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Abbreviation list

Abbreviation list
ADAMs = a disintegrin and metalloproteinases
ADAMTs = a disintegrin and metalloproteinases thrombospondin
BBB = blood brain barrier
CCP = caudal cerebellar peduncle
CNPase = 2',3'-cyclic nucleotide 3'-phosphodiesterase
CDV = canine distemper virus
CNS = central nervous system
DTH = delayed type hypersensitivity reaction
EAE = experimental autoimmune encephalomyelitis
ECM = extracellular matrix
ECs = epidermoid cysts
Ig = immunoglobulin
IL = interleukin
JHM = John Howard Mueller
MAG = myelin-associated glycoprotein
MBP = myelin basic protein
MOG = myelin oligodendrocyte glycoprotein
MHC = major histocompatibility complex
MMPs = matrix metalloproteinases
MS = Multiple sclerosis
MT-MMPs = membrane type matrix metalloproteinases
TIMPs = tissue inhibitors of metalloproteinases
TME = Theiler’s murine encephalomyelitis
TMEV = Theiler’s murine encephalomyelitis virus
TNF = tumor necrosis factor
p.i. = post infection
PLP = proteolipid protein
PPMS = primary progressive multiple sclerosis
PRMS = progressive relapsing multiple sclerosis
RRMS = relapsing and remitting multiple sclerosis
SPMS = secondary progressive multiple sclerosis
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General remark

The main issue of this thesis was to elucidate the contribution of matrix
metalloproteinases (MMPs) to the process of demyelination in Theiler’s murine
encephalomyelitis (TME) as a model of demyelinating diseases such as multiple
sclerosis (MS) or canine distemper encephalitis. Special emphasis was given to the
question whether MMPs contribute to demyelination directly by destruction of myelin
and/or oligodendrocytes or indirectly by facilitating infiltration of inflammatory cells,
breakdown of the blood-brain-barrier (BBB) or alteration of the extracellular matrix.
To address these questions two animal experiments were performed: firstly, in vitro
activated, recombinant, murine MMP-3, MMP-9 and MMP-12 were stereotactically
injected into the brainstem of adult SJL-mice. Secondly, MMP-3 and MMP-12 knockout as well as wild-type mice were intracerebrally infected with the BeAn strain of
TME virus (TMEV) and the clinical course as well as histopathological alterations
were studied.
The results from these studies aimed to clarify whether MMP-3 and/or MMP-12 are
key mediators in the pathogenesis of demyelinating diseases and represent suitable
target molecules for future therapeutic approaches.
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2.1. Multiple sclerosis
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system
(CNS) affecting more than 2 million people worldwide with a variable disease course
(KEMPPINEN et al. 2011, NOSEWORTHY 1999). The occurrence of MS is more
frequent in North America and Europe while Asians and Africans are less frequently
affected (COMPSTON et al. 2008, HAUSER et al. 2006, ROSATI 2001). MS was
firstly described in 1868 by Jean-Martin Charcot and named Encephalomyelitis
disseminata or Charcot’s disease (LASSMANN 2005). This disease is characterized
by the development of demyelinating lesions in the CNS (LUCCHINETTI et al. 2000).
A typical hallmark of MS is formation of sclerotic plaques, which represents the end
stage of a process including inflammation, demyelination, eventual remyelination
(shadow plaques), oligodendrocyte depletion, astrocytosis as well as neuronal and
axonal degeneration/loss (COMPSTON et al. 2008, FRANKLIN 2002, LASSMANN et
al. 2007). Demyelination, followed by neurodegeneration and axonal loss is
responsible for a wide range of symptoms including motor deficits, disturbances in
cognition and vision as well as urinary incontinence and sexual dysfunction
(PANITCH et al. 2011, ZWIBEL et al. 2011).
The etiology of MS is still unknown, but it is suspected to be an immune-mediated,
infectious, inflammatory or degenerative disease or a combination of these
processes (STEINMAN et al. 2006). Environmental risk factors including infectious
agents like Epstein-Barr virus (SERAFINI et al. 2007), human herpesvirus 6
(SOLDAN et al. 1997), measles virus and Chlamydophila pneumoniae (SRIRAM et
al. 1998), as well as vitamin D levels, diet, sunlight, smoking and a genetic
susceptibility are under discussion (COHEN 2009, COMPSTON et al. 2008,
KEMPPINEN et al. 2011, MIROWSKA-GUZEL et al. 2009). Genome-wide
association studies in MS revealed 16 loci with significant contribution to the disease
(KEMPPINEN et al. 2011). Genetic factors which have been associated with MS
include genes of the major histocompatibility complex (OKSENBERG et al. 2005),
however a genetic basis alone cannot be responsible for the disease as, for example
concordance in identical twins is less than 50% (STEINMAN et al. 2006). Recently
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chronic cerebrospinal venous insufficiency (CCSVI) has been suggested to be
associated with MS (ZAMBONI et al. 2009, ZAMBONI et al. 2009). However, other
groups reported that CCSVI plays no role in MS risk and disease severity
(BARACCHINI et al. 2011, CENTONZE et al. 2011).
Diagnosis of MS includes clinical and laboratory investigation with a need to
demonstrate dissemination of lesions in space and time as well as excluding
differential diagnoses (POLMAN et al. 2011). MS typically starts at an age of 20 to 40
years and the disease is more frequent in females than in males. MS can be divided
into different categories based on the clinical course: relapsing-remitting (RRMS;
Figure 1A), primary progressive (PPMS, Figure 1B), secondary progressive (SPMS,
Figure 1C) and progressive-relapsing (PRMS, LUBLIN et al. 1996).

Figure 1: Clinical courses of MS (adapted from LUBLIN et al. 1996)
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RRMS is thought to reflect occasional inflammatory bursts in the CNS, while the
accumulating disability in progressive MS is believed to be due to neurodegeneration
(KEMPPINEN et al. 2011). During RRMS recovery from each episode becomes
increasingly incomplete and persistent symptoms accumulate (FRANKLIN 2002).
Clinically, MS starts as RRMS with a highly variable relapse frequency per year in
about 85% of the patients (TRAPP et al. 2008). About 65% of patients enter the
secondary progressive phase while the illness is primary progressive in about 20% of
the patients (COMPSTON et al. 2008). Statistically, PPMS starts about 10 years later
than RRMS and female and male subjects are equally affected (TRAPP et al. 2008).
Ten years following disease onset about 50% of MS patients are not able to care of
oneself and are unfit for work (TRAPP et al. 2008). On average the life expectation of
MS patients is about seven to eight years shorter compared to the normal population
(TRAPP et al. 2008). Current therapies reduce the relapse frequency between 33 to
66% and moderately delay disease progression of RRMS and SPMS (ROPPER
2006, STEINMAN et al. 2006).
Histologically, MS is characterized by an infiltration of inflammatory cells followed by
demyelination, loss of oligodendrocytes, astrogliosis as well as axonal degeneration
and loss (HUNTER et al. 1995, LASSMANN et al. 2007, TSUNODA et al. 2002).
Different staging systems for MS lesions exist, e.g. “Bö/Trapp staging system” or the
“Lassmann/Brück staging system” (VAN DER VALK et al. 2000). The staging system
according to Lassmann/Brück discriminates between 5 different categories as shown
in Table 1.
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Table 1: Lassmann/Brück staging system (adapted from VAN DER VALK et al. 2000)

Stage

Characteristics

Early active lesions

-

Macrophages contain myelin proteins and lipids

-

Macrophages express MRP14

-

Macrophages contain myelin debris which is
luxol fast blue, myelin basic protein and
proteolipid

Late active lesions

protein

positive

but

myelin

oligodendrocyte glycoprotein negative
-

Macrophages are 27E10 positive but myelin
related protein 14 negative

Inactive lesion

-

Macrophages are PAS positive

-

Macrophages are MRP14 negative and do not
contain myelin breakdown products

Early remyelinating lesions

Late remyelinating lesions
(shadow plaques)

