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Abstract: Theiler’s murine encephalomyelitis (TME) represents a versatile animal model for
studying the pathogenesis of demyelinating diseases such as multiple sclerosis. Hallmarks of
TME are demyelination, astrogliosis, as well as inflammation. Previous studies showed that matrix
metalloproteinase 12 knockout (Mmp12−/− ) mice display an ameliorated clinical course associated
with reduced demyelination. The present study aims to elucidate the impact of MMP12 deficiency
in TME with special emphasis on astrogliosis, macrophages infiltrating the central nervous system
(CNS), and the phenotype of microglia/macrophages (M1 or M2). SJL wild-type and Mmp12−/−
mice were infected with TME virus (TMEV) or vehicle (mock) and euthanized at 28 and 98 days post
infection (dpi). Immunohistochemistry or immunofluorescence of cervical and thoracic spinal cord
for detecting glial fibrillary acidic protein (GFAP), ionized calcium-binding adaptor molecule 1 (Iba1),
chemokine receptor 2 (CCR2), CD107b, CD16/32, and arginase I was performed and quantitatively
evaluated. Statistical analyses included the Kruskal–Wallis test followed by Mann–Whitney U post
hoc tests. TMEV-infected Mmp12−/− mice showed transiently reduced astrogliosis in association
with a strong trend (p = 0.051) for a reduced density of activated/reactive microglia/macrophages
compared with wild-type mice at 28 dpi. As astrocytes are an important source of cytokine production,
including proinflammatory cytokines triggering or activating phagocytes, the origin of intralesional
microglia/macrophages as well as their phenotype were determined. Only few phagocytes in
wild-type and Mmp12−/− mice expressed CCR2, indicating that the majority of phagocytes are
represented by microglia. In parallel to the reduced density of activated/reactive microglia at
98 dpi, TMEV-infected Mmp12−/− showed a trend (p = 0.073) for a reduced density of M1 (CD16/32and CD107b-positive) microglia, while no difference regarding the density of M2 (arginase I- and
CD107b-positive) cells was observed. However, a dominance of M1 cells was detected in the spinal
cord of TMEV-infected mice at all time points. Reduced astrogliosis in Mmp12−/− mice was associated
with a reduced density of activated/reactive microglia and a trend for a reduced density of M1 cells.
This indicates that MMP12 plays an important role in microglia activation, polarization, and migration
as well as astrogliosis and microglia/astrocyte interaction.
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1. Introduction
Theiler’s murine encephalomyelitis (TME) represents a well-established animal model for the
primary and secondary progressive form of multiple sclerosis (MS; [1–5]). TME virus (TMEV)
infection of susceptible mice (such as SJL mice) with low neurovirulent TMEV strains (such as
BeAn) results in a biphasic disease course consisting of an acute polioencephalitis followed by a
chronic, progressive leukomyelitis with demyelination, astrogliosis, and virus persistence in the spinal
cord [4,6–8]. Essential hallmarks of TME are progressive gait disabilities, including ataxia, progressing
to spastic paresis; progressive demyelination based on a delayed-type hypersensitivity reaction,
initially targeting viral antigens and later myelin components; astrogliosis; and axonal degeneration
and loss [7,9–13]. Spinal cord inflammation starts approximately four weeks postinfection and
progressively increases over time in parallel with astrogliosis and deposition of various extracellular
matrix proteins [7]. The inflammatory reaction predominantly consists of microglia/macrophages
and lymphocytes leading to axonal degeneration and demyelination [7,13]. TMEV has been
detected in numerous central nervous system (CNS) cell types, including neurons, oligodendrocytes,
microglia, and astrocytes, depending on the respective stage postinfection [14–19]. Degenerative
changes predominate in infected neurons and oligodendrocytes, leading to axonal loss and
demyelination, whereas infected microglia/macrophages and astrocytes secrete numerous cytokines
and chemokines including interferon (IFN) α/β, IL-1, IL-12, tumor necrosis factor (TNF), IL-10,
and monocyte chemotactic protein 1, thereby inducing an antiviral immune response [4,6,20–29]. In this
context, matrix metalloproteinases (MMPs) play an important role since they are involved in
physiological processes such as angiogenesis, axonal growth, myelinogenesis, and neurogenesis
as well as in pathological conditions such as inflammation, demyelination, and blood-brain barrier
breakdown [30]. In addition, MMP12 has been shown to cleave a wide range of myelin and extracellular
matrix molecules in vitro, and the upregulation of MMP12 has been demonstrated in MS, TME,
and experimental autoimmune encephalomyelitis [6]. In addition, previous studies showed an
intralesional expression of MMP12 in astrocytes as well as microglia/macrophages [31]. Furthermore,
infection of matrix-metalloproteinase-12-deficient (Mmp12−/− ) mice with the BeAn strain of TMEV
resulted in an improved clinical course, reduced demyelination, as well as a reduced intralesional
number of microglia/macrophages in the spinal cord [6]. These observations suggest that MMP12 has
an essential impact on the development and/or progression of demyelinating diseases of the CNS.
Therefore, it was hypothesized that a lack of MMP12 in TMEV-infected mice is responsible for the
reduced number of microglia/macrophages and plays a role in microglia/macrophage activation as
well as polarization. Microglia/macrophages can be classified into different categories according
to their cytokine expression pattern [32]. “Classically activated” macrophages, also called M1
cells, are involved in T helper cell type 1 (Th1) responses, mainly defense orientated, and release
proinflammatory cytokines such as TNF, IL-1, IL-6, IL-23, chemokine ligand (CCL)2, CCL3, CCL5,
reactive oxygen and nitrogen species, matrix metalloproteinases (MMP1, -2, -7, -9, and -12), inducible
nitric oxide synthetase (iNOS), the FcR types CD16/32/64, and MHCII [32–35]. In contrast, M2 cells,
also called “alternatively activated” macrophages, are induced by T helper cell type 2 (Th2) cytokines
such as IL-4 or IL-13 and mainly show anti-inflammatory and regenerative properties such as removal
of debris [17,31,32,35]. M2 cells express a broad spectrum of cytokines and enzymes including
IL-10, CCL17, CCL22, IL1RII, CD163, scavenger receptors, factor XIII, fibronectin, cyclooxygenase I,
and arginase I [32,35,36]. It is known from in vitro studies that TMEV infection itself has an essential
impact upon the phenotype of microglia [17]. However, translation of the M1/M2 concept from in vitro
to in vivo is discussed controversially, especially since the original M1/M2 data are derived from
in vitro research with cultivated macrophages [37]. Future studies integrating genome-wide expression
profiles of microglia originating from in vivo studies, such as animal models in combination with
computational biology approaches with epigenetic analyses, will provide a more holistic classification
of microglia [37,38].
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Microglia constantly monitor the CNS environment and rapidly respond to triggers such as
infection, injury, or stress by changing their morphology and/or their cytokine expression profile [38].
The ability of microglia to transform and reorient their processes towards any site of interest within
the CNS is so apparent that it is frequently used as an estimate for microglial activation [37]. Microglia
activation preceding astrogliosis has been reported for many diseases [38]. As astrocytes, among
other factors, are crucially involved in the activation of microglia/macrophages and vice versa,

