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Chapter 1 Introduction 

1.1. General introduction 

Multiple sclerosis (MS) is the most frequent demyelinating disease of the central 

nervous system (CNS), affecting more than 2.5 million people in the western world 

(COMPSTON and COLES, 2008; MECHA et al., 2013). The pathologic hallmarks of 

MS are inflammation and demyelination but its etiologic cause is still unknown 

(MECHA et al., 2013). At present, there is no possibility to cure the disease but 

immune modulating therapies, at least when administered in the early relapsing-

remitting phase, can delay its progression (JONES and COLES, 2010; LOMA and 

HEYMAN, 2011; POLMAN et al., 2011). The use of experimental animal models for 

MS such as the Theiler´s murine encephalomyelitis virus (TMEV) infection of 

susceptible mouse strains represents a powerful tool for studying the pathogenesis of 

demyelination, mechanisms of remyelination and for testing the safety and efficiency 

of therapeutics prior to use in human clinical trials  (DENIC et al., 2011; PACHNER, 

2011). Based on previous investigations in Theiler’s murine encephalomyelitis (TME), 

it has been hypothesized that matrix metalloproteinase (MMP)-12 is a key mediator 

in the process of demyelination in the early and/or late phase of the disease, 

respectively. 

Therefore, the aim of this thesis was to elucidate whether MMP-12 deficiency has 

beneficial or detrimental effects upon axono-glial interactions. Special emphasis was 

given to the question whether MMP-12 deficiency leads to an activation of different 

microglia/macrophage subsets (pro-inflammatory M1, anti-inflammatory M2) or a 

phenotype switch of microglia/macrophages during TME. The obtained data will give 

an insight into the pathogenesis of demyelinating diseases and might offer new 

targets for the establishment of treatment strategies for demyelinating diseases 

including MS. 
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1.2. Theiler’s murine encephalomyelitis (TME) 

TME represents an important virus-induced mouse model for studying demyelination, 

astrogliosis, axonal and neuronal loss as observed during primary- (PPMS) and/or 

secondary-progressive (SPMS) MS (TSUNODA et al., 2000; OLESZAK et al., 2004; 

STAVROU et al., 2010). In 1934 Max Theiler discovered a clinical disorder in 

laboratory mice which is now known as TME (THEILER, 1934; LIPTON, 1975). TME 

virus (TMEV) was initially isolated from one mouse showing a flaccid paralysis of the 

hind limbs. With an intracerebral injection of a preparation from brain and spinal cord 

of the diseased mouse into the central nervous system (CNS) of healthy mice Max 

Theiler was able to reproduce the disease (THEILER, 1937; LIPTON, 1975). After an 

incubation period of 7 to 30 days infected mice showed a paralysis of one or more 

limbs. Histopathologically, an encephalomyelitis with multifocal perivascular 

infiltrations as well as a necrosis of neurons in cerebrum and the anterior horn of the 

spinal cord was observed (THEILER, 1937).  

 

1.2.1. Virus structure 

TMEV is a single-stranded RNA virus with positive polarity, belonging to the family of 

Picornaviridae, genus Cardiovirus. Its RNA genome consists of 8105 nucleotides 

(GenBank Acc No: M20562) coding for 12 mature proteins arranged in the order 5′-L, 

VP4, VP2, VP3, VP1, 2A, 2B, 2C, 3A, 3B, 3C, 3D-3 (OLESZAK et al., 2004; BRAHIC 

et al., 2005). Protein L* is encoded by an alternative open reading frame (ORF) 

overlapping the ORF encoding the viral polyprotein (Figure 1; VAN EYLL and 

MICHIELS, 2002; SORGELOOS et al., 2013). Translation of both the viral 

polyprotein and the L* protein depends on a ribosome internal entry site (IRES) 

located in the 5' non-coding region of the genome (VAN EYLL and MICHIELS, 2002). 

However, the L* protein is essential for virus-persistence within the CNS (BRAHIC et 

al., 2005). VP1, VP2, VP3, and VP4 are capsid proteins, while proteins 2A, 2B, 2C, 

3A, 3B, 3C, and 3D are directly or indirectly required for virus replication (Figure 1, 

OLESZAK et al., 2004). Recently, several amino acids within the capsid have been 

identified as important factor for establishing a persistent infection (JAROUSSE et al., 
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1994). Furthermore, it has been suggested that virus persistence depends on a 

conformational determinant requiring homologous sequences in both the VP2 puff 

and VP1 loop regions, both in close contact to the surface of the virion (ADAMI et al., 

1998). 

 

 

 

 

 

 

Figure 1: Theiler's murine encephalomyelitis virus genome (adapted from PEVEAR 

et al., 1987; OLESZAK et al., 2004; TAKANO-MARUYAMA et al., 2006; BAIDA et al., 

2008; KREUTZER, 2011; PAVELKO et al., 2011). Internal ribosome entry site (IRES) 

represents a nucleotide sequence, responsible for translation initiation of all viral 

proteins. The leader protein (L) is required for virion assembly. L* protein, 

synthesized out-of-frame with the polyprotein, is necessary for TMEV-persistence 

and demyelination. VP1, VP2, VP3 and VP4 are capsid proteins and proteins 2A, 2B, 

2C, 3A, 3B, 3C and 3D are involved in viral replication. 

 

1.2.2. The outcome of TMEV infection is mouse and virus strain specific 

The susceptibility to TMEV-induced demyelinating disease is mouse strain specific. 

The main difference between susceptible and resistant mouse strains is that 

susceptible mouse strains show virus persistence in the CNS (DAL CANTO et al., 

1996). The following mouse strains are highly susceptible to TMEV infection: SJL/J, 

DBA/1, DBA/2, SWR, PL/J and NZW mice while C3H, CBA, AKR, C57BR are known 

to be intermediately susceptible. Furthermore, BALB/c, C57BL/6, C57BL/10, C57/L, 

129/Jm and H-2D(b) are resistant to chronic TMEV infection (LIPTON and DAL 

CANTO, 1979; DAL CANTO et al., 1995). The H-2D region within the class I major 

histocompatibility complex (MHC) has been shown to be important in determining 

susceptibility/resistance to chronic TMEV infection (RODRIGUEZ and DAVID, 1985; 

RODRIGUEZ et al., 1986; RODRIGUEZ and DAVID, 1995). The expression of H-
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2Dd in susceptible B10.Q (H-2q) and B10.S (H-2s) mice by crossing them with D8 

mice (H-2Dd, resistant haplotype) dramatically suppressed demyelination and 

reduced the number of virus positive cells in the spinal cord 45 days following 

infection (RODRIGUEZ and DAVID, 1995).  

Furthermore, based on the course of the disease TMEV strains are divided into two 

major subgroups: GDVII and Theiler's original (TO). The GDVII group (including 

GDVII and FA strains), is known to consist of high-neurovirulent strains. Intracerebral 

infection of mice with GDVII virus strains induces a severe polioencephalomyelitis 

which can be fatal within a disease course of 1 to 2 weeks (LIPTON, 1975) or the 

virus can be cleared from the CNS within four weeks post infection (TSUNODA et al., 

2001). Highly neurovirulent TMEV strains induce both, neuronal necrosis in brain and 

spinal cord as well as an infiltration/activation of mononuclear cells (MNCs), including 

CD3+ T lymphocytes as well as microglia/macrophages (TSUNODA et al., 1997; 

TSUNODA et al., 2007a). Viral antigen can be found in neurons in the cerebral 

cortex, the hippocampus and the anterior horns of the spinal cord following infection 

with GDVII virus strains (TSUNODA et al., 1997).  

In contrast, the TO group including the DA and BeAn strains, resembles a group of 

virus strains with low neurovirulence. Although DA and BeAn strains both belong to 

TO group and their capsid proteins reveal a 93% amino acid homology, infected SJL 

mice show a different disease course depending on the used virus strain (OLESZAK 

et al., 2004). However, intracerebral infection with low-neurovirulent strains induces a 

biphasic disease composed of an acute polioencephalitis lasting about one week 

which is followed in susceptible mice by a chronic progressive, inflammatory and 

demyelinating leucomyelitis and virus persistence within the CNS (LIPTON and DAL 

CANTO, 1976; JAROUSSE et al., 1994; DAL CANTO et al., 1996; TSUNODA and 

FUJINAMI, 1996; TSUNODA et al., 1999). In the acute phase inflammatory cells are 

predominantly lymphocytes as well as microglia/macrophages (BEGOLKA et al., 

1998; MURRAY et al., 1998a; OLESZAK et al., 2004). Inflammatory infiltrates are 

mainly seen periventricularly in the brain and in the anterior horns of the spinal cord 

(LINDSLEY and RODRIGUEZ, 1989). In the chronic phase (starting around 30 days 

post infection), multiple layers of perivascularly arranged lymphocytes and 
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macrophages (perivascular cuffing) are present. Lymphocytes and macrophages can 

cross the blood brain- and blood spinal cord-barrier and infiltrate into the 

neuroparenchyma (LINDSLEY and RODRIGUEZ, 1989). In addition to inflammatory 

cell infiltrations, demyelination predominantly in the spinal cord white matter as well 

as axonal alterations are described (MCGAVERN et al., 2000; HANSMANN et al., 

2012; HERDER et al., 2012; KREUTZER et al., 2012). At the same time a variable 

but incomplete degree of remyelination is seen (MCGAVERN et al., 1999; ULRICH et 

al., 2008; ULRICH et al., 2010). Target cells of the virus differ between the acute and 

chronic phase of the disease (ZHENG et al., 2001). While in the acute phase viral 

antigen is detected in neurons (similar to observations of GDVII strains) in the 

chronic phase virus primarily infects microglia/macrophages, astrocytes and 

oligodendrocytes but spares neurons (JAROUSSE et al., 1994; KUMMERFELD et 

al., 2012). The restriction of viral RNA replication may play a central role for virus 

persistence. As listed above, TMEV is known to infect a lot of cell types in vitro and in 

vivo including neurons, astrocytes, oligodendrocytes, microglia and blood borne 

macrophages but the final locus and mechanism of virus persistence is still unknown 

(CLATCH et al., 1990; QI and DAL CANTO, 1996). However, TMEV infection of 

resistant mouse strains results in an acute polioencephalitis, these mice lack a 

chronic demyelinating phase because the virus is cleared from the CNS about three 

weeks following infection (TSUNODA and FUJINAMI, 1996; OLESZAK et al., 2004).  