-

Numerous lymphocytes and macrophages

-

Clusters of thinly myelinated axons

-

Few macrophages

-

Astrogliosis

-

Numerous thinly myelinated axons

In actively demyelinating MS lesions four different patterns of demyelination have
been described investigating the following criteria: myelin protein loss, plaque size
and distribution, pattern of oligodendrocyte destruction and immunopathological
evidence of complement activation (LASSMANN et al. 2001, LUCCHINETTI et al.
2000). Investigations of MS autopsy cases show that patterns of demyelination are
homogeneous within active lesions from the same patient but heterogeneous
between patients leading to the hypothesis that MS possibly has a heterogeneous
etiology (Table 2, LUCCHINETTI et al. 2000). According to Lucchinetti et al. (2000),
pattern

I

is

characterized

by

a

T-lymphocyte-

and

macrophage-mediated

demyelination accompanied by myelin debris. In this pattern a delayed type
hypersensitivity (DTH) is suspected to be the main pathomechanism. Pattern II is
characterized by intralesional deposition of immunoglobulins, mainly IgG. A
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hypersensitivity type II reaction is considered to contribute to lesion development in
this pattern. The striking feature of pattern III is a preferential loss of myelin
associated glycoprotein (MAG) while other myelin proteins like myelin basic protein
(MBP) and proteolipid-protein (PLP) are still present, suggesting a peripheral
oligodendropathy. In addition, a pronounced loss of oligodendrocytes at the border of
actively demyelinating plaques and an inactive plaque center almost devoid of
oligodendrocytes is characteristic for this pattern. Ischemia or virus-infection are the
suspected causes of this pattern. Pattern IV resembles demyelination following
oligodendrocyte death but in contrast to pattern III without preferential loss of the
peripheral MAG. Toxic processes are thought to be responsible for this pattern.

Table 2: Pattern of actively demyelinating MS lesions (according to LUCCHINETTI et al. 2000)

Pattern
I

II

III

IV

Morphological characteristics and suggested pathomechanism
-

T-lymphocytes, macrophages

-

Hypersensitivity type IV reaction

-

T-lymphocytes, macrophages

-

Immunoglobulin and complement deposition

-

Hypersensitivity type II reaction

-

T-lymphocytes, macrophages, activated microglia cells

-

General loss and periaxonal alteration of myelin associated
glycoprotein-immunoreactivity

-

Pronounced loss of oligodendrocytes at the active plaque border

-

Inactive center of the plaque is almost completely devoid of
oligodendrocytes

-

Remyelinated shadow plaques are absent

-

Peripheral oligodendropathy (degeneration of myelin prior to
destruction of oligodendrocytes)

-

T-lymphocytes, macrophages

-

Deposition of immunoglobulins and complement is absent

-

Demyelination associated with oligodendrocyte death in a small
rim of periplaque white matter

-

Central oligodendropathy (myelin degenerates as consequence
of oligodendrocyte destruction)
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2.2. Animal models of central nervous system demyelination
One important obstacle in MS research is, that only limited tissue samples of early
and immunologically active MS lesions are available. Accordingly, modifications of
experimental circumstances are much more limited in human studies compared to
studies in animal models (DENIC et al. 2011). Animal models are necessary to get
an insight into specific aspects of demyelinating diseases and to establish and/or test
novel therapeutic approaches (Table 3). One single animal model is not able to cover
and adequately incorporate all clinical, pathological and predisposing features of MS
(DENIC et al. 2011). The most commonly used animal models of CNS demyelination
and inflammation can be divided into virus-induced, autoimmune-mediated, toxininduced and genetic models. Important virus-induced animal models include infection
of mice with Theiler’s murine encephalomyelitis (DAL CANTO et al. 1996,
DRESCHER et al. 2008, OLESZAK et al. 2004), the John Howard Mueller (JHM)
strain of mouse hepatitis virus (BAILEY et al. 1949, CHEEVER et al. 1949, TIROTTA
et al. 2010), Visna/Maedi virus infection in sheep (PALSSON 1976, PETURSSON et
al. 1978), and canine distemper encephalitis (BEINEKE et al. 2009, SEEHUSEN et
al. 2009, VANDEVELDE et al. 2005). Experimental autoimmune encephalomyelitis
(EAE) represents a suitable model for studying immune-mediated de- and
remyelination (CROXFORD et al. 2011, DENIC et al. 2011, MIX et al. 2010). The
most commonly used agents inducing toxin-mediated demyelination include
cuprizone (BLAKEMORE 1972, BLAKEMORE 1973, HERDER et al. 2011), ethidium
bromide (HANSMANN et al. 2012, WOODRUFF et al. 1999), lysolecithin
(RODRIGUEZ 2007) and a mixture of anti-galactocerebroside antibody and guinea
pig complement (WOODRUFF et al. 1999). Animals showing mutations in myelin
proteins like PLP or MBP (DUPOUEY et al. 1979, GRIFFITHS 1996, GRIFFITHS et
al. 1990, PRIVAT et al. 1979), genetic defects leading to a reduced number of
oligodendrocytes (SKOFF 1976) or a disturbed cholesterol biosynthesis leading to a
severely reduced rate of myelin synthesis (SAHER et al. 2005) can be used to study
the effects of specific genes/gene products on the integrity of the myelin sheath,
axonal preservation and neuronal loss.
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Table 3: Animal models of central nervous system demyelination

Category

Virus-induced
demyelinatinon

Autoimmunemediated
demyelination

Toxin-induced
demyelination

Geneticallymediated
demyelination

Agent

Reference

Mouse hepatitis virus, John Howard Mueller strain
Coronaviridae, Betacoronavirus

BAILEY et al. 1949
CHEEVER et al. 1949
TIROTTA et al. 2010

Theiler´s murine encephalomyelitis virus
Picornaviridae, Cardiovirus

DAL CANTO et al. 1996
DRESCHER et al. 2008
OLESZAK et al. 2004

Visna/Maedi virus
Retroviridae, Lentivirus

PETURSSON et al. 1978
PALSSON 1976

Canine distemper virus
Paramyxoviridae, Morbillivirus

BEINEKE et al. 2009
SEEHUSEN et al. 2009
VANDEVELDE et al. 2005

Semliki forest virus
Togaviridae, Alphavirus

FAZAKERLEY et al. 2006
SUCKLING et al. 1978

Crude brain preparation in Freund´s adjuvant
Fragments of:
- Myelin basic protein (MBP)
- Myelin oligodendrocyte glycoprotein (MOG)
- Myelin associated glycoprotein (MAG)
- Proteolipid-protein (PLP)

CROXFORD et al. 2011
DENIC et al. 2011
MIX et al. 2008
MIX et al. 2010

Cuprizone

BLAKEMORE 1972
BLAKEMORE 1973
HERDER et al. 2011

Ethidium bromide

HANSMANN et al. 2012
WOODRUFF et al. 1999

Lysolecithine

RODRIGUEZ 2007

Anti-galactocerebroside antibody + complement

WOODRUFF et al. 1999

Rumpshaker mouse (PLP mutant)

GRIFFITHS et al. 1990
GRIFFITHS 1996

Shiverer mouse (lacks MBP)

PRIVAT et al. 1979
DUPOUEY et al. 1979

Jimpy mouse (reduced oligodendrocyte number)

SKOFF 1976

Alterations in myelin-biosynthesis

SAHER et al. 2005

Transgenic TNF overexpressing mice (Tg6074)

TSEVELEKI et al. 2010
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2.2.1. Theiler’s murine encephalomyelitis
TME is an important, virus-induced model of MS for the following reasons: firstly the
host immune response plays a major role in the pathogenesis of myelin destruction,
secondly virus infection can be studied in its natural host and thirdly the chronic
progressive course of the clinical signs and morphological changes share many
similarities with the chronic progressive form of MS, whereas most other models
display a relapsing and remitting course (DAL CANTO et al. 1996, DAL CANTO et al.
1982, LIPTON 1975, STOHLMAN et al. 2001, ULRICH et al. 2008).

