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Introduction

1.1 Aims of the present study
The term “immediate early gene” (IEG) was originally used for viral genes that were
rapidly

transcribed

following

invasion

of

a

host

(SIMON

et

al.,

2006).

Characteristically, these genes can be expressed under conditions of protein
synthesis inhibition, ruling out that other newly synthesized gene products are
responsible for their induction. With the discovery of the human homologs to retroviral
oncogenes the concept of IEGs as key transcription factors initiating the subsequent
expression of so-called “late response genes”, mainly involved in the regulation of
cell growth and differentiation, was transferred to humans (SIMON et al., 2006).
Theiler’s murine encephalomyelitis (TME) is induced by the TME virus (TMEV), a
cardiovirus of the family Picornaviridae (THEILER, 1934; RACANIELLO, 2001). TME
shares important pathogenic features like autoimmunity and genetic control of
susceptibility with multiple sclerosis (MS) and consequently represents one of the
most relevant animal models for this human demyelinating disease (MS; LIPTON et
al., 2005; OLESZAK et al., 2004). Initiation and progression of TME is dependent on
virus persistence initiating a delayed-type hypersensitivity reaction against the virus
and subsequently myelin epitopes. The different TMEV strains are classified in a
high- and a low-neurovirulent group causing a fatal polioencephalomyelitis or a
biphasic disease consisting of a mild early polioencephalomyelitis and a late
demyelinating leukoencephalomyelitis, respectively (DANIELS et al., 1952; LIPTON,
1975; OLESZAK et al., 2004). In addition, genotype, age, and sex of the mouse
strain influence the initiation and progression of the disease (BRAHIC et al., 2005;
MONTEYNE et al., 1997).
Astrocytes and macrophages are involved in the demyelination process by releasing
cytokines, reactive oxygen and nitrogen intermediates, and different proteases
including matrix-metalloproteinases (MMPs; LIPTON et al., 2005; OLESZAK et al.,
2004; ULRICH et al., 2006). Many cell culture studies have been performed to
identify the molecular mechanisms involved in the expression of these effector
molecules (KWON et al., 2004; RUBIO and MARTIN-CLEMENTE, 1999). These
studies revealed a critical role for different IEG proteins including Ets-1, NF-κB
(p50/p65), and AP-1 (c-jun/c-fos) in the expression of cytokines and MMPs during
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inflammatory conditions (CHAKRABORTI et al., 2003; LIU et al., 2000; MOLINAHOLGADO et al., 2002; PALMA et al., 2003; ROSENBERG, 2002; SHIN et al., 2003;
SO et al., 2006). Interestingly, TMEV infection of astrocytes directly induces
proinflammatory cytokines and chemokines via NF-κB and c-fos (KWON et al., 2004;
RUBIO and MARTIN-CLEMENTE, 1999).
These in vitro studies point to a TMEV-induced expression of specific IEGs in
resident central nervous system cells, mainly microglial cells and astrocytes, and
infiltrating cells followed by a cascade of pro-inflammatory events leading to
demyelination. In addition, strain-specific differences in susceptibility to TME might
depend on the variation in the expression pattern of these upstream acting
transcription factors. However, in vivo studies comparing the IEG expression pattern
between susceptible SJL/J and resistant C57BL/6 mice with special emphasis on
disease initiation, progression, and myelin loss in order to substantiate the in vivo
relevance of this hypothesis are lacking.
The aim of the present study is to investigate the expression and cellular origin of
upstream acting transcription factors (Ets-1, c-jun, c-fos, p50, and p65) and their
downstream target genes (TNF-α and IFN-γ) in susceptible SJL/J and resistant
C57BL/6 mice to gain a detailed insight into the molecular mechanism of TME
pathogenesis. Design and application of therapeutics interfering with this complex
disease process require exact knowledge of pathogenesis and molecular
mechanisms in the various phases of demyelination.
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1.2 Experimentally induced and spontaneous occurring diseases of myelin loss
Numerous inflammatory and metabolic disorders of the central nervous system
(CNS) result in loss of the myelin sheath, with symptoms ranging from speech and
visual disturbances to paralysis. Many of these disorders are associated with immune
infiltrates into the CNS, normally considered to be an immunologically privileged site.
These inflammatory infiltrates may be the primary cause of the demyelination. In
contrast, infiltrates may amass at sites of prior injury and only contribute to
progressive tissue damage. Multiple sclerosis (MS) is the most relevant human
demyelinating disease of the CNS (ERCOLINI and MILLER, 2006). A wide variety of
animal models have been used to study the pathogenetic mechanisms involved in
the demyelination process of MS (Table 1-1). Demyelination can be induced by
several viruses and toxic substances (LAVI and CONSTANTINESCU, 2005;
RODRIGUEZ 2007; WELSH et al. 1990). In addition, various experimentally induced
autoimmune reactions and genetic mutations of different myelin components trigger
myelin loss (ANDREWS et al., 2006; KEIRSTEAD and BLAKEMORE, 1997; KONDO
et al., 2005; MATYSZAK, 1998; SCHNEIDER et al., 1992).

Table 1-1: Animal models of demyelinating diseases.

Infectious
agent
Canine distemper
virus
Theiler’s murine
encephalomyelitis
virus
Murine hepatitis
virus
Semliki forest virus

Toxic
substance
Lysolecithin
Ethidium
bromide
Cuprizone
.

Autoimmune
reaction

Genetic
background

Experimental autoimmune
encephalomyelitis
Bacillus Calmette-Guérin
induced delayed-type
hypersensitivity reaction
Injection of antibodies to
galactocerebroside and
serum complement
.

MBP mutation
(shiverer mouse)
PLP mutation
(rumpshaker and
jimpy mouse)
GCase mutation
(twitcher mouse)
.