reduction/ablation of astrocytes may contribute to reduced microglia activation [39]. Therefore, the
next step was to quantify the overall density of microglia/macrophages as well as the density of
ramified/resting microglia/macrophages, activated/reactive microglia/macrophages, and gitter cells
(Figure 2).
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2.2. Phenotyping of Microglia/Macrophages in the Spinal Cord
Discrimination between extravasated blood-borne macrophages and microglia in the inflamed
spinal cord based on morphology is impossible. This obstacle can be overcome by using
immunohistochemistry targeting chemokine receptor 2 (CCR2; [40]). This marker is expressed
on blood-borne macrophages but not on microglia [40]. In the present study, quantification of
CCR2-labeled cells in the spinal cord revealed only few positive cells in TMEV-infected wild-type
and Mmp12−/− mice. This finding indicates that phagocytes in the spinal cord predominantly consist
of microglia.
The distribution of CD16/32- and CD107b-positive cells (M1 cells) in the spinal cord matched the
distribution of CD107b-positive cells in TMEV-infected animals (wild-type, Mmp12−/− ). M1 cells were
mainly located in the ventral part of the spinal cord and showed a strong cytoplasmic expression of
CD16/32 and CD107b. Mock-infected animals showed few M1 cells compared with TMEV-infected
wild-type and Mmp12−/− mice (Figure 4). The density of M1 cells was increased in TMEV-infected
animals compared with mock-infected animals at 28 and 98 dpi and increased over time (Figure 4).
Furthermore, a trend (p = 0.073) towards reduced M1 cell density in TMEV-infected Mmp12−/−
compared with wild-type mice was detected at 28 dpi (Figure 4).
Arginase I- and CD107b-positive cells (M2 cells) were mainly detected in the ventral part of the
spinal cord. Mock-infected animals showed only a few positive cells compared with TMEV-infected
wild-type and Mmp12−/− mice (Figure 4). At 98 dpi, the density of M2 cells was increased in
TMEV-infected compared with mock-infected wild-type and Mmp12−/− mice (Figure 4). However,
some CD107b-positive cells expressed CD16/32 and arginase I, indicating intermediate stages of
microglia/macrophages, possibly underlining their flexibility to switch between phenotypes and
presumably contributing to the observed variability of M1/M2 cells in wild-type and Mmp12−/− mice.
Identifying the predominant phenotype of microglia in TMEV-infected wild-type and Mmp12−/−
mice was performed by calculating the fold change of M1 and M2 cells at 28 and 98 dpi (Figure 4).
TMEV-infected groups at all investigated time points showed a fold change larger than 1, indicating
the dominance of M1 cells. Although significant differences between TMEV-infected groups were
not detected, TMEV-infected Mmp12−/− mice showed a trend (p = 0.073) towards a reduced M1 fold
change at 28 dpi (Figure 4).
3. Discussion
MMPs are considered to greatly contribute to the pathogenesis of demyelinating diseases such
as MS [41,42]. MMP12 is upregulated in MS and its animal model TME, indicating a possible key
role of this molecule in the pathogenesis of demyelinating diseases [6,41,43]. In addition, TMEV
infection of Mmp12−/− mice leads to a reduced degree of demyelination, supporting the assumption
that MMP12 substantially contributes to demyelination [6]. The aim of the present study was to
elucidate the mechanisms contributing to the reduced degree of demyelination in Mmp12-deficient
mice during TME. Therefore, major focus was given to glia cells with a special emphasis on astrocytes
and microglia/macrophages. In this context, in a previous study, an ablation of astrocytes in
cuprizone-induced (toxic) demyelination resulted in the insufficient/nonoccurrence of myelin-debris
removal and microglia activation [39]. This led to the hypothesis that astrocytes are crucially involved
in microglia activation and recruitment. In the present study, a reduced fold change of astrocytes
in Mmp12−/− mice compared with wild-type mice was detected at 28 dpi, while no difference was
present at 98 dpi. These observations indicate that the ablation of Mmp12 may be directly or indirectly
responsible for delayed astrocyte proliferation. As astrocytes, especially TMEV-infected astrocytes, are
major sources of TNF and IL-12 production [18], delayed astrocyte proliferation may result in reduced
activation of microglia and/or have an impact on the phenotype of microglia.
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Contribution of Microglia and Macrophages to TME