2.2.1.1. Theiler’s murine encephalomyelitis virus
TME virus (TMEV) was first isolated from the CNS of naturally infected young mice
with flaccid paralysis (THEILER 1934). TMEV is a naturally occurring mouse
pathogen belonging to the family of Picornaviridae genus Cardiovirus (DAL CANTO
et al. 1982, LIPTON et al. 2001). Virions have an icosahedral symmetry, are nonenveloped, measure 25 to 29 nm in diameter and contain a single-stranded RNA of
positive polarity (RACANIELLO 2007). The normal route of transmission is oral/fecal
followed by a gastrointestinal infection that is only rarely complicated by a CNS
disease (THEILER 1937). However, the neurological disease can be experimentally
induced in a high percentage of mice employing intracerebral inoculation (BRAHIC et
al. 2005). TMEV strains can be divided into two subgroups such as highneurovirulent (GDVII, FA) and low-neurovirulent (Theiler’s original [TO]), including
BeAn, DA, Yale, WW] substrains (DANIELS et al. 1952, MICHIELS et al. 1995,
MONTEYNE et al. 1997, PEVEAR et al. 1988, ROZHON et al. 1983, THEILER 1937,
THEILER et al. 1940). High-neurovirulent TMEV strains are known to cause a fatal
polioencephalitis while the low-neurovirulent DA and BeAn strains induce a biphasic
disease characterized by a mild initial polioencephalitis followed by a chronic
progressive demyelinating leukoencephalomyelitis in susceptible mouse strains
(DANIELS et al. 1952, LIPTON 1975, LIPTON 1980, TSUNODA et al. 1996,
ZOECKLEIN et al. 2003). Genes which have been found to determine susceptibility
or resistance of different mouse strains to persistent TMEV infection (Table 4) include
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major histocompatibility complex (MHC) and non-MHC genes (DAL CANTO et al.
1996, RODRIGUEZ et al. 1986).
Table 4: Susceptibility of different mouse strains to persistent TMEV infection (according to
DAL CANTO et al. 1996)

Susceptibility to persistent TMEV infection

Mouse strain

Highly susceptible

SJL/J, DBA/1, DBA/2, SWR, PL/J, NZW

Intermediate susceptible

C3H, CBA, AKR, C57BR

Mostly resistant

BALB/c, C57BL/6, C57BL/10, C57/L, 129/J

In addition, gene loci which have been mapped to be associated with susceptibility to
TMEV induced demyelination include H-2D locus (on chromosome 17; RODRIGUEZ
et al. 1986), Tmevd-1 locus (on chromosome 6; KAPPEL et al. 1991, MELVOLD et
al. 1990) and Tmevd-2 locus (on chromosome 3; MELVOLD et al. 1990). Some gene
loci (e.g. H-2D and Tmevd-1) are involved in T-cell regulation which further
substantiates the hypothesis that demyelination in TME is immune-mediated (DAL
CANTO et al. 1996). Intracerebral infection of mice with the BeAn strain of TMEV
mice induces an acute polioencephalitis, characterized by prominent infection of
mainly neurons and some glial cells. This early and acute phase of the disease has a
duration of approximately two weeks, after which the virus is either cleared in
genetically resistant mice or persists in the CNS in genetically susceptible mice
(LIPTON 1975). In genetically susceptible mice first clinical evidence of white matter
involvement can be seen about four weeks post infection (p.i.) when mice start to
show a wobbling gait (DAL CANTO et al. 1996). Clinical signs like weakness of the
posterior limbs followed by continuously progressive ataxia leading to spastic
paralysis and in final stages urine incontinence can be observed (LIPTON 1975,
MCGAVERN et al. 2000, MCGAVERN et al. 1999). Cells of viral persistence include
glial cells of the spinal cord white matter, mainly microglia/ macrophages and to a
lesser extent oligodendrocytes as well as astrocytes (AUBERT et al. 1987, BRAHIC
et al. 1981, LIPTON et al. 1995, RODRIGUEZ et al. 1986). In addition, the
cytoplasmic channels of myelin are a site of viral expression during virus persistence
(RODRIGUEZ et al. 1983). Since TMEV infects oligodendrocytes in vivo and in vitro,
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direct lytic infection of oligodendrocytes can result in demyelination without
inflammation (SATO et al. 2011). Furthermore, repeated restraint stress has been
shown to facilitate virus spread from the CNS to systemic organs like spleen, lymph
nodes, thymus, lung and heart compromising the ability of viral clearance within
those organs (MI et al. 2006). In vitro studies substantiate that glial progenitor cells,
oligodendrocytes, astrocytes, neurons as well as microglia/macrophages are
susceptible to TMEV infection (KUMNOK et al. 2008, O'SHEA et al. 1997,
PRINGPROA et al. 2010, WROBLEWSKA et al. 1979).

2.2.1.2. Pathogenesis of experimentally induced Theiler’s murine
encephalomyelitis
The outcome of TMEV infection depends on mouse strain (Table 4), sex, virus strain
and age of the mice at time of infection (Figure 2; BRAHIC et al. 2005, MONTEYNE
et al. 1997). Following intracerebral TMEV infection of mice, initial virus replication
takes place in gray matter neurons causing a polioencephalitis followed by an axonal
virus spread during the first weeks post infection (DAL CANTO et al. 1982,
MARTINAT et al. 1999, TSUNODA et al. 2003). Depending on the mouse strain
(Table 4) and on the virus strain such as high-/low-neurovirulent the virus is
eliminated or the acute phase is followed by a progressive demyelinating disease in
the chronic phase (LIPTON 1975, ZOECKLEIN et al. 2003). Both, susceptible and
resistant strains can be infected by TMEV, but only those strains that can mount antiTMEV DTH-responses will develop demyelination and inflammation of the spinal cord
white matter (CLATCH et al. 1986, CLATCH et al. 1987, MILLER et al. 1987,
MILLER et al. 1990).
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Figure 2: Outcome of TMEV infection (according to DAL CANTO et al. 1996).

Axons play an important role in virus distribution because they are necessary for
virus trafficking from brain to spinal cord. In addition, TMEV is able to traffic from the
axon into the surrounding myelin (ROUSSARIE et al. 2007). However, a
hematogenous and/or liquorogenic virus spread within the CNS cannot completely be
ruled out. Axonal degeneration prevents virus spread via axonal transport within the
CNS in hosts infected with low-neurovirulent strains (e.g. DA or BeAn) while it is
detrimental to hosts infected with high-neurovirulent TMEV strains (e.g. GDVII;
TSUNODA et al. 2008). For low-neurovirulent TMEV strains it has been shown that
axonal degeneration precedes demyelination, meaning that lesions develop from the
axon to the myelin sheath - inside-out model (TSUNODA et al. 2002). Since axonal
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degeneration has been shown to be a self-destructive physiological process during
development, axonal degeneration in TMEV infected mice may be a self-destructive
defense mechanism that protects from the transport of toxic substances and viruses
in the CNS (DAL CANTO et al. 1975, SATO et al. 2011). In addition, TMEV causes
apoptosis of neurons and oligodendrocytes in the CNS in vivo (TSUNODA et al.
2008). In this context apoptosis of virus-infected cells and adjacent uninfected cells
can be interpreted as a mechanism protecting the CNS against virus spread
(TSUNODA et al. 2008).
In TMEV-infection cellular immune responses seem to play a protective and
pathogenic role. Most studies using the BeAn strain of TMEV suggest that CD4+
lymphocytes are directly involved in the disease because mice depleted of CD4+ Tcells prior to TMEV infection die within 3-5 weeks (BORROW et al. 1993).
Furthermore, treating mice with antibodies to CD4+ T-cells after viral infection but
before disease onset can prevent the development of a demyelinating disease
(MILLER et al. 1994). In addition, in the CNS of TMEV infected mice CD4+
lymphocytes in contrast to CD8+ lymphocytes have been shown to express IL-2
receptors (MILLER et al. 1994). IL-2 is known as an important indicator of
lymphocyte activation, supporting an important role of T-helper cells in TMEVinduced demyelination (DAL CANTO et al. 1996). However, prevention of the
disease has also been shown after inoculation of antibodies to CD8+ T-cells
(RODRIGUEZ et al. 1988). In addition, in lymph nodes of mice immunized with
TMEV, production of IL-2, TNF-α and IFN-γ indicative of a Th1 response has been
observed. However, a production of IL-4, IL-6 or IL-10 indicative of a Th2 response
not detected (MILLER et al. 1994, PETERSON et al. 1993). Furthermore, anti-TMEV
antibodies produced by susceptible mice are mainly of the IgG2a or IgG2c subclass
in SJL/J mice (ULRICH et al. 2010) which is dependent on stimulation by Th1
cytokines (PETERSON et al. 1992). However, chronic progressive demyelination
during TME is dependent on virus persistence within the CNS (LIPTON et al. 2005).
Virus antigen can be localized by immunohistochemistry in macrophages in and
around white matter lesions as well as in other inflammatory cells, astrocytes and
oligodendrocytes (DAL CANTO et al. 1982). An important mechanism contributing to
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demyelination during TME is a DTH-reaction which primarily targets virus epitopes
but later detects myelin epitopes, a process called epitope spreading (CLATCH et al.
1986, MILLER et al. 2001). Hereby a specific role of CD4+ T-cells is suspected (DAL
CANTO et al. 1996). CD8+ T-cells are important for virus clearance while virusspecific and auto-reactive CD8+ T-cells have been suggested to contribute to
demyelination (TSUNODA et al. 2008). In addition, anti-TMEV antibodies can help to
eliminate the virus whereas some anti-viral antibodies cross-react with host myelin
molecules including galactocerebroside (TSUNODA et al. 2008).
Taken together, TME-induced demyelination resembles the clinical course observed
in PPMS or SPMS. Important underlying mechanisms have been shown to be a
MHC-II restricted, CD4+ T-cell mediated DTH-reaction (CLATCH et al. 1985, MILLER
et al. 2001) as well as an intrathecal antibody production (PACHNER et al. 2007,
PACHNER et al. 2007, YAMADA et al. 1990) resembling most features observed in
MS lesions (pattern I and/or II; LUCCHINETTI et al. 2000). In addition, depending on
the virus strain, a variable degree of demyelination due to virus-induced
oligodendrocyte loss can be observed (ZOECKLEIN et al. 2003). This indicates that
some features observed in TME may resemble pattern III or IV of MS lesions
according to Lucchinetti et al. (2000).

