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KEY POINTS

� Meningoencephalomyelitis of unknown origin (MUO) is a syndrome of idiopathic noninfec-
tious central nervous system inflammatory diseases defined by their clinical presentation,
advanced imaging characteristics, and cerebrospinal fluid analysis.

� Genetic and immune-mediated processes underlie the disease, but it likely has a multifac-
torial pathogenesis.

� Management is focused on remission of clinical signs through judicious use of immuno-
suppressive therapies, including glucocorticoids.

� Future studies on the therapeutic efficacy of different strategies using a more targeted
approach may depend on identification of prognostic indicators and case stratification
using molecular genetic discoveries.
INTRODUCTION

Recent advances in the understanding of noninfectious inflammatory diseases of the
central nervous system (CNS) have resulted in an increasing subdivision of this parent
category, each with its own specific name. The recognition that specific histologic
subtypes cannot be identified on routine antemortem clinical tests has led to the
use of an umbrella term: meningoencephalomyelitis of unknown origin (MUO).
Because each of the subtype conditions has an extremely unwieldy name, there is
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a plethora of acronyms, and the resulting alphabet soup (which has even been
exacerbated though differences in United States and United Kingdom spellings;
explaining why this article uses the term “meningoencephalomyelitis of unknown
origin” throughout) can be very confusing to navigate.
It is uncertain whether the various breed-specific idiopathic encephalitides of dogs

that constitute the cases known as MUO are variations on a common etiologic theme
or are truly distinct pathologic entities.1–3 This review primarily focuses on providing an
overview of the subtypes, illustrating how the differences in histopathologic classifica-
tion and underlying neuroinflammatory responses may have relevance to the thera-
peutic approach and prognosis.
Clinical signs of noninfectious CNS inflammatory disorders are frequently very

similar to those of infectious CNS diseases and even those of neoplasia. Diagnosis
in the clinic therefore rests predominantly on advanced imaging, cerebrospinal fluid
(CSF) analysis, and serologic tests designed to rule in or rule out infectious disease.
In most cases, neoplastic lesions, which are generally unifocal, are easily differenti-
ated from inflammatory disease, which are usually multifocal. Therefore, the major
diagnostic decision is between infectious and noninfectious disease. Nowadays in
the developed world, noninfectious inflammatory diseases of the CNS, which can
affect the brain, spinal cord, and/or the meninges, are much more common.
MUO has long been assumed to have an autoimmune and genetic pathogenesis.4

In general, major factors that contribute to the development of autoimmunity are
genetic susceptibility and environmental factors (eg, infections, tissue injury). Never-
theless, a trigger factor is assumed to initiate signs of disease in each specific dog
at a specific time.5–8 Suspected agents include environmental or infectious antigenic
triggers that might activate autoreactive cells in the CNS, although no such agent has
yet been incriminated in the development of MUO.9–12 Susceptibility genes may
confer susceptibility or protection for autoimmunity by influencing the maintenance
of self-tolerance. Data from inbred rodent studies have identified a strong influence
of genetic background as a competing influence in the variability of lymphocyte
responses in clearing pathogens from the CNS and promoting neuroprotection.13–15

Categorization of Noninfectious Inflammatory Disease of the CNS

Noninfectious inflammatory disease of the CNS can be divided into several subtypes,
based mainly on the specific regions of the CNS that are affected and the specific
histopathology (Fig. 1). These subtypes include steroid-responsive meningitis-arteritis
(SRMA), eosinophilic meningoencephalitis, granulomatousmeningoencephalomyelitis
(GME), and necrotizing encephalitis (NE). SRMA, which affects the meninges only,
and eosinophilic meningoencephalitis have fairly distinct disease signatures based
on clinical presentation, CSF abnormalities, and histopathology,16 and are not consid-
ered further here.
Recently, the term MUO has been introduced to encompass all clinically diagnosed

(ie, dependent on advanced imaging and CSF analysis) cases of noninfectious inflam-
matory CNS disease.4,17 MUO thus includes all the specific subtypes of noninfectious
inflammatory disease that can be identified through histopathology, including GME,
necrotizing meningoencephalitis (NME), necrotizing leukoencephalitis (NLE), and so
forth, but does not include the diseases without evidence of overt CNS involvement
(such as SRMA). NME and NLE are inflammatory disorders described with neuropath-
ologic nomenclature reflective of the affected region of the brain. However, there is
much overlap in clinical signs, signalment, and neuropathology for these conditions
and, therefore, the more inclusive term NE, incorporating NME and NLE, is preferred
for antemortem diagnosis.4,18
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Fig. 1. Various noninfectious inflammatory central nervous system (CNS) diseases.
Meningoencephalomyelitis of unknown origin (MUO) includes the necrotizing encephali-
dites, necrotizing leukoencephalitis (NLE) and necrotizing meningoencephalitis (NME),
and granulomatous meningoencephalomyelitis (GME). Note that the noninfectious inflam-
matory CNS diseases, steroid-responsive meningitis arteritis, idiopathic tremor syndrome,
and eosinophilic meningoencephalitis stand apart, with the distinctive disease signatures
based on cerebrospinal fluid analysis or clinical signs.
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AN OVERVIEW OF NEUROINFLAMMATION

Althoughmanyof thegeneral featuresofCNS inflammation are similar to thoseaffecting
other body systems, an important feature of the CNS is its relative isolation from the
peripheral immune system, which has important implications regarding the pathogen-
esis, diagnostic criteria, and therapy for inflammatory CNS diseases. The blood-brain
barrier (BBB), usually understood to also include the blood–spinal cord barrier, implies
that there is “gating” of the flow of cells and macromolecules from the systemic circu-
lation to the CNS.19 This selectively permeable barrier is formed through the influence
of the endothelial cells and basement membrane, and the neighboring perivascular
pericytes, glial cells (astrocytes, microglia), and neurons, and tends to temper the
intensity of inflammatory responses within the CNS.19–21 However, although the CNS
traditionally has been considered immunologically privileged, current data confirm
that the CNS is immunocompetent and actively interacts with the peripheral immune
system.22 In fact, peripheral inflammation can trigger a neuroinflammatory response
involving BBB endothelia, glia, and neurons. Neuroinflammation is characterized by a
broad range of immune responses, differing from peripheral inflammation primarily in
the principal cells involved, most notably the astrocytes and microglia.23

Immune-Mediated CNS Disease

Autoimmune diseases arise from dysregulation of either or both of the innate and
adaptive immune systems to produce inflammatory responses leading to cellular
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dysfunction and tissue destruction.24,25 Innate immunity comprises immediate,
nonspecific, short-term responses of the immune system usually triggered by distinc-
tive pathogen-derived molecules, known as pathogen-associated molecular patterns
(PAMPs) or, in the case of noninfectious inflammatory responses, by damage or
danger-associated molecular patterns (DAMPs). By contrast the adaptive immune
response, which involves humoral (antibody production) and cell-mediated immunity,
is delayed but highly specific, and capable of memory responses.
CNS autoimmune disease responses are targeted at cellular components that

are normally shielded, in part by the BBB. Infections or other antigens may also alter
the way in which self-antigens are displayed to the immune system, leading to failure
of self-tolerance and activation of self-reactive lymphocytes. Antigen-presenting cells
may present CNS self-antigen (or foreign antigen that is similar to self-antigen)
fragments to CNS-reactive T cells in peripheral lymph nodes where lymphocytes
that traffic through the brain will ultimately arrive. Activated T cells then exit the lymph
nodes, upregulate molecules that facilitate migration across the BBB,26,27 and partic-
ipate in a proinflammatory sequence of events within the CNS. Signals arising from
injured neurons and surrounding glia create a milieu of cytokines that activate
resident microglia and subsets of T cells.23,28 Polarization of the response toward
neurotoxicity or neuroprotection is dictated by altered activation states of 2 arms
of the immune system: (1) T cells and (2) the microglia and infiltrating macrophages
(Fig. 2). Once an autoimmune reaction develops, amplification mechanisms (eg,
cytokines) promote activation of autoreactive lymphocytes, and release of self-
antigens from damaged cells leads to epitope spreading and exacerbation of the
disease.24

T-cell responses
Intra-CNS inflammatory responses tend to be dominated by mononuclear cells. All
T cells express surface receptor cluster of differentiation (CD) 3 (CD3) antigen. CD4
surface receptor is found only on T-helper (Th) cells that can recognize and process
antigens. CD8 surface receptor is only expressed on cytotoxic T cells that attack
and kill abnormal cells. Classic major histocompatibility complex (MHC) class I mole-
cules are required for CD81 T cells to recognize antigen, whereas CD4 is the receptor
for MHC class II molecules on antigen-presenting cells. Cytotoxic and helper T-cell
subsets and T-regulatory (Treg) cells are divergent in promotion of protective or dele-
terious responses to neuroinflammation, and are orchestrated through cytokine
release.29 Th-cell subsets modulate cytotoxicity and dictate anti-inflammatory (eg,
Th2, Treg) or proinflammatory (eg, Th1, Th17) phenotypes.30 Cytokine expression
includes the interleukins (IL), interferons (IFN), and members of the tumor necrosis
factor (TNF) family.
During disease, cytokines in the CNS exert proinflammatory and anti-inflammatory

actions, and cause oxidative stress, neurotoxicity, apoptosis, astrogliosis and micro-
glial activation.22,29,31 For example, Th1 cells that secrete high levels of IFN-g and
TNF-a activate M1 microglia. Th2 and Treg cells tend to contribute to neuroprotection
through cytokine mediators (eg, IL-4, IL-10, IL-13 via Th2) that drive M2 microglia and
suppress cytotoxic T-cell function. Chemokines are small chemotactic cytokines that
guide the migration of immune cells throughout the body, and are key molecules
in promoting entry of immune cells into the CNS. Typically chemokines, such as
monocyte chemoattractant protein 1 (MCP-1; CCL-2) or fractalkine (CX3CL), have
very low physiologic concentrations within the CNS but are strongly upregulated in
chronic neuroinflammation.32,33 Such increased chemokine expression then attracts
myeloid dendritic cells, monocytes, and activated T cells.34,35
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Microglial responses
Microglia, the resident macrophages of the CNS, play a crucial role in the process
of neuroinflammation. Microglia are derived from a specific embryonic myeloid cell
population and invade the CNS during development,36 where they exhibit regional vari-
ation. Microglia display functional plasticity during activation, which involves changes
in cell number, morphology, and surface receptor expression, and production of
growth factors and cytokines.37–39 Microglia are the most prominent MHC-
expressing cells in the CNS and are capable of processing and presenting antigen
by expression of MHC classes I and II, and thereby have a bidirectional interaction
with neurons and other microglia.40 As with macrophages, the cytokine-mediated
phenotype switch of microglia directs development of either a proinflammatory (M1)
or anti-inflammatory phenotype (M2).37,41–43 In response to cytokines (eg, high levels
of IFN-g) and other signaling molecules resulting from acute inflammation or injury,
microglia are transformed from an inactivated to an activated phagocytic state,
releasing proinflammatory mediators in the process.28,39,44 M1 microglia increase
secretion of proinflammatory cytokines such as TNF-a, IL-6, and IL-1b, reactive
oxygen species (ROS), and nitric oxide (NO), and reduce the production of neuro-
trophic factors, all of which lead to cytotoxicity, astrocyte activation, and neurodegen-
eration. When induced by a variety of cytokines (eg, IL-4, IL-10) or immune complexes,
M2 microglia reduce proinflammatory responses, and produce high levels of anti-
inflammatory cytokines (eg, IL-10, transforming growth factor b) and neurotrophic
factors.41,45 The balance between M2 neuroprotective microglia and M1 neurotoxic
microglia fluctuate according to the physiologic conditions they encounter during
disease.37,39,46 Despite advances in the understanding of microglia in the healthy
dog, it remains unclear as to whether these cells respond to various disease states
stereotypically or if they adapt their responses to the underlying pathologic condi-
tions.47 In many canine diseases, microglial markers are upregulated to varying de-
grees and the cells show enhanced phagocytosis.48,49

