO (GME n = 1, NME n = 1, mixed type n = 2) and

16/23 dogs with IN (oligodendroglioma WHO grade II/III n = 7, meningioma n = 2, astrocy-

toma, atypical meningioma, choroid plexus carcinoma, histiocytic sarcoma, meningoangioma-

tosis, metastatic carcinoma, metastatic round cell tumor, each n = 1).

Total protein in CSF was available in 97/121 dogs with a median of .2 g/L and a mean of .45

g/L (5th-95th percentile .1–1.90 g/L). The TNCC was determined in 119/121 dogs with a

median of two cells/μL and a mean of 200 cells/μL (5th-95th percentile .3–1234.7 cells/μL).

Total protein was not determined in cases with CSF examination in the emergency night shifts,

when only Pandy reaction was assessed. TNCC was not recorded in one dog with IN and one

dog with IVDD. As only three dogs were found with a moderate pleocytosis, the categories

moderate pleocytosis and marked pleocytosis were grouped together as marked pleocytosis to

simplify the statistical analysis. The IgG concentration in CSF and serum was measured in all

samples with a median of 46.93 mg/L in CSF and 22.11 g/L in serum and a mean of 191.74

mg/L (5th-95th percentile 11.78–1080.64 mg/L) in CSF and 23 g/L (5th-95th percentile 10.43–

38.24 g/L) in serum. Medians as well as range of total protein, TNCC, IgG in serum and CSF

per disease category can be found in Table 3.

An increased IgG concentration in CSF was significantly associated with the presence of

CSF-specific OCBs (p< .01) (Fig 1) and an increased TNCC (p< .001) (Fig 2). Moreover, the

presence of CSF-specific OCBs was significantly associated with a mononuclear pleocytosis

(Fig 3). Fifty-nine percent of dogs with a mononuclear pleocytosis had CSF-specific OCBs

compared to 16% with a normal cytology (p< .001). Presence of CSF-specific OCBs was not

associated with an increased TNCC (Fig 4).

Presence of CSF-specific OCBs was significantly higher in dogs diagnosed with MUO (Fig

5) compared to every other disease category (p< .001). More specifically, 57% of dogs with

MUO, compared to 22% of dogs with IN, 6% of dogs with IE, 15% of dogs with SRMA, 13% of

dogs with IVDD, and 0% of dogs diagnosed with a disease not affecting the CNS were found

to show CSF-specific OCBs (Table 2). When comparing the MUO category with all other dis-

ease categories summarized in one group, dogs with MUO were 9.9 times more likely to pres-

ent CSF-specific OCBs than dogs with the other diseases (95% confidence interval, 3.7–26.4;

Table 2. Numbers of dogs included per disease category as well as prevalence of CSF-specific OCBs (� 2 OCBs uniquely in CSF) per disease category.

Disease category MUO IE IN IVDD SRMA Non-CNS

Dogs n = 121 28 18 23 23 13 16

CSF-specific OCBs 16 (57%) 1 (6%) 5 (22%) 3 (13%) 2 (15%) 0 (0%)

MUO = meningoencephalitis of unknown origin, IE = idiopathic epilepsy, IN = intracranial neoplasia, IVDD = intervertebral disc disease, SRMA = steroid-responsive

meningitis-arteritis, non-CNS = diseases outside the CNS, OCBs = oligoclonal bands, CSF = cerebrospinal fluid

https://doi.org/10.1371/journal.pone.0280864.t002
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Table 3. Median values as well as range (in brackets) of total protein (TP), total nucleated cell count (TNCC), IgG in serum and CSF per disease category.

