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Abstract
Background: Given the active research on targeted therapy using tyrosine kinase (TK) 
inhibitors (TKIs) in the field of oncology, further studies have recently been conducted 
to evaluate their use in autoimmune disorders. Based on immunological investiga-
tions, previous studies have suggested that granulomatous meningoencephalomyeli-
tis (GME) and necrotizing encephalomyelitis (NE) are similar to multiple sclerosis (MS), 
which is a human autoimmune demyelinating central nervous system disease.
Objectives: Considering this perspective, we hypothesized that canine GME and NE 
have significant expression of one or more TKs, which are associated with human MS 
pathogenesis.
Methods: To determine the possible use of conventional multi-targeted TKIs as a treat-
ment for canine GME and NE, we characterized the immunohistochemical expression 
of platelet-derived growth factor receptor (PDGFR)-α, PDGFR-ß, vascular endothelial 
growth factor receptor (VEGFR)-2, c-Abl and c-Kit in GME and NE samples.
Results: Histological samples from four dogs with GME and three with NE were retrieved. 
All samples stained positive for PDGFR-ß (7/7 [100%]). PDGFR-α and c-Kit were expressed 
in 3/7 (42.8%) samples each. c-Abl was identified in 2/7 (28.5%) samples; no sample showed 
VEGFR-2 (0%) expression. Co-expression of TKs was identified in 6/7 (85.7%) dogs.
Conclusions: All samples were positive for at least one or more of PDGFR-α, PDGFR-ß, 
c-Kit and c-Abl, which are known as the target TKs of conventional multi-targeted 
TKIs. Their presence does suggest that these TKs may play a role in the pathogenesis 
of GME and NE. Therefore, multi-targeted TKIs may provide benefits in the treat-
ment of canine GME and NE by suppressing the activity of these TKs.
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1  | INTRODUC TION

Granulomatous meningoencephalitis (GME) and necrotizing 
encephalitis (NE) are common idiopathic inflammatory dis-
eases of the central nervous system (CNS) in dogs (Talarico and 
Schatzberg, (2010)). A histopathologic diagnosis is generally not 
available for ante-mortem examination; meningoencephalomy-
elitis of unknown aetiology (MUE) has been used as an umbrella 
term that encompasses GME and NE before histopathologic con-
firmation (Adamo, Rylander, & Adams, 2007). It usually involves 
the brain, spinal cord and/or meninges, and clinical signs typi-
cally depend upon the location and severity of the CNS lesions 
(Granger, Smith, & Jeffery, 2010). A presumptive diagnosis in the 
clinical setting is usually achieved through a multimodal approach 
that includes signalment, advanced imaging and cerebrospinal 
fluid analysis (Talarico & Schatzberg, 2010). The exact pathogen-
esis of GME and NE is still not fully understood; however, it has 
long been assumed to involve autoimmune-mediated disorders, 
and based on immunopathological analysis, several studies have 
suspected common aberrant immune responses against CNS tis-
sues (Park, Uchida, & Nakayama, 2014; Suzuki et al., 2003; Uchida, 
Park, Tsuboi, Chambers, & Nakayama, 2016).

Systemic medical therapy using a combination of glucocor-
ticoids and immunosuppressive agents is the current mainstay 
of treatment of MUE in dogs, despite the less-well-understood 
pathogenic mechanisms (Dewey, 2015; Granger et al., 2010; Jung 
et al., 2007). The reported immunosuppressive drugs include cyto-
sine arabinoside, azathioprine, lomustine, procarbazine, mycophe-
nolate mofetil, leflunomide and cyclosporine (Adamo et al., 2007; 
Barnoon et al., 2016; Flegel et al., 2011; Levine, Fosgate, Porter, 
Schatzberg, & Greer, 2008; Talarico & Schatzberg, 2010; Zarfoss 
et al., 2006). Although the efficacy of these drugs varies from 
patient to patient, the overall reported median survival time for 
canine MUE treated using combination therapy is approximately 
one to 2 years (Granger et al., 2010). This is due to a lack of un-
derstanding of the exact treatment mechanism; furthermore, most 
of these therapies are dependent only on conventional immuno-
suppressants, which can have serious adverse side effects such 
as gastrointestinal problems and secondary infection. Therefore, 
new treatment strategies that target the specific pathways in-
volved in GME and NE pathogenesis are needed.