Histopathology of Neuroinflammation

Immunophenotyping for a variety of cellular markers in the MUOs can assist in deter-
mining the inflammatory signatures that influence perivascular and parenchymal
hypercellularity, disease distribution between white and gray matter, and disease
progression. Canine microglial cells share antigenic markers with macrophages,
which has complicated identification of these cells, but the combined analysis of
antigenicity, cell size, and cell complexity allows them to be distinguished. In dogs,
several differences between resident microglia and infiltrating macrophages have
been noted, along with topographic differences within the CNS.49–51 Although both
express CD181, CD11b/c1, and CD45, microglia have lower levels of expression of
CD45.50 Moreover, stimulated microglia in healthy dogs generate lower levels of
ROS.49,51

Neuroinflammation in MUO

Although neuroinflammation has been investigated in several spontaneous canine
CNS diseases,48,49,52–54 mechanisms still remain enigmatic for the MUOs. When the
normal immune regulatory mechanisms of the CNS are rendered dysfunctional,
for instance by age, pathogen exposure, or neurodegeneration, the threshold to
initiate CNS inflammation and the ability of the CNS to direct immune effector func-
tions will change.22 Such alteration may also decrease neuroprotective responses
and support controlled proinflammatory responses against pathogens and other in-
sults. Knowledge of what dictates the predominance of neurotoxic or neuroprotective
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immunomodulation through cross-talk between the periphery (extraneural) and
the CNS,29,55 and how to limit cytotoxicity and enhance neuroprotection, would
help identify appropriate targets for immune-based therapy.56 Immunohistochemistry
studies of the MUOs are summarized in Table 1.

SIGNALMENT, NEUROLOGIC SIGNS, AND HISTOPATHOLOGIC FEATURES

Clinical signs associated with GME and NE simply reflect the region of CNS involved;
common presenting syndromes include meningoencephalitis, although signs vary
widely, even including myelopathy alone.57 Although the syndrome can affect any
dog, small, female dogs aged between approximately 3 and 7 years are most
commonly affected by all subtypes of MUO. Although there are some apparent breed
predispositions for specific subtypes, those between GME and NE (for example) are
indistinct; similar breeds are commonly affected and there are no differences in age
or sex predilection between the 2 groups.58 It is thought that the spectrum of patho-
logic lesions for the MUOs may represent combinations of genetic influences on the
cascade of neuroinflammatory responses.16

Granulomatous Meningoencephalomyelitis

GMEmay represent up to 25% of all canine inflammatory CNS diseases.16 Neurologic
signs of GME are nonspecific and can be localized to forebrain, brainstem, or spinal
cord, or appear as a multifocal syndrome.58 The clinical presentation correlates with
3 pathologic distributions: multifocal (disseminated), focal, and ocular.59,60 Multifocal
GME typically is characterized clinically by acute onset and rapid progression of
multifocal neurologic signs.60–62 In the acute phase, dogs may have fever and exhibit
paraspinal hyperesthesia, especially localizing to the cervical region.59 By contrast,
focal GME tends to have a more insidious or slower progression of neurologic signs
that may suggest a space-occupying lesion,59,60 with differential diagnoses including
intracranial neoplasia. Forebrain and brainstem signs are reported most frequently
with multifocal GME, whereas forebrain signs alone are more frequent with focal
GME.59,62 The third form, ocular GME, clinically manifests with acute signs of visual
dysfunction attributable to optic neuritis and is sometimes considered one aspect of
disseminated GME.17,63–67 Anterior and posterior uveitis also can occur.68

GME is a distinct pathologic entity in which neuropathologic lesions consist of
whorling, perivascular, disseminated, or focal infiltrates of mononuclear cells in the
white matter and meninges of the brain and spinal cord (Fig. 3).59,69,70 Originally
GMEwas referred to as inflammatory or neoplastic reticulosis,71,72 and reclassification
as CNS lymphosarcoma or malignant histiocytosis is a viable alternative for some
cases.73 It appears that in acute progressive disease the gray and white matter is
equally affected, whereas in more chronic GME white matter is predominantly
Fig. 2. A mechanism by which cytokines activate microglia, in response to neuronal changes
that thereby promote neurotoxicity (red) or neuroprotection (green). Low levels of both
IFN-g and IL-4 can induce microglia to express MHC to function as APCs that mediate innate
and adaptive immunity. This figure is a simplification of the neuroinflammatory processes
based on interpretation of the current literature. The types of cellular responses to themilieu
of cytokines/chemokines and cellular contact mechanisms are influenced by other environ-
mental factors and differences between species. APCs, antigen-presenting cells; CD, cluster
of differentiation; IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; MHC, major histo-
compatibility complex; NO, nitric oxide; ROS, reactive oxygen species; TGF, transforming
growth factor; Th, helper T cell; TNF, tumor necrosis factor; Treg, regulatory T cell.



Table 1
Summary of clinical and histologic characteristics of the meningoencephalitides of unknown origin

GME NME NLE

Clinical signs Multifocal (disseminated), focal
and ocular; forebrain, hindbrain,
spinal cord

Focal or multifocal forebrain; seizures
most common

Focal or multifocal; forebrain and
hindbrain signs

MR imaging
characteristics

Multifocal or diffuse lesion
hyperintensity on T2W and FLAIR
sequences; variable T1W contrast
enhancement; gray and white
matter lesions; minimal meningeal
enhancement; mass effect

Asymmetric, multifocal
cerebrocortical gray and white
matter lesions; lesions appear iso- to
hypointense on T1W and
hyperintense on T2W and FLAIR
sequences; variable T1W contrast
enhancement of parenchymal
lesions; meningeal enhancement;
mass effect; varying
ventriculomegaly

Asymmetric cerebral white matter
and brainstem lesions. Lesions
appear iso- to hypointense on T1W
and hyperintense on T2W and FLAIR
sequences; minimal contrast
enhancement of parenchymal
lesions; lack of meningeal
enhancement and mass effect;
varying ventriculomegaly

Histologic
characteristics

Whorling perivascular mononuclear
cell infiltrates; white matter,
meninges, spinal cord; acute lesions
in gray and white matter; chronic
lesions in white matter

Asymmetric extensive necrosis and
cavitation; mononuclear infiltrates
involve cerebral cortex, corona
radiata, subcortical white matter;
prominent reactive astrogliosis
effacing areas of cavitation;
inflammation can occur in
brainstem and cerebellum;
extensive leptomeningeal
inflammation

Asymmetric extensive necrosis and
cavitation; mononuclear infiltrate
and prominent reactive astrogliosis
effacing areas of cavitation;
predominantly white matter;
meninges minimally affected
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Immunohistochemistry
characteristics

CD3 lymphocytes in perivascular cuffs,
parenchymal granulomas, and
leptomeninges; CD43 and CD45R1

expression were low; expressions
for B cells and plasma cells were
low; strong MHC class II antigen
expression observed in resting and
activated T and B lymphocytes;
MAC-3871 common; CD1631

macrophages, epithelioid cells more
frequent in perivascular cuffs than
NME and NLE and in parenchymal
lesions; CCR2 and highest in GME
compared with NME and NLE;
lysozyme1 histiocytes6,76,77

GFAP1 astrocytes distributed widely
over cerebrum; CD31 lymphocytes
scattered in meninges, perivascular
cuffs, and brain lesions but less
compared with GME; MAC-3871

cells limited in NME but mainly in
meninges and perivascular cuffs;
lysozyme1 cells faint comparedwith
GME; expression of IFN-g and
CXCR3 highest in NME compared
with NLE and GME. CD1631
macrophages localized in active
inflammatory lesions perivascular
cuffs and brain parenchyma1,76,77

Intralesional GFAP expression; CD31

T cells dominate in perivascular
cuffing and in diffuse histiocytic
and lymphocytic infiltrates; rare
B cells; MAC-3871 histiocytic cells
were detected in lesions of
Yorkshire terrier but few in French
bulldog; IgG deposits in white
matter associated with
inflammation; faint labeling IgM
and IgA; CD1631 cells diffusely
infiltrated the cerebral white
matter77,96,98

Abbreviations: CD, cluster of differentiation; FLAIR, fluid-attenuated inversion-recovery; GFAP, glial fibrillary acidic protein; GME, granulomatous meningoence-
phalomyelitis; IFN, interferon; IgA, -G, -M, immunoglobulin A, G, M;MHC, major histocompatibility complex; NLE, necrotizing leukoencephalitis; NME, necrotizing
meningoencephalitis; T1W, T1-weighted; T2W, T2-weighted.
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Fig. 3. Focal granulomatous meningoencephalomyelitis with ventriculomegaly. (A) Trans-
verse T2-weighted magnetic resonance (MR) image at the level of the midbrain, caudal
colliculi, and cerebral cortex. Diffuse and right-sided hyperintensity involving the central
gray substance, brachium of caudal colliculus, reticular formation, medial lemniscus, and
mass effect of the mesencephalic aqueduct. (B) Transverse, T2-weighted fluid-attenuated
inversion-recovery (FLAIR) image at the same level as in A. Edema in the right midbrain is
more conspicuous as a result of suppression of signal intensity in the mesencephalic aque-
duct. (C) Transverse T1-weighted image at the same level as in A after intravenous adminis-
tration of a gadolinium-based contrast medium. The lesion displays variable contrast
enhancement. (D) Hematoxylin and eosin staining of multifocal perivascular infiltrates
consisting of macrophages, histiocytes, plasma cells, and lymphocytes. There is whorling
of mixed cell infiltrates around blood vessels (see inset). Original magnification 100�; inset
400� (Courtesy of Gayle C. Johnson, DVM, PhD, Columbia, MO.)
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involved.59 Multifocal granuloma can predominate in the cerebellum and brainstem
with epithelioid cells in advanced stages,6,69,74 and tryptase-positive mast cells
have been found in the perivascular cuffs, meninges, and CNS parenchyma of dogs
with acute forms of GME.75 Focal lesions represent a coalescence of a large number
of perivascular lesions, which commonly involve the pontomedullary region and cere-
bral white matter.61,62,66,73 Kipar and colleagues6 have suggested, based on a pre-
dominance of MHC class II and CD31 T cells, that GME is a result of delayed type
hypersensitivity. However, CD31 immunoreactivity varies little between GME and
NME or between GME and CNS histiocytosis.74,76 Park and colleagues77 also
reported a tendency toward higher numbers of CD1631 macrophages in GME than
in NME and NLE.

Necrotizing Encephalitis

NE is a subtype of MUO that appears histopathologically distinct from GME because
of characteristic necrotic lesions in cerebral white or gray matter. The onset of
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neurologic signs of NE ranges from 6 months to 7 years of age but most commonly
occurs in younger dogs with a mean age of 2.5 years.58 In general, signs associated
with NE are rapidly progressive and commonly include seizures, abnormal mentation,
vestibulocerebellar dysfunction, central visual deficits, and death. Histology typical
of the NEs includes nonsuppurative meningoencephalitis and bilaterally asymmetric
cerebral necrosis (see Fig. 4). There are 2 subtypes of this category of lesion, namely
NME and NLE, which appear to have considerable overlap in breed association and
lesion distributions.