 

1.2.3. TMEV replication and persistence 

Neurons are the main target cells for TMEV in the acute phase of the disease while 

in the chronic phase mainly glial cells including astrocytes and oligodendrocytes as 

well as macrophages are affected (DAL CANTO and LIPTON, 1982). Since 

microglia/macrophages are positive for viral antigen the following questions remain: 

Firstly, can TMEV effectively replicate in those cells or do they just phagocytize the 

virus and secondly, are microglia/macrophages the host cells for virus persistence? 

LIPTON et al. (1995) showed, that TMEV positive macrophages are localized within 

demyelinating lesions with virus antigen in the cytoplasm and not in phagolysosomes 

indicating that TMEV replication can take place in macrophages. The observation of 
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foamy microglia/macrophages (gitter cells) positive for viral antigen in the chronic 

phase of the disease gives a further indication that macrophages are involved in 

TMEV persistence (OLESZAK et al., 1997; OLESZAK et al., 2004). 

The main mechanism leading to demyelination is a delayed-type hypersensitivity 

(DTH) reaction which involves mainly Th-1 lymphocytes and microglia/macrophages 

(LIUZZI et al., 1995; OLSON and MILLER, 2005). Microglia/macrophages are known 

to produce tissue damage including oligodendrocyte apoptosis and demyelination by 

secretion of soluble molecules like matrix metalloproteinases (MMPs) and tumor 

necrosis factor (TNF; TANNENBAUM et al., 1993; LIUZZI et al., 1995; 

AKASSOGLOU et al., 1998). TNF-producing cells have been identified in TMEV-

induced lesions in the active as well as in the chronic phase with the main difference 

that the number of TNF-positive cells is higher in resistant mouse strains like  

C57BL/6 or BALB/c compared to SJL/J mice (INOUE et al., 1996).  

 

1.2.4. The importance of lymphocytes during TME 

Viral epitopes VP1 (233-250), VP2 (74-86), and VP3 (24-37) are the targets of most 

T cell responses against TMEV (YAUCH et al., 1995). In this context, CD4 positive 

lymphocytes play an important role in the acute as well as in the chronic phase of the 

disease (OLESZAK et al., 2004; SATO et al., 2011). TMEV infection of CD4 knockout 

mice on a C57BL/6 genetic background showed in contrast to wild type C57BL/6 

mice virus persistence associated with chronic demyelination (MURRAY et al., 

1998b). Furthermore, CD4 knockout mice on a SJL/J genetic background show a 

markedly increased amount of demyelination (MURRAY et al., 1998b). In addition, 

treatment of TMEV-infected immune-competent mice with monoclonal antibodies 

(mAb) targeting L3T4 T cells before the demyelinating phase of the disease resulted 

in a decreased incidence of animals with paralysis (WELSH et al., 1987). 

Furthermore, Early application of the mAb GK1.5, which is directed against class II-

restricted T cells, in combination with virus infection (± 1 day) leads to an enhanced 

demyelination, encephalitis and mortality in the majority of animals (RODRIGUEZ 

and SRIRAM, 1988).  
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Another subset of T lymphocytes namely class I-restricted, CD8 positive T-cells play 

a critical role in the development of the chronic demyelinating phase (OLESZAK et al., 

2004). In this context, treatment of TMEV-infected mice with mAB 2.43 targeting 

class I-restricted T lymphocytes in combination with virus infection (± 1 day) or when 

demyelination is evident (day 16 ± 1 day) leads to a reduction of meningitis and 

demyelination in the spinal cord (RODRIGUEZ and SRIRAM, 1988). CD8 deficient 

C57BL/6 mice are susceptible to TMEV develop chronic demyelination in 

combination with virus persistence (RODRIGUEZ and SRIRAM, 1988).  Therefore, 

CD8+ T cells are considered to be responsible for virus clearance and crucially to 

prevent the development of chronic demyelination in TME. 

Conclusively, CD4+ and CD8+ positive lymphocytes are crucially involved in the 

pathogenesis of TME. The following hypothesis, how immunity leads to 

demyelination during infectious diseases, are known: bystander activation, epitope 

spread, and molecular mimicry (MECHA et al., 2013). At first bystander 

activation/demyelination represents an unspecific mechanism, frequently occurring in 

chronic viral infections and leading to an activation of lymphocytes which secrete 

inflammatory molecules leading to tissue damage (MECHA et al., 2013). In this 

context, epitope spreading can occur as a consequence of de novo activation of 

autoreactive T cells following a demasking of normally hidden antigens during virus-

induced inflammation/tissue destruction or by virus-specific T cells (KATZ-LEVY et al., 

2000; MECHA et al., 2013). Last, molecular mimicry represents an immunological 

cross-reactivity between foreign pathogens (e.g. viruses) and self-epitopes finally 

leading to an autoimmune reaction (FUJINAMI et al., 1983; CHASTAIN and MILLER, 

2012; MECHA et al., 2013). 
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1.3. Axons and their importance in diseases of the central nervous system 

Axonal alterations also called axonopathies have been detected in various 

neurodegenerative as well as demyelinating diseases of the CNS like MS 

(BJARTMAR et al., 2003; DELUCA et al., 2004), canine distemper encephalitis 

(SEEHUSEN and BAUMGÄRTNER, 2010; IMBSCHWEILER et al., 2012; LEMPP et 

al., 2014), TME (TSUNODA and FUJINAMI, 2002; TSUNODA et al., 2003; 

KREUTZER et al., 2012; KUMMERFELD et al., 2012), and experimental autoimmune 

encephalomyelitis (EAE; BANNERMAN and HAHN, 2007; HERRERO-HERRANZ et 

al., 2008; SOULIKA et al., 2009). It has been proposed that reversible neurological 

disability results from inflammatory brain lesions while axonal loss is considered to be 

the major cause of permanent disability (FERGUSON et al., 1997; ARNOLD, 1999). 

However, since it is impossible to study the whole process of axonal pathology in 

living human patients, animal models of demyelination like TME and EAE are 

frequently used.  

 

1.3.1. Structure of axons and axonal transport 

Axons are responsible for signal transfer and processing from one neuron to another, 

even over very large distances (DEBANNE et al., 2011; CHOWDARY et al., 2012). 

Axons have a well-structured cytoskeleton, composed of three main components: 

microtubules, neurofilaments and an actin-network (FILLIATREAU et al., 1988). 

Microtubules are made up of polymerized α- and β-tubulin dimers, showing a distinct 

polarity which is important for their biological function (WEISENBERG, 1972). 

Microtubules can be interconnected or linked to other neurofilaments by microtubule 

associated proteins (MAPs) like MAP1, MAP2 or tau protein (COUCHIE et al., 1985; 

RAMIREZ et al., 1999). MAPs are able to stabilize and destabilize microtubules, 

guiding microtubules towards specific cellular locations (AL-BASSAM et al., 2002). 

Neurofilaments (NFs) are 10 nm large, class IV intermediate filaments which can be 

classified according to their molecular weight into three classes: 200 kilodalton (kD) 

heavy (NF-H), 150 kD medium (NF-M) and 68 kD light (NF-L) subunits (HOFFMAN 

and LASEK, 1975; HIROKAWA, 1982). NFs are synthesized in the neuronal cell 

http://en.wikipedia.org/wiki/Tubulin
http://en.wikipedia.org/wiki/Protein_dimer
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body as non-phosphorylated proteins which subsequently become phosphorylated 

during axonal transport (SIHAG et al., 2007; RUDRABHATLA, 2014). Under 

physiological conditions, NFs are transported from the cell body to the axon by slow 

axonal transport (ROY et al., 2000). Axonal transport can be bidirectional 

anterograde as well as retrograde (FRANCIS et al., 2005). Over heavily 

phosphorylated sidearm-domains can induce bundling of filaments that coincide with 

a reduction in motility (LETERRIER et al., 1996). Most of the neuronal proteins are 

synthesized in the cell body and finally transported by motor proteins (CAMPENOT 

and ENG, 2000; MOHR and RICHTER, 2000). Recently three main classes of motor 

proteins are known: kinesins, dyneins, and myosins. Kinesins represent intracellular, 

microtubule (MT)-based anterograde transport proteins in contrast to the family of 

dyneins, which mediate retrograde transport (VALE, 2003). In addition, vesicles and 

organelles are also transported by kinesins and dyneins, however their transport is 

faster compared to that of cytoskeleton components like microtubules or 

neurofilaments (ROY et al., 2000; WANG et al., 2000). 

 

1.3.2. Outside-in versus inside-out model of demyelination 

The outside-in-model describes axonal lesions developing secondary to the 

destruction of myelin sheaths and/or the myelin-producing cells. In this scenario 

demyelination is considered as the primary lesion. Myelin sheaths or myelin-forming 

cells (oligodendrocytes or Schwann cells) can be destroyed by: i. virus infection itself, 

ii. inflammatory cells like T cells and macrophages, iii. toxic substances which can be 

exogenous or endogenous (e.g. inflammatory cell derived proteases) and iv. 

autoantibodies targeting myelin and/or oligodendrocytes (TSUNODA and FUJINAMI, 

2002). In contrast to the outside-in model the inside-out model of demyelination 

suggests a primary axonal damage preceding the process of demyelination so that in 

this scenario demyelination represents a secondary effect. 

http://en.wikipedia.org/wiki/Microtubule
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1.3.3. Types of axonal degeneration 

Axonal degeneration occurs during nervous system development when inappropriate 

neuronal branches are deleted (branch elimination) or during shortening and 

modification of processes which happens in axonal retraction or degeneration 

(O'LEARY and KOESTER, 1993; LEE et al., 1999; RAFF et al., 2002; KAGE et al., 

2005). Furthermore, during inflammatory/degenerative diseases a distal axonopathy 

(“Dying back”) can be distinguished from Wallerian degeneration.  