Tyrosine kinases (TKs) are key mediators of normal cell signal-
ling that tightly regulate cell survival, growth and cell proliferation 
(Natoli et al., 2010). They are abnormally activated in malignant can-
cers and inflammatory processes, which is referred to as the dys-
regulation of TKs. Some studies on this issue have been undertaken 
in human and veterinary medicine, and targeted therapy using TK 
inhibitors (TKIs) has shown efficacy in the treatment of some malig-
nant tumors (Bavcar & Argyle, 2012; London, 2009). TKIs inhibiting 
a broad spectrum of TKs have been widely investigated in many clin-
ical settings. The most effective approach to date has been identi-
fied for small-molecule TKIs that block the ATP-binding site of TKs. 
TKIs often induce toxicities that target normal cells which require TK 

pathways for cell survival and proliferation (e.g. bone marrow, liver, 
and gastrointestine). However, a mechanism of targeted action dif-
ferent from the conventional chemotherapy or immunomodulatory 
therapy results in a much higher specificity toward target cells and 
a less general toxicity. It thus appears to be relatively safe and well 
tolerated in humans, dogs and cats (London, 2009). Generally used, 
multi-targeted small-molecule TKIs in veterinary medicine include 
imatinib, toceranib and masitinib, of which toceranib and masitinib 
have been officially approved for use in the United States and the 
European Union. Imatinib is a selective inhibitor of c-Abl, plate-
let-derived growth factor (PDGF) receptor (PDGFR) α and ß, c-Kit, 
c-fms, Lck, Flt-3 and MAPK activities (Deininger, Buchdunger, & 
Druker, 2005; Manley et al., 2010), whereas masitinib targets PDGFR 
α and ß, c-Kit and Flt-3 receptor (Dubreuil et al., 2009). Toceranib 
phosphate has inhibitory activity against c-Kit, vascular endothelial 
growth factor receptor-2 (VEGFR-2), PDGFR α and ß, Flt-3 receptor 
and FAK pathway (Leblanc et al., 2012).

Recently, the role of TKs in autoimmune disorders, especially 
rheumatoid arthritis and multiple sclerosis (MS), has been investi-
gated in numerous animal models and in human medicine (Akashi 
et al., 2011; Azizi & Mirshafiey, 2013; Coffey et al., 2012). MS is an in-
flammatory disease of the CNS in young adult humans, characterized 
by the CD4 + Th1 cell-mediated autoimmune response (Sospedra 
& Martin, 2005; Viglietta, Baecher-Allan, Weiner, & Hafler, 2004). 
TKs play an important role in multiple signal transductions in the 
pathogenesis of MS (Azizi et al., 2014). The efficacy of TKIs in MS 
has already been demonstrated, and clinical trials have attempted 
to evaluate safety and clinical benefit (Azizi, Goudarzvand, Afraei, 
Sedaghat, & Mirshafiey, 2015; Mirshafiey, Ghalamfarsa, Asghari, & 
Azizi, 2014; Vermersch et al., 2012).

Previous studies based on immunological investigations have 
suggested that GME and NE are similar to human autoimmune de-
myelinating CNS diseases such as MS (Greer et al., 2010; Munana 
& Luttgen, 1998; Talarico & Schatzberg, 2010), and that they share 
many clinical and neuropathological characteristics of neuroinflam-
mation. Based on this perspective, we hypothesized that canine GME 
and NE involve significant expression of one or more TKs, which are 
associated with human MS pathogenesis. Therefore, to determine 
the possible use of conventional multi-targeted TKIs (e.g. imatinib, 
toceranib and masitinib) as treatments for canine GME and NE, we 
characterized the immunohistochemical expression of PDGFR-α, 
PDGFR-ß, VEGFR-2, c-Abl and c-Kit in GME and NE samples.