Microglia/macrophages are major contributors to inflammation in demyelinating diseases such
as MS [35,36,44,45]. However, the quantitative contribution of CNS-infiltrating monocytes to spinal
cord inflammation in TME has not been investigated so far. In the present study, CCR2 was applied
as a marker for CNS-invading blood-borne macrophages [40]. Low numbers of CCR2-positive cells
were detected in the spinal cord of TMEV-infected wild-type and Mmp12−/− mice at 28 and 98
dpi, indicating that the majority of phagocytes contributing to inflammation represent microglia.
Furthermore, investigation of the migratory capacity of Mmp12−/− and wild-type microglia revealed
a reduced migratory capacity of Mmp12−/− microglia in vitro (Figure 3). Therefore, the reduced
number of microglia in Mmp12−/− mice may be attributed to reduced astrogliosis, facilitating a
restricted/insufficient activation of Mmp12-deficient microglia and a reduced migratory capacity of
Mmp12−/− microglia or a combination of both [46,47].
Furthermore, the reduced degree of demyelination may result from altered microglial activation
and migration, also influencing the M1/M2 balance in TMEV-infected Mmp12−/− mice. Phagocytes
have been classified into proinflammatory, classically activated (M1) cells as well as anti-inflammatory,
alternatively activated (M2) cells [35]. M1 cells produce toxic intermediates such as reactive oxygen
species as well as reactive nitrogen species, which are necessary to mediate host defense against
different pathogens [36]. In contrast, M2 cells are associated with the regulation of tissue repair, wound
healing, and debris scavenging [48,49]. In the present study, a dominance of M1 cells (M1/M2 fold
change always larger than 1) was present in TMEV-infected wild-type and Mmp12−/− mice at all
investigated time points. Interestingly, a trend towards a reduced density of M1 cells in Mmp12−/−
mice was detected at 28 dpi, while there was no change in the density of arginase I-positive cells at all
investigated time points. This was accompanied by reduced astrogliosis at 28 dpi followed by a reduced
density of microglia at 98 dpi in TMEV-infected Mmp12−/− mice compared with TMEV-infected
wild-type mice. These data indicate that a lack of MMP12 results in reduced astrogliosis followed
by reduced microgliosis, which is mainly attributed to a decreased number of M1 cells but has no
impact, however, on the number of M2 cells. Nonetheless, the predominant phenotype of microglia in
the spinal cord was still represented by M1 (M1 dominance), indicating a progressive inflammatory
disease/milieu in the spinal cord lacking or with insufficient counter-regulatory mechanisms of
M2 cells.
4. Materials and Methods
SJL.129X-Mmp12tm1Sds (Mmp12−/− ) and SJL/JOlaHsd (wild-type) mice were used for all
experiments [6]. They were housed in isolated ventilated cages (Tecniplast, Hohenpeibenberg,
Germany), fed a standard rodent diet (R/M-H; Ssniff Spezialdiäten GmbH, Soest, Germany) ad
libitum, and had free access to tap water [6,50,51]. All animal experiments were conducted in
accordance with the German law for animal protection and with the European Communities Council
Directive 86/609/EEC for the protection of animals used for experimental purposes (Niedersächsisches
Landesamt für Verbraucherschutz- und Lebensmittelsicherheit (LAVES), Oldenburg, Germany,
permission number: 33.9-42502-04-08/1609).
4.1. In Vitro Investigation of Microglia Migration
Microglia were isolated from the neocortex of 5–10, 1–3-day-old Mmp12−/− and wild-type
mice using mechanical dissociation and incubation in calcium-free phosphate-buffered saline (PBS)
containing 0.8 g/L of Na-EDTA, 2 mg/mL of trypsin, and 0.2 mg/mL of DNase I (Roche Diagnostics,
Mannheim, Germany) as previously described [17,52]. Cells were centrifuged at 250× g at 4 ◦ C for
10 min followed by resuspension in Sato’s medium supplemented with 10% fetal calf serum (FCS,
Biochrom, Berlin, Germany) and singulation by fire-polished Pasteur pipettes. Thereafter, cells were
seeded at a density of 6.6 × 105 cells/cm2 in poly-L-lysine-coated flasks (Nunc, Wiesbaden, Germany).
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When cells reached confluency, microglia were isolated by shaking flasks on a rotatory platform
(Innova™ 2000; New Brunswick Scientific, New Jersey, NJ, USA) at 37 ◦ C at 150 rpm shaker for 45 min.
The enriched microglia cultures displayed a purity of at least 90%, as confirmed by immunostaining
targeting Iba1.