Dying back is a general reaction pattern which can happen in the CNS as well as in 

the peripheral nervous system (PNS). It represents a stereotyped response of axons 

which follows a self-destruction program similar to apoptosis of cells. Possible 

etiologies are manifold and include mechanical injury, chemical/toxic insults 

(acrylamide, vincristine, nitrofurantoin, heavy metals) as well as inherited diseases 

(PRINEAS, 1969; SCHLAEPFER, 1971; SPENCER and SCHAUMBURG, 1974; 

RUBENS et al., 2001; SILVA et al., 2006). In contrast to a distal axonopathy 

Wallerian degeneration represents a process in which the nerve part distal to the 

injury (e.g. fiber cut and/or crush) degenerates (WALLER, 1850; COLEMAN and 

PERRY, 2002; HILLIARD, 2009). Wallerian degeneration is characterized by swollen 

neuronal cell bodies, disaggregated endoplasmic reticulum, central chromatolysis, 

degraded neurofilaments, swollen mitochondria and fragmented axons (GRIFFIN et 

al., 1996). Instead of a passive process Wallerian degeneration is considered to 

follow an active program which not exclusively ends with axonal loss (LUNN et al., 

1989). 

Axonal damage can be visualized and quantified using immunohistochemistry 

targeting non-phosphorylated neurofilaments (n-NF). Amyloid precursor protein (APP) 

and n-NF both represent early markers for the detection of axonal damage 

(GENTLEMAN et al., 1993; COLLARD et al., 1995; COLEMAN, 2005). During 

physiological conditions, non-phosphorylated NFs (n-NF) are synthesized in the 

neuronal cell body. During axonal transport n-NF become phosphorylated (PERROT 

et al., 2008). Phosphorylation and dephosphorylation of NF is regulated by p35-

activated cyclin-dependent kinase 5 (Cdk5; LEW et al., 1992) and protein 

phosphatase 2A (VEERANNA et al., 1995). In animal models of MS a defective 
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axonal transport and/or phosphorylation of NFs possibly by a mild transcriptional 

down-regulation of kinesin, dynein and protein phosphatase 2 complex has been 

described (SEEHUSEN and BAUMGÄRTNER, 2010; KREUTZER et al., 2012). 

However, the mechanisms how an accumulation of NFs contribute to the 

pathogenesis of axonal degeneration are not completely understood. Although 

axonal pathology can be detected during the early phase of TME using anti-n-NF as 

well as p-NF antibodies (TSUNODA et al., 2003; KREUTZER et al., 2012), significant 

axon loss takes place in the chronic demyelinating phase of the disease, e.g. at 45 

days post infection (dpi) for large myelinated fibers and at 195–220 dpi for medium to 

large myelinated fibers (MCGAVERN et al., 1999). 

 

1.3.4. Axonal damage in multiple sclerosis 

Axonal degeneration represents one hallmark of MS (FERGUSON et al., 1997; 

NIKIC et al., 2011). Mechanisms causing axonal damage may be different with 

respect to the MS form (primary progressive, relapsing-remitting, chronic 

progressive). However, mitochondrial failure has been identified as important key 

event in the pathogenesis of axonal degeneration (MAO and REDDY, 2010; TULLY 

and SHI, 2013). In general, mitochondria are crucially involved in cell survival and 

death. Therefore factors influencing activity of mitochondria are considered to have a 

downstream effect on axonal preservation/degeneration (PRESS and MILBRANDT, 

2008; SU et al., 2009). Axonal transport is performed by motor proteins along 

microtubules (SU et al., 2009). Motor proteins require ATP which is locally produced 

by mitochondria within the axon (SU et al., 2009; CAI et al., 2011) which means, that 

a deficient mitochondrial ATP-production will lead to an interruption of axonal 

transport (FELLER et al., 2008; SU et al., 2009; MISKO et al., 2010). To make the 

story more complicated, mitochondria are also transported along axons via motor 

proteins implicating, that an ATP-deficiency also will disturb mitochondrial transport 

inducing a circulus vitiosus (DUTTA et al., 2006; COURT and COLEMAN, 2012; 

WANG et al., 2012). On the other hand, the induction of axonal injury can be 

mediated by cytokines like nitrogen oxide (NO) and glutamate, both acting via a 

common pathway leading to mitochondrial dysfunction (SU et al., 2009). The 
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contribution of NO is an inhibition of mitochondrial respiration (NO and O2 compete 

for the same binding site) and a reduction of adenosine triphosphate (ATP) synthesis 

(CLEETER et al., 1994; BROWN and BORUTAITE, 2001).  

During an inflammatory MS attack, large quantities of glutamate can be produced by 

activated immune cells such as macrophages and microglia (GROOM et al., 2003). 

Binding of the excitatory neurotransmitter glutamate to α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid (AMPA)- or N-methyl-D-aspartate (NMDA)-receptors 

induces an opening of ion channels with an intra-cellular influx of Na+, K+ and Ca2+ 

(SU et al., 2009). An increased intra-cellular Ca2+-level leads to a release of 

cytochrome C into the cytosol, an opening of PTP as well as an activation of 

enzymes like endonucleases and phospholipases contributing to DNA degradation 

and disruption of lipid membranes (GUNTER et al., 2004). The contribution of 

glutamate-mediated-toxicity seems to play a greater role in active lesions compared 

to chronic lesions because the latter show a reduced degree of inflammation (SU et 

al., 2009). 

In progressive MS loss of myelin, axonal degeneration, neuronal loss and an 

astrogliosis are the most prominent pathomorphological features (BJARTMAR et al., 

2003; MORENO et al., 2013). Under physiological circumstances at nodes of ranvier 

a high density of voltage-gated sodium channels is present (ALIX et al., 2008). The 

progressive loss of myelin, which acts as insulating layer around axons, severely 

reduces the speed of action potential propagation (LORENTEDENO and 

HONRUBIA, 1964; THAXTON and BHAT, 2009). Following demyelination the 

quantity of sodium channels becomes upregulated and channels are redistributed 

along the axons. This leads to the dilemma that the demand of ATP, necessary for 

maintaining the activity of Na+/K+ ATPase pumps, exceeds the normal production 

level of mitochondria (DUTTA et al., 2006; SU et al., 2009). A breakdown of the 

Na+/K+ ATPase leads to a reverse of the Na+/Ca2+ exchanger with the consequence 

of an increased intra-cellular Ca2+  finally closing the above described mechanism of 

apoptosis/axonal degeneration (STYS et al., 1992). 
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1.3.5. Axonal damage in Theiler’s murine encephalomyelitis  

The protection/rescue of neurons and axons represents a crucial step when aiming to 

treat progressive diseases of the CNS (STANGEL and HARTUNG, 2002; DUBOIS-

DALCQ et al., 2005; SMITH, 2006; FITZNER and SIMONS, 2010). Recent studies 

suggest, that axonal degeneration is part of an active self-destructive response to 

limit TMEV infection via axonal spread (TSUNODA et al., 2007b; TSUNODA et al., 

2008). For TME is described that: i. axonal injury heralds or triggers the disease, ii. 

axonal injury is not correlated with virus persistence and iii. axonal injury coincides 

with intra-parenchymal infiltrates of microglia/macrophages but not with perivascular 

cuffing (TSUNODA et al., 2003). However, preservation of axons may be a double-

edged sword. On the one hand axonal loss is responsible for permanent disability but 

on the other hand axons are crucially involved in virus distribution and transport 

(SCHWAB and THOENEN, 1977). In the early, acute, polioencephalitis phase of 

TME, TMEV predominantly infects neurons mostly leading to neuronal apoptosis 

(TSUNODA et al., 1997). Loss of neurons followed by axonal degeneration and 

secondary demyelination (inside-out model) is the major cause for neurological 

disability (TSUNODA and FUJINAMI, 2002; PETERSON and FUJINAMI, 2007; 

MECHA et al., 2013). Axonal degeneration itself leads to activation of resident 

microglia as well as T-cell and macrophage recruitment, which are important for 

removal of cellular debris but can also cause collateral damage to axons and/or 

myelin sheaths by production of cytokines and proteases (TSUNODA et al., 2003; 

SATO et al., 2011). For virus spread of TMEV within the CNS axonal, hematogenous 

or liquorogenic routes or combinations of those are discussed (ADAMI et al., 1998; 

ROUSSARIE et al., 2007a; ROUSSARIE et al., 2007b; KUMMERFELD et al., 2012). 

When TMEV uses axonal transport for trafficking within the CNS, it can also invade 

the myelin sheaths leading to the infection of oligodendrocytes (ROUSSARIE et al., 

2007b; SALINAS et al., 2010). Primary (virus induced) or secondary (inflammatory 

cell mediated) oligodendrocyte death leads to demyelination making axons more 

vulnerable to injury (outside-in model; TSUNODA and FUJINAMI, 2002; SATO et al., 

2011). Myelin debris and virus antigens are phagocytosed and presented by 

microglia/macrophages to T cells which generate a myelin and virus-specific immune 
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response leading to demyelination (KATZ-LEVY et al., 2000; TSUNODA et al., 2003). 

This secondary immune response exacerbates axonal injury and leads to additional 

cycles of autosensitization and disease progression (TSUNODA et al., 2003). 

However, beside virus-/inflammatory cell-induced axonal damage in animal models 

of MS like TME and EAE (KORNEK et al., 2000; TSUNODA et al., 2003; KREUTZER 

et al., 2012) in MS axonal alterations in normal appearing white matter (NAWM; 

LOVAS et al., 2000) and gray matter (SHARMA et al., 2001) are described. 

Therefore, different from the above mentioned mechanisms leading to axonal 

degeneration have to be taken into consideration.  