2  | MATERIAL S AND METHODS

2.1 | Subjects and tissue samples

Formalin-fixed (in 4% paraformaldehyde in phosphate-buffered saline 
[PBS]), paraffin-embedded sections from four GME and three NE (total 
7) samples were obtained from the pathology files at the Gyeongsang 
National University Animal Medical Center (Jinju, Republic of Korea) 
and Konkuk University Veterinary Pathology Laboratory (Seoul, 
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Republic of Korea) (Table 1). The data retrieved from the medical re-
cords included signalment data and definitive histopathologic diagno-
ses. For all samples, the corresponding hematoxylin and eosin-stained 
slides were reviewed by two pathologists to confirm the diagnosis and 
to separate the lesioned tissue from areas of normal tissue.

2.2 | Immunohistochemical staining

Immunohistochemical staining was performed on 5 µm paraffin-
embedded sections. Sections were mounted on positively charged 
glass slides. The slides were then deparaffinized in xylene and rehy-
drated in ethanol. Hydrogen peroxide (3%) in phosphate-buffered 
saline (PBS) was applied to inhibit endogenous peroxidase activity 
for 20 min at room temperature. Slides were then washed three 
times with PBS. Antigen retrieval was performed subsequently 
using the heat-induced epitope retrieval method for 20 min with a 
citric acid buffer at pH 6.0 for PDGFR-α/ PDGFR-ß/VEGFR-2/c-Abl 
and an ethylenediaminetetraacetic acid (EDTA) buffer at pH 9.0 for 
c-Kit. After antigen retrieval, the slides were cooled for 20 min and 
washed three times in PBS. The slides were then incubated with 
5% goat serum (protein blocking agent) in PBS for 30 min to reduce 
nonspecific binding. Next, the sections were incubated with the ap-
propriate diluted antibodies: polyclonal rabbit anti-PDGFR-α (dilu-
tion 1:2,000; Lifespan BioSciences) for 120 min, polyclonal rabbit 
anti-PDGFR-ß (dilution 1:700; Abcam) for 120 min, polyclonal rabbit 
anti-VEGFR-2 (dilution 1:100; Abcam) for 90 min, polyclonal rabbit 
anti-c-Abl (dilution 1:800; Santa Cruz Biotechnology) for 90 min and 
polyclonal affinity isolated rabbit anti-c-Kit (dilution 1:300; DAKO, 

Glostrup, Denmark) for 180 min at room temperature. The sections 
were washed in PBS and stained with 3,3'-diaminobenzidine tet-
rahydrochloride colorimetric reagent (DAB, Vector Laboratories). 
Finally, sections were counterstained with Gill's hematoxylin for 5 s, 
dehydrated through an ethanol series and mounted with Permount 
(Fisher, Scientific, Grand Island).

Appropriate known antigen-positive tissues were used as positive 
controls (including canine cerebellar Purkinje cells for PDGFR-α, ca-
nine renal tubule for PDGFR-ß, canine mammary adenocarcinoma for 
VEGFR-2 and c-Abl and canine mast cell tumor tissue for c-Kit) to con-
firm antibody staining. Negative control experiments were carried out 
by replacing the primary antibody with the antibody dilution buffer.

2.3 | Immunohistochemical evaluation

Immunohistochemical evaluation assessed the staining positivity of 
each TK and the staining intensity and distribution of TK-positive 
cells based on previously described methods (Walters, Martin, Price, 
& Sula, 2018). Overall staining intensity was graded as no immu-
nostaining, weak immunostaining or moderate and intense immu-
nostaining at ×40 magnification and given a score ranging from 0 to 3 
(Table 2). The distribution of positively stained cells (% cells affected) 
was evaluated in randomly selected five separate fields at ×200 
magnification and was graded as follows: 0%, 1%–9%, 10%–50% or 
51%–100% and given a score ranging from 0 to 3 (Table 2). The im-
munohistochemical results were reviewed by two pathologists.