Necrotizing meningoencephalitis
NME was originally reported as a breed-specific disease in Pug dogs (Pug dog
encephalitis),78 and many other reports have followed.76,79–84 NME has now also
been reported in the Maltese,76,84,85 Chihuahua,1 Pekingese,86 West Highland White
Terrier,87 Papillon,3,76 Shih Tzu,3,76 Coton de Tulear,3 Brussels Griffon,3 and other
Fig. 4. Necrotizing leukoencephalitis. (A) Transverse T2-weightedMR image at the level of the
caudate nucleus and cerebral cortex. Note the hyperintensity of the white matter (internal
capsule, centrum semiovale, and corona radiate) of the right cerebrum. (B) Transverse
T2-weighted FLAIR image at the level of the thalamus. Edema in the right centrum semiovale
and internal capsule is more conspicuous as a result of suppression of signal intensity in the
lateral ventricle. Edema is also noted in the region of the right thalamus. (C) Transverse
T1-weighted image at the same level as in A after intravenous administration of a
gadolinium-based contrastmedium. The lesion displaysmild peripheral contrast enhancement
and hypointensity, suggestive of necrosis. (D) Hematoxylin and eosin staining of internal
capsule with edema, dissolution of whitematter, andmultifocal perivascular cuffing ofmostly
lymphocytes. Multifocal small areas of white matter surrounding affected vessels are effaced
and replacedby foamymacrophages,glial cells, andgemistocytic astrocytes (see inset).Original
magnification 100�; inset 400� (Courtesy of Gayle C. Johnson, DVM, PhD, Columbia, MO.)
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breeds.4 Dogs with NME commonly manifest forebrain signs, especially seizures,
because of lesions in the cerebral cortex.3,58,80,82 Other forebrain signs include
lethargy, anorexia, central blindness, circling, and head-pressing.78,80 Cervical spinal
hyperesthesia may be evident depending on the extent of leptomeningitis.78

The hallmark of NME is extensive necrosis, which varies in severity from neuronal
necrosis and gliosis in the early stage to gross cavitation of parenchyma in advanced
disease.1,78,84 Lesions, dominated by plasma cells, lymphocytes, and histiocytes,
commonly involve the leptomeninges, cerebral cortex, corona radiata, and subcortical
white matter, and lead to loss of demarcation between gray and white matter.78,84

Lesions are most common in the cerebrum, but have also been identified in the brain-
stem and cerebellum of Pugs and other breeds.3,80 A distinctive segmental, multifocal
pattern of intense meningitis and encephalitis is a consistent finding in Chihuahuas,1

Maltese,85 and Pug dogs.78,83 Park and colleagues88 divided the histopathologic
lesions of NME dogs into 3 phases: mild inflammatory cell infiltration in the acute
phase; moderate malacic changes and intense inflammatory reactions, especially in
the leptomeninges, in the subacute phase; and extensive malacia in the chronic
phase. Lesion topography also includes extensive leptomeningeal inflammation.3,78,84

Immunohistochemistry studies of lesions in a small cohort of dogs with NME suggest
that IFN-g plays a major role in NME.88

Necrotizing leukoencephalitis
NLE has been described in Yorkshire terriers89–94 and French Bulldogs95,96 with
differing clinical and topographic features. Clinically most dogs with NLE have
presented with visual loss, seizures, and central vestibular signs reflecting forebrain
and brainstem involvement.89–91,93,95,96

Histopathology of NLE is characterized by nonsuppurative leukoencephalitis with
multiple necrotizing foci affecting the white matter of the forebrain and brainstem,
with subsequent cavitary necrosis and prominent reactive gemistocytic astrogliosis
(Fig. 4).91,93,95–98 It is noteworthy that leptomeningeal involvement usually is minimal,
in contrast to NME (see previous section). Neurons within gray matter appear to be
unaffected despite parenchymal inflammation.90,97 Areas of necrosis and cavitation
with NLE are more extensive in comparison with NME, although the cavitation is
less prominent in the brainstem and cerebellum. A recent report of NLE in the French
Bulldog described inflammatory changes in the optic nerves and retina,96 and one
case report describes similar lesions in the spinal cord.91 Spitzbarth and colleagues96

demonstrated that a dominant T-cell response was associated with a marked upregu-
lation of MHC class II expression, and that resident activated microglial cells rather
than blood-derived macrophages play a central role as antigen-presenting and
phagocytic cells in NLE of French Bulldogs. Similarly to GME, these findings are sug-
gestive of local antigen presentation and possible immune-mediated inflammation.6

However, these findings differ from those of GME, in which macrophages represent
the dominant cell type of infiltrating lesions.76,77,88

DIAGNOSTIC EVALUATION

MUO is a clinical diagnosis based on neurologic examination, cross-sectional imaging
findings, andCSF abnormalities, supplemented by exclusion of infectious diseases.4,99

For this reason there is no specific noninvasive antemortem diagnostic test, andmany-
other diseases canmimic theMUOs; definitive diagnosis of noninfectious inflammatory
CNS disease requires histopathology.16,100,101 However, Granger and colleagues58

used a meta-analysis to formulate guidelines for establishing a presumptive diagnosis
of MUO in the absence of histopathologic diagnosis (Table 2): In summary, most cases



Table 2
Proposed guidelines for diagnosis of meningoencephalomyelitis of unknown origin

Diagnostic Variables Descriptions

Signalment Dogs older than 6 mo

Magnetic resonance (MR)
imaging findings

Multiple, single, or diffuse intra-axial hyperintense
lesions on T2W MR images

Cerebrospinal fluid analysis Pleocytosis with >50% mononuclear (monocytes/
lymphocytes) cells and increased protein concentration

Infectious disease testing Infectious diseases based on geographic area should be
ruled out

Image-guided biopsy and
histopathology

Stereotactic systems, ultrasound-guided, endoscopic-
guided, free-hand computed tomography–guided

Adapted from Granger N, Smith PM, Jeffery ND. Clinical findings and treatment of noninfectious
meningoencephalomyelitis in dogs: a systematic review of 457 published cases from 1962 to 2008.
Vet J 2010;184:290–7; with permission.
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diagnosed with MUO have multifocal neurologic signs, CSF mononuclear pleocytosis,
and hyperintense lesions on T2-weighted (T2W) magnetic resonance (MR) imaging.58

Although some MR imaging features are common to the NEs and GME, none
are considered specific for the diagnosis of any disease process. Moreover, the diag-
nostic efficiency of both CSF analysis and MR imaging is incomplete because some
cases lack abnormalities in one or the other test.1,58 Lamb and colleagues102 deter-
mined that approximately 25% of brain MR images of dogs with an inflammatory
CSF revealed no abnormalities, emphasizing that a normal brain MR image does
not rule out CNS inflammatory disease.
Cross-Sectional Imaging

Before MR imaging became widely available, computed tomography (CT) provided
some help in the diagnosis of inflammatory CNS disease, especially when combined
with CSF analysis.103 CT imaging characteristics of NE include multifocal areas
of hypoattenuation, absence of mass effect, and lack of contrast enhancement.89

CT abnormalities in GME consist of multifocal or focal distributions, mass effect asso-
ciated with edema and granuloma, and ventricular asymmetry.103,104 However, lesions
may be difficult to detect using CT if they are located in the caudal fossa or lack
contrast enhancement.
MR imaging is a recommended diagnostic tool for all dogs with possible CNS

inflammatory disease. Compared with cerebral parenchyma, inflammatory lesions
are hyperintense on T2W and fluid-attenuated inversion-recovery (FLAIR) sequences,
variably hypointense to isointense on T1-weighted (T1W) sequences without contrast,
and have variable degrees of contrast enhancement. Although T2W sequences are
sensitive in detecting MUOs, MR imaging does not identify all MUO lesions and lacks
specificity in distinguishing the different subtypes of MUO.58,105 Use of a gadolinium-
based paramagnetic contrast agent increases the sensitivity of T1W MR imaging for
inflammatory parenchymal or meningeal lesions.102,106 However, the FLAIR sequence
has been reported to have higher sensitivity when comparedwith T2W and precontrast
and postcontrast T1W sequences in detecting brain lesions in dogs with multifocal
localization and abnormal CSF analysis.107 The presence or absence of contrast
enhancement with inflammatory CNS disease depends on the degree of BBB disrup-
tion or presence of vasodilation or neovascularization, and as such is a nonspecific
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finding associated with a variety of CNS diseases102 and does not distinguish between
specific infectious and noninfectious inflammatory diseases.108 Moreover, lack of
meningeal (ie, leptomeningeal) enhancement does not rule out meningeal disease
that still can be evident on histopathology.106,107 None the less, within the subtypes
of MUO leptomeningeal enhancement is characteristic in Pug dogs79,82 and other
breeds3 with NME, but is not a typical imaging feature of GME107 or NLE.
The histologic characteristics that form the basis of the diagnosis of CNS disease

cannot be determined using MR imaging, but a clinical diagnosis may be based on
the pattern and number of lesions detected on MR images,109 which can aid differen-
tiation of intracranial neoplasia and meningoencephalitis.102,104,107,110,111 Differential
diagnoses for multifocal intracranial lesions include infectious meningoencephalitis,
cerebrovascular lesions, CNS lymphosarcoma, and glial and metastatic neoplasms.
A recent study determined that MR imaging is highly sensitive and specific for identi-
fying brain lesions and classifying disease as inflammatory, but very poorly sensitive
for diagnosing cerebrovascular disease.104

The most common MR imaging findings in GME include regions of multifocal or
diffuse hyperintensity with irregular margins on T2W and FLAIR sequences in any
part of the CNS, with variable enhancement after intravenous contrast is administered
(see Fig. 3).107,112 Although histopathologic lesions of GME typically are distributed
primarily in the white matter, lesions on MR imaging are distributed throughout both
gray and white matter107; mass effect with a suggestion of increased intracranial pres-
sure also may be observed.112

NME is typically associated with asymmetric, multifocal cortical gray and white
matter lesions with loss of gray/white matter demarcation and variable contrast
enhancement; forebrain predilection, perilesional edema, mass effect, and irregular
lesion margins are common.1,79,82 Lesions appear isointense to hypointense on
T1W images and hyperintense on T2W and FLAIR images,3,79,113 and the mass effect
may be sufficient to cause herniation.1,3,79,82,113 However, although meningeal
enhancement, mass effect, and ventricular dilation are frequent in Pugs with NME,
NME and GME cannot be differentiated according to these features alone.79,82 MR
imaging characteristics of mass effect and contrast enhancement in NME also share
similarities to those of neoplastic lesions; therefore, MR imaging findings common to
NME lack specificity.82,114,115 Increased lesion burden as evidenced on imaging in
Pugs with NME has been correlated with increased disease time but not with
prognosis.82,116,117

NLE lesions on MR imaging predominantly affect the subcortical white matter and
brainstem.91,94,96 Multifocal distribution of lesions and cavitation with mild to absent
contrast enhancement in the brainstem are highly suggestive of NLE.92,95,97 Affected
areas appear hypointense on T1W images and hyperintense on T2W and FLAIR
images (see Fig. 4).90,97 The hyperintensity on FLAIR sequences within lesions likely
reflects higher protein content in comparison with CSF. Varying degrees of ventricu-
lomegaly also can be apparent.90–92,95

Especially for necrosis in the NEs, MR imaging can identify lesion topography
reflective of the gross types of lesion associated with the different disorders.1,82 It
has been suggested that cavitary lesions, characterized by sharply demarcated
T1W hypointensity and T2W and FLAIR hyperintensity without contrast enhancement,
may be highly indicative of NE.91,92,95 However, there was no such correlation in a
study of Pug dogs with NME.82 Brain MR imaging of dogs with chronic NE and necro-
sis showed widened sulci and dilation of the adjacent ventricle reflective of loss of
tissue volume,90,113 and there is a suggestion that necrotic lesions may imply disease
chronicity.91,116,118
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Cerebrospinal Fluid Analysis