2.3.1. Experimental autoimmune encephalomyelitis
EAE is a suitable model to investigate the autoimmune-mediated hypothesis of MS. It
is a cell-mediated disease which can be induced by injection of CNS-tissue, myelin or
myelin antigens like MBP, PLP or MOG dissolved in complete Freund’s adjuvant
(BEN-NUN et al. 1981, LASSMANN 2004, LININGTON et al. 1992, VAN DER VEEN
et al. 1986) or via transfer of primed T-lymphocytes (PATERSON 1960). EAE is
widely used to investigate pathogenic, diagnostic and therapeutic aspects of MS
(LINDSEY 2005). The immune response in EAE targeting myelin epitopes resembles
a MHC-II restricted DTH-reaction leading to an inflammation of the white matter
(ZAMVIL et al. 1985). Besides auto-reactive T-lymphocytes a variable amount of
humoral factors can also be involved in the process of demyelination, depending on
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the experimental settings. Histopathology and clinical course of the disease show a
significant variation depending on the source of the antigenic material, the mode of
its application and the genetic background of the animals (MIX et al. 2008). Lesions
observed during EAE depend on the experimental setting (e.g. antigen used for
immunization) and are most similar to pattern I or II according to Lucchinetti et al.
(2000).

2.3.2. Toxin-induced demyelination
Demyelination of the CNS can be induced by a systemic administration of a toxicant
(e.g. cuprizone; BLAKEMORE 1972, HERDER et al. 2011, LINDNER et al. 2008) or
by focal injection of toxic substances (e.g. ethidium bromide, lysolecithine, antigalactocerebroside antibodies combined with complement; HANSMANN et al. 2012,
RODRIGUEZ 2007, WOODRUFF et al. 1999). Toxin-induced demyelination
represents a suitable model for studying the process of de- and remyelination as well
as microglial responses and axonopathies, independent from the systemic immune
response (HANSMANN et al. 2012, LINDNER et al. 2009). The time course of deand remyelination depends on the target of the toxicant, especially if oligodendrocyte
precursor cells and myelin producing oligodendrocytes are affected. When both cell
populations are affected the process of remyelination is markedly delayed
(WOODRUFF

et

al.

1999).

In

detail,

demyelination

induced

by

anti-

galactocerebroside antibodies and complement application, targeting mainly
oligodendrocytes and myelin, is followed by a relatively fast oligodendrocytemediated remyelination while ethidium bromide induced demyelination, targeting
mostly all cell types, is followed by a slow and sometimes incomplete process of
remyelination involving oligodendrocytes and Schwann cells (WOODRUFF et al.
1999). This model of focally induced demyelination can be used to study the effects
of therapeutic treatments like growth factor application or cell transplantation
employing stereotaxic injection of substances and/or cells into the same location
where initially demyelination has been induced. Toxin-induced models of
demyelination have the disadvantage that they are not helpful in elucidating the
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primary cause of demyelination in MS, although they represent suitable approaches
to study the process of de- and remyelination. Depending on the specificity of the
toxicant targeting myelin and/or oligodendrocytes the observed lesions resemble
pattern III and/or IV according to Lucchinetti et al. (2000).

2.3.3. Genetically-mediated demyelination
MS is believed to be a combination of environmental risk factors and genetic
susceptibility (COMPSTON et al. 2008). To date, 10 genome-wide association
studies in MS have been conducted which confirmed 16 loci of MS risk variants with
genome-wide significance (KEMPPINEN et al. 2011). In models of geneticallyinduced demyelination like “rumpshaker mouse” (mutated PLP protein; GRIFFITHS
1996, GRIFFITHS et al. 1990) or “jimpy mouse” (lacks MBP; DUPOUEY et al. 1979,
PRIVAT et al. 1979) loss/lack of myelin takes place following a specific pattern due to
a lack or misfolding of a specific protein. These models can help to understand the
contribution of the respective protein and related biological processes to the integrity
of the myelin sheath/cytoplasmic membrane but they are not able to simulate such a
complex situation as it is present in MS.

2.4. Matrix metalloproteinases
2.4.1.

Classification, functions and activation

Metalloproteinases are a huge group of enzymes including the families matrix
metalloproteinases (MMPs), a disintegrin and metalloproteinases (ADAMs), and a
disintegrin and metalloproteinases thrombospondin (ADAMTs). MMPs were first
discovered in 1962 during frog metamorphosis (GROSS et al. 1962). They are a
group of more than 20 zinc-dependent endopeptidases, which can be classified
based on their structural domain arrangement (Table 5, Figure 3). MMPs are
important enzymes involved in extracellular matrix (ECM) remodeling. They are able
to degrade nearly all proteins of the ECM (NAGASE et al. 1999) and are also
involved in execution of intracellular functions (CAUWE et al. 2010). In adult mice a

17

Chapter 2: General introduction

constitutive expression of Mmp2, -3, -7, -9, -11, -12, -13, -14, -15, -24 as well as
Timp1, -2, -3, -4 has been shown within the spinal cord under physiological
conditions while Mmp10 was not detectable (ULRICH et al. 2005). During
development or in pathological conditions (e.g. spinal cord injury or demyelination) an
immediate upregulation of MMPs can be observed (ULRICH et al. 2006, ULRICH et
al. 2005, WELLS et al. 2003). Due to their proteolytic capabilities, MMPs are tightly
regulated at the transcriptional, translational and post-translational level (YONG et al.
2001).
Table 5: Classification of the mammalian family of matrix metalloproteinases based on their
domain arrangement (adapted from FANJUL-FERNANDEZ et al. 2010)

Group
Archetypical
MMPs

Subgroup

Enzymes

Collagenases

MMP-1, MMP-8, MMP-13

Stromelysins

MMP-3, MMP-10

Other MMPs

MMP-12, MMP-19, MMP-20, MMP-27

Gelatinases

MMP-2, MMP-9

Matrilysins

MMP-7, MMP-26
Secreted

Furin

MMP-11, MMP-21, MMP-28

Type I transmembrane MMPs

activable

Glycosyl phosphatidyl inositol

MMPs

anchored MMPs
Type II transmembrane

MMP-14 (MT1-MMP) ,MMP-15 (MT2-MMP),
MMP-16 (MT3-MMP), MMP-24 (MT5-MMP)
MMP-17 (MT4-MMP), MMP-25 (MT6-MMP)