2.4 | Statistical analysis

Fisher's exact tests were used to determine if the immunohisto-
chemical evaluation was statistically associated with sample groups 
(GME and NE) for each of the five TKs. Statistical analysis was per-
formed using SPSS 19 software statistics, and P-values < .05 were 
considered statistically significant.

3  | RESULTS

3.1 | Sample demographics

Tissue samples were available for this study from seven dogs that 
had died from MUE. Affected tissue samples were obtained after 

TA B L E  1   Signalment characteristics and definitive diagnoses of 
dogs enrolled in this study

Dog Breed Gender
Age 
(years) Diagnosis

1 Mixed Breed Dog F 10 GME

2 Pomeranian F 2 GME

3 Chihuahua M 1 GME

4 Maltese F 8 GME

5 Miniature Poodle F 2 NE

6 Maltese F 4 NE

7 Shih Tzu F 8 NE

Abbreviations: GME, granulomatous meningoencephalitis; NE, 
necrotizing encephalitis.

TA B L E  2   Immunohistochemistry scoring protocol

Parameter on × 40 
magnification

Intensity 
score

Parameter on × 200 
magnification

Distribution 
score

Staining intensity No immunostaining 0 Staining distribution 0% 0

Weak 1 1%–9% 1

Moderate 2 10%–50% 2

Intense 3 51%–100% 3
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necropsy, and a definitive diagnosis was achieved by histopathologic 
examination. Of these seven samples, four were from dogs with 
GME and three with NE (Table 1). Six different breeds were present, 
and all the breeds were small breeds. The median age was five years 
(range, 1–10 years). Six dogs were female (85.7%), and one dog was 
male (14.3%).

3.2 | Immunohistochemistry

Affected brain tissues were separated from areas of normal brain tis-
sue and used for immunohistochemical staining. Table 3 summarizes 
the immunohistochemical results of all seven tissue samples.

PDGFR-ß was expressed in seven of seven (100%) cases, includ-
ing four cases of GME and three of NE (Figure 1 and Table 4). All 
samples showed moderate to intense staining intensity; three of 
seven (42.9%) had moderate expression, and four of seven (57.1%) 
had intense expression. In three (42.9%) cases, between 1% and 
9% of cells expressed PDGFR-ß, whereas in two (28.6%) samples, 
10%–50% of cells and in two (28.6%) samples, 51%–100% of cells 
expressed PDGFR-ß.

PDGFR-α was expressed in three of seven (42.9%) cases, includ-
ing one of GME and two of NE (Figure 2 and Table 4). Of these, one 
of seven (14.3%) had weak expression, and two of seven (28.6%) had 
moderate expression. In one (14.3%) case between 1% and 9% of 
cells expressed PDGFR-α; in one (14.3%) case, 10%–50% of cells and 
in another (14.3%), 51%–100% of cells expressed PDGFR-α.

c-Kit was expressed in three of seven (42.9%) cases, including 
one of GME and two of NE (Figure 2 and Table 4). Of these, one 
of seven (14.3%) had weak expression, and two of seven (28.6%) 
had moderate expression. In one dog (14.3%), between 1% and 9% 
of cells, and in two (28.6%) dogs, between 10% and 50% of cells 
expressed c-Kit.

c-Abl was identified in two of seven (28.6%) cases, including one 
of GME and one of NE (Figure 2 and Table 4). Among these, one 
of seven (14.3%) had weak staining, and one (14.3%) had moder-
ate staining intensity. In one case (14.3%), between 1% and 9% of 
cells and in another case (14.3%), between 10% and 50% of cells 
expressed c-Abl.

VEGFR-2 was not detected in any of the GME and NE cases (0%) 
(Table 4).

There was no statistically significant association between GME 
and NE samples in terms of expression positivity for each of the five 
TKs (all p > .05).

Co-expression of TKs was identified in six dogs (85.7%). One 
dog (14.3%) expressed three TKs; five dogs (71.4%) expressed two 
TKs; in one case (14.3%), only one TK (PDGFR-ß) was expressed. Of 
the co-expressed samples with PDGFR-ß expression, three cases 
(42.9%) showed co-expression of PDGFR-α, three cases (42.9%) 
showed co-expression of c-Kit and two cases (28.6%) showed co-ex-
pression of c-Abl.