 

1.4. Microglia and macrophages 

Macrophages are professional phagocytizing cells which are named according to 

their tissue localization: monocytes (blood circulation), alveolar macrophages (lung), 

histiocytes (interstitial connective tissue), Kupffer cells (liver) and osteoclasts within 

the bone (GEHRMANN et al., 1995; MCGAHA et al., 2011; MURRAY and WYNN, 

2011). Microglia were firstly described by del Rio-Hortega and represent 

approximately 10-15% of the total glia cell population in the brain (LAWSON et al., 

1990; CARTIER et al., 2014). Thus, the origin of microglia is still undetermined, a 

neuroectodermal (FEDOROFF et al., 1997; KETTENMANN et al., 2011), 

mesodermal (CHAN et al., 2007; KETTENMANN et al., 2011), and bone marrow 

origin (HICKEY and KIMURA, 1988) are discussed. Microglia are professional 

phagocytizing cells of the CNS showing a macrophage-like morphology 

(BENVENISTE, 1997). Microglia can be recognized in an ameboid or ramified form 

(LING, 1979). Ramified microglia are the resident presentation form of microglia 

necessary to monitor tissue for foreign antigens like "a Monitor for pathological 

events" (STREIT et al., 1988; KREUTZBERG, 1996) while ameboid microglia migrate 

within the tissue phagocytizing cellular debris as well as dying cells (FERRER et al., 

1990; GEHRMANN et al., 1995; ALOISI, 2001; NAKAJIMA and KOHSAKA, 2001; 

CHRISTENSEN et al., 2006). However a dynamic equilibrium between ramified and 

ameboid microglia exists enabling a transformation of ramified microglia into 

activated (ameboid) microglia under pathological conditions (NAKAJIMA and 
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KOHSAKA, 2001). In TME activated microglia express CCL2, CCL4, CCL5, CXCL3, 

and CCL12 which promote chemokine receptor expression enabling leukocytes to 

enter the CNS (SIMPSON et al., 1998; SORENSEN et al., 1998; OLSON and 

MILLER, 2004; KIM et al., 2005; EUGENIN et al., 2006; DAS SARMA et al., 2009). 

Microglia with abundant phagocytized, intracytoplasmic material are called gitter cells 

according to their morphology (DAS, 1976; SHAPIRO et al., 2009).  

Microglia and macrophages could  maintain tissue homeostasis, monitor the tissue 

for pathogens, phagocytize dying cells, process and present antigen and release pro- 

and anti-inflammatory cytokines as well as excitatory amino acids such as glutamate 

and nitric oxide (BANATI et al., 1993; GORDON, 1995; MINAGAR et al., 2002; 

DAVID and KRONER, 2011). In addition, macrophages in secondary lymphoid 

organs like the spleen are crucial to suppress innate and adaptive immunity to 

apoptotic cells (MCGAHA et al., 2011). However, microglia and macrophages can 

exhibit destructive (exaggerating inflammation by secretion of proinflammatory 

cytokines, matrix metalloproteinases and free radicals) as well as protective or 

regenerative properties depending on the respective environment (BENVENISTE, 

1997; MINAGAR et al., 2002; BUTOVSKY et al., 2006a; BHASIN et al., 2007; GAO 

and TSIRKA, 2011; MIKITA et al., 2011; RASMUSSEN et al., 2011). 

Microglia/macrophages play a central role in the pathogenesis of neurological 

disorders like MS, HIV-1-associated dementia and Alzheimer´s disease (MINAGAR 

et al., 2002). Demyelinating lesions in MS are characterized by an inflammatory 

reaction consisting of lymphocytes, microglia, macrophages, and astrocytes 

(BENVENISTE, 1997). The interaction between microglia/macrophages and reactive 

glia cells (astrocytes) is essential for the initiation and/or continuation of 

neurodegenerative processes and has a major impact upon the balance of protective 

or destructive functions of these cells. Furthermore, microglia and macrophages can 

diagnostically be used as reliable indicators for ongoing demyelination (PRINEAS 

and WRIGHT, 1978; BAUER et al., 1994; BENVENISTE, 1997).  
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1.4.1. Subsets of macrophages  

The phenotype of macrophages is highly dependent on the surrounding environment 

(MOSSER and EDWARDS, 2008). Activated macrophages have two faces, on the 

one hand they produce reactive oxygen species (ROS), which are highly toxic for 

microorganisms but on the other hand these molecules can induce a marked 

collateral damage by perpetuating inflammation and destroying neighboring healthy 

cells (SERBINA et al., 2003; BOSSCHAERTS et al., 2010; NATHAN and DING, 

2010; JIN et al., 2011; MURRAY and WYNN, 2011). Macrophages can be classified 

into two different categories according to their exerted functions (KIGERL et al., 

2009; DAVID and KRONER, 2011).  

Classically activated (M1) macrophages, with pro-inflammatory properties, are 

induced by interferon gamma (IFN-γ) and lipopolysaccharide (LPS; GORDON, 2003; 

MANTOVANI et al., 2004; MOSSER and EDWARDS, 2008). M1 cells produce toxic 

molecules such as nitric oxide (NO) and ROS giving those cells cytotoxic properties 

(NATHAN and SHILOH, 2000; EDWARDS et al., 2006). In addition, they secrete pro-

inflammatory cytokines such as IL-12, IL-23 and TNF (MANTOVANI et al., 2004; 

VERRECK et al., 2004). Cytokine production promotes a Th1 mediated immune 

response favoring Th17 cell expansion and differentiation (BECHER et al., 2006; 

CHASTAIN et al., 2011). 

In contrast, alternatively activated (M2) macrophages with anti-inflammatory 

properties are involved in the regulation of tissue repair, wound healing and 

scavenging of debris (ROBERTS et al., 1986; SUNDERKOTTER et al., 1994; DAVID 

and KRONER, 2011; MURRAY and WYNN, 2011). M2 macrophages express anti-

inflammatory cytokines, such as IL-4 and IL-10 as well as high levels of arginase I 

(NATHAN and SHILOH, 2000; EDWARDS et al., 2006; COLIC et al., 2008). IL-4 and 

IL-10 are crucial for the establishment of a Th2 mediated immune response as well 

as differentiation of regulator T cells (Treg; FLETCHER et al., 2010; GAO and 

TSIRKA, 2011). In addition M2 macrophages show a different metabolism of L-

arginine compared to M1 macrophages resulting in polyamine precursor urea and 

ornithine production (ODEGAARD and CHAWLA, 2011). These substances are 

necessary for collagen synthesis and cellular proliferation (ODEGAARD and 
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CHAWLA, 2011). However, a prolonged M2 dominance during inflammation can also 

have detrimental effects by favoring glial scar formation and therefore also inhibiting 

axonal regeneration (DAVID and KRONER, 2011).  

M2 macrophages can be further distinguished into subpopulations called M2a, M2b 

and M2c (MANTOVANI et al., 2002; DAVID and KRONER, 2011). M2a and M2c 

macrophages are crucially involved in tissue repair by exhibiting anti-inflammatory 

functions (MANTOVANI et al., 2002; GORDON and TAYLOR, 2005; MARTINEZ et 

al., 2006; DAVID and KRONER, 2011). Cultivation of dorsal root ganglion cells in M1 

macrophage conditioned medium results in short neurites with multiple branches 

whereas cultivation in M2 macrophage conditioned medium leads to the formation of 

long uni- or bipolar axonal extensions with only few branches (Figure 2; KIGERL et 

al., 2009; DAVID and KRONER, 2011). 

 

 

 

 

 

 

 

Figure 2: Cultivation of dorsal root neurons in M1 macrophage conditioned medium 

leads to the formation of multiple short branches (A) while cultivation in M2 

macrophage conditioned medium favors the formation of one or two long 

axonal extensions with only few ((B); modified according to KIGERL et al., 

2009; DAVID and KRONER, 2011) 

 

M2 macrophages have a higher capability to induce angiogenesis compared to M1 

cells (KODELJA et al., 1997). They produce growth factors like platelet derived 

growth factor (PDGF), vascular endothelial growth factor (VEGF), fibroblast growth 

factor (FGF) and transforming growth factor-β1 (TGFβ-1) that stimulate endothelial 

cell activation and proliferation (KODELJA et al., 1997; SONG et al., 2000; 

MANTOVANI et al., 2009; BARRON and WYNN, 2011). 

A B 



Chapter 1: Introduction 

  

18 

The dominating phenotype of microglia/macrophages within the normal CNS is M2 

(PONOMAREV et al., 2007; DAVID and KRONER, 2011). However, their phenotype 

changes under pathological conditions. In the injured spinal cord M1 macrophages 

contribute either directly or indirectly to tissue damage like neuronal and/or axonal 

loss (POPOVICH et al., 1999; KAUSHAL et al., 2007; KIGERL et al., 2009; NISHIO 

et al., 2009; DAVID and KRONER, 2011). Furthermore, M1 macrophages induce 

axonal retraction of dorsal root ganglia cells (HORN et al., 2008; BUSCH et al., 2009) 

and suppress axonal regeneration (MOON et al., 2001; BRADBURY et al., 2002; 

MARTINEZ et al., 2006; GALTREY and FAWCETT, 2007).  

Conclusively, a situation-dependent balance between M1 and M2 

microglia/macrophages is crucial for the elimination of invading pathogens, removal 

of cellular/myelin debris as well as axonal regeneration and remyelination. Therefore, 

not a total but the suppression of an exaggerated M1 response (BUTOVSKY et al., 

2006a; BUTOVSKY et al., 2006b; GAO and TSIRKA, 2011) may be a useful 

therapeutic strategy to promote tissue recovery. 
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Chapter 2 Matrix metalloproteinase-12 deficiency ameliorates the 

clinical course and demyelination in Theiler’s murine 

encephalomyelitis 

 

HANSMANN, F., HERDER, V., KALKUHL, A., HAIST, V., ZHANG, N., SCHAUDIEN, D., 
DESCHL, U., BAUMGÄRTNER, W., ULRICH, R. 