MMP-23A, MMP-23B

MMPs

Endogenous regulators of MMP-transcription include immediate early genes (IEGs),
interferons, cytokines (IL-1α, IL-1β, TNF-α), epidermal growth factor (EGF), nerve
growth factor (NGF), vascular endothelial growth factor (VEGF), platelet derived
growth factor and cell-cell interactions (GERHAUSER et al. 2005, NAGASE et al.
1999, ROSENBERG 2002, SEKINE-AIZAWA et al. 2001, STERNLICHT et al. 2001,
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YONG et al. 2001). Important steps of post-translational MMP-regulation are
zymogen activation (NAGASE 1997, VAN WART et al. 1990) and inhibition (BREW
et al. 2000, BREW et al. 2010). In vivo latent MMPs are activated by proteases.
However, in vitro chemical agents, low pH and heat treatment can be used for MMPactivation (VISSE et al. 2003). The mechanism which is responsible for activation of
latent MMPs is called “cysteine switch” (VAN WART et al. 1990). In many cases
proteolytic activation resembles a stepwise process which initially starts with a
proteolytic attack to the exposed region between the first and second helices of the
pro-peptide (VISSE et al. 2003).
Figure 3: Structural classification of the mammalian family of MMPs based on domain
arrangement (adapted from FANJUL-FERNANDEZ et al. 2010, YONG et al. 2001).
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Removing a part of the pro-peptide induces a destabilization of the remaining propeptide, including the cysteine which is involved in the cysteine switch-zinc
interaction. This destabilization allows an intra-/inter-molecular processing by partially
activated MMPs (autocatalytic or intercatalytic) or other active proteases (NAGASE
et al. 1990, SUZUKI et al. 1990). Finally the MMP lacks its pro-peptide resulting in a
proteolytically active enzyme (VISSE et al. 2003). All MMPs have to be activated in
the extracellular milieu except MMP-11, -21, -28 and all membrane type (MT)-MMPs,
which are activated during secretion by enzymes like furin (SOMERVILLE et al.
2003). Furthermore, excretion of intracytoplasmic stored MMPs (e.g. MMP-9) can be
modulated (STERNLICHT et al. 2001). Molecules inhibiting MMP-activity include α2macroglobulin and tissue inhibitors of MMPs (TIMPs; BAKER et al. 2002, BREW et
al. 2010). The ADAMs family consists of enzymes that cleave a number of ECM
molecules. Most ADAMs are integral membrane proteins but by alternative splicing a
secreted form of some ADAMs can be generated (YONG et al. 2001). They can act
as “sheddases” by removing ectodomain molecules from the cell surface
(ROSENBERG 2002) which has been shown for TNF-α receptor, IL-6, L-selectin and
syndecans (YONG et al. 2001). In contrast to MMPs, some ADAMs (ADAM2, -7, -11,
-14, -18, -22 and -29) lack the intact zinc-binding site and the metalloproteinase
domain can also be retained in mature proteins of this family (e.g. ADAM1 and -2;
YONG et al. 2001). Therefore, ADAM1 and -2 are not considered true degradative
enzymes (YONG et al. 2001). ADAMTs are another metalloproteinase family
containing one or more thrombospondin type I motifs at the carboxyl terminus and
which have been shown to be involved in spinal cord injury and to degrade the ECM
molecule aggrecan (LEMONS et al. 2001). ADAMTs are distinguished from ADAMs
by the lack of epidermal-growth factor-like, transmembrane and cytoplasmic domains
(YONG et al. 2001).

2.4.2. Tissue inhibitors of matrix metalloproteinases
Tissue inhibitors of MMPs (TIMPs) are small molecules with a molecular weight of
about 21 kDa and a variable glycosylation (BAKER et al. 2002). They consist of an
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N-terminal (~125 amino-acids; GOMEZ et al. 1997) and C-terminal domain (~65
amino-acids; BREW et al. 2000). TIMPs are secreted inhibitors of MMPs but they are
also known to exert functions apart from MMP-inhibition (BREW et al. 2000, BREW
et al. 2010). Today the group of TIMPs comprises four proteins (TIMP-1 to TIMP-4;
BREW et al. 2010, VISSE et al. 2003, YONG et al. 1998) which vary in their affinity to
the respective MMPs. TIMPs are crucial in maintaining a balance between ECM
deposition and destruction under physiological conditions (BAKER et al. 2002,
BREW et al. 2000). Furthermore, TIMPs are essential in pro-MMP activation,
stimulation of cell growth and steroid-synthesis as well as induction of apoptosis
(BREW et al. 2010, STERNLICHT et al. 2001). TIMPs regulate MMP activity by
establishing a non-covalent, reversible complex-formation with the catalytic domain
of MMPs (BREW et al. 2000). Although different TIMPs are able to bind to most
MMPs there are some differences in their inhibitory properties (BREW et al. 2000).
MT-MMPs can be effectively inhibited by TIMP-2 and TIMP-3 while TIMP-3 (not
TIMP-1, -2 or -4) is a good inhibitor of TNF-α converting enzyme. In addition, some
TIMPs are essentially required for proMMP activation (e.g. TIMP-2 for MMP-2;
BREW et al. 2000).

2.4.3. Matrix metalloproteinases in demyelinating CNS diseases
Zinc-proteases of the MMP system and serine-proteases of the plasminogen/plasmin
system act in concert in a number of physiological processes like neurogenesis,
myelinogenesis, angiogenesis, axonal growth, and wound healing but they are also
involved in pathological conditions including demyelination, inflammation and BBB
disruption (CUZNER et al. 1999, LO et al. 2002, ROSENBERG 2009, STOMRUD et
al. 2010). An increased expression of MMPs is reported in MS (LINDBERG et al.
2001, LO et al. 2002, ROSENBERG 2001, ROSENBERG 2005, YONG et al. 2007),
TME (ULRICH et al. 2006), EAE (GONCALVES DASILVA et al. 2008, GONCALVES
DASILVA et al. 2009, TEESALU et al. 2001, TOFT-HANSEN et al. 2004), CDV
(GRÖTERS et al. 2005, MIAO et al. 2003), an experimentally-induced delayed type
IV hypersensitivity model of MS (ANTHONY et al. 1998), infection of mice with the
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JHM strain of mouse hepatitis virus (ZHOU et al. 2005), cuprizone-induced
demyelination (SKULJEC et al. 2011), spinal cord injury (WELLS et al. 2003) and
traumatic brain injury (WANG et al. 2000). These proteases have different functions:
firstly, they are secreted by white blood cells to enable their entry into the CNS and
secondly, they are involved in myelin attack (KIESEIER et al. 1999). During the acute
phase MS patients show increased MMP levels in blood, liquor and CNS tissues
(ANTHONY et al. 1997, GIJBELS et al. 1992, LEE et al. 1999). MMPs may contribute
directly to the process of demyelination by cleaving essential proteins of the myelin
sheath (e.g. MBP; CHANDLER et al. 1995, CHANDLER et al. 1996). Structural
proteins which are important for development and maintenance of the myelin sheath
include MBP and PLP (ROUSSARIE et al. 2007). The cleavage of MBP by MMPs
has been shown in vitro (CHANDLER et al. 1995, SHIRYAEV et al. 2009) but
whether destruction of this protein is sufficient to induce a disintegration of the total
myelin sheath remains unknown so far. It remains also unclear how MMPs can
manage to cleave MBP in vivo because MBP binds to the cytoplasmic surface of the
myelin leaflet (ROUSSARIE et al. 2007) and MMPs are supposed to attack the
myelin sheath from the extracellular compartment. However, MBP essentially
influences the susceptibility of mice to TMEV because shiverer mice (DUPOUEY et
al. 1979, PRIVAT et al. 1979), carrying a large deletion of the MBP gene causing a
severe reduction of the amount of myelin, are completely resistant to chronic TMEV
infection (ROUSSARIE et al. 2007). Furthermore, MMPs may contribute to
demyelination indirectly by enhancing the migration of inflammatory cells into the
CNS and/or opening of the BBB causing an influx of plasma-proteins including
immunoglobulins (AGRAWAL et al. 2008, ROSENBERG 2009, YONG et al. 2001).
Besides demyelination MMPs have been shown to be involved in ECM remodeling in
MS (LINDBERG et al. 2001, MOHAN et al. 2010) and TME (HAIST et al. 2012).
Furthermore, MMPs and TIMPs have been implicated in regenerative processes
including axonal growth, oligodendrocyte maturation, remyelination and maintenance
of myelin (LARSEN et al. 2004, LEHMANN et al. 2009, OH et al. 1999, SKULJEC et
al. 2011, YONG 2005).
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Differential transcription of matrix-metalloproteinase
genes in primary mouse astrocytes and microglia
infected with Theiler’s murine encephalomyelitis virus