4  | DISCUSSION

It is well known that TKs play an important role in the pathogenesis 
of malignant tumors and inflammatory processes and in human and 
veterinary medicine. To date, many novel TKIs are being increasingly 
developed by pharmaceutical companies, and several TKIs have 

TA B L E  3   Immunohistochemistry scorings of cases enrolled in 
this study

Dog

PDGFR-α PDGFR-ß VEGFR−2 c-Abl c-Kit

I D I D I D I D I D

1 0 0 2 2 0 0 0 0 2 2

2 2 2 3 1 0 0 0 0 0 0

3 0 0 2 2 0 0 0 0 0 0

4 0 0 3 3 0 0 2 2 0 0

5 0 0 3 1 0 0 0 0 2 2

6 1 1 3 1 0 0 0 0 0 0

7 2 3 2 3 0 0 1 1 1 1

Abbreviations: D, Distribution; I, Intensity; PDGFR, Platelet-Derived 
Growth Factor Receptor; VEGFR, Vascular Endothelial Growth Factor 
Receptor.

F I G U R E  1   Immunohistochemical expression of PDGFR-ß for each brain parenchymal tissue sample (a to g; cases 1 to 7). PDGFR-β 
expression was relatively moderate to intense in all samples. The majority of the samples had > 10% staining distribution (distribution 
score ≥ 2). Magnification, ×200; Scale bar size, 70 μm
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been officially approved for the treatment of human and animal 
cancers. With active research on targeted therapy using TKIs in the 
field of oncology, further studies have recently been conducted to 
evaluate their use in autoimmune disorders. Among the autoimmune 
diseases, neuroinflammation in MS is one of the most promising re-
search fields for TK and TKI applications (Liu et al., 2014). Despite 
this ongoing research on the application of TKIs in human and animal 

models of MS, the role of TKs and their efficacy in canine GME and 
NE have not yet been evaluated.

We have attempted to assess the expression of PDGFR-α, 
PDGFR-ß, VEGFR-2, c-Abl and c-Kit in canine GME and NE using 
immunohistochemical staining. These TKs are the therapeutic tar-
gets for widely used multi-targeted TKIs (e.g. imatinib, toceranib and 
masitinib) in veterinary medicine. Based on the expression of these 

Expression of TK Expression
GME 
(n = 4)

NE 
(n = 3)