Legend: GCase, galacto-cerebrosidase; MBP, myelin basic protein; PLP, myelin
proteolipid protein.
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1.2.1 Canine distemper encephalitis
Canine distemper encephalitis (CDE) is caused by the canine distemper virus (CDV),
a morbillivirus of the family Paramyxoviridae (BAUMGÄRTNER and ALLDINGER,
2005). The natural host spectrum of CDV comprises marine mammals and all
families of terrestrial carnivores: Canidae, Felidae, Hyaenidae, Mustelidae,
Procyonidae, Ursidae, and Viverridae (ALLDINGER et al., 1993a; BAUMGÄRTNER
et al., 2003; DEEM et al., 2000). CNS lesions vary from acute to chronic and a
biphasic disease process is suggested (ALLDINGER et al., 1993b). Acute lesions are
associated with an abundance of CDV antigen. In chronic lesions there is a reduction
or even loss of viral proteins (ALLDINGER et al., 1993b; BAUMGÄRTNER et al.,
1989). Hence, due to the ongoing demyelination process in the absence of viral
proteins, an immunopathological pathogenesis of the chronic lesions was suspected.
Indeed, a strong major histocompatibility complex (MHC) class II up-regulation
accompanied by massive infiltration of lymphocytes was demonstrated (ALLDINGER
et al., 1996). Immunophenotyping studies revealed, that CD8+ cells predominate in
the neuroparenchym, while CD4+ cells and B cells accumulate in perivascular cuffs
(VAN MOLL et al., 1995). Simultaneous occurrence of pro- and anti-inflammatory
cytokines in whole blood preparation from most dogs with CDE, favors the hypothesis
of a complex most likely disease stage dependent orchestrated cytokine expression
(FRISK et al., 1999; GRÖNE et al., 1998). IL-1, -6, and –12 proteins have been
demonstrated immunohistologically in resident and infiltrating inflammatory cells in
CDE lesions (GRÖNE et al., 2000). A real-time PCR study revealed an inappropriate
response of anti-inflammatory cytokines contrasting a striking up-regulation of proinflammatory cytokines in CDE (MARKUS et al., 2002). An immunohistochemical
study investigated the role of the extracellular matrix (ECM) in the disease process
and a prominent up-regulation of CD44 antigen, a hyaluronate receptor, associated
with astrocytes in the acute lesions has been found (ALLDINGER et al., 2000).
Ligation of this receptor might induce chemokines and cytokines and hence initiate
and perpetuate the inflammatory process. In chronic lesions, CD44 expression
declines together with the number of astrocytes and is restricted to perivascular
mononuclear infiltrates. Additional studies investigating the expression of matrix-
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metalloproteinases

(MMPs)

and

their

inhibitors

(“tissue

inhibitors

of

metalloproteinases”, TIMPs) have been used to elucidate the role of the ECM in the
pathogenesis of myelin loss. MMPs are implicated in a variety of physiological and
pathological processes in mammalian organisms by degrading ECM molecules and
cleavage of cell receptor molecules, extracellular enzymes, cytokines, and hormones
(MC CAWLEY and MATRISIAN, 2001; STAMENKOVIC, 2003). An upregulation of
different MMP and TIMP mRNA transcripts and proteins has been detected during
the CDE demyelination process (ALLDINGER et al., 2006; GRÖTERS et al., 2005;
MIAO et al., 2003). Double-labelling techniques showed that these proteins were
mainly expressed by astrocytes and brain macrophages/microglia in acute and
subacute non-inflammatory lesions. In addition, invading perivascular mononuclear
cells were MMP-, and TIMP-positive in chronic lesions (MIAO et al., 2003). In
summary, lesion formation and progression might be due to an excessive release of
pro-inflammatory cytokines and a MMP-TIMP-imbalance.
1.2.2 Experimental autoimmune encephalomyelitis
Many animal models of CNS demyelination have been used to investigate the
diversity

of

clinical

manifestations

in

humans.

Experimental

autoimmune

encephalomyelitis (EAE) has been studied since the 1930s in mice, rats, and recently
in common marmosets (Callithrix jacchus) as a model for the relapsing–remitting
form of MS covering exclusively the immunopathological part of the pathogenesis of
demyelination (ERCOLINI and MILLER, 2006; SWANBORG, 2001; ‘T HART et al.,
2004). EAE is induced by active priming with whole myelin proteins including myelin
proteolipid protein (PLP) and myelin basic protein (MBP) or specific myelin epitopes
in adjuvant or directly by adoptive transfer of myelin-specific CD4+ T cells. EAE
studies have provided important information concerning T cell interactions leading to
autoimmune disease. A primary hallmark of EAE is the phenomenon of epitope
spreading, which results in a diversification of the initial immune response, secondary
to acute myelin destruction, and includes reactivity to endogenous CNS determinants
(ERCOLINI and MILLER, 2006). For example, the RR disease of SJL/J mice primed
with PLP139-151 is characterized by a first relapse with TH1 reactivity to PLP178-191 and
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a second to MBP84-104 (ERCOLINI and MILLER, 2006). Likewise, T cells from MS
patients with long-term disease recognized more myelin epitopes than those with
recent-onset disease. However, it seems there is no direct correlation between
number of epitopes recognized by T cells and disease severity (DAVIES et al., 2005).
1.2.3 Multiple sclerosis
Multiple sclerosis (MS) is the most common neurological disorder in young adults in
developed countries leading to various combinations of motor, sensory, coordination,
visual, and cognitive impairments, as well as symptoms of fatigue and urinary tract
dysfunction (ACHIRON and BARAK, 2003; ROSCHE et al., 2003). This disorder is
traditionally seen as an inflammatory disease of the central nervous system (CNS)
white matter characterized by large, multifocal, demyelinated plaques with reactive
scar formation, axonal injury, and loss of neurological function (BAR-OR et al., 1999;
LASSMANN et al., 2001). The demyelinating process is accompanied by an
inflammatory reaction with infiltrates composed mainly of T cells and macrophages
(BRÜCK et al., 1996). Demyelination in the cortex and deep gray matter nuclei, as
well as diffuse injury of the normal-appearing white matter (NAWM) broadens the
spectrum of MS pathology (LASSMANN et al., 2007). An estimated 100,000 in
Germany and 350,000 people in the USA suffer from MS. This disease typically
manifests between the ages 20 and 40 and affects women twice as often as men
(BAR-OR et al., 1999; ROSCHE et al., 2003). Multiple genetic and environmental risk
factors are postulated to interact to varying degrees to initiate autoimmune
demyelination. MHC class II immune response genes, specifically DR, are primarily
implicated in the high prevalence of MS in Caucasians compared to African or Asian
people (ROSCHE et al., 2003). In addition, some 20 bacteria and viruses including
Chlamydia pneumoniae, human herpes virus 6, Epstein-Barr virus, canine distemper
virus, and measles virus have been associated with this disease (CEPOK et al.,
2005; SIPS et al., 2007; SWANBORG et al., 2003).
MS is generally categorized as being either relapsing–remitting (RR) or primaryprogressive (PP) in onset, approximately 80-90 % or 10-20% of all MS patients
affected, respectively (ROSCHE et al., 2003; Fig. 1.1). The RR form of disease is
characterized by a series of attacks that result in varying degrees of disability from