KUMNOK, J., R. ULRICH, K. WEWETZER, K. ROHN, F. HANSMANN, W. BAUMGÄRTNER, S. ALLDINGER

Abstract
The BeAn strain of Theiler’s murine encephalomyelitis virus (TMEV) induces
demyelinating disease in susceptible mice comparable to human multiple sclerosis.
Recent in vivo studies showed that matrix metalloproteinases (MMPs) and their
inhibitors (tissue inhibitors of MMPs, TIMPs) are associated with demyelination in
Theiler’s murine encephalomyelitis. The present study was performed to evaluate the
in vitro MMP and TIMP expression in astrocytes and microglia following TMEV
infection. Brain cell cultures from SJL/J mice were infected with the BeAn strain of
TMEV and the expressions of 11 MMPs and 4 TIMPs were evaluated by reversetranscription quantitative polymerase chain reaction (RT-qPCR) at different time
points post infection (p.i.). In control astrocytes and microglia, a constitutive
expression of MMP-2, -3, -9, -10, -12, -13, -14, -15, -24 and TIMP-2 to -4 was
detected. In addition, TIMP-1 and MMP-11 was found in astrocytes only, and MMP-7
was absent in both cells cultures. RT-qPCR demonstrated high virus RNA copy
numbers in astrocytes and a low amount in microglia. In accordance, TMEV antigen
was detected in astrocytes, whereas it was below the limit of detection in microglia.
MMP-3, -9, -10, -12, and -13 as well as TIMP-1 were the enzymes most prominently
up-regulated in TMEV-infected astrocytes. In contrast, TMEV infection was
associated with a down-regulation of MMPs and TIMPs in microglia. Conclusively, in
addition to inflammatory infiltrates, TMEV-induced astrocytic MMPs might trigger a
proteolysis cascade leading to an opening of the blood-brain barrier and
demyelination in vivo.
Neurovirol. 2008 May: 14(3):205-217
www.informaworld.com
DOI: 10.1080/13550280802008305
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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.

Acta Neuropathol. 2012: epub ahead of print
www.elsevier.com
DOI: 10.1007/s00401-012-0942-3
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Spinal Epidermoid Cyst in a SJL Mouse: Case Report
and Literature Review
HANSMANN, F., V. HERDER, H. ERNST, W. BAUMGÄRTNER

Abstract
This report is the first description of a spinal epidermoid cyst (EC) in a SJL mouse
and gives an overview on the occurrence of ECs in animals including dogs, horses,
mice and rats. The EC was not detected grossly and the mouse did not display
clinical signs or an altered rotarod performance. Microscopically, there was an oval
cyst lined by stratified squamous epithelium that was attached to the dorsolateral
meninges and caused moderate compression of the adjacent lumbar spinal cord.
ECs in mice and rats are mainly located in the caudal part of the spinal cord with a
variable, strain-dependent occurrence. ECs in mice and rats are not associated with
clinical signs and can be interpreted as incidental findings.

J. Comp. Pathol. 2011 November: 145(4):373-377
www.sciencedirect.com
DOI: 10.1016/j.jcpa.2011.03.002
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Discussion and Conclusions

This study is based on previous results from our group describing upregulation of
mainly MMP-12 and -3 as well as TIMP-1 in association with a demyelinating
meningoleukomyelitis in TME (ULRICH et al. 2006). These findings resulted in the
hypothesis, that MMP-3 and MMP-12 are key-molecules in the pathogenesis of
demyelinating diseases (Figure 4). The aims of this study were 1.) to determine the
influence of TMEV-infection on astroglial and microglial MMP-synthesis in vitro, 2.) to
elucidate whether injected MMPs contribute to demyelination by a direct destruction
of myelin and/or oligodendrocytes or indirectly by facilitating infiltration of
inflammatory cells or breakdown of the BBB, and 3.) to investigate the effect of
Mmp3 and Mmp12 deficiency using knockout mice upon the clinical and
morphological outcome during TME. Furthermore, the incidental finding of a spinal
epidermoid cysts (ECs) without associated clinical signs in one control animal has
been described.

Figure 4: Possible mechanisms how MMPs can contribute to demyelination in the CNS
(adapted from YONG et al. 2001).
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6.1. Matrix metalloproteinase transcription in vitro
MMPs are associated with demyelination in TME (ULRICH et al. 2006). The in vitro
experiment aimed to investigate the impact of TMEV-infection upon MMP
transcription in astrocytes and microglia cells. Both cell types represent besides
invading monocytes/macrophages an important source of MMP production in the
CNS (NUTTALL et al. 2007). In vitro, a constitutive expression of Mmp2, -3, -9,
-10, -12, -13, -14, -15, -24 and Timp2 to -4 in normal astrocytes and microglia cells
(derived from brain cultures of SJL/J mice) was detected while Timp1 and Mmp11
were found in astrocytes only, and Mmp7 was absent in both cell populations. TMEVinfection of astrocytes induced a prominent upregulation of Mmp3, -9, -10, -12, and
-13 as well as Timp1 transcripts in vitro. The observed upregulation of Mmp3 and -12
as well as Timp1 is in accordance with described in vivo observations during TME
(ULRICH et al. 2006), while Mmp9 transcripts are not differentially expressed in vivo.
However, in contrast to observations in TME an upregulation of MMP-9 transcripts is
reported in EAE and MS (ANTHONY et al. 1997, AVOLIO et al. 2003, COSSINS et
al. 1997). This in vitro investigation revealed that TMEV-infection induces an
increased MMP transcription in astrocytes, while TMEV-infection of microglia cells
was associated with a down-regulation of MMP- and TIMP-transcription. However,
Mmp12 expression was about 100-fold higher in microglia compared with astrocytes.
In addition, demyelination in TME is associated with a progressive intralesional
astrogliosis as well as an increased number of microglia/macrophages (HAIST et al.
2012). Conclusively, MMPs produced by TMEV-infected astrocytes and inflammatory
cells might contribute to the process of demyelination and BBB disruption.

6.2. Stereotaxic injection of matrix metalloproteinases
This experiment aimed to elucidate the mechanisms by which MMPs especially
MMP-3 and -12 contribute to the process of demyelination. MMPs are known to
cleave MBP, an essential constituent of the myelin sheaths in vitro (CHANDLER et
al. 1995, SHIRYAEV et al. 2009). This raises the question whether these enzymes
will be able to destroy myelin sheaths in vivo. MMP-9 was injected in addition to
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MMP-3 and -12 because this MMP is among others associated with demyelination in
MS (AVOLIO et al. 2003, COSSINS et al. 1997). In addition, a loss of LFB-staining
intensity is reported following stereotaxic injection of MMP-9 into the rat brain
(ANTHONY et al. 1998). Stereotaxic injection of 440 ng recombinant, in vitro
activated murine MMP-3, -9 and -12 into the caudal cerebellar peduncle (CCP) of
adult SJL/J mice induced a severe demyelination before infiltration of inflammatory
cells occurred (Figure 5). In addition to demyelination most prominent in MMP-3injected animals a severe loss of oligodendrocytes was noticed. To confirm these
histological

findings

transmission

electron

microscopy

was

performed.