Disease category TP1 (g/L) TNCC2 (cells/μl) IgG serum (g/L) IgG CSF3 (mg/L)

MUO .3 (.15–2.21) 17.00 (.3–3754.0) 25.54 (12.35–42.82) 224.92 (19.44–3128.31)

IE .14 (.1- .28) .7 (.3–3.7) 21.54 (4.82–33.41) 21.38 (8.8–75.3)

IN .27 (.12–1.52) 2.7 (.3–43.7) 21.66 (4.0–38.25) 60.18 (18.33–287.44)

IVDD .13 (.1- .35) 1.45 (.7–15.30) 21.72 (9.04–45.5) 36.5 (11.54–1127.55)

SRMA .75 (.09–6.32) 880.0 (52.00–4490.70) 16.15 (10.09–28.17) 209.00 (8.54–1834.81)

non-CNS .17 (.07- .28) .7 (.3–2.7) 22.14 (12.82–44.57) 29.95 (9.71–70.58)

MUO = meningoencephalitis of unknown origin, IE = idiopathic epilepsy, IN = intracranial neoplasia, IVDD = intervertebral disc disease, SRMA = steroid-responsive

meningitis-arteritis, non-CNS = diseases outside the CNS, CSF = cerebrospinal fluid.
1,2 p < 0.001,
3 p < 0.01

https://doi.org/10.1371/journal.pone.0280864.t003

Fig 1. Association between IgG concentration in CSF and presence/absence of CSF-specific OCBs. An increased IgG concentration in

CSF was significantly associated with the presence of CSF-specific OCBs (p< .01). IgG = immunoglobulin G, CSF = cerebrospinal fluid,

OCB = oligoclonal band, y = yes, n = no.

https://doi.org/10.1371/journal.pone.0280864.g001
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p< .001). Agreement between the three observers was very good, with kappa values of .97

(95% CI .92–1) and .93 (95% CI .84–1), respectively.

Discussion

The pathogenesis of human MS and the MUOs in canine patients are both not fully under-

stood. Consequently, both diseases lack specific diagnostic tests for ante mortem definitive

diagnosis. Instead, a range of defined clinical criteria is used to narrow down the diagnosis,

one of which is the presence of CSF-specific OCBs as part of the McDonald criteria to diagnose

MS. Up to 95% of human MS patients present with CSF-specific OCBs [13]. Similarities

between human MS and canine MUO has already been postulated. However, OCBs have only

been investigated in a group of dogs diagnosed with degenerative myelopathy so far [24].

Fig 2. Association between IgG concentration and TNCC. An increased IgG concentration in CSF was significantly associated with an

increased TNCC (p< .001). y = yes, n = no, CSF = cerebrospinal fluid, OCB = oligoclonal band, TNCC = total nucleated cell count.

https://doi.org/10.1371/journal.pone.0280864.g002
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Studies investigating the prevalence of CSF-specific OCBs in canine inflammatory diseases in

the CNS and comparison with the described prevalence in human MS are lacking. Therefore,

the present study aimed at investigating the prevalence of CSF-specific OCBs of dogs diag-

nosed with MUO compared to dogs with miscellaneous CNS diseases, as well as diseases not

primarily affecting the CNS. The highest prevalence of CSF-specific OCBs was detected in the

MUO disease category compared to all other disease categories. The prevalence in MUO is

however much lower than the prevalence in human MS patients.

One potential explanation might be that the majority of dogs showed a good response to

treatment and was therefore still alive at the time of writing or lost to follow-up resulting in a

low number of patients with histopathological confirmation of MUO. In the majority of cases,

the diagnosis of MUO was based on clinical factors, hence it cannot be excluded that neoplas-

tic or other inflammatory diseases were included in the MUO disease category, lowering the

actual prevalence of CSF-specific OCBs in the MUO category. The clinical diagnosis of MUO

was based on information from clinical and neurological examination, full blood work (hema-

tology, biochemistry, infectious disease testing), MRI of the brain and/or spinal cord and CSF

puncture. There are currently no clear and internationally recognized diagnostic criteria

defined for diagnosis of MUO. In the present study, the guidelines provided by Granger et al.

presenting criteria for the diagnosis of MUO were followed [25], although also 6 dogs without

CSF pleocytosis were included. According to these guidelines, CSF "should" be hypercellular,

with> 50% mononuclear cells. Dogs without pleocytosis that otherwise fulfilled the remaining

criteria therefore were not excluded, since normal CSF has been described in histopathologi-

cally confirmed MUO dogs: one study found 28.6% of cases with histologically confirmed

NLE and 14.3% of Pug dogs with histologically confirmed NME to have a normal CSF [31].