8

Introduction

which the patients recover partly or completely, usually followed by a remission
period of variable duration before another attack. This course of disease ultimately
changes in most RR patients (around 80%) to a progressive form known as
secondary-progressive (SP) MS (RAMSARANSING and DE KEYSER, 2006;
VUKUSIC and CONFAVREUX, 2003). The progressive forms of the disease lack the
acute attacks and instead typically involve a gradual clinical decline. This irreversible
neurological deficit is mediated by a reduction in neurite density, in chronic plaques
up to 50-70%, whereas functional impairment in RR patients is caused mainly by
inflammation and demyelination (BAR-OR et al., 1999). Interestingly, a so-called
‘benign’ course in MS has been recognized that shows little or no progression in
disease severity over time (Fig. 1-1). However, to date it is still difficult to predict
whether the course will be benign at onset or progress to severe clinical disability.
The frequency of the benign course of MS varies from 6% to 64% depending on the
definition and the type of study. Maintaining or restoring neural conduction inside a
CNS lesion seems to be critical for staying ‘benign’ (RAMSARANSING and DE
KEYSER, 2006).
Figure 1-1: Clinical courses of multiple sclerosis (LUBLIN and REINGOLD, 1996;
modified).
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MS is traditionally seen as a chronic T helper type 1 (TH1)-mediated autoimmune
disease. The primary target in MS is believed to be either the myelin itself
(myelinopathy) or the oligodendrocyte (oligodendrogliopathy) resulting in secondary
axonal injury. Nevertheless, axonal injury has also been reported in normalappearing white matter raising speculations about primary axonal damage triggering
secondary demyelination (TSUNODA and FUJINAMI, 2002). However, myelin
sheaths and oligodendrocytes can be destroyed by various mechanisms in different
individuals. This results in four distinct morphological patterns of demyelination in MS
(LASSMANN et al., 2001; LUCCHINETTI et al., 2000; Table 1-2).
Table 1-2: Different patterns types of demyelination in multiple sclerosis
(LASSMANN et al., 2001; modified).

Pattern
type
I
II

Pathogenetic mechanism of demyelination
Macrophages and their toxic products including TNF-α, ROI, and
proteinases (Macrophage-mediated demyelination)
Specific demyelinating antibodies including anti-MOG and anti-GC
antibodies (Antibody-mediated demyelination)
Degenerative changes in distal processes (induced by ischemia, toxic

III

substances, or virus), in particular those of periaxonal oligodendrocytes,
followed by apoptosis (Distal oligodendrogliopathy & apoptosis)
Primary degeneration of oligodendrocytes possibly by a

IV

metabolic defect followed by myelin destruction
(Primary oligodendroglia degeneration)

Legend: GC, galactocerebroside; MOG, myelin oligodendrocyte glycoprotein; ROI,
reactive oxygen intermediates; TNF-α, tumor necrosis factor-α.
Macrophages and/or their toxic products including tumor necrosis factor (TNF)-α and
reactive oxyen intermediates are responsible for demyelination in pattern I, whereas
myelin-specific antibodies and complement factors contribute to the formation of
pattern II changes. Ischemia-, toxic-, or virus-induced degenerative changes in
periaxonal oligodendrocytes followed by apoptosis cause demyelination in pattern III,
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whereas myelin destruction in pattern IV is based on a primary degeneration of
oligodendrocytes possibly due to a metabolic defect (LASSMANN et al., 2001).
Consequently, individual MS therapy seems to be dependent on the development of
paraclinical markers that identify the heterogeneous pathogenetic components
involved in the formation of MS plaques (LASSMANN et al., 2001).
1.2.4 Theiler’s murine encephalomyelitis
Theiler’s murine encephalomyelitis virus genome, strains, and receptor
Theiler‘s murine encephalomyelitis (TME) is caused by TME virus (TMEV), a
cardiovirus belonging to the family Picornaviridae (THEILER, 1934). TME represents
an important animal model for demyelinating disease including canine distemper
encephalitis and the chronic-progressive form of human multiple sclerosis (MS; DAL
CANTO and RABINOWITZ, 1982; STOHLMANN and HINTON, 2001). The natural
infection affects the intestinal tract and occasionally the CNS (WELSH et al., 1990).
Following intracerebral infection, a polioencephalomyelitis with replication of the virus
in neurons or a biphasic demyelinating leukoencephalomyelitis develops depending
on the virus and mouse strain used (LIPTON, 1975). The viral genome is 8100
nucleotides long and is similar to that of poliovirus (BRAHIC et al., 2005). A large
open reading frame (ORF) encodes a 2300-amino-acid polyprotein that is cleaved
into the 12 mature proteins L, VP4, VP2, VP3, VP1, 2A, 2B, 2C, 3A, 3B, 3C, and 3D
(BRAHIC et al., 2005; OLESZAK et al., 2004). Translation of the polyprotein is driven
by an N-terminal internal ribosome entry site (IRES). Sixty copies of protein VP1,
VP2, VP3, and VP4 assemble to form the capsid that is a major determinant of viral
tropism. 2B, 2C, 3A, 3C, and 3D proteins participate in genome replication. 3C, or its
precursor form 3CD, is the protease responsible for most cleavages of the
polyprotein. 3D is the RNA-dependent RNA polymerase. 2A is not required for
genome replication, but its C-terminal 20 amino acids are involved in processing the
polyprotein at the 2A/2B boundary (BRAHIC et al., 2005). Protein L inhibits anti-viral
cytokine gene expression including interferon (IFN)-α and-β in infected cells by
interfering with the nucleocytoplasmic trafficking of cellular proteins required for their
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transcriptional activation (BRAHIC et al., 2005; DELHAYE et al., 2004; VAN PESCH
et al., 2001). The L* protein, encoded by an alternative ORF overlapping the
L/VP4/VP2 coding region, is restricted to TMEV strains causing biphasic disease and
has been associated with virus persistence (BRAHIC et al. 2005; CHEN et al., 1995).
This protein is of importance for virus growth in microglia, facilitates infection and
inhibits apoptosis of macrophages, and thus favors the survival of persistently
infected macrophages (BRAHIC et al. 2005; GHADGE et al., 1998; OHARA et al.,
2002; OLESZAK et al., 2004).
TMEV strains are categorized in two major neurovirulence groups. GDVII and FA
strains are high-neurovirulent large plaque forming strains causing a fatal
polioencephalomyelitis by massive apoptosis of infected neurons (TSUNODA et al.,
1997). The second group is known as Theiler’s original (TO) and contains lowneurovirulent small plaque forming variants such as DA and BeAn strains, whose cell
tropism is extended to glial cells and macrophages (OLESZAK et al., 2004). These
TO