The migration ability of wild-type and Mmp12−/− microglia was assessed by a transwell migration
assay. Microglia were seeded on uncoated 24-well Millicell® cell culture inserts with a pore diameter
of 8 µm (Merck KGaA, Darmstadt, Germany) at a density of 10,000 cells/well in minimal essential
medium Sato’s medium. The lower chamber additionally contained 10% FCS as a chemoattractant.
After 6 h of incubation of the transwell systems at 37 ◦ C and 5% CO2 , migrated cells were scraped,
cytospin preparations and Pappenheim staining were performed, and migrated cells were counted.
4.2. Virus Infection
Intracerebral infection of 5–6-week-old wild-type and Mmp12−/− mice with 4.6 × 107 PFU/mouse
of the BeAn strain of TMEV or cell culture supernatant (mock) was performed as previously
described [6,42,49]. TMEV- and mock-infected mice were killed at 28 (mock-infected: n = 6 wild-type,
n = 6 Mmp12−/− mice; TMEV-infected: n = 6 wild-type, n = 7 Mmp12−/− mice) and 98 (mock-infected:
n = 6 wild-type, n = 7 Mmp12−/− mice; TMEV-infected: n = 7 wild-type, n = 7 Mmp12−/− mice) dpi
as previously described [6]. From all animals, segments of cervical and thoracic spinal cord were
fixed in 10% formalin or snap frozen in Tissue-Tek® O.C.T.™ Compound (Sakura Finetec Europe B.V.,
Zoeterwoude, the Netherlands).
4.3. Immunohistochemistry
Formalin-fixed, paraffin-embedded 2–3-µm-thick cross sections of cervical and thoracic spinal
cord were stained using antibodies targeting Iba1 (polyclonal rabbit, diluted 1:500, Thermo Fisher
Scientific, Rockford, Illinois, IL, USA), GFAP (polyclonal rabbit, diluted 1:1000, Dako Diagnostika,
Hamburg, Germany), and CCR2 (polyclonal goat, diluted 1:50, Abcam, Cambridge, United Kingdom)
followed by a biotinylated secondary antibody (Table 1). Antibody binding was visualized using
the avidin–biotin–peroxidase complex method (ABC; Vector Laboratories, Burlingame, CA, USA)
followed by 3,30 -diaminobenzidine-tetrahydrochloride and counterstaining with Mayer’s hemalaun.
The number of labeled cells in the white matter of the cervical and thoracic spinal cord was counted
and calculated as the average density (number of immunolabeled cells in cervical and thoracic spinal
cord white matter/white matter area of cervical and thoracic spinal cord). For Iba1, in addition,
subpopulations of resting/ramified and activated/reactive microglia as well as gitter cells were counted
in the cervical and thoracic spinal cord white matter. Activated/reactive microglia were identified
by expanded soma, enlargement, and partial process deramification as previously described [38,53].
Gitter cells were detected as enlarged cells with abundant, vacuolated, and/or foamy cytoplasm.
The fold change of GFAP-positive cells was calculated by dividing the number of GFAP-positive cells
in the white matter of the cervical and thoracic spinal cord in TMEV-infected mice by the mean number
of GFAP-positive cells in the white matter of the cervical and thoracic spinal cord of mock-infected mice.
4.4. Immunofluorescence
Methanol-fixed, 3–4-µm-thick frozen sections of cervical and thoracic spinal cord were washed
with 0.1% Triton-X-100 in PBS and nonspecific binding was blocked by incubation with 20%
goat serum prior to incubation with the respective primary and secondary antibodies (Table 1).
Cell nuclei were labeled using bisbenzimide followed by mounting of the slides with fluorescent
mounting medium (Dako Diagnostika, Hamburg, Germany). Total numbers of CD107b-positive
cells (microglia/macrophages), CD16/32- and CD107b-positive cells (M1 cells), as well as arginase
I- and CD107b-positive cells (M2 cells) were counted in the cervical and thoracic spinal cord
segments at 28 and 98 dpi. For detecting M1 and M2 cells, consecutive serial sections were used
for immunofluorescence labeling targeting CD107b and CD16/32 or arginase I, respectively. CD16/32
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is expressed on various cell types, including neutrophils, natural killer cells, and B cells [54].
Therefore, only cells showing a colocalization of CD16/32 and CD107b were counted as M1 cells.
Immunofluorescence pictures were superimposed and colocalization of markers was visualized using
the negative multiplication function of color layers in Adobe Photoshop™. Fold change for M1 and
M2 cells was calculated by dividing the number of M1 cells by the number of M2 cells for each group
at each time point.
Table 1. Summary of antibodies used for detecting and discriminating astrocytes as well as microglia
and/or macrophages.
Primary Antibody