Ultrastructurally, myelin sheath edema, fragmentation of myelin membranes and an
extracellular edema were found. These observations demonstrate that MMP-3, -9
and -12 are able to induce demyelination in vivo. However, the mechanism whether
MMPs induce demyelination by disintegration of the cell membrane possibly due to
cleavage of MBP or its intrinsic oligodendrocyte-toxic-potential remains unknown. In
addition, a leakage of the BBB, detected by extravasation of Evans blue and IgG,
was observed following stereotaxic injection of MMP-3, -9 and -12. Opening of the
BBB leading to extravasation of plasma proteins may be a second, important
mechanism involved in the process of demyelination, complement activation and
inflammatory cell extravasation.
Figure 5:Consequences of MMP-3, -9 and -12 following stereotaxic injection into the caudal
cerebellar peduncle of adult SJL/J mice
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6.3. Infection of MMP-3 and -12 knock-out mice with TMEV
Microarray analysis of transcriptional changes during TME revealed a marked and
progressive upregulation of Mmp12 (Figure 6). In addition, Mmp2, -3, -13, -14, -16 19 and Timp1, -2 were upregulated while Mmp-9, -17, -24, -28 and Timp4 were
downregulated at various time points (Figure 6). Furthermore, a variable expression
pattern was observed for Mmp23.
Figure 6: Transcriptional changes associated with the ECM in the spinal cord of
TMEV-infected mice (adapted from HANSMANN et al. 2012)

Thermometer-like icons display the fold-changes of significantly expressed genes in TMEVinfected mice compared with mock-infected mice employing pairwise Mann-Whitney U-tests
(p≤0.05) at four time points: (1) = 14 dpi, (2) = 42 dpi, (3) = 98 dpi and (4) = 198 dpi,
respectively. Thermometer-like icons: red = upregulation, blue = downregulation;
green arrows = positive functional interaction; red arrows = negative functional interaction;
grey arrows = technical link; hollow green arrays = pathway start; B = binding; C = cleavage
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These observations are supported by previous RT-qPCR investigations of TMEVand mock-infected mice (ULRICH et al. 2006). Stereotaxic injection of activated
MMP-3 and -12 demonstrated the potential of MMPs to induce demyelination as well
as a disruption of the BBB in vivo. Considering that MMP-3 and -12 are keymolecules in the process of demyelination the next question was whether disruption
of Mmp3 or Mmp12 gene expression may abolish/reduce demyelination during TME.
To answer this question Mmp3-/- and Mmp12-/- mice (both on a SJL/J genetic
background) as well as SJL/J wild-type mice were infected with TMEV. Clinical
investigation employing a scoring system and rotarod-test revealed a significant
difference between TMEV and mock-infected animals starting at 70 dpi (wild-type
mice) and 91 dpi (Mmp3-/- mice) while significant differences between TMEV- and
mock-infected Mmp12-/- mice were lacking. This leads to the conclusison that Mmp12
deficiency ameliorates clinical signs observed during TME.
These results may be explained by a significantly reduced degree of demyelination at
98 days post infection (dpi) in Mmp12-/- mice compared to wild-type and Mmp3-/mice. In accordance with a reduced demyelination a reduced leukomyelitis was
detected at 98 dpi while the degree of meningitis and poliomyelitis was similar
between

the

inflammatory

TMEV-infected
cells

microglia/macrophages

in

the
and

groups.
white

Immunohistochemistry
matter

lymphocytes.

were

mainly

However,

the

revealed
composed
density

that
of
of

-/-

microglia/macrophages was significantly reduced in Mmp12 mice compared to wildtype mice from 1 to 98 dpi. The observation that MMP-12 deficiency leads to a
reduced degree of demyelination in the spinal cord in association with a reduced
density of microglia/macrophages indicates that MMP-12 has a detrimental effect
upon myelin preservation. Although the number of microglia/macrophages in
Mmp12-/- mice was significantly reduced during the demyelinating phase of TME, the
activation/infiltration of these cells was not completely abolished. This is an important
finding because numerous studies show that several aspects of inflammation
following CNS injury are beneficial (GIULIAN et al. 1990, GONCALVES DASILVA et
al. 2009, MABON et al. 2000, POPOVICH et al. 1999, SKULJEC et al. 2011) and
macrophages also facilitate recovery (BATCHELOR et al. 1999, GUTH et al. 1994,
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RAPALINO et al. 1998). These data indicated that an excessive infiltration of
macrophages may contribute to a detrimental outcome. Furthermore, it has been
shown that MMP-12 has a deleterious effect following spinal cord injury and
intracerebral hemorrhage (WELLS et al. 2003). Macrophages and gitter cells
contribute to demyelination and axonal damage in MS and TME by producing
mediators of tissue damage such as MMPs, reactive oxygen species and proinflammatory cytokines (BATCHELOR et al. 1999). Macrophages represent an
important source of MMPs with a broader range and often higher amounts of
proteolytic enzymes compared to lymphocytes (BAR-OR 2008, BAR-OR et al. 2003,
ULRICH et al. 2006).

6.4. Epidermoid cysts in the spinal canal of mice
The incidental finding of a spinal epidermoid cyst (EC) in one control animal leads to
the first description of an EC in this respective mouse strain (HANSMANN et al.
2011). The cyst was attached to the meninges and compressed a part of the lumbar
spinal cord from dorsolateral. In general the caudal part of the spinal cord represents
a location where most of the described spinal ECs in other strains and species were
located (JUNG et al. 1981, KULWICH 1994, STROOP 1984). ECs in mice have a
small diameter and are not detected grossly. The occurrence of ECs in inbred mouse
strains is variable, with C58/J, AKR/J, B6C3F1 and C57L/J strains lacking reported
lesions, whereas albino swiss mice, Balb/c, quaking mice, C57BR/cdJ, Crl:CD® and
C57Bl/6J strains have incidences of up to 6.3% (JUNG et al. 1981, KULWICH 1994,
NOBEL et al. 1987, STROOP 1984). The incidences of ECs are variable among
different mouse strains indicating a genetic predisposition for their development.
Most studies dealing with animal models of CNS diseases include clinical
investigations like scoring systems behavioral tests or motor coordination tasks (e.g.
rotarod analysis). Clinical investigation is an important feature because most
histopathological results as well as effects of applied substances were correlated with
clinical outcome. The lack of clinical signs despite the spinal EC in the present case
is consistent with previously described cases in mice. Additionally, performed rotarod

34

Chapter 6: Discussion and Conclusions

tests confirmed the lack of motor coordination deficits. The lack of clinical signs in
mice and rats is in contrast to findings in dogs and man where clinical signs including
paraparesis, sensory loss and back and/or leg pain are reported (FERRARA et al.
2003, PLATT et al. 1999, STEINBERG et al. 2007). Dermoid cysts are an important
differential diagnosis to ECs. These cyst formations are rare in mice but in contrast to
ECs dermoid cysts can induce clinical signs (NGUYEN 1988). Dermoid cysts can be
distinguished from EC by histopathology because dermoid cyst lack adnexal
structures like hair follicles, sebaceous or sweat glands. Conclusively, the occurrence
of spinal ECs in mice seems to be strain dependent and ECs are mainly located in
the caudal part of the spinal cord. Furthermore, ECs in mice are neither detected
grossly nor associated with clinical signs and therefore the detection of an EC within
a mouse study should be interpreted as an incidental finding which will not influence
the results of clinical investigations.

6.5. Concluding remark
In this thesis in vitro analysis of MMPs secreted by astrocytes and microglia,
microarray analysis of transcriptional changes in the spinal cord of TMEV-and mockinfected mice, stereotaxic injection of activated MMP-3, -9 and -12 into the caudal
cerebellar peduncle of mice and TMEV-infection of Mmp3- and Mmp12-knockout
mice has been performed. In vitro Mmp3, -9, -10, -12 and -13 transcripts were
upregulated in TMEV-infected astrocytes. Furthermore, in vivo Mmp3 and Mmp12
transcripts were upregulated in the demyelinating phase of TME. During TME
Mmp12 knockout mice showed reduced demyelination, macrophage infiltration and
motor deficits compared with wild-type mice. In addition, stereotaxic injection of
MMP-12 into the CCP revealed demyelination and a reduced number of
oligodendrocytes prior to the infiltration of leukocytes indicating a direct myelin and/or
oligodendrocyte-toxic mode of action.
Conclusively, these data indicate that MMP-12 plays an essential role in the
pathogenesis of demyelinating diseases and an inhibition of MMP-12 may be a
suitable approach for preventing chronic progressive demyelination.
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Summary