Total 
(n = 7) %

PDGFR-α Expression (total) 1 (1/4) 2 (2/3) 3 (3/7) 42.9

Staining intensity Weak (1) 0 1 1 14.3

Moderate (2) 1 1 2 28.6

Intense (3) 0 0 0

Staining 
distribution

1%–9% (1) 0 1 1 14.3

10%–50% (2) 1 0 1 14.3

51%–100% (3) 0 1 1 14.3

PDGFR-ß Expression (total) 4 (4/4) 3 (3/3) 7 (7/7) 100

Staining intensity Weak (1) 0 0 0

Moderate (2) 2 1 3 42.9

Intense (3) 2 2 4 57.1

Staining 
distribution

1%–9% (1) 1 2 3 42.9

10%–50% (2) 2 0 2 28.6

51%–100% (3) 1 1 2 28.6

VEGFR−2 Expression (total) 0 (0/4) 0 (0/3) 0 (0/7) 0

Staining intensity Weak (1) 0 0 0

Moderate (2) 0 0 0

Intense (3) 0 0 0

Staining 
distribution

1%–9% (1) 0 0 0

10%–50% (2) 0 0 0

51%–100% (3) 0 0 0

c-Abl Expression (total) 1 (1/4) 1 (1/3) 2 (2/7) 28.6

Staining intensity Weak (1) 0 1 1 14.3

Moderate (2) 1 0 1 14.3

Intense (3) 0 0 0

Staining 
distribution

1%–9% (1) 0 1 1 14.3

10%–50% (2) 1 0 1 14.3

51%–100% (3) 0 0 0

c-Kit Expression (total) 1 (1/4) 2 (2/3) 3 (3/7) 42.9

Staining intensity Weak (1) 0 1 1 14.3

Moderate (2) 1 1 2 28.6

Intense (3) 0 0 0

Staining 
distribution

1%–9% (1) 0 1 1 14.3

10%–50% (2) 1 1 2 28.6

51%–100% (3) 0 0 0

TA B L E  4   TK expression in seven 
samples
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TKs, we tried to show the applicability of TKIs in therapy for GME 
and NE and surmised their potential role in disease pathogenesis. To 
the authors’ knowledge, this is the first study to describe the expres-
sion of TKs in canine GME and NE.

In this current study, two different subtypes were compared, and 
there was no significant difference in the expression positivity of each 
TKs between GME and NE. All samples stained positive for PDGFR-ß 
(100%), with the majority of samples exhibiting relatively intense stain-
ing and broad distribution. This result was more evident than the ex-
pression of other TKs, and there was no significant difference in the 
PDGFR-ß positivity between GME and NE. PDGFR-α, which is the 
isoform receptor of PDGFR-ß, was expressed in 42.9% of the samples, 
but was relatively less intensely and broadly expressed than PDGFR-ß. 
Based on these results, we suspected that each PDGFR has a different 
role in the disease process. These two receptor isoforms bind differ-
ently with each PDGF ligand and elicit its biological activity through 
signal transduction (Claesson-Welsh, 1994). Although the specific role 
of the two different PDGFRs in the autoimmune disease process is still 
under investigation, astrocyte proliferation largely depends on signal-
ling mediated by both PDGFRs, and strong upregulation of PDGFRs 
was well described by a previous study of experimental autoimmune 
encephalomyelitis (EAE), a mouse model of MS (Koehler et al., 2008; 
Luo & Miller, 1999).

Astrocytes are specialized supportive glial cells that are 
thought to play a number of active roles in the brain, including 
the physical structuring of the CNS, metabolism and synaptic 
transmission, as well as responding to pathological insults (Nair, 
Frederick, & Miller, 2008; Sofroniew & Vinters, 2010; Williams, 
Piaton, & Lubetzki, 2007). The proliferation of astrocytes (reac-
tive astrogliosis) has an intimate association with the pathogen-
esis of CNS diseases in several ways. Tissue healing impairment 
and scar formation by reactive astrogliosis are well-recognized 

contributing factors of MS deterioration (Crespo et al., 2011). 
The compromise of the blood-brain barrier (BBB) is another neg-
ative pathogenic process of astrogliosis (Williams et al., 2007). 
Astrogliosis also contributes to the disruption of immune re-
sponses and glutamate homeostasis in CNS (Karpiak, Bridges, 
& Eyer, 2001; Nair et al., 2008; Werner, Pitt, & Raine, 2001). 
Similarly, the activation of astrocytes is closely related to the 
pathology of canine MUE (Coates & Jeffery, 2014). Astrocytes 
were considered as a common target cell type of autoantibod-
ies in GME and NE, suggesting a vital role in the autoimmune 
CNS disease process (Matsuki et al., 2004; Matsuki, Takahashi, 
Yaegashi, Tamahara, & Ono, 2009). According to this perspec-
tive, we could also observe the area of prominent inflamma-
tory cell infiltration around the astrocytes and these astrocytes 
showed high expression levels of PDGFRs (Figures 1 and 2a–c). 
Therefore, the overexpression of PDGFRs and the related astro-
cyte activation are thought to play a significant role in canine 
GME and NE pathogenesis.