strains

induce

a

biphasic

disease

consisting

of

a

mild

early

polioencephalomyelitis and a late demyelinating leukoencephalomyelitis (DANIELS et
al., 1952; LIPTON, 1975; LIPTON, 1980; TSUNODA and FUJINAMI, 1996; YAMADA
et al., 1991; ZOECKLEIN et al., 2003). Clinical changes include progressive ataxia,
reduction of the righting and postural reflex, spastic paresis, enhanced flexor reflex
with maintenance of nociception, and in severely affected mice reduced behavior and
impaired general appereance (ULRICH et al., 2006). In general, all mouse strains are
infected by TMEV (OLESZAK et al., 1995). However, resistant mice including
C57BL/6 mice display a fast clearance of the virus (OLESZAK et al., 1995). SJL/J
mice are highly susceptible as 100% of infected animals compared to CBA mice
(70%) and Balb/c mice (resistant) develop demyelination (WELSH et al., 1989).
Besides the virus and mouse strain, age and sex of the animals are decisive for the
outcome of the disease. Neonates develop a fatal polioencephalomyelitis after
infection and mice older than 10 weeks are resistant to demyelination (WELSH et al.,
1989). In SJL/J mice, females seem to be more susceptible than males and are more
responsive to cytokine treatments (HILL et al., 1998). In contrast, female compared to
male C57L/J mice demonstrate a higher level of initial antiviral immune response
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preventing virus persistence and consecutive disease manifestation (FULLER et al.,
2005).
While a protein entry receptor for TMEV has yet not been identified, members of the
two neurovirulence groups use different carbohydrate co-receptors: the proteoglycan
heparan sulfate for high-neurovirulent strains and α2,3-linked sialic acid on an Nlinked glycoprotein for the low-neurovirulent strains (LIPTON et al., 2005). Sialic acid
co-receptor binding of TO strains seems to be involved in their ability to persist in the
CNS and several mechanisms have been suggested to explain this role of sialic acid
in TMEV persistence. First of all, sialic acid might allow TMEV binding and infection
of macrophages. Access of TMEV-specific antibodies and T cells to TMEV bound to
the sialic acid layer on the surface of most cells might be sterically hindered.
Moreover, sialic acid binding might enable axonal transport to TMEV from anterior
horn cells in gray matter to white matter, the site of myelinated axons (LIPTON et al.,
2005).
Pathogenesis of Theiler‘s murine encephalomyelitis
The key elements of the pathogenesis of demyelination are the cell tropism of the
virus, virus persistence, and immunopathology. Although TMEV infects all CNS types
in vivo, there is a remarkable temporal and spatial shift in cell tropism during the first
2 to 3 weeks of infection. Early on, most infected cells are neurons, mainly in the
hippocampus, cortex, and spinal cord ventral horns. Two weeks after infection, the
time that coincides with the peak of the specific immune response, the virus
diappears from neurons and persists in white matter glial cells in mice that are
genetically susceptible (BRAHIC et al., 2005). Virus persistence is a prerequisite for
the induction and progression of the demyelination process (RODRIGUEZ et al.,
1997). Real-time PCR analysis of BeAn virus copy equivalents revealed a decline of
persistence from the spinal cord to the brain stem/cerebellum, followed by the
cerebrospinal fluid and finally the cerebral hemispheres (TROTTIER et al., 2002).
Among the glial cells, the main viral reservoir appears to be macrophages derived
from infiltrating monocytes and not from microglial cells, since monocyte depletion
with clodronate liposomes reduces viral load and demyelination dramatically

Introduction

13

(BRAHIC et al., 2005; LIPTON et al., 1995; LIPTON et al., 2005). However, the
nature of the viral reservoir is still controversial. Using DA-infected C.B-17 mice it is
reported that viral RNA was localized in 65% oligodendrocytes, 25.6% astrocytes,
and 9,3% microglia/macrophages (NJENGA et al., 1997). In contrast, Zheng et al.
(2001) using BeAn-infected SJL/J mice showed that the main cell for viral replication
seemed to be the astrocyte rather than microglia/macrophages. It was concluded that
most of the viral antigen present in macrophages was probably the result of
phagocytosis, rather than actual viral replication (ZHENG et al., 2001). Nevertheless,
although the capsid proteins of the BeAn and DA strains display 93% amino acid
homology, the diseases induced by these strains are distinct partially explaining the
controversial results (ZOECKLEIN et al., 2003). Early polioencephalomyelitis is more
attenuated, whereas clinical signs including waddling gait and hind leg paralysis
develop much faster in BeAn compared to DA infected mice (OLESZAK et al., 2004).
TMEV-infected CNS macrophages highly restrict the production of infectious virus
particles (LIPTON et al., 2005). Similarly, BeAn infected myelomonocytic precursor
cells only produce approximately 1 plaque forming unit (PFU) of infectious virus per
cell. In contrast, neurons or oligodendrocytes generate about 500 PFU/cell
(JELACHICH and LIPTON, 2001; LIPTON et al., 2005). A highly restricted BeAn
infection was also demonstrated in peritoneal macrophages associated with massive
apoptosis (JELACHICH et al., 2004). Interestingly, in vitro cultured macrophages and
oligodendrocytes synthesize high numbers of viral RNA copies (TROTTIER et al.,
2001). The assembly of infectious virus particles seems to be inhibited by apoptosis
of TMEV-infected macrophages. Apoptosis can be induced directly by virus RNA
replication