Vendor

Dilution

Arginase I

Santa Cruz

1:50

CD107b
CD16/32

AbD Serotec
BD Pharmingen

1:200
1:25

CCR2

Abcam

1:50

GFAP

Dako Diagnostika

1:1000

Iba1

Thermo Fisher
Scientific

1:500

Secondary
Antibody
Donkey anti-goat
dylight 488
Goat anti-rat Cy3
Goat anti-rat Cy3
Rabbit anti-goat,
biotin
Goat anti-rabbit,
biotin
Goat anti-rabbit,
biotin

Vendor

Jackson
Immunoresearch
Vector
Vector
Vector

4.5. Statistical Analysis
Statistical analysis was performed using SPSS for Windows (version 17.0; SPSS, Chicago, Illinois,
IL, USA). The Kruskal–Wallis test followed by Mann–Whitney U post hoc tests were chosen as
nonparametric tests for independent samples comparing four or two groups, respectively. Statistical
significance was accepted at a p-value < 0.05.
5. Conclusions
Mmp12−/− mice showed reduced astrogliosis associated with reduced numbers of
activated/reactive microglia. Despite observing a trend towards a reduced M1 phenotype,
TMEV-infected Mmp12−/− mice showed a dominance of proinflammatory M1 microglia in the spinal
cord during the demyelinating phase of TME. These data indicate that MMP12 constitutes an important
effector molecule involved in microglial migration, activation, and polarization as well as glial scarring.
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IFN
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days postinfection
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matrix metalloproteinase 12 knockout mice
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Theiler’s murine encephalomyelitis
Theiler’s murine encephalomyelitis virus
tumor necrosis factor

References
1.
2.
3.
4.
5.

6.

7.

8.

9.
10.

11.

12.
13.