A few studies investigating PDGFR have demonstrated that up-
regulated PDGFR-α promotes oligodendrocyte maturation and re-
myelination (Maeda et al., 2001; Wilson, Scolding, & Raine, 2006), 
suggesting a beneficial effect of PDGFR-α in the MS disease pro-
cess. In contrast, recent studies have emphasized that PDGFR-ß 
is crucial for vascular stabilization and that aberrant expression 
of this receptor contributes to the pathogenesis of immune-medi-
ated disorders, including EAE (Carmeliet, 2005; Crespo et al., 2011; 
Zhang et al., 2009). Thus, it is speculated that the overexpression 
of PDGFR-ß in the lesions could have a more detrimental effect on 
disease status than that of PDGFR-α. In addition, given the strong 
expression of PDGFR-ß in all samples of our study, we surmised 
that this TK could be involved in key aspects of the pathogenesis of 
GME and NE, and targeted therapy for overexpressed PDGFR-ß may 

F I G U R E  2   Expression of PDGFR-α (A 
to C; cases 2, 6 and 7), c-kit (d to f; cases 
1, 5 and 7) and c-Abl (g to h; cases 4 and 7) 
for each brain parenchymal tissue sample. 
All TK-expressing samples showed mild 
to moderate staining intensity (intensity 
score 1 to 2). All except one (c; Case 7, 
Distribution score 3) of the samples had 
1%–50% staining distribution (distribution 
score 1 to 2). Magnification, ×200; Scale 
bar size, 70 μm
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have potential as an effective treatment modality for GME and NE. 
However, further studies will be required to fully understand the re-
lationship between the expression of each PDGFR and immune-me-
diated CNS inflammation in dogs.

c-Kit expression was found in a moderate number of samples 
(42.9%, 3/7) with relatively moderate staining intensity and distri-
bution in this study. Up to now no studies have ever tried to evalu-
ate the role of c-Kit in canine immune-mediated CNS inflammation. 
However, in the last few years, several articles have been devoted 
to the study of c-Kit in autoimmune disorders including MS and 
EAE, and the role of c-Kit in autoimmune disease pathogene-
sis through mast cells is well described (Benoist & Mathis, 2002; 
Piconese et al., 2011). c-Kit is a stem cell factor receptor and acts 
as a key controller receptor for mast cell development and func-
tioning (Maeda, Nishiyama, Ogawa, & Okumura, 2010; Maeda 
et al., 2001). The high expression of c-kit in mast cells enhances 
their cell development, degranulation and release of chemokines 
and cytokines (Safavi et al., 2015). Mast cells are a dense cell pop-
ulation in the meninges and near the vessels involved in MS and 
EAE (Sayed, Christy, Quirion, & Brown, 2008). Mast cells play an 
important role in CNS demyelination and the initial entrance of 
myelin-specific T-cells by disrupting BBB permeability in the ini-
tial phases of MS (Bebo, Yong, Orr, & Linthicum, 1996; Hershko & 
Rivera, 2010; Sayed, Christy, Walker, & Brown, 2010). Their other 
contribution to the disease process is releasing large amounts of 
proinflammatory mediators and recruiting other inflammatory 
cells; therefore, they play a critical role in sustaining CNS inflamma-
tion (Kinet, 2007). For instance, the presence of mast cells and the 
percentage of degranulated mast cells in the CNS have been found 
to correlated with the severity and clinical onset of immune-me-
diated neuroinflammatory disease (Brenner, Soffer, Shalit, & Levi-
Schaffer, 1994; Secor, Secor, Gutekunst, & Brown, 2000). Although 
it has not yet been studied in NE, a study on GME showed mast 
cell infiltration in the lesions in all cases (20/20), and a significantly 
larger number of mast cells was found in dogs with the acute form 
of the disease (Demierre et al., 2001). Based on these perspectives, 
we hypothesized that mast cells might also influence the disease 
pathogenesis and clinical status of canine GME and NE. Although 
mast cells were not evaluated in this study, c-Kit expression was 
clearly identified in partial samples with moderate intensity and 
distribution. Therefore, targeted therapies directed at blocking 
c-Kit and/or mast cell action, in conjunction with the standard 
treatment of disease, may provide more efficacious treatment op-
tions for GME and NE. Furthermore, conventional multi-targeted 
TKIs mentioned above such as imatinib, toceranib and mastinib, 
which can directly block both c-Kit and PDGFR-ß may also be a 
meaningful aid in treatment of GME and NE. However, the relevant 
c-Kit and mast cell functions in these diseases have remained elu-
sive, and further well-designed studies are required to confirm the 
clinical importance of these factors in canine GME and NE.