 

Abstract 

Matrix metalloproteinases (MMPs) are a family of extracellular proteases involved in 

the pathogenesis of demyelinating diseases like multiple sclerosis (MS). The aim of 

the present study was to investigate whether MMPs induce direct myelin 

degradation, leukocyte infiltration, disruption of the blood–brain barrier (BBB), and/or 

extra-cellular matrix remodeling in the pathogenesis of Theiler’s murine 

encephalomyelitis (TME), a virus-induced model of MS. During the demyelinating 

phase of TME, the highest transcriptional upregulation was detected for Mmp12, 

followed by Mmp3. Mmp12-/- mice showed reduced demyelination, macrophage 

infiltration, and motor deficits compared with wild-type- and Mmp3 knock-out mice. 

However, BBB remained unaltered, and the amount of extracellular matrix deposition 

was similar in knock-out mice and wild-type mice. Furthermore, stereotaxic injection 

of activated MMP-3, -9, and -12 into the caudal cerebellar peduncle of adult mice 

induced a focally extensive primary demyelination prior to infiltration of inflammatory 

cells, as well as a reduction in the number of oligodendrocytes and a leakage of BBB. 

All these results demonstrate that MMP-12 plays an essential role in the 

pathogenesis of TME, most likely due to its primary myelin- or oligodendrocyte-toxic 

potential and its role in macrophage extravasation, whereas there was no sign of 

BBB damage or alterations to extracellular matrix remodeling/deposition. Thus, 

interrupting the MMP-12 cascade may be a relevant therapeutic approach for 

preventing chronic progressive demyelination. 
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Abstract 

Background: Theiler’s murine encephalomyelitis (TME) represents a versatile 

animal model to study 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 mice (Mmp12-/-) 

display an ameliorated clinical course associated with reduced demyelination. The 

present study aims to elucidate the underlying cause for these observations. Special 

emphasis was given to astrogliosis, the amount of macrophages infiltrating into the 

central nervous system (CNS) and the phenotype of microglia/macrophages (M1 or 

M2). Methods: SJL/J wild type and Mmp12 knockout mice (Mmp12-/-) were infected 

with TME virus (TMEV) or vehicle and euthanized at 28 and 98 days post infection 
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(dpi). Immunohistochemistry or immunofluorescence of cervical and thoracic spinal 

cord for the detection of glial fibrillary acidic protein (GFAP), chemokine receptor 2 

(CCR2), CD107b, CD16/32 and arginase I was performed and quantitatively 

evaluated. Statistical analysis including Kruskal wallis test and Mann-Whitney U post 

hoc test was performed. Results: TMEV infected Mmp12-/- mice showed a transiently 

reduced astrogliosis compared with wild-type mice at 28 days post infection (dpi). 

Since 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 represent most likely microglia. In parallel to the reduced 

density of microglia, TMEV-infected Mmp12-/- showed a strong trend (p=0.053) for a 

reduced density of CD16/32 (M1) microglia while no significant difference regarding 

the density of arginase I (M2) positive cells was observed at 98dpi. Conclusion: 

TMEV-infected wild-type and Mmp12-/- mice showed a dominance of M1 microglia in 

the spinal cord during the demyelinating phase of TME. The delayed astrogliosis in 

Mmp12-/- mice was associated with a reduced density of microglia mainly originating 

from a reduced density of M1 cells indicating that astrocytes play an important role in 

microglia activation and may favor a M1 microglia phenotype.  

 

Key words: Astrogliosis, chemokine receptor 2, knockout mice, matrix 

metalloproteinases, microglia phenotype, M1, M2, Theiler’s murine encephalomyelitis 

 

Background 

Theiler´s murine encephalomyelitis (TME) represents a well-established animal 

model for the primary and secondary progressive form of multiple sclerosis [MS; 1, 2, 

3]. TME virus (TMEV) has been detected in numerous central nervous system (CNS) 

cell types including neurons, oligodendrocytes, microglia, and astrocytes depending 

on the respective stage post infection [4-9]. Essential hallmarks of TME are 

progressive gait disabilities including ataxia progressing to spastic paresis, 

progressive demyelination based on a delayed-type hypersensitivity reaction initially 
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targeting viral antigens and later myelin components [10-13] as well as axonal 

degeneration and loss [14]. 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) a/β, IL-1, IL-12, tumor necrosis factor (TNF), IL-10 and 

MCP-1, thereby inducing an antiviral immune response [7, 15-24]. Infection of Matrix 

metalloproteinase 12 (Mmp12) deficient mice with the BeAn strain of TMEV resulted 

in an improved clinical course, reduced demyelination as well as a reduced 

intralesional load of microglia/macrophages in the spinal cord [25]. These 

observations suggest that MMP-12 has an essential impact upon the development 

and/or progression of demyelinating diseases of the CNS. Therefore, it was 

hypothesized that the lack of MMP-12 in TMEV-infected mice is responsible for the 

reduced degree of microglia/macrophages and plays a role in microglia/macrophage 

polarization. Microglia/macrophages can be classified into different categories 

according to their cytokine expression pattern [26]. “Classically activated” 

macrophages also termed M1 cells are involved in T helper cell type 1 (Th1) 

responses, mainly defense-orientated and release proinflammatory cytokines like 

TNF, IL-1, IL-6, IL-23, chemokine ligand (CCL)2, CCL3, CCL5, reactive 89 oxygen 

and nitrogen species, matrix metalloproteinases (MMP-1, -2, -7, -9 and -12), 

inducible nitric oxide synthetase (iNOS) the FcR types CD16/32/64 and MHCII [26-

29]. In contrast, M2 cells also named “alternatively activated” macrophages are 

induced by T helper cell type 2 (Th2) cytokines like IL-4 or IL-13 and show mainly 

anti-inflammatory and regenerative properties like removal of debris [7, 26, 29, 30]. 

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 [26, 28, 29]. It is known from in vitro studies, that 

TMEV infection itself has an essential impact upon the phenotype of microglia [7]. 

The aims of the present study were: (i). to determine the predominant phagocyte type 

in the CNS of wild-type and Mmp12 knockout mice during TME, (ii). to investigate the 

impact of astrogliosis upon phagocyte activation and demyelination, (iii). to determine 

the predominant phenotype of microglia during TME in wild-type and Mmp12-/- mice. 



Chapter 3: Decreased microglial activation in MMP-12 deficient mice 

  

24 

Methods 

Mice. As previously described Mmp12 knockout mice (Jackson Laboratory, Bar 

Harbor, ME, USA; Shipley et al., 1996) were backcrossed on SJL/JOlaHsd mice 

(wild-type, Harlan) to produce SJL.129X-Mmp12tm1Sds (Mmp12-/-) mice which were 

used in all further experiments [25]. Mice were housed in isolated ventilated cages 

(Tecniplast, Hohenpeißenberg, Germany), fed a standard rodent diet (R/M-H; Ssniff 

Spezialdiäten GmbH, Soest, Germany) ad libitum, and had free access to tap water 

[25, 32, 33]. 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 113 Landesamt für Verbraucherschutz- und 

Lebensmittelsicherheit (LAVES), Oldenburg, Germany, permission number: 33.9-

42502-04-08/1609).  

 

Virus infection. Intracerebral infection of wild-type and Mmp12-/- mice with 4.6 x 107 

PFU/mouse of the BeAn strain of TMEV was done as described [25, 32, 34]. Groups 

of 6-7 TMEV- and mock-infected mice were killed at 28 and 98 days post infection 

(dpi) as previously described [25]. 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, Netherlands). 

 

Immunohistochemistry. 2-3μm thick formalin-fixed, paraffin-embedded cross 

sections of cervical and thoracic spinal cord were stained anti-chemokine receptor 2 

(CCR2; polyclonal goat, diluted 1:50, Abcam, Cambridge, United Kingdom) followed 

by a biotinylated goat anti-rabbit secondary antibody (Table 1). Antibody binding was 

visualized using the avidin–biotin-peroxidase complex method (ABC; Vector 

Laboratories) followed by 3,3’-diaminobenzidine-tetrahydrochloride and 

counterstaining with Mayer’s hematoxylin. The number of labeled cells per spinal 

cord cross section was counted and calculated as density (number of positive 

cells/area of spinal cord cross section). 
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Immunofluorescence. 3-4 μm thick methanol-fixed frozen sections of cervical and 

thoracic spinal cord were washed with 0.1% Triton-X-100 in PBS and non-specific 

binding was blocked by incubation with 20% goat serum prior to the incubation with 

the respective primary and secondary antibodies (Table 1). Cell nuclei 137 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 positive cells (M1) and 

arginase I (M2) in cervical and thoracic spinal cord segments were counted at 28 and 

98 dpi. To compensate for significant different densities of microglia/macrophages in 

addition ratios of the densities of CD16/32 or arginase I positive cells divided by the 

density of CD107b-positive cells were calculated and compared. 

 

Statistical analysis. Statistical analysis including Kruskal wallis test followed by 

Mann-Whitney U post hoc test regarding the ratios of GFAP-positive cells, CD16/32-

positive cells as well as arginase I positive cells in spinal cord was performed using 

SPSS 17. Significance was accepted as p < 0.05. 

 

Results 

Influence of MMP-12 deficiency upon astrogliosis and inflammation 

Astrocytes of mock- and TMEV-infected animals showed a strong cytoplasmic 

expression of the intermediate filament GFAP (Figure 1A-C). TMEV-infected animals 

showed a significantly increased density of GFAP-positive cells at 28 (wild-type) and 

98dpi (wild-type, Mmp12-/-) compared to mock-injected control mice. Interestingly, at 

28dpi Mmp12-/- mice showed transiently a decreased astrogliosis (Figure 1D) 

followed by reduced myelitis and demyelination compared to wild-type mice at 98 dpi. 

Since astrocytes are crucially involved in activation of microglia/macrophages and a 

reduction/ablation of astrocytes is responsible for a failure of myelin removal 

associated with a reduced microglia activation [35] the next step was to quantify the 

overall density of microglia/macrophages (CD107b positive cells) in the spinal cord. 