Typically CSF analysis of MUOs reveals mononuclear pleocytosis and elevated pro-
tein concentration, both of which may vary considerably in severity. Increased protein
concentration is a nonspecific indicator of CNS disease, typically caused by either
BBB disruption or increased intrathecal immunoglobulin production. The CSF in
GME has been described as containing a mild to moderate lymphocytic, neutrophilic,
or mixed cell pleocytosis.62,119 In dogs with NE, CSF analysis similarly typically con-
sists of a moderate to marked lymphocytic pleocytosis with greater than 80% lympho-
cytes, but a mixed cell pleocytosis may occasionally be seen.58,69,80,93 Although CSF
analysis is more sensitive than MR imaging in identifying abnormalities consistent with
inflammatory disease, normal CSF analysis has been described in cases with histo-
pathologically confirmed inflammatory CNS disease.5,16,58,75,80,107 Overall, CSF anal-
ysis is highly variable in the various types of MUOs but with little difference between
these groups.58,120

Other analyses of CSF have been studied for CNS inflammatory diseases, but lack
disease specificity. CSF protein composition can be further defined by semiquantitative
electrophoretic techniques, and abnormalities have been reported to be useful in
the identification of inflammatory, neoplastic, and degenerative disease.121–123 For
instance, CSF electrophoresis of dogs with GME may reveal an increase in b- and
g-globulins.59,122 The lesser degree of BBB disturbance and increased intrathecal pro-
ductionof (autoreactive) immunoglobulins indogswithchronicGMEreflect the immune-
mediated nature of the condition.59 Antiastrocytic autoantibodies in canine CSF were
suggested to be specific for NME and GME,81,124,125 but this seems unlikely because
antiastrocytic autoantibodies have also been detected in cases of brain tumors and in
clinically normal dogs.11,124 Flow cytometry and immunophenotyping has been used
to identify mononuclear cells in the CSF of inflammatory disorders126 and identification
of lineages of neoplastic cells, but its practical use for CNS inflammatory disease is
hinderedby theneed for large volumes (4–5mL) ofCSFunless thecell count is very high.

Brain Biopsy

A definitive diagnosis of CNS inflammatory disease is based on histopathology.
Antemortem brain biopsy may yield a more definite diagnosis by which to guide treat-
ment approaches, although such procedures depend on obtaining biopsy material
from representative portions of the lesion. Minimally invasive techniques such as
CT-guided127–131 or MR-guided132 stereotactic systems, free-handed techniques
that use ultrasound,133 CT,134 or MR imaging,101 and endoscopic-guided biopsy135

have recently been developed for brain biopsy in dogs. Diagnostic accuracy of brain
biopsy in canine CNS inflammatory disease ranges from 82% to 100%, based on the
limited available data, and such information highly depends on the population disease
types from which the biopsies were obtained.101,127 Diagnostic yield for biopsy of
inflammatory lesions may be influenced by sample size and difficulty in distinguishing
between changes in the primary and secondary lesions such as edema and necrosis.
Intraoperative cytologic evaluation of the biopsy sample may aid in diagnostic
accuracy.127,136 In addition to limitations in accuracy of diagnosis from biopsy, there
are also risks that cannot be easily overlooked; a recent study suggested mortality and
morbidity rates of 6% and 29%, respectively.101

Infectious Disease Testing

Infectious causes of meningoencephalomyelitis should also be investigated to help
differentiate infectious meningoencephalomyelitis from the MUOs and neoplastic
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diseases.99 Microbial culture of CSF has low yield, and culture of blood and urine may
also be considered in cases of suspected bacterial infection.137 More usefully, CSF,
serum, or both can conveniently be analyzed for antibodies to infectious diseases,
most notably Neospora caninum, Ehrlichia spp, Anaplasma spp, Rickettsia rickettsia,
and Coccidioides immitis, although prevalent diseases vary with global location.
Infection by Cryptococcus spp is usually detected by antigen testing, and other micro-
bial DNA or RNA can also be detected by polymerase chain reaction (PCR) assays,
which have high sensitivity and specificity.8–10,99 Results should still be interpreted
carefully to avoid false positives, and rigorous negative controls must be evaluated
in parallel with the clinical sample. A negative PCR result needs to take into account
that the nucleic acid may be present but at undetectable levels, the agent may be in
the neural tissue but not in CSF, and the disorder may have been triggered by an agent
that is no longer present.99 Nonetheless, specific pathogens in CSF and diseased
tissues have not been identified as being associated with the MUOs.4,8–10

Genetic Testing

Many autoimmune diseases are complex polygenic traits whereby affected individuals
inherit multiple genetic polymorphisms that contribute to disease susceptibility, and
consequently act with environmental factors to cause disease.24 Although strong
familial inheritance was reported in Pugs with NME, a simple Mendelian inheritance
pattern could not be demonstrated.138 Along with the wide range of age of onset
and variable clinical course, this finding suggested the possibility of genetic modifiers
or other influences contributing to the disease phenotype.80,138 Genome-wide associ-
ation studies identified CFA 12 near the dog leukocyte antigen (DLA) complex with the
development of NME,12,139 and this region was subsequently focused on the region
containing DLA- DRB1, -DQA1, and -DQB1 genes.12 Although the causative mutation
had not been identified, fine mapping and candidate gene sequencing implicated
linked-allelic homozygosity in the risk of developing NME.12 Furthermore, it is possible
to attain risk assessments for NME by sequencing only the DQB1 gene that is now
being used as a susceptibility haplotype when in the homozygous state.140 Such find-
ings strongly support the role of the immune system in NME. The strong DLA class II
association of NME in Pugs resembles that of atypical variant/fulminant forms in the
disease spectrum of human multiple sclerosis (MS).12 A widely held concept is that
MS occurs when certain environmental exposures (eg, viruses), or lack thereof (eg,
sunlight and vitamin D), trigger the activation of CNS autoreactive T cells in genetically
susceptible individuals, which leads to a CNS inflammatory disease141,142; therefore a
similar pathogenesis is suspected for NME in Pugs.
TREATMENT

Once infectious causes have been ruled out, the primary treatment of the MUOs is
immunosuppression with corticosteroids or other agents. Initial treatment begins
with patient stabilization based on severity of neurologic dysfunction followed by
maintenance therapy. If there are seizures, anticonvulsant therapy is also required.
Stabilization may necessitate supplementary oxygen for hypoxemia, crystalloid/
colloid support to maintain cerebral perfusion and control hypotension, and osmotic
therapy (eg, mannitol, hypertonic saline) to reduce elevated intracranial pressure.
Immunosuppression is central to the therapeutic management of MUO, despite

the incompletely understood pathogenic mechanisms or triggers. The rationale of
immunosuppression for autoimmune diseases is to induce disease remission through
the inhibition of inflammation and modulation of lymphocyte function.143 The ultimate
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goal is to achieve disease remission while minimizing adverse effects. Corticosteroids
historically have been the first-line therapy for the treatment of MUO. Often anti-
inflammatory to immunosuppressive doses of corticosteroids (eg, prednisone,
0.25–0.5 mg/kg by mouth daily) are initiated until review of negative infectious dis-
ease testing, and then increased to immunosuppressive doses (2–4 mg/kg by mouth
daily) for 2 to 4 weeks; after which the dose is gradually reduced or tapered every
4 weeks when clinical signs stabilize or improve. The ultimate goal is alternate-day
therapy at the lowest effective dose to maintain remission of clinical signs or discon-
tinuation of the drug.144 Animals often will respond initially, but relapses are common;
sustaining remission thus may require long-term high-dose corticosteroids, or
administration of alternative immunosuppressive agents whereby the undesirable
side effects of high-dose corticosteroid therapy can be avoided. Adverse effects of
high-dose corticosteroids include gastric ulceration, steroid hepatopathy, alopecia,
urinary tract infection, muscle weakness, and iatrogenic hyperadrenocorticism (see
the article on corticosteroid therapy elsewhere in this issue by Jeffery).
Reported second-line immunosuppressive drug therapies for MUO include

leflunomide,145 procarbazine,146 cytosine arabinoside,17,147–152 lomustine,144,153

mycophenolate mofetil,154 azathioprine155; COP149 (cyclophosphamide, vincristine,
prednisone), and cyclosporine (Table 3).118,155–159 Radiation therapy has also proved
to be effective for focal GME lesions.62 Not uncommonly, second-line therapies may
be introduced early in the disease process in response to severe neurologic signs or
rapid neurologic deterioration. Many of these secondary immunosuppressive agents
have potential risks for myelosuppression, hepatotoxicity, gastrointestinal distur-
bances, and other drug-specific systemic effects; therefore, regular monitoring of
complete blood count and serum biochemistry is recommended. A systematic review
suggested a benefit, based on median survival, of prednisone combined with other
immunosuppressive agents.58 Overall median survival for dogs treated with cortico-
steroids plus a second-line immunosuppressive protocol ranged from 240 to
590 days. By comparison, survival in dogs treated with corticosteroids alone ranged
from 28 to 357 days. However, in dogs with GME and NE, oral administration of lomus-
tine and prednisolone or prednisolone alone had similar efficacy.144

Selection of a specific immunosuppressive protocol depends on the clinician’s
decision, the patient’s clinical status, and the pet owner’s financial considerations.
In accordance with guidelines from other studies,17,147,148,151 a common protocol is
daily administration of prednisone at an immunosuppressive dose combined with
cytosine arabinoside administered at 50 mg/m2 every 12 hours as a subcutaneous
bolus for 2 consecutive days, or by intravenous infusion at 200 mg/m2 over 8 hours.
The treatment cycle is repeated every 3 to 4 weeks for 3 cycles. Subsequently the
interval between treatment cycles is increased by 1 week for 3 cycles at the new treat-
ment interval. The treatment cycles are gradually extended to every 6 weeks. Concur-
rently the dose of prednisone is gradually tapered to a low-dose administration every
other day. Intravenous administration of cytosine arabinoside has been described at
higher doses (up to 600 mg/m2) in severe cases of MUO.152,160 The route of cytosine
arabinoside administration and protocol likely to be most effective has been contro-
versial. A pharmacokinetic study comparing subcutaneous bolus administration
versus intravenous infusion revealed that based on Fick’s first law of diffusion, intrave-
nous infusion may produce a more prolonged exposure of cytosine arabinoside at
cytotoxic levels in plasma in comparison with the concentrations after subcutaneous
administration.161 However, further study in dogs with MUO is needed to identify
whether the sustained concentrations produced by intravenous infusion would
improve penetration of cytosine arabinoside across the BBB and produce higher



Table 3
Summary of immunomodulatory therapies for meningoencephalomyelitis of unknown origin

Druga Mechanisms of Action Dosages

Azathioprine155 Alters purine metabolism by
inhibiting DNA synthesis and
mitosis; chromosome breaks;
interferes with lymphocyte
proliferation, reduces
lymphocyte numbers,
decreased T-cell–dependent
antibody synthesis

2 mg/kg PO, every 24 h for
2 wk, then decrease to
2 mg/kg every 48 h
indefinitely; goal is to
achieve alternate-day
therapy with prednisone

Cyclosporine155–159 Inhibits T-cell activation
through intracellular target
calcineurin; decreases IL-2
and other cytokines
preventing proliferation of
T-cell and B lymphocytes;
also decreases IL-3, IL-4,
and TNF-a