Nevertheless, it cannot be entirely ruled out that dogs actually affected by other diseases were

Fig 3. Association between presence/absence of CSF-specific OCBs and type of pleocytosis. Presence of CSF-specific OCBs was

significantly associated with a mononuclear pleocytosis (p< .001). y = yes, n = no, CSF = cerebrospinal fluid, OCB = oligoclonal band.

https://doi.org/10.1371/journal.pone.0280864.g003
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included in the MUO disease category. Moreover, the absence of OCBs in CSF and serum

(pattern 1 of the previously mentioned IEF patterns) does not always exclude a CNS pathology,

as it can occur in the very early stage during the disease course [16]. Mostly, dogs with MUO

present with severe neurological signs and the owner might have not recognized mild initial

deficits. Thus, it seems relatively unlikely that MUO patients present that early in the disease

course that there is lack of an inflammatory response in the CNS. However, some patients

present with less severe deficits, which might correlate with the mainly affected region of the

brain and/or an early phase of the disease.

In human medicine, the overall prevalence of CSF-specific OCBs in inflammatory diseases

in general, but not MS specifically, is not well established. However, the prevalence range is

wide, with around 95% in MS, and for example 16.4% in neuromyelitis optica [32], 6–17% in

myelin oligodendrocyte glycoprotein antibody-associated disease [33], 25% in Sjögren’s syn-

drome [34], and 29–58% in acute disseminated encephalomyelitis [35, 36]. Thus, the true prev-

alence of CSF-specific OCBs in MUO might be 57%; however, one of the MUO subtypes

might present with a higher prevalence.

Each of the MUO subtypes presents with specific features, such as predilection for white

matter in NLE and GME [1], or a genetic predisposition, more specifically a DLA class II asso-

ciation, in NME [7]. Those features resemble the presentation in human MS, with characteris-

tic lesions within the white matter [12] and a major histocompatibility complex class II genetic

association [37]. In the current study, a further differentiation in the MUO subtypes by histo-

pathology was only available in 4/28 patients. This was due to good treatment response, loss to

follow-up or decline of a postmortem examination by the owners. Of those, 3/4 dogs presented

with CSF-specific OCBs (GME n = 1, mixed type n = 2). Due to the low number of cases, it

was not possible to determine specific MUO subtypes in the majority of the study population

Fig 4. Association between presence of CSF-specific OCBs and TNCC. There was no association between presence of CSF-specific

OCBs and increased TNCC present (p> .11). CSF = cerebrospinal fluid, OCB = oligoclonal band, y = yes, n = no, TNCC = total

nucleated cell count.

https://doi.org/10.1371/journal.pone.0280864.g004
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and only the overall prevalence of CSF-specific OCBs in MUO and not a potential association

between the subtypes GME, NME, and NLE, could be established.

Studies in human medicine demonstrated OCBs in various non-inflammatory neurological

diseases with a prevalence of 67% in glioma patients, and 8.7–14% in patients with epileptic

seizures [38, 39]. In the presented study population, the prevalence of CSF-specific OCBs ran-

ged from 0–22% with 22%, 15%, 13%, 6%, and 0% in IN, SRMA, IVDH, IE, and the non-CNS

disease category, respectively. Overall, 16/23 dogs (70%) in the IN category received a histo-

pathological confirmation of the underlying disease, with oligodendroglioma being the most

common diagnosis (8/16). Further tumor types were each represented just once. Due to the

scattered distribution of tumor types, a correlation between presence of CSF-specific OCBs

and type of neoplasia was not possible. Nevertheless, CSF-specific OCBs were present only in

2/8 (= 25%) of glioma patients, which is much less than the described prevalence of 67% in

human glioma patients [38]. The latter prevalence derives from a study that included only a

small number of patients and therefore these data might not reflect the real situation. Interest-

ingly, the cases diagnosed with histiocytic sarcoma, atypical meningioma, and metastatic

round cell tumor presented with CSF-specific OCBs.

Ante mortem differentiation between inflammatory and neoplastic lesions can be challeng-

ing and so far a definitive diagnosis can be reached only via biopsy [23, 40]. Using the OCB

pattern for differentiation would have been an interesting, less invasive approach, however,

with 22% of IN cases presenting CSF-specific OCBs, this seems not feasible. Although the

majority of the IN cases in the current study underwent histopathological confirmation, a mis-

diagnosis in the remaining 30% of the cases is still a possibility that might have influenced the

real prevalence of CSF-specific OCBs in this group.