c-Abl is a member of the Src family of non-receptor TKs and par-
ticipates in diverse signalling pathways that govern cellular prolifer-
ation, differentiation and apoptosis. c-Abl has been shown to play 

a fundamental role in the development and function of the CNS 
(Koleske et al., 1998), and several studies have been conducted to 
reveal its role in various neurological diseases. However, the asso-
ciation of c-Abl with immune-mediated CNS diseases has not yet 
been studied. Although one recent study has suggested the role of 
c-Abl in autoimmunity (Veillette, Rhee, Souza, & Davidson, 2009), 
further studies are needed to help clarify the role of this TK in ca-
nine MUE.

VEGF is a multifunctional mediator of blood vessel physiology, 
including vasculogenesis and angiogenesis. VEGF induces endothe-
lial-specific mitogenesis and vascular hyperpermeability and acts as 
a chemoattractant to inflammatory cells (Clauss, 2000). A previous 
study of autoimmune CNS disease suggested that the overexpression 
of VEGF may exacerbate the inflammatory response by multiple bio-
activities: increased vascular permeability, BBB breakdown, the ex-
pression of major histocompatibility complex (MHC), the upregulation 
of adhesion molecules on endothelial cells and macrophage chemo-
attraction (Proescholdt, Jacobson, Tresser, Oldfield, & Merrill, 2002). 
Particularly, the BBB has been considered an important pathologic 
site in CNS autoimmunity (Gay & Esiri, 1991; Moor, de Vries, de Boer, 
& Breimer, 1994). BBB disruption and perivascular abnormality have 
also been considered typical features of canine GME and NE, and 
these abnormalities are known as key factors in the disease process 
(Plummer, Wheeler, Thrall, & Kornegay, 1992; Sorjonen, 1990). VEGFR-
2, the receptor of VEGF, was not detected in GME and NE samples in 
this study. The VEGFR-2 expression was not detected even in the sites 
with marked perivascular mononuclear cell infiltration (Figure 1a,d,g), 
suggesting that the results might be more meaningful. According to 
this result, although various factors are known to affect the vascular 
and BBB integrity of the CNS, it may be suggested that VEGF is not 
always associated with the pathogenesis of GME and NE. Moreover, it 
is unlikely that therapy targeted to VEGFR will always be rewarding for 
subjects with GME and NE.

The relatively small sample size and selective sampling from indi-
vidual tissue sections were the most marked limitations of this study. 
The small sample size limited sufficient comparisons of the expression 
rates of each TK and made a sufficient comparison between the two 
subgroups difficult. Furthermore, as the samples used in the study 
were collected from the most prominent lesion in each case and 
were evaluated in randomly selected microscopic fields, there was a 
clear limit to representing the TK expression in the entire specimen. 
Another weakness of this study was the lack of information about the 
histopathologic features, treatment and survival of the subjects. The 
changes in TK expression pattern according to histopathological fea-
ture, treatment used and clinical course are expected to be meaningful 
in canine GME and NE. Thus, further large retrospective studies with 
detailed medical records are needed to clarify the role of TKs.

5  | CONCLUSION

Known targets of conventional multi-targeted TKIs were found to 
be expressed in canine GME and NE in this study. It was found that 
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all samples exhibited positive immunostaining for at least one TK, 
and various co-expression patterns were identified in each of the 
seven cases analysed. Although positive expression of PDGFR-α, 
PDGFR-ß, c-Kit and c-Abl does not suggest specific functional 
activities, their presence does suggest that these kinases may 
play a role in the pathogenesis and development of GME and NE. 
Furthermore, PDGFR-ß staining was significantly more intense 
and diffuse than that of other TKs in all samples, indicating that 
PDGFR-ß may be involved in key aspects of the disease. We thus 
conclude that multi-targeted therapy with TKIs may provide ben-
efits in the treatment of canine GME and NE by suppressing the 
activity of these TKs. An investigation of the clinical application of 
TKIs in dogs with GME and NE should also be pursued in the future.
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