Kim, B.S.; Palma, J.P.; Kwon, D.; Fuller, A.C. Innate immune response induced by Theiler’s murine
encephalomyelitis virus infection. Immunol. Res. 2005, 31, 1–12. [CrossRef]
Lipton, H.L. Theiler’s virus infection in mice: An unusual biphasic disease process leading to demyelination.
Infect. Immun. 1975, 11, 1147–1155. [PubMed]
Stohlman, S.A.; Hinton, D.R. Viral induced demyelination. Brain Pathol. 2001, 11, 92–106. [CrossRef]
[PubMed]
Gerhauser, I.; Hansmann, F.; Ciurkiewicz, M.; Löscher, W.; Beineke, A. Facets of Theiler’s Murine
Encephalomyelitis Virus-Induced Diseases: An Update. Int. J. Mol. Sci. 2019, 20, 448. [CrossRef] [PubMed]
Leitzen, E.; Jin, W.; Herder, V.; Beineke, A.; Elmarabet, S.A.; Baumgärtner, W.; Hansmann, F. Comparison of
Reported Spinal Cord Lesions in Progressive Multiple Sclerosis with Theiler’s Murine Encephalomyelitis
Virus Induced Demyelinating Disease. Int. J. Mol. Sci. 2019, 20, 989. [CrossRef] [PubMed]
Hansmann, F.; Herder, V.; Kalkuhl, A.; Haist, V.; Zhang, N.; Schaudien, D.; Deschl, U.; Baumgärtner, W.;
Ulrich, R. Matrix metalloproteinase-12 deficiency ameliorates the clinical course and demyelination in
Theiler’s murine encephalomyelitis. Acta Neuropathol. 2012, 124, 127–142. [CrossRef]
Haist, V.; Ulrich, R.; Kalkuhl, A.; Deschl, U.; Baumgärtner, W. Distinct spatio-temporal extracellular matrix
accumulation within demyelinated spinal cord lesions in Theiler’s murine encephalomyelitis. Brain Pathol.
2012, 22, 188–204. [CrossRef]
Herder, V.; Iskandar, C.D.; Kegler, K.; Hansmann, F.; Elmarabet, S.A.; Khan, M.A.; Kalkuhl, A.; Deschl, U.;
Baumgärtner, W.; Ulrich, R.; Beineke, A. Dynamic Changes of Microglia/Macrophage M1 and M2
Polarization in Theiler’s Murine Encephalomyelitis. Brain Pathol. 2015, 25, 712–723. [CrossRef]
Miller, S.D.; Olson, J.K.; Croxford, J.L. Multiple pathways to induction of virus-induced autoimmune
demyelination: Lessons from Theiler’s virus infection. J. Autoimmun. 2001, 16, 219–227. [CrossRef]
Dal Canto, M.C.; Calenoff, M.A.; Miller, S.D.; Vanderlugt, C.L. Lymphocytes from mice chronically
infected with Theiler’s murine encephalomyelitis virus produce demyelination of organotypic cultures after
stimulation with the major encephalitogenic epitope of myelin proteolipid protein. Epitope spreading in
TMEV infection has functional activity. J. Neuroimmunol. 2000, 104, 79–84.
Katz-Levy, Y.; Neville, K.L.; Padilla, J.; Rahbe, S.; Begolka, W.S.; Girvin, A.M.; Olson, J.K.; Vanderlugt, C.L.;
Miller, S.D. Temporal development of autoreactive Th1 responses and endogenous presentation of self
myelin epitopes by central nervous system-resident APCs in Theiler’s virus-infected mice. J. Immunol. 2000,
165, 5304–5314. [CrossRef]
Tompkins, S.M.; Fuller, K.G.; Miller, S.D. Theiler’s virus-mediated autoimmunity: Local presentation of CNS
antigens and epitope spreading. Ann. N. Y. Acad. Sci. 2002, 958, 26–38. [CrossRef]
Kreutzer, M.; Seehusen, F.; Kreutzer, R.; Pringproa, K.; Kummerfeld, M.; Claus, P.; Deschl, U.; Kalkul, A.;
Beineke, A.; Baumgärtner, W.; Ulrich, R. Axonopathy is associated with complex axonal transport defects in
a model of multiple sclerosis. Brain Pathol. 2012, 22, 454–471. [CrossRef]

Int. J. Mol. Sci. 2019, 20, 1702

14.

15.

16.
17.

18.

19.
20.

21.
22.
23.
24.

25.

26.

27.

28.
29.
30.
31.

32.
33.