Fig 5. Immunoblot with serum and CSF samples from five canine patients (nos. 1–5) and one human MS patient (no. 6) after isoelectric focusing.

Dog no. 1 was diagnosed with intracranial neoplasia, dog no. 2 and dog no. 3 with idiopathic epilepsy, dog no. 4 with MUO, and dog no. 5 with a

disease outside the CNS. CSF-specific OCBs (equivalent to pattern 2 and 3 of the described patterns in human medicine; OCBs highlighted between

arrowheads) were detected in dog no. 4. The samples from the human MS patient served as positive controls. CSF = cerebrospinal fluid, MS = multiple

sclerosis, MUO = meningoencephalitis of unknown origin, CNS = central nervous system, OCBs = oligoclonal bands.

https://doi.org/10.1371/journal.pone.0280864.g005
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SRMA is an inflammatory disease that does not solely affect the CNS but also has a strong

systemic effect due to the widespread vasculitis. Therefore, the majority of cases was

expected to show either a systemic OCB pattern (equivalent to type 4 [13]) or CSF-specific

OCBs. On the contrary, identical OCBs in CSF and serum were not detected in any of the

SRMA cases investigated (systemic pattern). This is corresponding to findings in human

medicine with a less frequent association of type 4 with systemic autoimmune diseases [41].

The presence of CSF-specific OCBs in 2/15 cases in this group is not surprising, reflecting a

secondary inflammatory process in those diseases as well as the fact that the presence of

OCBs itself is unspecific and cannot be used as a diagnostic modality on its own as they can

be found in various different diseases. Interestingly, CSF-specific OCBs were detected in

each one of the two patients with eosinophilic meningoencephalitis and with idiopathic

cerebellitis.

Finally, the prevalence of CSF-specific OCBs in dogs diagnosed with IE was 6% (1/18] and

comparable with findings in human epileptic patients, in which a prevalence range of 8.7–14%

is reported [39]. Interestingly, the only epileptic dog that presented CSF-specific OCBs was

refractory to anticonvulsive treatment and finally euthanized. Unfortunately, the owner

declined a postmortem examination. This dog showed changes in the MRI within the left piri-

form lobe, which were interpreted as postictal changes. According to the IVETF, repeated

MRI of the brain with initially suspected postictal changes after a period of seizure control,

along with clinical and CSF analysis findings may help to differentiate from structural epilepsy

[26]. The presence of CSF-specific OCBs in this dog raised the question if the initial diagnosis

was incorrect and the dog was actually affected by an MUO or if dogs diagnosed with IE that

are refractory to treatment show CSF-specific OCBs and might actually have an underlying

inflammatory component. Lamb et al. reported that 24% of dogs with an inflammatory CSF

have a normal brain MRI [22], which implies that some MUO patients might present an unre-

markable MRI. Moreover, an influence of the immune system on seizures and epileptogenesis

is intensively investigated in human medicine as this might be an underlying mechanism for

pharmacoresistance [42].

The non-CNS group served as negative control, since healthy dogs were unavailable due to

ethical reasons. The group comprised dogs with a full neurological work-up that did not show

structural CNS changes in the MRI or CSF abnormalities such as dogs with otitis media or cra-

nial nerve neuropathy. Although an involvement of the CNS could not be excluded

completely, the absence of CSF-specific OCBs in this group reflects the findings of the previ-

ously published data on OCBs in healthy dogs [24].