in

non-activated

macrophages

or

indirectly

in

IFN-γ

activated

macrophages by signalling through receptors for TNF-α and TNF-α-related
apoptosis-inducing ligands (TRAIL, LIPTON et al., 2005). SCHLITT et al. (2003)
demonstrated numerous apoptotic cells, primarily in the white matter lesions of BeAn
infected SJL mice. T cells comprised 74% of apoptotic cells, while 8% were
macrophages, 0.6% were astrocytes, and approximately 17% remained unidentified.
Thus, while T cells account for the majority to apoptotic cells in inflammatory
infiltrates, macrophages also undergo a probably virus-mediated apoptosis (LIPTON
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et al., 2005). In contrast, OLESZAK et al. (2003) showed that in the late disease of
DA infected SJL mice very few cells undergo apoptosis. A lack of apoptosis of T cells
might lead to the accumulation of these potentially autoimmue cells in late white
matter lesions and contribute in the demyelination progress (OLESZAK et al., 2003).
The discrepancy between these two studies might be due to the difference of the
virus strains used or the inoculation of mice with approximately 10-fold more BeAn
than DA virus (LIPTON et al., 2005).
The mechanisms underlying the transition of TMEV infection from an early
polioencephalomyelitis to a late leukoencephalomyelitis have been investigated in
the last decades (LIPTON et al., 2005). TSUNODA et al. (2003) suggested the
following hypothesis of lesion development. TMEV first infects neurons in the gray
matter and spreads axonally thereby infecting the surrounding myelin sheaths and
oligodendrocytes. Therefore, axonal degeneration might also be a beneficial
mechanism that limits virus spread (TSUNODA et al., 2007). Infected neurons die by
apoptosis, and axons are damaged by Wallerian degeneration and/or by a local selfdestruct program, which activates resident microglia and recruits macrophages and T
cells. Macrophages are major effector cells by releasing reactive oxygen and nitrogen
intermediates or MMPs and are involved in the destruction of myelin sheath
components (ULRICH et al., 2006). Inflammatory responses, infection, and a lack of
axonal support would contribute to oligodendrocyte death leading to demyelination.
Myelin

debris

and

virus

antigens

are

phagocytosed

and

presented

by

microglia/macrophages and astrocytes, acting both as antigen presenting cells
(APCs) during TMEV, to T cells generating myelin and virus-specific immunity
(MACK et al., 2003; ZHENG et al., 2001). This secondary anti-myelin immune
response and damage because of bystander effects exacerbates axonal injury and
leads to additional cycles of autosensitization and disease progression (TSUNODA et
al., 2003). The late phase of TME is characterized by a high expression of TNF-α
and IFN-γ in SJL/J compared to C57BL/6 mice indicating that ongoing demyelination
is at least in part driven by increased expression of these cytokines (CHANG et al.,
2000; TROTTIER et al., 2004). Astrocytes can secrete numerous cytokines and
chemokines, including Interleukin-1, - 6, -12, TNF-α, and MCP-1 (GRÖNE et al.,
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2000; PALMA et al., 2003). In addition, they are implicated in CNS homeostasis,
synaptic plasticity, and maintenance of the blood-brain barrier (DONG and
BENVENISTE, 2001). Consequently, astrocytes may play a central role in the
demyelination process of TME.
Immunopathology leading to TMEV-induced demyelination seems to be based on a
delayed-type hypersensitivity (DTH) reaction (DAL CANTO et al., 2000). CD4+ TH1
cells primarily target to persistent viral antigens in the CNS and trigger the initiatial
myelin damage. Later, myelin-specific CD4+ TH1 cells are primed by epitope
spreading and contribute to chronic progressive disease (DAL CANTO et al., 2000;
KATZ-LEVY et al., 2000; MILLER et al., 2001; TOMPKINS et al. 2002). Functionality
of epitope spreading was proven by DAL CANTO et al. (2000) in tissue culture
studies. CD4+ TH1 cell response to virus epitopes is mounted within 1 week after
infection and persists over a 300-day period. A myelin-specific T cell response is not
observed until 50-60 days post infection and also persists over the abovementioned
time period (KATZ-LEVY et al., 2000). Molecular mimicry is another mechanism
contributing to autoimmunity in TMEV-infected mice (CROXFORD et al., 2005;
OLSON et al., 2001). It is defined as the presence of common epitopes between host
proteins and microorganisms such as bacteria and viruses (OLESZAK et al., 2004;
OLSON et al., 2001). Under these circumstances, an immune response of the host to
a viral epitope will recognize, as non-self, the cross-reacting host epitope even when
the virus or the microorganism is no longer present. This may lead to the
development of autoimmune disease, a mechanism also postulated in the induction
of MS by an initial viral infection (OLESZAK et al., 2004).
The importance of CD8+ cytotoxic T cells (CTLs) in the disease process was shown
by JOHNSON et al. (2001), who observed less motor dysfunction after inhibition of
virus

peptide

specific

CTLs.

Activated

CTLs

kill

not

only

virus-infected

oligodendrocytes, but also uninfected oligodendrocytes, if these cells express self
antigens with molecular mimicry to a viral epitope in association with MHC class I
molecules (TSUNODA et al., 2006). CTLs kill cells by two main mechanisms. They
can secrete the pore-forming protein perforin or express Fas ligand (FasL) interacting
with the apoptosis-inducing Fas molecule on the target cell (ROSSI et al. 1998). In
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addition, activated CTLs produce and release IFN-γ, which can induce Fas
expression

and

thereby

FasL-mediated

apoptosis

of

astrocytes

eventually

compromising the blood-brain barrier. Uninfected astrocytes are normally resistant to
killing since astrocytes do not express viral or self antigen or Fas on the cell surface
without IFN-γ exposure (TSUNODA et al., 2006). Recent studies showed that SJL/J
mice generate a fully functional CTL response directed against one dominant and 2
subdominant capsid protein epitopes. Interestingly, T cell responses to all three
epitopes are restricted by the H-2Ks molecule in this mouse strain, whereas
resistance to TMEV is linked to the H-2D MHC class I locus. This skewed class I
restriction in SJL/J mice might be associated with susceptibility to demyelinating
disease (KANG et al., 2002; LIPTON und MELVOLD, 1984; MONTEYNE et al.,
1997; PATICK et al., 1990; RODRIGUEZ and DAVID, 1985; RODRIGUEZ et al.,
1986).
1.3 Matrix-metalloproteinases
MMPs are an expanding family of zinc dependent enzymes that cleave molecules of
the

extracellular

matrix

(ECM;

MATRISIAN,

1990;

STAMENKOVIC,

2003;