CD107b positive cells were mainly detected in the ventral part of the cervical and 

thoracic spinal cord segments of mock-injected animals showing only few positive 

cells compared with TMEV-infected animals (Figure 2A-C). TMEV-infected wild-type 
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and Mmp12-/- mice showed a significantly increased density of CD107b positive cells 

compared with their respective mock-injected group at 28 and 98 dpi (Figure 2D). In 

addition the density of CD107b positive cells was significantly increased over time in 

TMEV-infected wild-type mice while there was no difference in TMEV-infected 

Mmp12-/- mice. Interestingly, the density of CD107b positive cells was significantly 

reduced in TMEV-infected Mmp12-/- mice compared with virus-infected wild-type 

mice at 98 dpi. Therefore, in this context the next step was: i) to investigate the 

contribution of microglia and/or CNS-infiltrating macrophages to the overall number 

of CD107b positive cells with special focus on the M1 versus the M2 phenotype. 

 

Phenotyping of CNS phagocytes 

Chemokine receptor 2 (CCR2) expression was investigated to determine whether 

CD107b positive phagocytes resemble microglia [CCR2 negative; 36] or blood borne 

macrophages [CCR2 positive; 36]. Wild-type and Mmp12-/- mice showed only single 

CCR2 positive cells in the spinal cord indicating that phagocytes most likely 

represent microglia. 

The distribution of CD16/32 positive (M1) cells in the spinal cord was similar to the 

distribution of CD107b positive cells in all TMEV-infected animals (wild type,  

Mmp12-/-). Cells were mainly located in the ventral part of the spinal cord and showed 

a strong cytoplasmic expression of CD16/32. Mock-injected animals showed a low 

density of CD16/32 positive cells (Figure 2E) compared with TMEV-infected wild-type 

and Mmp12-/- mice (Figure 2F-G). The density of CD16/32 positive cells was 

significantly increased in TMEV-infected animals compared to mock-injected animals 

at 28 dpi (wild-type) and 98 dpi (wild-type, Mmp12-/-). The density of CD16/32 

positive cells in TMEV-infected wild-type animals significantly increased over time 

while there was no significant difference in TMEV-infected Mmp12-/- mice (Figure 

2H). Furthermore, a strong trend (p=0.053) of a reduced density of CD16/32 positive 

cells in TMEV-infected Mmp12-/- compared with wild-type mice was detected at 98 

dpi (Figure 2H). 

Arginase I positive cells where mainly detected in the ventral part of the spinal cord. 

Mock-injected animals showed only few positive cells (Figure 2I) compared with 
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TMEV196 infected wild-type and Mmp12-/- mice (Figure 2J-K). At 98 dpi the density 

of Arginase I positive cells was significantly increased in TMEV-infected compared 

with mock-injected wild-type and Mmp12-/- mice (Figure 2L). 

 

Polarization of microglia in the spinal cord  

For the characterization of the major phenotype of microglia the ratios for M1 cells 

(density of CD16/32 positive cells divided by the density of CD107b positive cells) 

and M2 cells (density of arginase I positive cells divided by the density of CD107b 

positive cells) were calculated (Figure 3A,B). This was of special interest since there 

were significant differences regarding the density of microglia over time and at 98 

dpi. Furthermore a global ratio of M1/M2 cells was calculated at 28 and 98 dpi 

(Figure 3C). At 28 and 98 dpi the majority of CD107b positive cells in TMEV-infected 

wild-type and Mmp12-/- mice were CD16/32 positive indicating a predominant M1 

phenotype (Figure 3A). In contrast to that, only a small proportion of CD107b positive 

cells showed an arginase I expression indicative of only few M2 cells (Figure 3B). In 

addition to that, the M1/M2-ratio was larger than 1 indicating a predominant M1 

phenotype of microglia in wild-type and Mmp12-/- mice at all investigated time points. 

 

Discussion 

Matrix metalloproteinases (MMPs) are considered to have an important contribution 

to the pathogenesis of demyelinating diseases like MS [37, 38]. MMP-12 is up-

regulated in MS and its animal model TME pointing to a possible key role of this 

molecule in the pathogenesis of demyelinating diseases [25, 34, 37]. In addition, 

TMEV infection of Mmp12 deficient SJL/J mice leads to a reduced degree of 

demyelination supporting the assumption that MMP-12 substantially contributes to 

demyelination [25]. 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, the major focus was given to glia cells with special emphasis upon 

astrocytes and microglia/macrophages. In this context, an ablation of astrocytes in 

cuprizone-induced (toxic) demyelination was followed by a failure of myelin-debris 

removal and microglia activation [35] leading to the hypothesis that astrocytes are 
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crucially involved in microglia activation and recruitment. In the present study a 

reduced ratio of astrocytes in Mmp12-/- mice compared with wild-type mice was 

detected at 28 dpi while no significant difference was present at 98 dpi. These 

observations indicate that the ablation of Mmp12 may be directly or indirectly 

responsible for a delayed astrocyte proliferation. Since astrocytes, especially TMEV 

infected astrocytes, are major sources of TNF and IL-12 production [7] a delayed 

astrocyte proliferation may: i) result in a reduced activation of microglia or ii) have an 

impact upon the phenotype of microglia. 

 

Contribution of microglia and macrophages to TME 

Microglia/macrophages are major contributors to inflammation in demyelinating 

diseases like MS [28, 29, 39, 40]. However, the quantitative contribution of CNS-

infiltrating monocytes to inflammation in TME was not investigated so far. In the 

present study, CCR2 as marker for CNS-invading blood-born macrophages [36] has 

been applied and neither at 28 nor at 98 dpi CCR2 positive cells were detected in the 

spinal cord of TMEV-infected wild-type and  Mmp12-/- mice indicating, that the large 

majority of phagocytes contributing to inflammation represent microglia. Therefore, 

the reduced number of microglia cells in Mmp12 deficient mice may be a 

consequence of a reduced astrogliosis, facilitating a restricted/insufficient activation 

or migration of Mmp12 deficient microglia or a combination of both [31, 41]. 

Furthermore, the reduced degree of demyelination in TMEV-infected Mmp12 

knockout mice may result from an altered balance between M1 and M2 cells.  

Phagocytes can be classified into pro-inflammatory, classically activated (M1) cells 

as well as anti-inflammatory, alternatively activated (M2) cells [28]. 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 

[29]. In contrast to M1, M2 cells are associated with regulation of tissue repair, wound 

healing and debris scavenging [42, 43]. In the present study, a dominance of M1 

cells (M1/M2 ratio always larger than 1) was present in TMEV-infected wild-type and 

Mmp12-/- mice at all investigated time points. Interestingly and in parallel to the 

significantly reduced density of microglia in TMEV-infected Mmp12-/- mice compared 
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with TMEV-infected wild-type mice a reduced density of M1 cells was detected at 98 

dpi while there was no change in the density of arginase I positive cells at all 

investigated time points. This observation suggests, that a lack of MMP-12 leads to 

reduced microgliosis mainly caused by decreased M1 positive cells and with no 

impact upon the amount of M2 cells. However, the predominant phenotype of 

microglia in the spinal cord was M1 (M1 predominance) indicative of a progressive 

inflammatory disease in the spinal cord lacking counter-regulatory mechanisms by 

M2 cells.  

 

Conclusion 

Reduced demyelination in Mmp12-/- mice was not associated with a predominance of 

M2 microglia. Instead, TMEV-infected wild-type and Mmp12-/- mice showed a 

dominance of M1 microglia in the spinal cord during the demyelinating phase of TME. 

The delayed astrogliosis in Mmp12-/- mice was associated with a reduced density of 

microglia mainly originating from a reduced density of M1 cells indicating that 

astrocytes play an important role in microglia activation and may favor a M1 

phenotype of microglia.  
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Table 1. Summary of antibodies used for the detection and discrimination of 

microglia and/or macrophages in the spinal cord of mice. 

Primary 

antibody 
Vendor Dilution Secondary antibody Vendor 

Arginase I Santa Cruz 1:50 Donkey anti-goat dylight 488 
Jackson 

Immunor

esearch 

CD107b AbD Serotec 1:200 Goat anti-rat Cy3 

CD16/CD32 
BD 

Pharmingen 
1:25 Goat anti-rat Cy3 

CCR2 Abcam 1:50 Rabbit anti-goat biotin Vector 

nNF Covance 1:30000 EnVision™+Kit Dako 
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Figure 1. Quantification of astrogliosis by glial fibrillary acidic 455 protein (GFAP) 

immunohistochemistry. Astrocytes show a strong cytoplasmic GFAP expression in 

the gray and white matter. Wild-type mouse (A) showing less GFAP positive cells in 

the spinal cord compared with TMEV-infected wild-type (B) and TMEV-infected 

Mmp12-/- (C) mice at 98 days post infection (dpi). At 28 dpi the ratio of GFAP-positive 

cells in Mmp12-/- mice was significantly reduced compared with wild-type mice (D). 

Bars display the fold change (TMEV-infected mice/mock-injected mice ± 95% 

confidence interval) of the density of immunoreactive cells/mm2. Significant 

differences between the groups as detected by Mann-Whitney U test are marked by 

bars and asterisks (*; p≤0.05). 
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Figure 2. Immunophenotyping of microglia in cervical and thoracic spinal cord using 

immunofluorescence. The density of microglia cells was quantified using CD107b 

immunofluorescence (A-C). Mock-injected wild type mice showed only single 

immunopositive cells (A) compared with TMEV-infected wild-type (B) and TMEV-

infected Mmp12-/- (C) mice at 98 days post infection (dpi). Wild-type mice showed a 

significantly increased density of CD107b-positive cells at 98 dpi compared with 28 

dpi (D). In Arginase I Santa Cruz 1:50 Donkey anti-goat dylight 488 Jackson 

Immunoresearch CD107b AbD Serotec 1:200 Goat anti-rat Cy3 CD16/32 BD 

Pharmingen 1:25 Goat anti-rat Cy3 CCR2 Abcam 1:50 Rabbit anti-goat biotin Vector 

addition, the density of CD107b positive cells in TMEV-infected Mmp12-/- mice was 

significantly reduced at day 98 compared with TMEV-infected wild-type mice (D). 