There are some limitations in the current study. As already outlined above, a misdiagnosis

of MUO due to lack of postmortem confirmation as well as clear guidelines for the clinical

diagnosis of MUO, with special attention to CSF findings, is possible. Based on the invasive

nature of a general anesthesia and an atlanto-occipital CSF puncture, a healthy control group

was not available. We therefore included a non-CNS group with diseases not affecting the

CNS and normal MRI and CSF examination and compared the MUO group to various catego-

ries of diseases. Nevertheless, an additional completely healthy control group would have been

interesting for comparison and preferable as negative control. Moreover, a comparison

between infectious meningoencephalitides versus MUO is missing in the current study. Only

very few cases with confirmed infectious meningoencephalitis were diagnosed during the

study period, not allowing statistical comparison. A canine positive control was not available,

mainly as only small volumes of CSF are available in dogs. Because of the declared cross-reac-

tivity of the anti-canine IgG antibody used in the study, a human sample with CSF-specific

OCBs was used as positive control. One additional limitation we would like to mention is that

the antibody used in the presented study was not found to be superior in a comparison of two
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different canine anti-IgG antibodies [29]. However, no major differences were shown concern-

ing the overall result comparing both canine anti-IgG antibodies. Finally, assessment of OCBs

in CSF and serum is a qualitative method not allowing quantification.

In conclusion, similar to human MS, dogs with MUO showed the highest prevalence of

CSF-specific OCBs of the examined disease categories although the current study could not

prove whether one of the MUO subtypes might show comparably high CSF-specific OCB

prevalence as in MS due to insufficient numbers of cases with histopathological information.

This finding indicates an inflammatory B cell response and gives further insights in the disease

pathogenesis in MUOs. So far, inflammatory cells in brains of dogs with GME were mainly

characterized as T cells, suggesting a T cell-mediated delayed-type hypersensitivity, whereas B

cells were only randomly identified [3]. Regarding the results of the current study an involve-

ment of B cells in MUO seems likely, but needs to be further investigated. Additional studies

would be needed to further characterize the prevalence of CSF-specific OCBs of the MUO sub-

types as well as to evaluate whether a certain MUO subtype could serve as a potential large ani-

mal model for MS.
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3. Kipar A, Baumgärtner W, Vogl C, Gaedke K, Wellman M. Immunohistochemical Characterization of

Inflammatory Cells in Brains of Dogs with Granulomatous Meningoencephalitis. Vet Pathol. 1998;

35:43–52. https://doi.org/10.1177/030098589803500104 PMID: 9545134

4. Park ES, Uchida K, Nakayama H. Comprehensive Immunohistochemical Studies on Canine Necrotiz-

ing Meningoencephalitis (NME), Necrotizing Leukoencephalitis (NLE), and Granulomatous Meningoen-

cephalomyelitis (GME). Vet Pathol. 2012; 49(4):682–92. https://doi.org/10.1177/0300985811429311

PMID: 22262353

5. Hoon-Hanks LL, McGrath S, Tyler KL, Owen C, Stenglein MD. Metagenomic Investigation of Idiopathic

Meningoencephalomyelitis in Dogs. J Vet Intern Med. 2018; 32(1):324–30. https://doi.org/10.1111/jvim.

14877 PMID: 29197179

6. Collinet A, Garcia G, Wellehan J, Childress A, Carrera-Justiz S. Investigation of astrovirus and borna-

virus in the cerebrospinal fluid of dogs clinically diagnosed with meningoencephalitis of unknown etiol-

ogy. J Vet Intern Med. 2020; 34(1):232–6. https://doi.org/10.1111/jvim.15677 PMID: 31785029

7. Greer KA, Wong AK, Liu H, Famula TR, Pedersen NC, Ruhe A, et al. Necrotizing meningoencephalitis

of Pug Dogs associates with dog leukocyte antigen class II and resembles acute variant forms of multi-

ple sclerosis. Tissue Antigens. 2010; 76(2):110–8. https://doi.org/10.1111/j.1399-0039.2010.01484.x

PMID: 20403140

8. Raffel J, Wakerley B, Nicholas R. Multiple sclerosis. Med (United Kingdom) [Internet]. 2016; 44(9):537–

41. Available from: http://dx.doi.org/10.1016/j.mpmed.2016.06.005

PLOS ONE Oligoclonal bands in dogs with meningoencephalitis of unknown origin (MUO)