3–15 mg/kg PO every 12 h; or
5–12 mg/kg PO every 24 h
when used in combination
with ketoconazole 8 mg/kg
PO every 24 h. Therapeutic
target: trough levels
between 200 and 400 ng/mL

Cyclophosphamide,
vincristine,
prednisone (COP)149

Cyclophosphamide is
alkylating agent; introduces
alkyl radicals into DNA
strands of cells

Vincristine inhibits
microtubule function and
leads to a disruption in the
mitotic spindle causing
metaphase arrest and
cytotoxicity

Cyclophosphamide: 50 mg/m2

PO, every 48 h for 8 wk, then
given in alternate weeks

Vincristine: 0.5 mg/m2 IV, every
7 d for 8 wk, then every 14 d

Prednisone: 40 mg/m2 PO,
every 24 h for 7 d, then
20 mg/m2 every 48 h for
7 wk, then same dose given
in alternate weeks

Cytosine
arabinoside17,147–152

Inhibits DNA polymerase;
causes topoisomerase
dysfunction and prevents
DNA repair; cell cycle
(S phase)

50 mg/m2 SC, every 12 h for
2 consecutive days, then
repeat every 3 wk for
4 cycles; treatment interval
is lengthened by 1 wk every
4 cycles with a maximum
interval of 6–8 wk

Alternatively dose at same
interval using IV infusion at
200 mg/m2 over 8 h

Leflunomide145 Pyrimidine synthesis inhibitor;
tyrosine kinase inhibition;
targets B and T lymphocytes

1.5–4.0 mg/kg PO every 24 h
and adjusted based on blood
levels (20–40 mg/mL)

Lomustine144,153 Alkylating agent; induction of
intrastrand and interstrand
DNA cross-linking;
suppresses B- and T-cell
proliferation

60 mg/m2 PO every 6 wk

Mycophenolate
mofetil154

Purine synthesis inhibitor;
selective to lymphocytes
(B and T) via depletion of
guanosine and
deoxyguanosine
nucleotides; suppresses
dendritic cell maturation
and reduces monocyte
recruitment

Initial dose of 10–20 mg/kg PO
every 12 h (lower dose,
eg, 5 mg/kg, may be
administered if concern for
gastrointestinal side effects);
after 1 mo reduce to
5–10 mg/kg every 12 h

(continued on next page)
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Table 3
(continued)

Druga Mechanisms of Action Dosages

Prednisone151 Targets macrophages via
downregulating Fc receptor
expression, decreases
responsiveness to antibody-
sensitized cells and decreases
antigen processing;
suppresses T-cell function
and induces apoptosis of
T cells; inhibits B-cell
antibody production

1 to 2 mg/kg PO, every 12 h
for 3–4 wk; 0.5–1 mg/kg
every 12 h for 6 wk, then
0.25–0.5 mg/kg every 12 h for
3 wk, then 0.25–0.5 mg/kg
every 24 h for 3 wk, then
0.25–0.5 mg/kg every 48 h
indefinitely

Procarbazine146 T-cell specific; monoamine
oxidase inhibitor; cell cycle
nonspecific with cytotoxicity
in the S and G2 phases, DNA
methylation, and free radical
production

25–50 mg/m2 PO every 24 h

Abbreviations: IL, interleukin; IV, intravenously; PO, by mouth; SC, subcutaneously; TNF, tumor
necrosis factor.

a Immunomodulatory drugs are administered in combination with prednisone, which is grad-
ually tapered.

Data from Refs.17,144–159
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efficacy for the treatment of MUO. Alternative approaches include prolonged use of
oral leflunomide or cyclosporine in combination with prednisone tapered over approx-
imately 6 to 12 weeks.
Treatment effect often is monitored by clinical response and resolution of neurologic

deficits, and occasional repeated CSF analysis and MR imaging. Serial MR imaging
has been used to monitor resolution of clinical signs or evolution of lesions in dogs
with meningoencephalitis.91,102,116,117 In a small cohort of dogs presumptively diag-
nosed with MUO, Lowrie and colleagues151 suggested that a combination of MR
imaging and CSF analysis provided greater sensitivity for predicting relapse than
onemodality alone, although an abnormal CSF analysis at the 3-month reexamination,
despite normal MR imaging findings, was associated with an increased risk of relapse.
However, discontinuing treatment before MR-identified lesions resolved always
resulted in relapse, suggesting that treatment can be tapered according to MR
imaging or CSF findings.

PROGNOSIS

Prognostic indicators and effects of the treatment of MUO have not been well charac-
terized, but typically focus on the underlying disease process and severity of clinical
signs. Focal forebrain lesions have been associated with a significantly longer survival
time than those with multifocal/disseminated or brainstem lesions,62 although sub-
sequent studies have been unable to corroborate this finding.146,151 Dogs presenting
specifically with seizures have been found to have a significantly reduced survival
time.162 However, selection bias for (poor) prognosis also exists for series of dogs
that must include a postmortem diagnosis, and may account for some reports of
poor prognosis.62,146 None the less, approximately 15% of dogs with GME die even
before being treated.58
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MR imaging may offer a broader assessment by which to guide therapy in dogs with
MUO. MR imaging abnormalities of foramen magnum herniation, loss of cerebral sulci,
or mass effect attributable toMUO have been associated with reduced survival time.151

By contrast, postcontrast hyperintense lesions, rostral fossa involvement, caudal fossa
involvement, and transtentorial herniation were not associated with mortality.151 Lowrie
and colleagues151 also determined that none of the describedMR imaging findings was
associated with relapse or was predictive of long-term outcome. Others investigating
MR imaging findings also report that contrast enhancement or lesion burden was not
predictive of survival time.82,94 Familiarity with MR imaging and CSF abnormalities
indicating a poorer prognosis may facilitate more aggressive therapy and follow-up
in these patients to improve survival.151 However, these prognostic variables need
further validation in the context of more tightly controlled prospective studies.
Determining prognosis based on the treatment effect for recovery in dogs with

MUOs is challenging because of the difficulty in making definitive diagnoses, disease
heterogeneity, treatment variability, and low sample size.57,58 Outcomes described in
dogs treated for MUO by various treatment regimens often are based on survival time,
and the probability of long-term survival increases with increased disease duration.149

Of note, Pugs with NE only receiving an anticonvulsant had mean survival intervals
similar to those for dogs with other subsets of MUO.58,80 Described risk factors in
determining outcome or relapse are often based on post hoc analyses with multiple
comparisons of low case numbers, which increases the potential for type I error,
low power, and inability to take into account other confounding influences (eg, pet
owner’s decision, concurrent medical problems, financial considerations, indications
to treat). Validated outcome measures (eg, neurodisability score) specific for the
MUOs are needed to allow novel treatments to be tested objectively over a relatively
short time scale.149 There is still a need for a gold-standard treatment against which a
new treatment can be tested. Although the criterion-referenced standard for a clinical
trial is a randomized, placebo-controlled, double-blinded, prospective study, it is
generally accepted that use of a placebo control treatment group is unethical because
dogs with MUO have a poor outcome without treatment.62,146 Nevertheless, treatment
trials comparing 1 or more protocols would be simple to establish, although they
would require multicenter collaboration. The lack of data acquisition using well-
designed clinical trials means that treatment recommendations for MUO still remain
empiric. It will be important to expand our understanding of the pathogenesis of
MUO to enable the development of more targeted therapies for improved survival
times and sustained remission.
REFERENCES

1. Higgins RJ, Dickinson PJ, Kube SA, et al. Necrotizing meningoencephalitis in
five chihuahua dogs. Vet Pathol 2008;45:336–46.

2. Higgins RJ, LeCouteur RA. GME, NME, and breed specific encephalitis and
allied disorders: Variations of the same theme or different diseases? A clinical
and pathological perspective. 20th Annual Symposium of the European College
of Veterinary Neurology. Bern (Switzerland), September 27–29, 2007. p. 35–7.

3. Cooper JJ, Schatzberg SJ, Vernau KM, et al. Necrotizing meningoencephalo-
myelitis in atypical dog breeds: a case series and literature review. J Vet Intern
Med 2014;28:198–203.

4. Talarico LR, Schatzberg SJ. Idiopathic granulomatous and necrotising inflam-
matory disorders of the canine central nervous system: a review and future
perspectives. J Small Anim Pract 2010;51:138–49.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref1
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref1
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref2
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref2
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref2
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref3
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref3
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref3


Meningoencephalomyelitis of Unknown Origin 1177
5. Thomas JB, Eger C. Granulomatous meningoencephalomyelitis in 21 dogs.
J Small Anim Pract 1989;30:287–93.

6. Kipar A, Baumgartner W, Vogl C, et al. Immunohistochemical characterization of
inflammatory cells in brains of dogs with granulomatous meningoencephalitis.
Vet Pathol 1998;35:43–52.

7. Schwab S, Herden C, Seeliger F, et al. Non-suppurative meningoencephalitis of
unknown origin in cats and dogs: an immunohistochemical study. J Comp
Pathol 2007;136:96–110.

8. Schatzberg SJ, Haley NJ, Barr SC, et al. Polymerase chain reaction screening
for DNA viruses in paraffin-embedded brains from dogs with necrotizing menin-
goencephalitis, necrotizing leukoencephalitis, and granulomatous meningoen-
cephalitis. J Vet Intern Med 2005;19:553–9.

9. Barber RM, Li Q, Diniz PP, et al. Evaluation of brain tissue or cerebrospinal
fluid with broadly reactive polymerase chain reaction for Ehrlichia, Anaplasma,
spotted fever group Rickettsia, Bartonella, and Borrelia species in canine
neurological diseases (109 cases). J Vet Intern Med 2010;24:372–8.

10. Barber RM, Porter BF, Li Q, et al. Broadly reactive polymerase chain reaction for
pathogen detection in canine granulomatous meningoencephalomyelitis and
necrotizing meningoencephalitis. J Vet Intern Med 2012;26:962–8.

11. Matsuki N, Fujiwara K, Tamahara S, et al. Prevalence of autoantibody in cerebro-
spinal fluids from dogs with various CNS diseases. J Vet Med Sci 2004;66:
295–7.

12. Greer KA, Wong AK, Liu H, et al. Necrotizing meningoencephalitis of pug dogs
associates with dog leukocyte antigen class II and resembles acute variant
forms of multiple sclerosis. Tissue Antigens 2010;76:110–8.

13. Tsunoda I, Kuang LQ, Theil DJ, et al. Antibody association with a novel model for
primary progressive multiple sclerosis: induction of relapsing-remitting and
progressive forms of EAE in H2s mouse strains. Brain Pathol 2000;10:402–18.

14. Kipnis J, Yoles E, Schori H, et al. Neuronal survival after CNS insult is deter-
mined by a genetically encoded autoimmune response. J Neurosci 2001;21:
4564–71.

15. Kipnis J, Mizrahi T, Hauben E, et al. Neuroprotective autoimmunity: naturally
occurring CD41CD251 regulatory T cells suppress the ability to withstand
injury to the central nervous system. Proc Natl Acad Sci U S A 2002;99:15620–5.

16. Tipold A. Diagnosis of inflammatory and infectious diseases of the central
nervous system in dogs: a retrospective study. J Vet Intern Med 1995;9:304–14.

17. Zarfoss M, Schatzberg S, Venator K, et al. Combined cytosine arabinoside and
prednisone therapy for meningoencephalitis of unknown aetiology in 10 dogs.
J Small Anim Pract 2006;47:588–95.