12 of 14

Kummerfeld, M.; Meens, J.; Haas, L.; Baumgärtner, W.; Beineke, A. Generation and characterization of a
polyclonal antibody for the detection of Theiler’s murine encephalomyelitis virus by light and electron
microscopy. J. Virol. Methods 2009, 160, 185–188. [CrossRef]
Kummerfeld, M.; Seehusen, F.; Klein, S.; Ulrich, R.; Kreutzer, R.; Gerhauser, I.; Herder, V.; Baumgärtner, W.;
Beineke, A. Periventricular demyelination and axonal pathology is associated with subependymal virus
spread in a murine model for multiple sclerosis. Intervirology 2012, 55, 401–416. [CrossRef]
Olson, J.K.; Girvin, A.M.; Miller, S.D. Direct activation of innate and antigen-presenting functions of microglia
following infection with Theiler’s virus. J. Virol. 2001, 75, 9780–9789. [CrossRef]
Gerhauser, I.; Hansmann, F.; Puff, C.; Kumnok, J.; Schaudien, D.; Wewetzer, K.; Baumgärtner, W. Theiler’s
murine encephalomyelitis virus induced phenotype switch of microglia in vitro. J. Neuroimmunol. 2012, 252,
49–55. [CrossRef]
Zheng, L.; Calenoff, M.A.; Dal Canto, M.C. Astrocytes, not microglia, are the main cells responsible for viral
persistence in Theiler’s murine encephalomyelitis virus infection leading to demyelination. J. Neuroimmunol.
2001, 118, 256–267. [CrossRef]
Qi, Y.; Dal Canto, M.C. Effect of Theiler’s murine encephalomyelitis virus and cytokines on cultured
oligodendrocytes and astrocytes. J. Neurosci. Res. 1996, 45, 364–374. [CrossRef]
Frisk, A.L.; Baumgärtner, W.; Gröne, A. Dominating interleukin-10 mRNA expression induction in
cerebrospinal fluid cells of dogs with natural canine distemper virus induced demyelinating and
non-demyelinating CNS lesions. J. Neuroimmunol. 1999, 97, 102–109. [CrossRef]
Gröne, A.; Alldinger, S.; Baumgärtner, W. Interleukin-1beta, -6, -12 and tumor necrosis factor-alpha expression
in brains of dogs with canine distemper virus infection. J. Neuroimmunol. 2000, 110, 20–30. [CrossRef]
Gröne, A.; Fonfara, S.; Baumgärtner, W. Cell type-dependent cytokine expression after canine distemper
virus infection. Viral Immunol. 2002, 15, 493–505. [CrossRef]
Oleszak, E.L.; Chang, J.R.; Friedman, H.; Katsetos, C.D.; Platsoucas, C.D. Theiler’s virus infection: A model
for multiple sclerosis. Clin. Microbiol. Rev. 2004, 17, 174–207. [CrossRef]
Anderson, R.; Harting, E.; Frey, M.S.; Leibowitz, J.L.; Miranda, R.C. Theiler’s murine encephalomyelitis virus
induces rapid necrosis and delayed apoptosis in myelinated mouse cerebellar explant cultures. Brain Res.
2000, 868, 259–267. [CrossRef]
Jin, Y.H.; Hou, W.; Kim, S.J.; Fuller, A.C.; Kang, B.; Goings, G.; Miller, S.D.; Kim, B.S. Type I interferon signals
control Theiler’s virus infection site, cellular infiltration and T cell stimulation in the CNS. J. Neuroimmunol.
2010, 226, 27–37. [CrossRef]
Jin, Y.H.; Mohindru, M.; Kang, M.H.; Fuller, A.C.; Kang, B.; Gallo, D.; Kim, B.S. Differential virus replication,
cytokine production, and antigen-presenting function by microglia from susceptible and resistant mice
infected with Theiler’s virus. J. Virol. 2007, 81, 11690–11702. [CrossRef]
Palma, J.P.; Kwon, D.; Clipstone, N.A.; Kim, B.S. Infection with Theiler’s murine encephalomyelitis virus
directly induces proinflammatory cytokines in primary astrocytes via NF-kappaB activation: Potential role
for the initiation of demyelinating disease. J. Virol. 2003, 77, 6322–6331. [CrossRef] [PubMed]
Palma, J.P.; Kim, B.S. The scope and activation mechanisms of chemokine gene expression in primary
astrocytes following infection with Theiler’s virus. J. Neuroimmunol. 2004, 149, 121–129. [CrossRef]
Sato, F.; Tanaka, H.; Hasanovic, F.; Tsunoda, I. Theiler’s virus infection: Pathophysiology of demyelination
and neurodegeneration. Pathophysiology 2011, 18, 31–41. [CrossRef]
Rosenberg, G.A. Matrix metalloproteinases and their multiple roles in neurodegenerative diseases. Lancet
Neurol. 2009, 8, 205–216. [CrossRef]
Ranf, S.; Wünnenberg, P.; Lee, J.; Becker, D.; Dunkel, M.; Hedrich, R.; Scheel, D.; Dietrich, P. Loss of the
vacuolar cation channel, AtTPC1, does not impair Ca2+ signals induced by abiotic and biotic stresses. Plant J.
2008, 53, 287–299. [CrossRef] [PubMed]
Hanisch, U.K. Functional diversity of microglia—How heterogeneous are they to begin with? Front. Cell
Neurosci. 2013, 7, 65. [CrossRef] [PubMed]
Levchenko, V.; Guinot, D.R.; Klein, M.; Roelfsema, M.R.; Hedrich, R.; Dietrich, P. Stringent control of
cytoplasmic Ca2+ in guard cells of intact plants compared to their counterparts in epidermal strips or guard
cell protoplasts. Protoplasma 2008, 233, 61–72. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 1702

34.

35.
36.
37.
38.

39.

40.

41.
42.

43.

44.

45.

46.
47.

48.
49.
50.

51.

52.