PLOS ONE | https://doi.org/10.1371/journal.pone.0280864 January 25, 2023 14 / 16

https://doi.org/10.1016/j.cvsm.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25239815
https://doi.org/10.1111/j.1939-1676.1995.tb01089.x
https://doi.org/10.1111/j.1939-1676.1995.tb01089.x
http://www.ncbi.nlm.nih.gov/pubmed/8531175
https://doi.org/10.1177/030098589803500104
http://www.ncbi.nlm.nih.gov/pubmed/9545134
https://doi.org/10.1177/0300985811429311
http://www.ncbi.nlm.nih.gov/pubmed/22262353
https://doi.org/10.1111/jvim.14877
https://doi.org/10.1111/jvim.14877
http://www.ncbi.nlm.nih.gov/pubmed/29197179
https://doi.org/10.1111/jvim.15677
http://www.ncbi.nlm.nih.gov/pubmed/31785029
https://doi.org/10.1111/j.1399-0039.2010.01484.x
http://www.ncbi.nlm.nih.gov/pubmed/20403140
http://dx.doi.org/10.1016/j.mpmed.2016.06.005
https://doi.org/10.1371/journal.pone.0280864


9. Levine JM, Fosgate GT, Porter B, Schatzberg SJ, Greer K. Epidemiology of necrotizing meningoen-

cephalitis in pug dogs. J Vet Intern Med. 2008; 22(4):961–8. https://doi.org/10.1111/j.1939-1676.2008.

0137.x PMID: 18647157

10. Orton SM, Herrera BM, Yee IM, Valdar W, Ramagopalan S V., Sadovnick AD, et al. Sex ratio of multiple

sclerosis in Canada: a longitudinal study. Lancet Neurol. 2006; 5(11):932–6. https://doi.org/10.1016/

S1474-4422(06)70581-6 PMID: 17052660

11. Sand IK. Classification, diagnosis, and differential diagnosis of multiple sclerosis. Curr Opin Neurol.

2015; 28(3):193–205. https://doi.org/10.1097/WCO.0000000000000206 PMID: 25887774

12. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple scle-

rosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 2018; 17(2):162–73. https://doi.org/10.

1016/S1474-4422(17)30470-2 PMID: 29275977

13. Freedman MS, Thompson EJ. Recommended Standard of Cerebrospinal fluid analysis in the diagnosis

of multiple sclerosis. Arch Neurol. 2005; 62(June):865–70.

14. Keir G, Luxton RW, Thompson EJ. Isoelectric focusing of cerebrospinal fluid immunoglobulin G: an

annotated update. Ann Clin Biochem. 1990; 27:436–43. https://doi.org/10.1177/000456329002700504

PMID: 2281923

15. Link H, Huang YM. Oligoclonal bands in multiple sclerosis cerebrospinal fluid: An update on methodol-

ogy and clinical usefulness. J Neuroimmunol. 2006; 180(1–2):17–28. https://doi.org/10.1016/j.jneuroim.

2006.07.006 PMID: 16945427

16. Petzold A. Intrathecal oligoclonal IgG synthesis in multiple sclerosis. J Neuroimmunol. 2013; 262(1–

2):1–10. https://doi.org/10.1016/j.jneuroim.2013.06.014 PMID: 23890808

17. Dobson R, Giovannoni G. Multiple sclerosis–a review. Eur J Neurol. 2019; 26(1):27–40. https://doi.org/

10.1111/ene.13819 PMID: 30300457

18. Barcellos LF, Oksenberg JR, Green AJ, Bucher P, Rimmler JB, Schmidt S, et al. Genetic basis for clini-

cal expression in multiple sclerosis. Brain. 2002; 125(1):150–8. https://doi.org/10.1093/brain/awf009

PMID: 11834600

19. Deisenhammer F, Zetterberg H, Fitzner B, Zettl UK. The cerebrospinal fluid in multiple sclerosis. Front

Immunol. 2019; 10(APR):1–10. https://doi.org/10.3389/fimmu.2019.00726 PMID: 31031747

20. van Langelaar J, Rijvers L, Smolders J, van Luijn MM. B and T Cells Driving Multiple Sclerosis: Identity,

Mechanisms and Potential Triggers. Front Immunol. 2020; 11(May):1–12. https://doi.org/10.3389/

fimmu.2020.00760 PMID: 32457742

21. Wolff C, Holmes S, Young B, Chen A, Kent M, Platt S, et al. Magnetic Resonance Imaging for the Differ-

entiation of Neoplastic, Inflammatory, and Cerebrovascular Brain Disease in Dogs. J Vet Intern Med.