WOESSNER, 1991). According to their substrate specificity they are subdivided into
collagenases (MMP-1, -8, 13), gelatinases (MMP-2, -9), stromelysins (MMP-3, -10, 11) including matrilysin (MMP-7), and membrane-type MMPs (MMP-14, -15, -16, 17). MMP-12 or metalloelastase does not belong to a specific group (MC CAWLEY
and MATRISIAN, 2001; ROSENBERG, 2002; YONG et al., 1998). Activity of MMPs
is inhibited by tissue inhibitors of metalloproteinases (TIMPs; BREW et al., 2000).
MMPs are of special importance for the pathogenesis of demyelinating diseases as
they open the blood-brain barrier, favor immigration of inflammatory cells, trigger the
release of TNF-α, and disintegrate the myelin sheath (CUZNER and OPDENAKKER,
1999; HARTUNG and KIESEIER, 2000; RIES and PETRIDES, 1995). MMPs seem to
be decisive for the lesion formation in multiple sclerosis (BAR-OR et al., 2003;
LEPPERT et al., 2001; LINDBERG et al., 2001; LO et al., 2002; YONG et al., 2001).
A recent real-time-PCR study showed, that exclusively MMP-9 and MMP-7 are upregulated in all MS plaque types with active inflammation (LINDBERG et al., 2001)
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and another quantitative real-time-PCR study identified monocytes as the most
prominent MMP-expressing cells in MS patients (BAR-OR et al., 2003). An upregulation of MMP-12-mRNA and -protein is found in an experimentally induced DTH
reaction in the rat brain (ANTHONY et al., 1998). In rats with EAE, MMPs are also
involved in lesion formation and a 500fold increase of MMP-7 has been observed
(CLEMENTS et al., 1997). There are serious thoughts about treatment of MS lesions
with MMP inhibitors (ROSENBERG, 2001). A MMP-inhibitor (BB-1101) tested in a
DTH model resulted in the reduction of macrophages in the DTH lesions and reduced
adverse affection of myelin (MATYSZAK and PERRY, 1996). Medication with the
MMP inhibitor B-1101 yielded a positive effect in SJL/J-mice with chronic EAE
(LIEDTKE et al., 1998). Recently conducted immunohistological and RT-qPCR
studies provided a link between the expression of MMPs especially MMP-12 and
demyelination in TME (ALLDINGER and WELSH, 2003; ULRICH et al., 2006).
1.4 Immediate early genes
1.4.1 Definition and function
The term “immediate early gene” (IEG) or “early response gene” was originally used
during the mid 1970s and early 1980s for viral genes that were rapidly transcribed
following invasion of a host (SIMON et al., 2006). Characteristically, these genes can
be expressed under conditions of protein synthesis inhibition such as treatment with
cycloheximide, ruling out that other newly synthesized gene products are responsible
for their induction. IEG encoded mRNAs and proteins rapidly accumulate after
stimulation, but also have a short half-life due to a limited stability of their mRNAs and
a rapid turn-over of their proteins. Many IEGs act as third messengers in an
intracellular signal transduction cascade between cell surface receptors, cytoplasmic
second messengers, and specific target genes in the nucleus (KIESSLING and
GASS, 1993). With the discovery of the human homologs to retroviral oncogenes the
concept of IEGs as key transcription factors initiating the subsequent expression of
so-called “late response genes”, mainly involved in the regulation of cell growth and
differentiation, was transferred to humans (SIMON et al., 2006). Late response genes
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are only expressed after the production of immediate early genes acting as
transcription factors on their promoter regions.
Transcription factors are characterized by a DNA binding domain that binds gene
specific regulatory sites and a second domain that exhibits transcriptional activation
potential. These site-specific transcription factors recruit numerous coactivators to the
transcription machinery to initiate gene-specific transcription. More than 2000
transcription factors and around 200 to 300 coactivators are encoded in the human
genome (BRIVANLOU and DARNELL, 2002). In addition, several corepressors,
chromatin remodelers, histone acetylases, deacetylases, kinases, and methylases
are assembled into the RNA polymerase complex. The combination of approximately
six to eight different proteins out this vast array of regulators seems to be unique for
the activation of each gene (BRIVANLOU and DARNELL, 2002). Consequently,
ensuring the right amount of the right protein in the right cell has to be critical in all
physiological and pathological processes such as CNS development and
inflammation.
Intensity, duration, and type of different biophysical and biochemical stimuli influence
the transcriptional activity of IEGs on target genes in a cell-type specific manner
(MURPHY and BLENIS, 2006; SIMON et al., 2006). A transient IEG induction
mediates a short-term cell adaptation to the initial stimulus by protein neosynthesis,
whereas sustained IEG induction seems to be involved in developmental processes,
cell cycle control, cell survival, synaptic plasticity, learning, and immune functions
(LANAHAN and WORLEY, 1998; MURPHY and BLENIS, 2006; SIMON et al., 2006).
In addition, overexpression of IEGs such as c-jun and c-fos are hallmarks of several
malignancies (MURPHY and BLENIS, 2006). Interestingly, the IEG response in
neurons seems to be limited to approximately 30 to 40 genes, of which perhaps 10 to
15 are transcription factors (LANAHAN and WORLEY, 1998).
It has been shown that IEG function also interferes with posttranscriptional processes
such as cytoplasmic polyadenylation, degradation by adenosine- and uracil-rich
element binding factors, and even expression of related non-coding RNAs to speed
up transcriptional responses (SIMON et al., 2006). However, IEGs encode not only
for transcription factors, but also for secreted and cytoskeletal proteins, growth
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factors, chemo-attractants, metabolic enzymes, and proteins involved in signal
transduction (LANAHAN and WORLEY, 1998; SNG et al., 2004 ; Fig. 1.2).
Figure 1-2: Pathway of immediate early gene induction.
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A distinct and specific IEG expression pattern depending on the cell type and
condition is rapidly induced by a variety of physiological and pathological stimuli
including somatosensory perception, metabolic and mechanical stress, free radicals,
hormones, cytokines, ischemia, and seizures (KIESSLING and GASS, 1993;
LANAHAN and WORLEY, 1998; SIMON et al., 2006). All these higly interactive