18. Tipold A, VandeveldeM, Schatzberg SJ. Necrotizing encephalitis. In: GreeneCE,
editor. Infectious diseases of the dog and cat. 4th edition. St Louis (MO): Elsevier;
2012. p. 856–8.

19. Cardoso R, Brites D, Brito MA. Looking at the blood-brain barrier: molecular
anatomy and possible investigation approaches. Brain Res Rev 2010;64:
328–64.

20. Engelhardt B, Sorokin L. The blood-brain and the blood-CSF barriers: function
and dysfunction. Semin Immunopathol 2009;31:497–511.

21. Abbott NJ, Ronnback L, Hansson E, et al. Astrocyte–endothelial interactions at
the blood–brain barrier. Nat Rev Neurosci 2006;7:41–53.

22. Carson MJ, Doose JM, Melchior B, et al. CNS immune privilege: hiding in plain
sight. Immunol Rev 2006;213:48–65.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref4
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref4
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref5
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref5
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref5
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref6
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref6
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref6
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref7
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref7
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref7
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref7
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref8
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref8
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref8
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref8
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref9
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref9
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref9
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref10
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref10
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref10
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref11
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref11
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref11
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref12
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref12
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref12
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref13
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref13
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref13
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref14
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref14
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref14
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref15
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref15
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref16
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref16
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref16
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref17
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref17
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref17
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref18
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref18
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref18
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref19
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref19
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref20
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref20
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref21
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref21


Coates & Jeffery1178
23. Lyman M, Lloyd DG, Sunming J, et al. Neuroinflammation: the role and con-
sequences. Neurosci Res 2014;79:1–12.

24. Abbas AK, Lichtman AH, Pillai S. Cellular and molecular immunology. St Louis
(MO): Elsevier; 2012.

25. Gershwin LJ. Autoimmune diseases in small animals. Vet Clin North Am Small
Anim Pract 2010;40(3):439–57.

26. Ransohoff RM, Kivisakk P, Kidd G. Three or more routes for leukocyte migration
into the central nervous system. Nat Rev Immunol 2003;3:569–81.

27. Lyck R, Engelhardt B. Going against the tide – how encephalitogenic T cells
breach the blood-brain barrier. J Vasc Res 2012;49:497–509.

28. Smith JA, Das A, Ray SK, et al. Role of pro-inflammatory cytokines released from
microglia in neurodegenerative diseases. Brain Res Bull 2012;87:10–20.

29. KierschensteinerM,Meinl E, Holfeld R. Neuro-immunecrosstalk inCNSdiseases.
Neuroscience 2009;158:1122–32.

30. Hendrix S,NitschR. The role of T helper cells in neuroprotection and regeneration.
J Neuroimmunol 2007;184:100–12.

31. Wang CX, Shuaib A. Involvement of inflammatory cytokines in central nervous
system injury. Prog Neurobiol 2002;67:161–72.

32. Sokolova A, Hill MD, Rahimi F, et al. Monocyte chemoattractant protein-1 plays a
dominant role in the chronic inflammation observed in Alzheimer’s disease.
Brain Pathol 2009;19:392–8.

33. Cardona AE, Pioro EP, Sasse ME, et al. Control of microglial neurotoxicity by the
fractalkine receptor. Nat Neurosci 2006;9:917–24.

34. Carr MW, Roth SJ, Luther E, et al. Monocyte chemoattractant protein 1 acts as a
T-lymphocyte chemoattractant. Proc Natl Acad Sci U S A 1994;91:3652–6.

35. Taub DD, Proost P, Murphy WJ, et al. Monocyte chemotactic protein-1 (MCP-1),
-2, and -3 are chemotactic for human T lymphocytes. J Clin Invest 1995;95:
1370–6.

36. Neumann H, Wekerle H. Brain microglia: watchdogs with pedigree. Nat Neurosci
2013;16:253–5.

37. Ransohoff RM, Perry VH. Microglial physiology: unique stimuli, specialized
responses. Annu Rev Immunol 2009;27:119–45.

38. Biber K, Owens T, Boddeke E. What is microglia neurotoxicity (not?). Glia 2014;
62:841–54.

39. Carson MJ, Bilousova TV, Puntambekar SS, et al. A rose by any other name? The
potential consequences of microglial heterogeneity during CNS health and dis-
ease. Neurotherapeutics 2007;4:571–9.

40. Suzumura A. Neuron-microglia interaction in neuroinflammation. Curr Protein
Pept Sci 2013;14:16–20.

41. Michelucci A, Heurtaux T, Grandbarbe L, et al. Characterization of the microglial
phenotype under specific pro-inflammatory and anti-inflammatory conditions:
effects of oligomeric and fibrillar amyloid-beta. J Neuroimmunol 2009;210:3–12.

42. Geissmann F, Auffray C, Palframan R, et al. Blood monocytes: distinct subsets,
how they relate to dendritic cells, and their possible roles in the regulation of
T cell responses. Immunol Cell Biol 2008;86:398–408.

43. Martinez FO, Sica A, Mantovani A, et al. Macrophage activation and polarization.
Front Biosci 2008;13:453–61.

44. Dheen ST, Kaur C, Ling EA. Microglial activation and its implications in the brain
diseases. Curr Med Chem 2007;14:1189–97.

45. Benoit M, Benoit D, Mege JL. Macrophage polarization in bacterial infections.
J Immunol 2008;181:3733–9.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref22
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref22
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref23
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref23
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref24
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref24
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref25
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref25
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref26
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref26
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref27
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref27
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref28
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref28
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref29
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref29
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref30
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref30
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref31
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref31
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref31
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref32
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref32
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref33
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref33
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref34
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref34
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref34
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref35
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref35
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref36
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref36
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref37
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref37
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref38
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref38
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref38
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref39
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref39
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref40
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref40
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref40
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref41
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref41
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref41
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref42
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref42
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref43
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref43
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref44
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref44


Meningoencephalomyelitis of Unknown Origin 1179
46. Schwartz M, Butovsky O, Bruck W, et al. Microglial phenotype: is the commitment
reversible. Trends Neurosci 2006;29:68–74.

47. Stein VM, Puff C, Genini S, et al. Variations on brain microglial gene expression
of MMPs, RECK and TIMPs in inflammatory and non-inflammatory diseases in
dogs. Vet Immunol Immunopathol 2011;144:17–26.

48. Stein VM, BaumgartnerW, Kreienbrock L, et al. Caninemicroglial cells: stereotypy
in immunophenotype and specificity in function? Vet Immunol Immunopathol
2006;113:277–87.

49. Boekhoff TM, Ensinger EM, Calrson R, et al. Microglial contribution to secondary
injury evaluated in a large animal model of human spinal cord trauma.
J Neurotrauma 2012;29:1000–11.

50. Stein VM, Czub M, Hansen R, et al. Characterization of canine microglial cells
isolated ex vivo. Vet Immunol Immunopathol 2004;99:73–85.

51. Ensinger EM, Boekhoff TM, Carlson R, et al. Regional topographical differences
of canine microglial immunophenotype and function in the healthy spinal cord.
J Neuroimmunol 2010;227:144–52.

52. Spitzbarth I, Baumgartner W, Beineke A. The role of pro- and anti-inflammatory
cytokines in the pathogenesis of spontaneous canine diseases. Vet Immunol
Immunopathol 2012;147:6–24.

53. Beineke A, Markus S, Borlak J, et al. Increase of pro-inflammatory cytokine
expression in non-demyelinating early cerebral lesions in nervous canine
distemper. Viral Immunol 2008;21:401–10.

54. Beineke A, Puff C, Seehusen F, et al. Pathogenesis and immunopathology of
systemic and nervous canine distemper. Vet Immunol Immunopathol 2009;
127:1–18.

55. Appel SH, Beers DR, Henkel JS. T cell-microglial dialogue in Parkinson’s
disease and amyotrophic lateral sclerosis: are we listening? Trends Immunol
2009;31:7–17.

56. Schwartz M, Kipnis J. Protective autoimmunity and neuroprotection in inflamma-
tory and noninflammatory neurodegenerative diseases. J Neurol Sci 2005;233:
163–6.

57. Griffin JF, Levine JM, Levine GJ, et al. Meningomyelitis in dogs: a retrospective
review of 28 cases (1999-2007). J Small Anim Pract 2008;49:509–17.

58. GrangerN, Smith PM, JefferyND.Clinical findings and treatment of non-infectious
meningoencephalomyelitis in dogs: a systematic review of 457 published cases
from 1962 to 2008. Vet J 2010;184:290–7.

59. Sorjonen DC. Clinical and histopathological features of granulomatous menin-
goencephalomyelitis in dogs. J Am Anim Hosp Assoc 1990;26:141–7.

60. Braund KG. Granulomatous meningoencephalitis. J Am Vet Med Assoc 1985;
186:138–41.

61. Russo ME. Primary reticulosis of the central nervous system in dogs. J Am Vet
Med Assoc 1979;174:492–500.

62. Munana KR, Luttgen PJ. Prognostic factors for dogs with granulomatous menin-
goencephalomyelitis: 42 cases (1982–1996). J Am Vet Med Assoc 1998;212:
1902–6.

63. Fischer CA, Liu SK. Neuro-ophthalmologic manifestations of primary reticulosis
of the central nervous system in a dog. J Am Vet Med Assoc 1971;158:1240–8.

64. Smith J, DeLahunta A, Riss R. Reticulosis of the visual system in a dog. J Small
Anim Pract 1977;18:643–52.

65. Garmer N, Naeser P, Bergman A. Reticulosis of the eyes and the central nervous
system in a dog. J Small Anim Pract 1981;22:39–45.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref45
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref45
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref46
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref46
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref46
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref47
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref47
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref47
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref48
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref48
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref48
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref49
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref49
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref50
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref50
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref50
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref51
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref51
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref51
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref52
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref52
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref52
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref53
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref53
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref53
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref54
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref54
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref54
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref55
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref55
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref55
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref56
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref56
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref57
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref57
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref57
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref58
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref58
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref59
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref59
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref60
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref60
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref61
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref61
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref61
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref62
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref62
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref63
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref63
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref64
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref64


Coates & Jeffery1180
66. Cuddon PA, Smith-Maxie L. Reticulosis of the central nervous system in the dog.
Compend Contin Educ Vet Prac 1984;6:23–32.

67. Kitagawa M, Okada M, Toshihiro W, et al. Ocular granulomatous meningoence-
phalomyelitis in a dog: magnetic resonance images and clinical findings. J Vet
Med Sci 2009;71:233–7.

68. Smith R. A case of ocular granulomatous meningoencephalitis in a German
Shepherd dog presenting as bilateral uveitis. Aust Vet Pract 1995;25:76–8.

69. Cordy DR. Canine granulomatous meningoencephalomyelitis. Vet Pathol 1979;
16:325–33.

70. Braund KG, Vandevelde M, Walker TL. Granulomatous meningoencephalomye-
litis in six dogs. J Am Vet Med Assoc 1978;172:1195–200.

71. Fankhauser R, Fatzer R, Luginbuhl H. Reticulosis of the central nervous system
(CNS) in dogs. Adv Vet Sci Comp Med 1972;16:35–72.