Mock injected wild-type mice showed few CD16/32 (M1) positive microglia (E) 

compared with TMEV-infected wild-type (F) and TMEV-infected Mmp12-/- (G) mice at 

98 dpi. The density of CD16/32 positive cells in TMEV-infected wild type mice 

increased over time (H) while there was no increase in TMEV-infected Mmp12-/- 

mice. At 98 dpi there was a strong trend (p=0.053) for a reduced density of CD16/32 

positive cells in TMEV-infected Mmp12-/- compared with TMEV-infected wild-type 

mice (H). Mock-injected wild-type mice (I) showed low numbers of arginase I (M2) 

cells compared with TMEV-infected wild-type (J) and TMEV-infected Mmp12-/- (K) 

mice at 98 dpi. There was no significant difference between the densities of arginase 

I positive cells over time (L). Box and whisker plots show median and quartiles of 

immunopositive cells/mm2. Significant differences between the groups as detected by 

Mann-Whitney U test are marked by bars and asterisks (*; p≤0.05). 
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Figure 3. Identification of the polarity of microglia during Theiler’s murine 

encephalomyelitis. The M1 phenotype of microglia was determined by calculating the 

ratio of the density of CD107b positive cells divided by the density of CD16/32 

positive cells. At 28 and 98 days post infection (dpi) the majority of CD107b positive 

cells showed an expression of CD16/32 indicative of a M1 phenotype of microglia. 

There was no significant difference between the ratios of wild-type and Mmp12-/- 

mice (A). The M2 phenotype of microglia was determined calculating the ratio of the 

density of CD107b positive cells divided by the density of arginase I positive cells. At 

both time points only a small proportion of CD107b positive cells expressed arginase 

I with no significant difference between the ratios of wild-type and Mmp12-/- mice (B). 

Scatter 495 dot plot shows a strong dominance of M1 compared to M2 cells (M1 

dominance) with no significant difference between the ratios of wild-type and  

Mmp12-/- mice during the chronic phase of TME (C). Bars display median with range 

of the ratio (TMEV-infected animals divided by mock-injected animals) of 

immunopositive cells (A, B). 
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Chapter 4 Discussion 

MMPs are zinc-dependent enzymes that have the capability to remodel components 

of the extracellular matrix (ECM; MUKHERJEE and SWARNAKAR, 2015). They are 

involved in physiological processes like organogenesis, cell signaling, apoptosis and 

wound healing but also play a major role in pathological conditions like tumor cell 

migration and metastasis (EGEBLAD and WERB, 2002; WEAVER et al., 2005; HU et 

al., 2007). The expression profile of MMPs as well as their contribution to the 

pathogenesis of MS and its animal models EAE and TME has been extensively 

studied (COSSINS et al., 1997; ANTHONY et al., 1998; LEPPERT et al., 2001; 

LINDBERG et al., 2001; ROSENBERG, 2001; YONG et al., 2001; AVOLIO et al., 

2003; BAR-OR et al., 2003; ROSENBERG, 2005; ULRICH et al., 2006; HU et al., 

2007; KUMNOK et al., 2008). MMP-12 plays a crucial role in inflammation, tissue 

destruction, cell migration and modulation of the adaptive immune response (CURCI 

et al., 1998; KLEIFELD et al., 2000; VAN DEN STEEN et al., 2002; BELVISI and 

BOTTOMLEY, 2003; LIANG et al., 2006; MARCHANT et al., 2014). Additionally, 

extracellular MMP-12 inactivates interferon alpha (IFN-α) thereby attenuating the 

antiviral immune response (MARCHANT et al., 2014). This was confirmed by 

application of a MMP-12 inhibitor which was followed by highly elevated IFN-α 

plasma levels indicative of an exaggerated antiviral immune response (MARCHANT 

et al., 2014). Mmp12 deficiency worsens relapsing-remitting EAE in mice which was 

characterized by a reduced ability to remit effectively from relapses associated with a 

progressive worsening in clinical severity of subsequent relapses (DASILVA and 

YONG, 2009). The function of MMP-12 may be accomplished partly by chemokines 

which in turn modulate the balance between a Th1 versus Th2 driven immune 

response (WEAVER et al., 2005). In this context, the absence of MMP-12 generates 

an environment which promotes a detrimental, Th1-driven immune response 

(WEAVER et al., 2005; DASILVA and YONG, 2009; MARCHANT et al., 2014). In 

contrast to the observations in EAE upregulation of MMP-12 has been shown to 

exacerbate disease progression in TME and spinal cord injury (SCI; WELLS et al., 

2003). In SCI MMP-12 significantly contributes to the phase of secondary injury while 

the absence of MMP-12 is associated with an improved functional recovery in mice 
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(WELLS et al., 2003). In vivo investigations in TMEV-infected mice showed increased 

Mmp12 mRNA-levels in the spinal cord during the chronic demyelinating phase of 

TME (28, 56, 98, 196dpi; ANTHONY et al., 1998; ULRICH et al., 2006). Since MMP-

12 is mainly expressed by microglia/macrophages and its expression is increased 

following TMEV-infection associated with a progressively increasing degree of 

demyelination it is obvious to hypothesize that MMPs, especially MMP-12, are key 

mediators in the process of demyelination. Therefore the aim of this thesis was to 

elucidate the contribution of MMP-12 to the process of demyelination with special 

emphasis upon the phenotype of microglia and macrophages. 

 

4.1. MMP-12 in demyelination and inflammation 

In TME, transcriptional analysis of Mmp- and Timp genes in the spinal cord of SJL 

wild-type animals employing microarray analysis and/or RT-qPCR revealed a 

prominent upregulation of Mmp12 associated with chronic progressive demyelination. 

A comparable upregulation of Mmp12 is reported in chronic MS, EAE, and cuprizone-

induced demyelination, and is suggested to originate from microglia/macrophages 

(PAGENSTECHER et al., 1998; LINDBERG et al., 2001; VOS et al., 2003; ULRICH 

et al., 2006; SKULJEC et al., 2011). The expression of Mmp12 is approximately 100-

fold higher in microglia compared with astrocytes (KUMNOK et al., 2008). In addition, 

TMEV-infection of microglia results in an unaltered or moderate downregulation while 

TMEV infection of astrocytes induces a significant upregulation of Mmp12 

transcription in vitro (KUMNOK et al., 2008). Microglia/macrophages represent an 

important source of MMPs, significantly contribute to inflammatory lesions in TME 

and MS and express a variety of proteolytic enzymes (BAR-OR et al., 2003; BAR-

OR, 2008; HANSMANN et al., 2012). The stereotaxic injection of MMP-12 caused a 

demyelination targeting myelin sheaths and/or oligodendrocytes prior to 

infiltration/activation of microglia/macrophages as well as B- and T-lymphocytes 

(HANSMANN et al., 2012). Furthermore, in TMEV infected Mmp12-/- mice the degree 

of demyelination as well as the density of microglia/macrophages in the spinal cord 

was reduced at 98dpi, while the density of CD3 T-lymphocytes remained similar 

between TMEV infected Mmp12-/- and wild-type mice (HANSMANN et al., 2012). The 
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reduced density of microglia/macrophages in the spinal cord of Mmp12-/- mice may 

be attributed to the lack of MMP-12 since this enzyme represents a very important 

protease mediating the entry of macrophages into the CNS (SHIPLEY et al., 1996; 

HANSMANN et al., 2012). Since microglia/macrophages are well known to contribute 

to myelin loss directly or indirectly via bystander demyelination, the reduced degree 

of demyelination associated with the unchanged density of oligodendrocytes in 

Mmp12-/- mice is suggested to be the consequence of the reduced density of 

microglia/macrophages (ROSENBERG, 2002; HANSMANN et al., 2012). Although 

microglia constitute an important source of MMP-12, activation/migration of microglia 

as well as demyelination were not completely abolished indicating that other 

mechanisms partially compensate for the lack of MMP-12 (HANSMANN et al., 2012). 

 

4.2. Delayed astrogliosis in Mmp12 knockout mice 

Astrocytes play an important role in the formation and maintenance of the blood brain 

barrier (BBB) as well as blood spinal cord barrier (DUVDEVANI et al., 1995; DONG 

and BENVENISTE, 2001). Furthermore, astrocytes contribute to the survival of 

neurons and other glial cells. During inflammation astrocytes can release cytokines 

like IL-6, TNF-α, and IL-1β which increase the permeability of the BBB 

(SCHWANINGER et al., 1999; DIDIER et al., 2003; KIM et al., 2006). Recently 

SKRIPULETZ et al. (2013) showed that the ablation of astrocytes inhibits myelin 

clearance since astrocytes secrete the chemokine CXCL10 which induces migration 

of microglia to the lesions. Since the ratio (TMEV-infected divided by mock-infected 

mice) of astrocytes was significantly reduced in TMEV-infected Mmp12-/- mice 

compared to wild-type mice at 28dpi it seems that the reduced density of astrocytes 

led to a reduced activation/migration of microglia into the spinal cord lesion. 

However, the contribution of MMP-12 deficiency to the delayed astrocyte proliferation 

remains elusive. 
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4.3. Contribution of phagocytes to demyelination and axonal loss 

Microglia/macrophages are major contributors to inflammation in demyelinating 

diseases like MS (KREUTZBERG, 1996; LUCCHINETTI et al., 2000; KIGERL et al., 

2009; DAVID and KRONER, 2011; RADDATZ et al., 2014). However, the 

quantitative contribution of CNS-infiltrating monocytes to inflammation in the spinal 

cord of TMEV infected mice is so far unknown. In the present study, the marker 

CCR2 was used for the detection of CNS-invading blood-borne macrophages 

(SAEDERUP et al., 2010) and neither at 28 nor at 98dpi positive cells in the spinal 

cord of TMEV infected wild-type and Mmp12-/- mice were detected. This observation 

indicates, that the detected phagocytes in the spinal cord mainly consist of microglia. 