stimuli induce mitogen-activated protein kinase (MAPK) pathways in combination with
other signal transduction cascades such the nuclear factor-κB (NF-κB) pathway
(PAHL, 1999; SIMON et al., 2006). The exact extent and time-course of activation of
each MAPK member, namely the extracellular-signal-regulated kinase (ERK), the cJUN N-terminal kinase (JNK), and the 38 kDa mitogen-activated protein kinase (p38),
by a particular stimulus determines the specific induction of a distinct set of IEGs and
their target genes (MURPHY and BLENIS, 2006). ERK activates Ets-1 and c-fos,
JNK triggers c-jun and p53, and Max protein activation is induced by p38 (Fig. 1-3).
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Max protein plays a central and essential role as an obligate dimerization-DNAbinding partner for Myc oncoproteins and Mad transcriptional repressors (AMATI et
al., 1992; BLACKWOOD and EISENMAN et al., 1991; BLACKWOOD et al., 1992;
HURLIN et al., 1995; REDDY et al., 1992; VÄSTRIK et al., 1995). All these IEG
proteins can act as transcription factors and are thereby implicated in fundamental
processes including cell proliferation, differentiation, and growth, cytokine production,
and apoptosis (DANG, 1999; ROSENBERG, 2002).
Figure 1-3: Signal transduction cascades including the NF-κB and MAPK pathways
after TNF-α stimulation.
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Legend: AP-1, activator protein-1; EBS, ETS binding site; ERK, extracellular-signalregulated kinase; IκB, Inhibitor of NF-κB; IKK, IκB kinase; JNK, c-JUN N-terminal
kinase; MAPK, mitogen-activated protein kinase; MEK, MAPK kinase; MEKK, MEK
kinase; NEMO, NF-κB essential modulator; NIK, NF-κB inducing kinase; p38, 38 kDa
MAPK; RIP, receptor interacting protein; TNF-α, tumor necrosis factor-α; TNF-R1,
TNF-α receptor 1; TRADD, TNF-R associated death domain; TRAF-2, TNF-R
associated factor-2.
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Interestingly, two possible feedback loops exist between the ERK pathway and IEGencoded proteins products during sustained ERK signalling. In the first, C-terminal
phosphorylation increases the stability of IEG-products such as c-fos and allows the
docking of ERK to specific protein interaction domains of IEG-encoded proteins. In
the second, stabilized nuclear IEG-products retain activated ERK in the nucleus to
promote their continuous activation by ERK.
While the downstream cascades that follow IEG expression are highly complex
interactive networks, IEG expression itself may only show limited variation in its
response patterns (SIMON et al., 2006). Major technical problems still encumber the
study of the transcriptome. Therefore, it might be appropriate to focus on the
relatively simple IEG level at the current stage (SIMON et al., 2006). However,
studies quantifying IEG expression in developmental and inflammatory processes in
order to investigate their molecular mechanisms are rare.
1.4.2 ETS transcription factor family
The ETS family of eukaryotic transcription factors, so named because the first gene
was uncovered in the E twenty-six avian retrovirus, is a large and rapidly growing set
of winged helix-turn-helix DNA-binding proteins (BASSUK and LEIDEN, 1997;
DONALDSON et al., 1996; GALLANT and GILKESON, 2006). There are
approximately 30 members in mammals and 8 in Drosophila, which are expressed in
a variety of embryonic and adult tissues including hematopoietic and lymphoid
tissues, vasculature, brain, mammary gland, endometrium, ovaries, testes, kidneys,
and lungs (GALLANT and GILKESON, 2006; KOLA et al., 1993; MAROULAKOU and
BOWE, 2000; TOOTLE and REBAY, 2005). Most of the known ETS proteins have
been shown to activate transcription. However, four family members (YAN, ERF,
NET, and TEL) act mainly as transcriptional repressors (MAVROTHALASSITIS and
GHYSDAEL, 2000; TOOTLE and REBAY, 2005). Some ETS factors modulate
transcriptional activity alone, but several operate in ternary complexes with additional
ETS proteins or other key transcription factors such as AP-1 and NF-κB family
members (LI et al., 2000). ETS transcription factors are defined by a highly
conserved 85-amino-acid motif called the ETS domain, which binds the core
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recognition sequence GGAA/T referred to as the ETS-binding site (EBS; GALLANT
and GILKESON, 2006; SHARROCKS et al., 1997; WANG et al., 1992). One-third of
ETS transcription factors also contain a conserved amino-terminal domain called the
Pointed domain (PD), named after the Ets-1 related protein Pointed-P2 in Drosophila.
PDs mediate protein-protein interactions and frequently provide the site of regulation
by extracellular signalling pathways via MAPK-mediated phosphorylation of serine
(S), threonine (T) or tyrosine (Y) residues (DITTMER, 2003). Interestingly,
phosphorylation of Ets-1 at T38 by ERKs seems to enhance transcriptional activity,
whereas phosphorylation by calcium/calmodulin-dependent protein kinase II (CAMK
II) or by myosin light chain kinase (MLCK) inhibits DNA binding, thereby converting
Ets-1 from an activator to a repressor (TOOTLE and REBAY, 2005). Recently,
additional post-translational modifications including glycosylation, sumoylation,
acetylation and ubiquitination have been described, thereby influencing proteinprotein and protein-DNA interactions, subcellular localization, stability, activity, and
further modifications of the target protein (TOOTLE and REBAY, 2005). Importantly,
multisite modification is emerging as a powerful mechanism for integrating
information in the cell, as multiple signalling pathways can converge to regulate a
particular transcription factor. Glycosylation and phosphorylation play an antagonistic
role in the cell metabolism by competing for the same serine and threonine residues.
Similarly, acetylation, sumoylation, and ubiquitination reversibly modify lysine
residues to stimulate or inhibit transcription factor activity (FREIMAN and TJIAN,
2003). Ubiquitin and SUMO (Small ubiquitin-related modifier) are both small
polypeptides, which are covalently linked to a protein through a multistep process
catalyzed by different activating and conjugating enzymes as well as ligases
(CONAWAY et al., 2002; VERGER et al., 2003).
A vast array of ETS target genes has been identified in the last two decades
implicating that these transcription factors play a role in the regulation of MMP,
cytokine, growth factor, and cell surface molecule expression, as well as apoptosis
and angiogenesis (GALLANT and GILKESON, 2006; SEMENTCHENKO and