72. Koestner A. Primary lymphoreticuloses of the nervous system in animals.
Acta Neuropathol Suppl 1975;6:85–9.

73. Vandevelde M, Fatzer R, Fankhauser R. Immunohistological studies on primary
reticulosis of the canine brain. Vet Pathol 1981;18:577–88.

74. Suzuki M, Uchida K, Morozumi M, et al. A comparative pathological study on
granulomatous meningoencephalomyelitis and central malignant histiocytosis
in dogs. J Vet Med Sci 2003;65:1319–24.

75. Demierre S, Tipold A, Griot-Wenk ME, et al. Correlation between the clinical
course of granulomatous meningoencephalomyelitis in dogs and the extent of
mast cell infiltration. Vet Rec 2001;148:467–72.

76. Suzuki M, Uchida K, Morozumi M, et al. A comparative pathological study on
canine necrotizing meningoencephalitis and granulomatous meningoencepha-
lomyelitis. J Vet Med Sci 2003;65:1233–9.

77. Park ES, Uchida K, Nakayama H. Comprehensive immunohistochemical studies
on canine necrotizing meningoencephalitis (NME), necrotizing leukoencephalitis
(NLE), and granulomatous meningoencephalomyelitis (GME). Vet Pathol 2012;
49:682–92.

78. Cordy DR, Holliday TA. A necrotizing meningoencephalitis of pug dogs. Vet
Pathol 1989;26:191–4.

79. Flegel T, Henke D, Boettcher IC, et al. Magnetic resonance imaging findings in
histologically confirmed pug dog encephalitis. Vet Radiol Ultrasound 2008;49:
419–24.

80. Levine JM, Fosgate GT, Porter B, et al. Epidemiology of necrotizing meningoen-
cephalitis in pug dogs. J Vet Intern Med 2008;22:961–8.

81. UchidaK,HasegawaT, IkedaM, et al. Detectionof anautoantibody fromPugdogs
with necrotizing encephalitis (pug dog encephalitis). Vet Pathol 1999;36:301–7.

82. Young B, Levine JL, Fosgate A, et al. Magnetic resonance imaging charac-
teristics of necrotizing meningoencephalitis in pug dogs. J Vet Intern Med
2009;23(3):527–35.

83. Kobayashi Y, Ochiai K, Umemura T, et al. Necrotizing meningoencephalitis in
pug dogs in Japan. J Comp Pathol 1994;110:129–36.

84. Summers BA, Cummings JF, de Lahunta A. Veterinary neuropathology. St Louis
(MO): Mosby; 1995.

85. Stalis IH, Chadwick B, Dayrell-Hart B, et al. Necrotizing meningoencephalitis of
Maltese dogs. Vet Pathol 1995;32:230–5.

86. Cantile C, Chianini F, Arispici M, et al. Necrotizing meningoencephalitis asso-
ciated with cortical hippocampal hamartia in a Pekingese dog. Vet Pathol
2001;38:119–22.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref65
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref65
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref66
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref66
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref66
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref67
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref67
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref68
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref68
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref69
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref69
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref70
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref70
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref71
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref71
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref72
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref72
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref73
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref73
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref73
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref74
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref74
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref74
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref75
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref75
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref75
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref76
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref76
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref76
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref76
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref77
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref77
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref78
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref78
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref78
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref79
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref79
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref80
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref80
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref81
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref81
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref81
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref82
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref82
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref83
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref83
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref84
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref84
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref85
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref85
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref85


Meningoencephalomyelitis of Unknown Origin 1181
87. Aresu L, D’Angelo A, Zanatta R, et al. Canine necrotizing encephalitis associated
with antiglomerular basement membrane glomerulonephritis. J Comp Pathol
2007;136:279–82.

88. Park ES, Uchida K, Nakayama H. Th1-, Th2-, and Th17-related cytokine and
chemokine receptor mRNA and protein expression in the brain tissues, T cells,
and macrophages of dogs with necrotizing and granulomatous meningoen-
cephalitis. Vet Pathol 2013;50:1127–34.

89. Ducote JM, Johnson KE, Dewey CW, et al. Computed tomography of necrotizing
meningoencephalitis in 3 Yorkshire terriers. Vet Radiol Ultrasound 1999;40:
617–21.

90. Jull BA, Merryman JI, Thomas WB, et al. Necrotizing encephalitis in a Yorkshire
terrier. J Am Vet Med Assoc 1997;211:1005–7.

91. Kuwamura M, Adachi T, Yamate J, et al. Necrotising encephalitis in the York-
shire terrier: a case report and literature review. J Small Anim Pract 2002;43:
459–63.

92. Sawashima Y, Sawashima K, Aura Y, et al. Clinical and pathological findings of
a Yorkshire terrier affected with necrotizing encephalitis. J Vet Med Sci 1996;58:
659–61.

93. Tipold A, Fatzer R, Jaggy A, et al. Necrotizing encephalitis in Yorkshire terriers.
J Small Anim Pract 1993;34:623–8.

94. von Praun F, Matiasek K, Grevel V, et al. Magnetic resonance imaging and
pathologic findings associated with necrotizing encephalitis in two Yorkshire
terriers. Vet Radiol Ultrasound 2006;47:260–4.

95. Timmann D, Konar M, Howard J, et al. Necrotising encephalitis in a French
bulldog. J Small Anim Pract 2007;48:339–42.

96. Spitzbarth I, Schenk HC, Tipold A, et al. Immunohistochemical characterization
of inflammatory and glial responses in a case of necrotizing leucoencephalitis in
a French bulldog. J Comp Pathol 2010;142:235–41.

97. Lotti D, Capucchio T, Gaidolfi E, et al. Necrotizing encephalitis in a Yorkshire
terrier: clinical imaging, and pathological findings. Vet Radiol Ultrasound
1999;40:622–6.

98. Lezmi S, Toussaint Y, Prata D, et al. Severe necrotizing encephalitis in a York-
shire terrier: topographic and immunohistochemical study. J Vet Med A Physiol
Pathol Clin Med 2007;54:186–90.

99. Nghiem PP, Schatzberg SJ. Conventional and molecular diagnostic testing for
the acute neurologic patient. J Vet Emerg Crit Care (San Antonio) 2010;20:
46–61.

100. Thomas WB. Inflammatory diseases of the central nervous system in dogs. Clin
Tech Small Anim Pract 1998;13:167–78.

101. Flegel T, Oevermann A, Oechtering G, et al. Diagnostic yield and adverse
effects of MRI-guided free-hand brain biopsies through a mini-burr hole in
dogs with encephalitis. J Vet Intern Med 2012;26:969–76.

102. Lamb CR, Croson PJ, Cappellow R, et al. Magnetic resonance imaging findings
in 25 dogs with inflammatory cerebrospinal fluid. Vet Radiol Ultrasound 2005;46:
17–22.

103. Plummer SB, Wheeler SJ, Thrall DE, et al. Computed tomography of primary
inflammatory brain disorders in dogs and cats. Vet Radiol Ultrasound 1992;
33:307–12.

104. Speciale J, Van Winkle TJ, Steinberg SA, et al. Computed tomography in the
diagnosis of focal granulomatous meningoencephalitis: retrospective evaluation
of three cases. J Am Anim Hosp Assoc 1992;28:327–32.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref86
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref86
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref86
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref87
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref87
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref87
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref87
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref88
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref88
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref88
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref89
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref89
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref90
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref90
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref90
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref91
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref91
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref91
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref92
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref92
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref93
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref93
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref93
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref94
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref94
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref95
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref95
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref95
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref96
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref96
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref96
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref97
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref97
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref97
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref98
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref98
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref98
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref99
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref99
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref100
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref100
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref100
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref101
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref101
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref101
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref102
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref102
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref102
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref103
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref103
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref103


Coates & Jeffery1182
105. Wolff CA, Holmes SP, Young BD, et al. Magnetic resonance imaging for the
differentiation of neoplastic, inflammatory, and cerebrovascular brain disease
in dogs. J Vet Intern Med 2012;26:589–97.

106. Keenihan EK, Summers BA, David FH, et al. Canine meningeal disease: asso-
ciations between magnetic resonance imaging signs and histologic findings.
Vet Radiol Ultrasound 2013;54:504–15.

107. Cherubini GB, Platt SR, Anderson TJ, et al. Characteristics of magnetic
resonance images of granulomatous meningoencephalomyelitis in 11 dogs.
Vet Rec 2006;159:110–5.

108. Mellema LM, Samii VF, Vernau KM, et al. Meningeal enhancement on mag-
netic resonance imaging in 15 dogs and 3 cats. Vet Radiol Ultrasound
2002;43:10–5.

109. Vite CH, Cross JR. Correlating magnetic resonance findings with neuro-
pathology and clinical signs in dogs and cats. Vet Radiol Ultrasound 2011;
52(Suppl 1):S23–31.

110. Lobetti RG, Pearson J. Magnetic resonance imaging in the diagnosis of focal
granulomatous meningoencephalitis in two dogs. Vet Radiol Ultrasound 1996;
37:424–7.

111. Kitagawa M, Kanayama K, Satoh T, et al. Cerebellar focal granulomatous menin-
goencephalitis in a dog: clinical findings and MR imaging. J Vet Med A Physiol
Pathol Clin Med 2004;51:277–9.

112. Cherubini GB, Platt SR, Howson S, et al. Comparison of magnetic resonance
imaging sequences in dogs with multi-focal intracranial disease. J Small Anim
Pract 2008;49(12):634–40.

113. Kuwabara M, Tanaka S, Fujiwara K. Magnetic resonance imaging and histopa-
thology of encephalitis in a Pug. J Vet Med Sci 1998;60:1353–5.

114. Cherubini GB, Mantis P, Martinez TA, et al. Utility of magnetic resonance imaging
for distinguishing neoplastic from non-neoplastic brain lesions in dogs and cats.
Vet Radiol Ultrasound 2005;46:384–7.

115. Rodenas S, Pumarola M, Gaitero L, et al. Magnetic resonance imaging findings
in 40 dogs with histologically confirmed intracranial tumours. Vet J 2011;187:
85–91.

116. Kitagawa M, Okada M, Kanayama K, et al. A canine case of necrotizing menin-
goencephalitis for long-term observation: clinical and MRI findings. J Vet Med
Sci 2007;69:1195–8.

117. Hasegawa T. Long-term management of necrotizing meningoencephalitis in a
Pug dog. Canine Pract 2000;25:20–2.

118. Jung DI, Kang BT, Park C, et al. A comparison of combination therapy (cyclo-
sporine plus prednisolone) with sole prednisolone therapy in 7 dogs with necro-
tizing meningoencephalitis. J Vet Med Sci 2007;69:1303–6.

119. Bailey C, Higgins R. Characteristics of cerebrospinal fluid associated with
canine meningoencephalomyelitis: a retrospective study. J Am Vet Med Assoc
1986;188:418–21.

120. Bohn AA, Wills TB, West CL, et al. Cerebrospinal fluid analysis and magnetic
resonance imaging in the diagnosis of neurologic disease in dogs: a retrospec-
tive study. Vet Clin Pathol 2006;35:315–20.

121. Tipold A, Pfister H, Zurbriggen A, et al. Intrathecal synthesis of major immuno-
globulin classes in inflammatory diseases of the canine CNS. Vet Immunol
Immunopathol 1994;42:149–59.