2012; 26:589–97. https://doi.org/10.1111/j.1939-1676.2012.00899.x PMID: 22404482

22. Lamb CR, Croson PJ, Cappello R, Cherubini GB. Magnetic resonance imaging findings in 25 dogs with

inflammatory cerebrospinal fluid. Vet Radiol Ultrasound. 2005; 46(1):17–22. https://doi.org/10.1111/j.

1740-8261.2005.00003.x PMID: 15693553

23. Diangelo L, Cohen-Gadol A, Heng HG, Miller MA, Hague DW, Rossmeisl JH, et al. Glioma Mimics:

Magnetic Resonance Imaging Characteristics of Granulomas in Dogs. Front Vet Sci. 2019; 6

(August):1–10. https://doi.org/10.3389/fvets.2019.00286 PMID: 31555671

24. Kamishina H, Oji T, Cheeseman JA, Clemmons RM. Detection of oligoclonal bands in cerebrospinal

fluid from German Shepherd dogs with degenerative myelopathy by isoelectric focusing and immuno-

fixation. Vet Clin Pathol. 2008; 37(2):217–20. https://doi.org/10.1111/j.1939-165X.2008.00020.x PMID:

18533922

25. Granger N, Smith PM, Jeffery ND. Clinical findings and treatment of non-infectious meningoencephalo-

myelitis in dogs: A systematic review of 457 published cases from 1962 to 2008. Vet J [Internet]. 2010;

184(3):290–7. Available from: http://dx.doi.org/10.1016/j.tvjl.2009.03.031 PMID: 19410487

26. De Risio L, Bhatti S, Muñana K, Penderis J, Stein V, Tipold A, et al. International veterinary epilepsy

task force consensus proposal: Diagnostic approach to epilepsy in dogs. BMC Vet Res [Internet]. 2015;

11(1). Available from: http://dx.doi.org/10.1186/s12917-015-0462-1 PMID: 26316175

27. Lowrie M, Penderis J, Mclaughlin M, Eckersall PD, Anderson TJ. S ter oi d Res pons ive M eni ngiti s-

Arteriti s: A P rospective Study of Potential Disease Markers, Prednisolone Treatment, and Long-Term

O utcome in 20 Dogs (2006–2008). 2009;862–70.

28. De Lorenzi D, Mandara MT. The central nervous system. In: Canine and Feline Cytology: A Color Atlas

and Interpretation Guide [Internet]. Second Edi. Elsevier Inc.; 2010. p. 325–65. http://dx.doi.org/10.

1016/B978-1-4160-4985-2.50019-0
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Syndrome with Central Nervous System Disease Mimicking Multiple Sclerosis. Ann Intern Med. 1986;

104(3):323–30.

35. Dale RC, De Sousa C, Chong WK, Cox TCS, Harding B, Neville BGR. Acute disseminated encephalo-

myelitis, multiphasic disseminated encephalomyelitis and multiple sclerosis in children. Brain. 2000;

123(12):2407–22. https://doi.org/10.1093/brain/123.12.2407 PMID: 11099444

36. Schwarz S, Mohr A, Knauth M, Wildemann B, Storch-Hagenlocher B. Acute disseminated encephalo-

myelitis: A follow-up study of 40 adult patients. Neurology. 2001; 56(10):1313–8. https://doi.org/10.

1212/wnl.56.10.1313 PMID: 11376180

37. Hollenbach JA, Oksenberg JR. The Immunogenetics of Multiple Sclerosis: A Comprehensive Review. J

Autoimmun. 2015; 64:13–25. https://doi.org/10.1016/j.jaut.2015.06.010 PMID: 26142251

38. Chu AB, Sever JL, Madden DL, Iivanainen M, Leon M, Wallen W, et al. Oligoclonal IgG bands in cere-

brospinal fluid in various neurological diseases. Vol. 13, Annals of Neurology. 1983. p. 434–9.

39. Pannewitz-Makaj K, Wurster U, Jendretzky KF, Gingele S, Sühs KW, Stangel M, et al. Evidence of oli-
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