The pathogenic role of matrix metalloproteinases in a virus-induced mouse
model of demyelinating diseases
Florian Heinrich Hansmann
Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteases which
are involved in the pathogenesis of demyelinating diseases like canine distemper,
Theiler’s murine encephalomyelitis (TME) or Multiple sclerosis. In this work the
following experiments have been carried out:
1.) Microarray analysis of differentially expressed genes in the spinal cord of
TMEV-infected compared with mock-infected SJL/J mice.
2.) In vitro investigation of MMP-transcription in normal and TMEV-infected
astrocytes and microglia from SJL/J mice.
3.) Stereotaxic injection of 440 ng in vitro activated, recombinant murine MMP-3,
-9 and -12 into the caudal cerebellar peduncle (CCP) of adult SJL/JOlaHsd
mice (3-4 female mice per group; necropsy at 12, 24, 72 and 168 hours post
MMP-injection) to investigate the impact of MMP-3, -9 and -12 on
demyelination, blood brain barrier leakage, and infiltration of inflammatory
cells.
4.) Intracerebral TMEV infection of Mmp3 and Mmp12 knock-out mice (in-house
backcrossed over 10 generations on a SJL/JOlaHsd genetic background; 6-7
female mice per group, necropsy at 0, 1, 28 and 98 days post infection).
Controls included mock-infected (medium only) knock-out animals as well as
TMEV- and mock-infected SJL/JOlaHsd (wild type) mice.
5.) First description of a spinal epidermoid cyst in a SJL/JOlaHsd mouse without
associated clinical signs.
Microarray analysis of transcriptional changes during TME in vivo revealed a marked
and progressive upregulation of Mmp12. In addition, Mmp2, -3, -13, -14, -16 -19 and
Timp1, -2 were upregulated, while Mmp9, -17, -24, -28 and Timp4 were
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downregulated at various time points. Furthermore, investigations of astrocytes and
microglia cells in vitro revealed a constitutive expression of Mmp2, -3, -9, -10, -12,
-13, -14, -15, -24 and Timp2 to -4. TMEV-infection of astrocytes in vitro induced a
prominent upregulation of Mmp3, -9, -10, -12, and -13 as well as Timp1 transcripts.
To clarify whether these MMPs contribute essentially to demyelination in vivo,
stereotaxic injection of in vitro activated, recombinant murine MMP-3, -9 and -12 into
the CCP of adult SJL/J was performed. This induced demyelination and loss of
oligodendrocytes prior to the infiltration of inflammatory cells indicating a myelinand/or oligodendrocyte-toxic mode of action of all three MMPs. Furthermore,
following MMP-injection a BBB-leakage was observed, indicating a role of MMPs in
the extravasation of inflammatory cells. To elucidate whether Mmp3 and/or Mmp12
are essential key molecules in the process of demyelination Mmp3 and Mmp12
knockout mice were intracerebrally infected with the BeAn strain of TMEV. Mmp12
knockout mice showed reduced demyelination, macrophage infiltration and motor
deficits during TME compared with wild-type mice, whereas Mmp3 knockout mice did
not.
In conclusion, MMP-12 plays an essential role in the pathogenesis of demyelinating
diseases and the interruption of its cascade may be a suitable therapeutic approach
to prevent chronic progressive demyelination or to ameliorate the disease process.
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Chapter 8

Zusammenfassung

Die pathogenetische Bedeutung von Matrix Metalloproteinasen bei einem
Virus-induzierten Mausmodell für demyelinisierende Erkrankungen
Florian Heinrich Hansmann
Matrix Metalloproteinasen (MMPs) stellen eine Familie von Zink-abhängigen
Proteasen dar, die an der Pathogenese von demyelinisierenden Erkrankungen wie
Staupevirus-Enzephalitis, muriner Theilervirus-Enzephalomyelitis oder Multipler
Sklerose beteiligt sind. In dieser Arbeit wurden die folgenden Experimente
durchgeführt:
1.) Microarray-Analyse von unterschiedlich exprimierten Genen im Rückenmark
von Theilervirus-infizierten im Vergleich zu Mock-infizierten SJL/J Mäusen.
2.) In vitro-Untersuchung der MMP-Transkription in infizierten und nicht-infizierten
Astrozyten und Mikrogliazellen von SJL/J Mäusen
3.) Stereotaktische Injektion von 440 ng in vitro aktivierter, rekombinanter,
muriner MMP-3, -9 und -12 in den kaudalen Kleinhirnstiel von adulten
SJL/JOlaHsd

Mäusen

(3-4

weibliche

Mäuse

pro

Gruppe;

Untersuchungszeitpunkte: 12, 24, 72 und 168 Stunden nach stereotaktischer
Injektion) zur Untersuchung der Auswirkungen von MMP-3, -9 und -12 auf
Entmarkung,

Blut-Hirnschranken-Schaden

sowie

Infiltration

von

Entzündungszellen.
4.) Intrazerebrale Theilervirus-Infektion von Mmp3 und Mmp12 knockout Mäusen
(über 10 Generation auf SJL/JOlaHsd genetischen Hintergrund rückgekreuzt;
6-7 weibliche Mäuse pro Gruppe; Untersuchungszeitpunkte: 0, 1, 28 und 98
Tage nach Infektion). Als Kontrolltiere wurden Medium-injizierte knockout
Mäuse sowie Medium-injizierte Wildtyp-Mäuse (SJL/JOlaHsd) verwendet.
5.) Erstbeschreibung einer spinalen Epidermoidzyste bei einer SJL/JOlaHsd
Maus ohne klinische Symptome.
Die

Mikroarray-Analyse

der

transkriptionellen

Veränderungen

während

der

Theilervirus-Enzephalomyelitis in vivo zeigte eine deutliche und progressive
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Aufregulierung von Mmp12. Darüber hinaus waren an verschiedenen Zeitpunkten
Mmp2, -3, -13, -14, -16, -19, Timp1 und -2 hochreguliert, während Mmp9, -17, -24,
-28 und Timp4 herunterreguliert waren. Die in vitro-Untersuchung von Astrozyten und
Mikrogliazellen ergab, dass diese Zellen eine konstitutive Expression von Mmp2, -3,
-9, -10, -12, -13, -14, -15, -24 und Timp2-4 zeigen. In Astrozyten fand sich nach der
Theilervirus-Infektion eine starke Aufregulierung von Mmp3-, -9-, -10-, -12-, -13- und
Timp1-Transkripten. Um zu klären, ob diese MMPs im Wesentlichen zur Entmarkung
in vivo beitragen, wurden stereotaktisch in vitro aktivierte, rekombinante, murine
MMP-3, -9 und -12 in den kaudalen Kleinhirnstiel von adulten SJL/JOlaHsd Mäusen
injiziert. Die Applikation induzierte eine Entmarkung und einen Verlust von
Oligodendrozyten bevor eine Infiltration von Entzündungszellen festzustellen war.
Dies spricht für eine Myelin- und/oder Oligodendrozyten-toxische Wirkung aller drei
untersuchten MMPs. Darüber hinaus wurde mittels Quantifizierung von Evansblue
und Immunglobulin G-Extravasation ein Blut-Hirnschranken-Schaden festgestellt, der
auf eine Beteiligung der MMPs bei der Auswanderung von Entzündungszellen
hindeutet.

Um

herauszufinden,

ob

MMP-3

und/oder

MMP-12

wichtige

Schlüsselmoleküle in der Pathogenese der Entmarkung darstellen, wurden Mmp3
und Mmp12 knockout Mäuse mit dem BeAn Stamm des Theilervirus infiziert. Mmp12
knockout Mäuse zeigten eine verminderte Entmarkung und Makrophageninfiltration
sowie geringere motorische Defizite im Verlauf der Theilervirus-Enzephalomyelitis im
Vergleich zu Wildtyp-Mäusen. Mmp3 knockout-Mäuse wiesen keine Unterschiede im
Vergleich zu Wildtyp-Mäusen auf.
Zusammenfassend lässt sich festhalten, dass MMP-12 eine wesentliche Rolle bei
der Pathogenese von demyelinisierenden Erkrankungen spielt. Die Hemmung von
MMP-12 könnte einen geeigneten, therapeutischen Ansatz darstellen um eine
chronisch-progressive Demyelinisierung zu verhindern oder den Krankheitsverlauf
günstig zu beeinflussen.
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