122. Sorjonen DC. Cerebrospinal fluid electrophoresis. Use in canine granulomatous
meningoencephalomyelitis. Veterinary Medicine Report 1989;1:399–403.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref104
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref104
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref104
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref105
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref105
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref105
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref106
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref106
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref106
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref107
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref107
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref107
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref108
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref108
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref108
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref109
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref109
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref109
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref110
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref110
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref110
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref111
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref111
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref111
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref112
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref112
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref113
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref113
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref113
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref114
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref114
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref114
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref115
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref115
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref115
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref116
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref116
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref117
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref117
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref117
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref118
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref118
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref118
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref119
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref119
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref119
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref120
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref120
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref120
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref121
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref121


Meningoencephalomyelitis of Unknown Origin 1183
123. Sorjonen DC. Total protein, albumin quota, and electrophoretic patterns in
cerebrospinal fluid of dogs with central nervous system disorders. Am J Vet
Res 1987;48:301–5.

124. Shibuya M, Matsuki N, Fujiwara K, et al. Autoantibodies against glial fibrillary
acidic protein (GFAP) in cerebrospinal fluids from Pug dogs with necrotizing
meningoencephalitis. J Vet Med Sci 2007;69:241–5.

125. Toda Y, Matsuki N, Shibuya M, et al. Glial fibrillary acidic protein (GFAP) and
anti-GFAP autoantibody in canine necrotising meningoencephalitis. Vet Rec
2007;161:261–4.

126. Duque C, Parent J, Bienzle D. The immunophenotypeof bloodandcerebrospinal
fluid mononuclear cells in dogs. J Vet Intern Med 2002;16:714–9.

127. Koblik PD, LeCouteur RA, Higgins RJ, et al. CT-guided brain biopsy using a
modified Pelorus Mark III stereotactic system: experience with 50 dogs. Vet
Radiol Ultrasound 1999;40:434–40.

128. Moissonnier P, Bordeau W, Delisle F, et al. Accuracy testing of a new stereotactic
CT-guided brain biopsy device in the dog. Res Vet Sci 2000;68:243–7.

129. Flegel T, Podell M, March PA, et al. Use of a disposable real-time CTstereotactic
navigator device for minimally invasive dog brain biopsy through a mini-burr
hole. AJNR Am J Neuroradiol 2002;23:1160–3.

130. Giroux A, Jones JC, Bøhn JH, et al. A new device for stereotactic CT-guided
biopsy of the canine brain: design, construction, and needle placement
accuracy. Vet Radiol Ultrasound 2002;43:229–36.

131. Troxel MT, Vite CH. CT-guided stereotactic brain biopsy using the Kopf stereo-
tactic system. Vet Radiol Ultrasound 2008;49:438–43.

132. Chen AV, Wininger FA, Frey S, et al. Description and validation of a magnetic
resonance imaging-guided stereotactic brain biopsy device in the dog. Vet
Radiol Ultrasound 2012;53:150–6.

133. Thomas WB, Sorjonen DC, Hudson JA, et al. Ultrasound-guided brain biopsy in
dogs. Am J Vet Res 1993;54:1942–7.

134. Harari J, Moore MM, Leathers CW, et al. Computed tomographic-guided
free-hand needle biopsy of brain tumors in dogs. Progress Vet Neurology
1994;4:41–4.

135. Klopp LS, Ridgway M. Use of an endoscope in minimally invasive lesion biopsy
and removal within the skull and cranial vault in two dogs and one cat. J Am Vet
Med Assoc 2009;234:1573–7.

136. Vernau KM, Higgins RJ, Bollen AW, et al. Primary canine and feline nervous
system tumors: Intraoperative diagnosis using the smear technique. Vet Pathol
2001;38:47–57.

137. Radaelli ST, Platt SR. Bacterial meningoencephalomyelitis in dogs: a retrospec-
tive study. J Vet Intern Med 2002;16:159–63.

138. Greer KA, Schatzberg SJ, Porter BF, et al. Heritability and transmission analysis
of necrotizing meningoencephalitis in the pug. Res Vet Sci 2009;86(3):438–42.

139. Barber RM, Schatzberg SJ, Corneveaux JJ, et al. Identification of risk loci
for necrotizing meningoencephalitis in pug dogs. J Hered 2011;102(S1):
S40–46.

140. Pedersen N, Liu H, Millon L, et al. Dog leukocyte antigen class II-associated
genetic risk testing for immune disorders of dogs: simplified approaches using
Pug dog necrotizing meningoencephalitis as a model. J Vet Diagn Invest 2011;
23:68–76.

141. Storch MK, Bauer J, Linington C, et al. Cortical demyelination can be modeled
in specific rat models of autoimmune encephalomyelitis and is major

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref122
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref122
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref122
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref123
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref123
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref123
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref124
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref124
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref124
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref125
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref125
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref126
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref126
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref126
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref127
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref127
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref128
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref128
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref128
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref129
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref129
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref129
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref130
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref130
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref131
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref131
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref131
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref132
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref132
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref133
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref133
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref133
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref134
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref134
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref134
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref135
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref135
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref135
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref136
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref136
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref137
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref137
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref138
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref138
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref138
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref139
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref139
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref139
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref139
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref140
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref140


Coates & Jeffery1184
histocompatibility complex (MHC) haplotype-related. J Neuropathol Exp Neurol
2006;65:1137–42.

142. Bar-Or A. The immunology of multiple sclerosis. Semin Neurol 2008;28:29–45.
143. Viviano KR. Update on immunosuppressive therapies for dogs and cats. Vet

Clin Small Anim 2013;43:1149–70.
144. Flegel T, Boettcher IC, Matiasek K, et al. Comparison of oral administration of

lomustine and prednisolone or prednisolone alone as treatment for granuloma-
tous meningoencephalomyelitis or necrotizing encephalitis in dogs. J Am Vet
Med Assoc 2011;238:337–45.

145. Gregor CR, Stewar A, Sturges B, et al. Leflunomide effectively treats naturally
occurring immune-mediated and inflammatory diseases of dogs that are unre-
sponsive to conventional therapy. Transplan Proceed 1998;30:4143–8.

146. Coates JR, Barone G, Dewey CW, et al. Procarbazine as adjunctive therapy for
treatment of dogs with presumptive antemortem diagnosis of granulomatous
meningoencephalomyelitis: 21 cases (1998–2004). J Vet Intern Med 2007;21:
100–6.

147. Nuhsbaum MT, Powell CC, Gionfriddo JR, et al. Treatment of granulomatous
meningoencephalomyelitis in a dog. Vet Ophthalmol 2002;5:29–33.

148. Menaut P, Landart J, Behr S, et al. Treatment of 11 dogs with meningoencepha-
lomyelitis of unknown origin with a combination of prednisolone and cytosine
arabinoside. Vet Rec 2008;162:241–5.

149. Smith PM, Stalin CE, Shaw D, et al. Comparison of two regimens for the treat-
ment of meningoencephalomyelitis of unknown etiology. J Vet Intern Med
2009;23:520–6.

150. Behr S, Llabres-Dias FJ, Radaelli ST. Treatment of meningoencephalitis of
unknown origin in a dog. Vet Rec 2009;164:627–9.

151. Lowrie M, Smith PM, Garosi L. Meningoencephalitis of unknown origin: investi-
gation of prognostic factors and outcome using a standard treatment protocol.
Vet Rec 2013;172:527–34.

152. de Stefani A, De Risio L, Matiasek K. Intravenous cytosine arabinoside in the
emergency treatment of 9 dogs with central nervous system inflammatory
disease of unknown etiology. In: 20th Annual Symposium of the European
College of Veterinary Neurology. Bern (Switzerland), 2007. p. 508.

153. Uriarte JL, Thibaud K, Gnirs S. Lomustine treatment in noninfectious meningo-
encephalitis in 8 dogs. In: 20th Annual Symposium of the European College
of Veterinary Neurology. Bern (Switzerland), 2007. p. 508.

154. Feliu-Pascual AL, Matiasek K, de Stefani A, et al. Efficacy of mycophenolate
mofetil for the treatment of presumptive granulomatous meningoencephalomye-
litis: preliminary results. In: 20th Annual Symposium of the European College of
Veterinary Neurology. Bern (Switzerland), 2007. p. 509.

155. Wong MA, Hopkins AL, Meeks JC, et al. Evaluation of treatment with a combi-
nation of azathioprine and prednisone in dogs with meningoencephalomyelitis
of undetermined etiology: 40 cases (2000-2007). J Am Vet Med Assoc 2010;
237:929–35.

156. Gnirs K. Ciclosporin treatment of suspected granulomatous meningoencepha-
litis in three dogs. J Small Anim Pract 2006;47:201–6.

157. Adamo PF, Rylander H, Adams WM. Cyclosporin use in multidrug therapy for
meningoencephalomyelitis of unknown aetiology in dogs. J Small Anim Pract
2007;48(9):486–96.

158. Adamo FP, O’Brien RT. Use of cyclosporine to treat granulomatous meningoen-
cephalitis in three dogs. J Am Vet Med Assoc 2004;225:1211–6.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref140
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref140
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref141
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref142
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref142
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref143
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref143
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref143
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref143
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref145a
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref145a
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref145a
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref144
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref144
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref144
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref144
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref145
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref145
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref146
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref146
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref146
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref147
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref147
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref147
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref148
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref148
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref149
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref149
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref149
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref150
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref150
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref150
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref150
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref151
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref151
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref152
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref152
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref152
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref153
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref153


Meningoencephalomyelitis of Unknown Origin 1185
159. Pakozdy A, Leschnik M, Kneissl S, et al. Improved survival time in dogs with
suspected GME treated with ciclosporin. Vet Rec 2009;164:89–91.

160. Scott-Moncrieff JC, Chan TC, Samuels ML, et al. Plasma and cerebrospinal fluid
pharmacokinetics of cytosine arabinoside in dogs.CancerChemother Pharmacol
1991;29:13–8.

161. Crook KI, Early PJ, Messenger KM, et al. The pharmacokinetics of cytarabine in
dogs when administered via subcutaneous and continuous intravenous infusion
rates. J Vet Pharmacol Ther 2013;36:408–11.

162. Bateman SW, Parent JM. Clinical findings, treatment, and outcome of dogs with
status epilepticus or cluster seizures: 156 cases (1990-1995). J Am Vet Med
Assoc 1999;215:1463–8.

http://refhub.elsevier.com/S0195-5616(14)00107-7/sref154
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref154
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref155
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref155
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref155
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref156
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref156
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref156
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref157
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref157
http://refhub.elsevier.com/S0195-5616(14)00107-7/sref157

	Perspectives on Meningoencephalomyelitis of Unknown Origin
	Key points
	Introduction
	Categorization of Noninfectious Inflammatory Disease of the CNS

	An overview of neuroinflammation
	Immune-Mediated CNS Disease
	T-cell responses
	Microglial responses

	Histopathology of Neuroinflammation
	Neuroinflammation in MUO

	Signalment, neurologic signs, and histopathologic features
	Granulomatous Meningoencephalomyelitis
	Necrotizing Encephalitis
	Necrotizing meningoencephalitis
	Necrotizing leukoencephalitis


	Diagnostic evaluation
	Cross-Sectional Imaging
	Cerebrospinal Fluid Analysis
	Brain Biopsy
	Infectious Disease Testing
	Genetic Testing

	Treatment
	Prognosis
	References