Consequently the reduced number of intra-lesionally detected microglia in TMEV-

infected Mmp12-/- mice may be attributed to a reduced activation/proliferation, a 

reduced migratory capacity of microglia or a combination of both (SHIPLEY et al., 

1996; HAUTAMAKI et al., 1997). The reduced degree of demyelination in TMEV-

infected Mmp12-/- mice may therefore result from an altered balance between M1 and 

M2 cells. 

Phagocytes are categorized into pro-inflammatory, classically activated (M1) cells 

and anti-inflammatory, alternatively activated (M2) cells (KIGERL et al., 2009). M1 

cells produce toxic molecules such as reactive oxygen species or reactive nitrogen 

species which are among others necessary to mediate host defense against different 

pathogens (DAVID and KRONER, 2011). M2 cells, the counterpart to M1 cells, are 

associated with the regulation of tissue repair, wound healing and debris scavenging 

(EDWARDS et al., 2006; SIMARD and RIVEST, 2007). In the present study M1 cells 

were the dominating cell type (M1/M2 ratio larger than 1) in wild-type as well as 

Mmp12-/- mice at all investigated time points. In addition to the significantly reduced 

density of microglia in TMEV infected Mmp12-/- mice compared with TMEV-infected 

wild-type mice a reduced density of M1 cells was detected at 98 dpi while there was 

no change in the density of arginase I positive cells at all investigated time points. 

Thereby it can be assumed, that a lack of MMP-12 may lead to a delayed astrogliosis 

followed by a reduced microgliosis (mainly reduction of M1 cells). However, the 

dominating phenotype of microglia in the spinal cord of TMEV wild-type and Mmp12-/- 
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mice was M1. This is indicative of a progressive inflammatory CNS disease lacking 

counter-regulatory mechanisms by M2 cells. 

Conclusively, reduced demyelination in Mmp12-/- mice was not associated with a 

predominance of M2 microglia. Instead, TMEV-infected wild-type and Mmp12-/- mice 

showed a dominance of M1 microglia in the spinal cord during the demyelinating 

phase of TME. The delayed astrogliosis in Mmp12-/- mice was associated with a 

reduced density of microglia mainly originating from a reduced density of M1 cells 

indicating that astrocytes play an important role in microglia activation and still favor a 

M1 phenotype of microglia.  
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Chapter 5 Summary 

Relevance of axono-glial interaction during Theiler´s murine encephalomyelitis 

in matrix metalloproteinase-12 knock-out mice  

 

Ning Zhang 

 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central 

nervous system (CNS). Experimental animal models for MS such as Theiler´s murine 

encephalomyelitis (TME) represents a powerful tool for studying the pathogenesis of 

demyelination, mechanisms of remyelination and testing the safety and efficiency of 

therapeutics prior to their use in human clinical trials. In this thesis the contribution of 

MMP-12 to demyelination and inflammation in the CNS was investigated. Special 

emphasis was given to the question whether MMP-12 deficiency leads to an 

activation of different microglia/macrophage subsets (pro-inflammatory M1, anti-

inflammatory M2) or a phenotype switch of microglia/macrophages during TME.  

TMEV infected Mmp12 knockout (Mmp12-/-) mice showed an ameliorated clinic 

associated with reduced microglia/macrophages in the spinal cord at 98 days post 

infection (dpi). This was preceded by a reduced degree of astrogliosis in Mmp12-/- 

mice at 28dpi. Since astrocytes are key-players in the determination of inflammatory 

reactions e.g. by secretion of chemokines like CXCL10 which is important for 

microglia activation and migration, it was assumed that a reduced density of 

astrocytes in TMEV infected Mmp12-/- mice may lead to a reduced density of 

microglia/macrophages in the lesions. It is known that Mmp12-/- monocytes have a 

reduced capacity to migrate through the extracellular matrix (ECM). This led to the 

question, which contribution microglia or macrophages have to CNS inflammation in 

Mmp12-/- mice. To address this question the marker chemokine receptor 2 (CCR2) 

which is expressed on blood borne macrophages but not on microglia was used. 

Within spinal cord lesions of wild-type and Mmp12-/- mice no CCR2 positive cells 

were detected at 28 and 98dpi and therefore it was concluded that the contributing 

phagocytes in the spinal cord lesions consist of microglia. Next we asked, whether 

the reduced density of microglia in Mmp12-/- mice is also associated with a change in 
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the phenotype (M1 versus M2) of microglia. At 28 and 98dpi CD16/CD32 (M1) as 

well as arginase I (M2) positive cells were detected intralesionally in wild-type as well 

as Mmp12-/- mice. At both time points there was no difference regarding the density 

of arginase I positive cells between wild-type and Mmp12-/- mice. However at 98dpi 

there was a strong trend for a reduced density of CD16/CD32 positive cells in 

Mmp12-/- mice compared with wild-type mice. Summarized, Mmp12-/- as well as wild-

type mice showed a dominance (ratio M1/M2 larger than 1) of M1 cells at both 

investigated time points while the density of M2 cells was not affected. Furthermore, 

a phenotype switch of microglia was not detected. 

In conclusion, MMP-12 plays an essential role in the pathogenesis of demyelination 

possibly by directly (reduced activation of microglia) or indirectly (reduced astrocyte-

induced migration of microglia) influencing the interaction of glia cells. 
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Chapter 6 Zusammenfassung 

Bedeutung der Interaktion von Axonen und Gliazellen während der 

Theilervirus-Enzephalomyelitis bei Matrix Metalloproteinase 12 knockout 

Mäusen 

 

Ning Zhang 

 

Multiple Sklerose (MS) ist eine entzündliche Erkrankung des zentralen 

Nervensystems (ZNS), die mit einer Entmarkung einhergeht. Tiermodelle für MS wie 

die Theilervirus Enzephalomyelitis (TME) stellen ein wertvolles Werkzeug für die 

Untersuchung der Pathogenese der Entmarkung, Mechanismen der 

Remyelinisierung sowie für die Überprüfung der Wirksamkeit und Effektivität von 

Therapeutika vor der Testung in klinischen Studien beim Menschen dar. In dieser 

Arbeit wurde die Funktion von MMP-12 bei der Entmarkung und Entzündung im ZNS 

untersucht. Besondere Beachtung wurde der Frage geschenkt, ob ein Mangel an 

MMP-12 zu einer Aktivierung von unterschiedlichen Mikroglia/Makrophagen 

Populationen (pro-entzündlich M1 versus anti-entzündlich M2) führt und/oder ob es 

hierdurch zu einer Veränderung des Phänotyps von Mikroglia/Makrophagen während 

der TME kommt.  

Theiler’s murine encephalomyelitis virus (TMEV) infizierte Mmp12 knockout   

(Mmp12-/-) Mäuse zeigten am Tag 28 nach TMEV-Infektion eine verminderte 

Astrogliose im Rückenmark. Am Tag 98 nach TMEV-Infektion zeigte sich bei den 

Mmp12-/- Mäusen eine verbesserte Klinik in Assoziation mit einer verminderten 

Menge an Mikroglia/Makrophagen im Rückenmark. Astrozyten sind wesentliche 

Zellen bei der Determinierung von Entzündungsreaktionen im ZNS, da sie 

Chemokine wie z.B. CXCL10 - wesentlich für die Aktivierung und Migration von 

Mikroglia – sezernieren können. Dies führte zu der Annahme, dass die reduzierte 

Anzahl an Astrozyten bei den TMEV-infizierten Mmp12-/--Mäusen mit der 

verminderten Dichte an Mikroglia/Makrophagen in den Läsionen im Zusammenhang 

steht. Es ist bekannt, dass Monozyten von Mmp12-/--Mäusen eine verminderte 

Fähigkeit aufweisen, sich durch die extrazelluläre Matrix zu bewegen. Dies führte zu 
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der Frage, welchen Beitrag leisten Mikroglia bzw. Makrophagen zu entzündlichen 

Veränderungen im ZNS von Mmp12-/--Mäusen. Für die Beantwortung dieser Frage 

wurde ein Antikörper, der gegen den Chemokinrezeptor 2 (CCR2) gerichtet ist, 

verwendet. CCR2 ist in Monozyten aber nicht auf Mikroglia zu finden. In 

Rückenmarksläsionen von Wildtyp und Mmp12-/- Mäusen wurden sowohl am Tag 28 

als auch am Tag 98 nach Virusinfektion keine CCR2 positiven Zellen festgestellt. 

Hieraus ergab sich, dass die im Rückenmark festgestellten Phagozyten bei TMEV-

infizierten Mäusen aus Mikroglia bestehen. Als nächste stellte sich die Frage, ob die 

verminderte Dichte an Mikroglia bei Mmp12-/--Mäusen auch mit einem Veränderten 

Phänotyp (M1 versus M2) assoziiert ist. Am Tag 28 und 98 nach TMEV-Infektion 

wurden intraläsional CD16/CD32 (M1) sowie Arginase I (M2) positive Zellen bei 

Wildtyp und Mmp12-/--Mäusen festgestellt. An beiden Zeitpunkten war die Dichte an 

Arginase I positiven Zellen zwischen TMEV-infizierten Wildtyp und Mmp12-/--Mäusen 

unverändert. Bezüglich der M1-Zellen zeigte sich am Tag 98 nach TMEV-infektion 

ein starker Trend für eine reduzierte Anzahl an CD16/CD32 positiven Zellen bei 

Mmp12-/--Mäusen verglichen mit Wildtyp-Mäusen. Mmp12-/-- sowie Wildtyp-Mäuse 

zeigten an den untersuchten Zeitpunkten eine Dominanz von M1-Zellen (Verhältnis 

von M1/M2 immer größer als eins) während die Dichte von M2-Zellen nicht durch das 

Fehlen von MMP-12 beeinflusst wurde. Weiterhin wurde kein Wandel des Mikroglia-

Phänotyps festgestellt. 

Zusammenfassend lässt sich sagen, das MMP-12 eine wesentliche Rolle in der 

Pathogenese der Entmarkung spielt. MMP-12 beeinflusst hierbei möglicherweise 

direkt (verminderte Aktivierung von Mikroglia) oder indirekt (verminderte, Astrozyten-

induzierte Migration von Mikroglia) die Interaktion von Gliazellen. 
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