13 of 14

Kigerl, K.A.; Gensel, J.C.; Ankeny, D.P.; Alexander, J.K.; Donnelly, D.J.; Popovich, P.G. Identification of two
distinct macrophage subsets with divergent effects causing either neurotoxicity or regeneration in the injured
mouse spinal cord. J. Neurosci. 2009, 29, 13435–13444. [CrossRef] [PubMed]
David, S.; Kroner, A. Repertoire of microglial and macrophage responses after spinal cord injury. Nat. Rev.
Neurosci. 2011, 12, 388–399. [CrossRef] [PubMed]
Kirkley, K.S.; Popichak, K.A.; Afzali, M.F.; Legare, M.E.; Tjalkens, R.B. Microglia amplify inflammatory
activation of astrocytes in manganese neurotoxicity. J. Neuroinflamm. 2017, 14, 99. [CrossRef]
Ransohoff, R.M. A polarizing question: Do M1 and M2 microglia exist? Nat. Neurosci. 2016, 19, 987–991.
[CrossRef] [PubMed]
Walker, F.R.; Beynon, S.B.; Jones, K.A.; Zhao, Z.; Kongsui, R.; Cairns, M.; Nilsson, M. Dynamic structural
remodelling of microglia in health and disease: A review of the models, the signals and the mechanisms.
Brain Behav. Immun. 2014, 37, 1–14. [CrossRef] [PubMed]
Skripuletz, T.; Hackstette, D.; Bauer, K.; Gudi, V.; Pul, R.; Voss, E.; Berger, K.; Kipp, M.; Baumgärtner, W.;
Stangel, M. Astrocytes regulate myelin clearance through recruitment of microglia during cuprizone-induced
demyelination. Brain 2013, 136 Pt 1, 147–167. [CrossRef]
Saederup, N.; Cardona, A.E.; Croft, K.; Mizutani, M.; Cotleur, A.C.; Tsou, C.L.; Ransohoff, R.M.; Charo, I.F.
Selective chemokine receptor usage by central nervous system myeloid cells in CCR2-red fluorescent protein
knock-in mice. PLoS ONE 2010, 5, e13693. [CrossRef] [PubMed]
Javaid, M.A.; Abdallah, M.N.; Ahmed, A.S.; Sheikh, Z. Matrix metalloproteinases and their pathological
upregulation in multiple sclerosis: An overview. Acta Neurol. Belg. 2013, 113, 381–390. [CrossRef] [PubMed]
Mirshafiey, A.; Asghari, B.; Ghalamfarsa, G.; Jadidi-Niaragh, F.; Azizi, G. The Significance of Matrix
Metalloproteinases in the Immunopathogenesis and Treatment of Multiple Sclerosis. Sultan Qaboos University
Med. J. 2014, 14, e13–e25. [CrossRef]
Ulrich, R.; Baumgärtner, W.; Gerhauser, I.; Seeliger, F.; Haist, V.; Deschl, U.; Alldinger, S. MMP-12,
MMP-3, and TIMP-1 are markedly upregulated in chronic demyelinating theiler murine encephalomyelitis.
J. Neuropathol. Exp. Neurol. 2006, 65, 783–793. [CrossRef]
Raddatz, B.B.; Hansmann, F.; Spitzbarth, I.; Kalkuhl, A.; Deschl, U.; Baumgärtner, W.; Ulrich, R.
Transcriptomic meta-analysis of multiple sclerosis and its experimental models. PLoS ONE 2014, 9, e86643.
[CrossRef] [PubMed]
Lucchinetti, C.; Brück, W.; Parisi, J.; Scheithauer, B.; Rodriguez, M.; Lassmann, H. Heterogeneity of multiple
sclerosis lesions: Implications for the pathogenesis of demyelination. Ann. Neurol. 2000, 47, 707–717.
[CrossRef]
Hautamaki, R.D.; Kobayashi, D.K.; Senior, R.M.; Shapiro, S.D. Requirement for macrophage elastase for
cigarette smoke-induced emphysema in mice. Science 1997, 277, 2002–2004. [CrossRef]
Shipley, J.M.; Wesselschmidt, R.L.; Kobayashi, D.K.; Ley, T.J.; Shapiro, S.D. Metalloelastase is required
for macrophage-mediated proteolysis and matrix invasion in mice. Proc. Natl. Acad. Sci. USA 1996, 93,
3942–3946. [CrossRef] [PubMed]
Simard, A.R.; Rivest, S. Neuroprotective effects of resident microglia following acute brain injury. J. Comp.
Neurol. 2007, 504, 716–729. [CrossRef] [PubMed]
Edwards, J.P.; Zhang, X.; Frauwirth, K.A.; Mosser, D.M. Biochemical and functional characterization of three
activated macrophage populations. J. Leukoc. Biol. 2006, 80, 1298–1307. [CrossRef] [PubMed]
Herder, V.; Hansmann, F.; Stangel, M.; Schaudien, D.; Rohn, K.; Baumgärtner, W.; Beineke, A. Cuprizone
inhibits demyelinating leukomyelitis by reducing immune responses without virus exacerbation in an
infectious model of multiple sclerosis. J. Neuroimmunol. 2012, 244, 84–93. [CrossRef]
Hansmann, F.; Pringproa, K.; Ulrich, R.; Sun, Y.; Herder, V.; Kreutzer, M.; Baumgärtner, W.; Wewetzer, K.
Highly malignant behavior of a murine oligodendrocyte precursor cell line following transplantation into the
demyelinated and nondemyelinated central nervous system. Cell Transplant. 2012, 21, 1161–1175. [CrossRef]
[PubMed]
Kumnok, J.; Ulrich, R.; Wewetzer, K.; Rohn, K.; Hansmann, F.; Baumgärtner, W.; Alldinger, S. Differential
transcription of matrix-metalloproteinase genes in primary mouse astrocytes and microglia infected with
Theiler’s murine encephalomyelitis virus. J. Neurovirol. 2008, 14, 205–217. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 1702

53.
54.

14 of 14

Davis, E.J.; Foster, T.D.; Thomas, W.E. Cellular forms and functions of brain microglia. Brain Res. Bull. 1994,
34, 73–78. [CrossRef]
de Andres, B.; Mueller, A.L.; Verbeek, S.; Sandor, M.; Lynch, R.G. A regulatory role for Fcgamma receptors
CD16 and CD32 in the development of murine B cells. Blood 1998, 92, 2823–2829. [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