WATSON, 2000; WERNERT et al., 1992). Nine ETS proteins including Ets-1, Ets-2,
GABP, Fli-1, Elf-1, MEF, ESE-1, PU.1, and SpiB are known to regulate genes
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involved in immunity, but Ets-1 and PU.1 appear to have the greatest impact on the
control of the development and function of lymphoid cells (BORIES et al., 1995;
GALLANT and GILKESON, 2006; MUTHUSAMY et al., 1995). In addition, Ets-1
plays a crucial and unique role in the reciprocal regulation of pro- and antiinflammatory responses of TH1 cells (GRENNINGLOH et al., 2005). Ets-1 synthesis
can be induced by a variety of stimuli including hypoxia-inducible factor (HIF)-1,
hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), and TNF-α
via activation of different MAPK pathways in a cell type dependent manner
(DITTMER, 2003). Interestingly, an Ets-1/AP-1 combinatorial element can also be
found in the promoter region of Ets-1 itself allowing a positive autoregulation of this
ETS family member (DITTMER, 2003).
1.4.3 Activator protein (AP)-1 transcription factor family
The transcription factor AP-1 consists of a variety of dimers composed of members of
the JUN (c-jun, JunB, and JunD) and FOS families of proteins (c-fos, FosB, Fra-1,
and Fra-2; JOCHUM et al., 2001). In vitro, these dimers bind with the highest affinity
to the nuclear AP-1 binding site (5’-TGA(C/G)TCA-3’) and with slightly lower affinity
to the cyclic AMP response element (CRE; 5’-TGACGTCA-3’) containing promoter
regions (NAKABEPPU et al, 1988; RAUSCHER et al., 1988). A common feature of
these proteins is a basic DNA-binding domain combined with a leucine zipper region
(bZIP domain), which is responsible for dimerization and DNA binding. While FOS
proteins do not form homodimers, they can heterodimerize with members of the JUN
family. The JUN proteins can both homodimerize and heterodimerize with other JUN
and FOS members to form transcriptionally active complexes (ANGEL and KARIN,
1991; HALAZONETIS et al., 1988; KARIN et al., 1997; LANDSCHULZ et al., 1988).
In addition, JUN and FOS proteins can form heterodimers with members of the
activator transcription factor (ATF) family. JUN proteins also heterodimerize with
other transcription factors containing a bZIP domain such as CBP, MyoD, NFat, or crel (HERDEGEN and LEATH, 1998; HAI and HARTMAN, 2001). AP-1 proteins are
involved in many physiological and pathological cell functions including MMP and
cytokine expression, cell proliferation, differentiation, apoptosis, and neoplastic
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transformation (AMEYAR et al., 2003; EFERL and WAGNER, 2003; JOCHUM et al.,
2001; KACZMAREK et al., 2002; SHAULIAN and KARIN, 2001; SHAULIAN and
KARIN, 2002; WAGNER and EFERL, 2005). In addition, an upregulation of the c-jun
protein, the principal component of the AP-1 transcription factor, has been described
in seizures (GASS et al., 1993), addiction (FREEMAN et al., 2001), pain (NARANJO
et al., 1991), long-term potentiation and/or depression, neuronal plasticity, and
memory formation (ABRAHAM et al., 1993; HERDEGEN and WAETZIG, 2001;
TISCHMEYER et al., 1994). And last but not least, enhanced activity of c-Jun is a
critical event in cerebral ischaemia and stroke (KINDY et al., 1991; WESSEL et al.,
1991), axotomy (JENKINS and HUNT, 1991), as well as in the posttraumatic repair
(CHAISUKSUNT et al., 2003; RAIVICH et al., 2004). A broad range of physiological
and pathological stimuli that includes cytokines, growth factors, stress signals and
infections, as well as oncogenic stimuli activate the AP-1 transcription factor (HESS
et al., 2004). Regulation of net AP-1 activity can be achieved through changes in the
transcription of AP-1 genes, control of the stability of their mRNAs, post-translational
processing and turnover of AP-1 proteins, and specific interactions between AP-1
proteins and other transcription factors and cofactors (HESS et al., 2004). A major
component in the response to the aforementioned plethora of stimuli is the
phosphorylation of serine and possibly threonine residues situated in JUN and FOS
specific transactivation domains by different members of the MAPK superfamily
(RAIVICH and BEHRENS, 2006). JUN proteins are activated by JNKs also known as
stress-activated protein kinases (SAPKs) comprising three isoforms: JNK1, JNK2,
and JNK3 (DAVIS, 2000). However, differential splicing gives rise to a total of 10
different variants known so far (CASANOVA et al., 1996; GELDERBLOM et al.,
2004). JNKs, ERKs responsible for FOS protein phosphorylation, and p38 are
themselves activated by MAP kinase kinases (MEKs/MKKs). The MAP kinase kinase
kinases (MEKKs) represent the highest level of this signal transduction cascade
(RAIVICH and BEHRENS, 2006). Specificity of this top-bottom signalling is achieved
by recently discovered cofactors, termed scaffolding proteins. These adaptor
molecules bind to consecutive members of this signalling cascade simultaneously,
thereby mediating their protein interactions (MC DONALD et al., 2000; YASUDA et
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al., 1999). Many of these proteins such as JNK Interacting Protein 1 are particularly
strongly expressed in the brain, spinal cord, and peripheral neurons performing nonredundant function in many different and early embryogenic processes (RAIVICH and
BEHRENS, 2006; THOMPSON et al., 2001). Interestingly, the lethal phenotype of
global c-jun deletion due to increased apoptosis of hepatocytes and malformations in
the heart outflow tract is independent on c-jun phosphorylation, but dependent on the
presence of the protein itself (BEHRENS et al., 1999; EFERL et al., 1999).
An overexpression of c-jun and c-fos after TMEV infection and IFN-γ stimulation was
demonstrated in different glial cell lines (RUBIO et al., 1996; RUBIO, 1997; RUBIO
and MARTIN-CLEMENTE, 1999).
1.4.4 NF-κB/Rel transcription factor family
All of these above mentioned proteins are also interacting with the NF-κB
transcription factor family (BASSUK et al., 1997; ELKELES et al., 1999; KWON et al.,
2004). NF-κB was identified 20 years ago (SEN and BALTIMORE, 1986) as a
nuclear factor that binds the kappa light chain enhancer in B cells (hence named NFκB). In mammals, the NF-κB/Rel family of transcription factors comprises five
members, p50 (NF-κB1), p52 (NF-κB2), p65 (Rel-A), c-Rel and Rel-B, which share a
N-terminal 300 amino acid Rel homology domain (RHD) allowing DNA binding,
dimerization and nuclear localization (BAEUERLE and HENKEL, 1994). These
ubiquitously expressed proteins form homo- or hetero-dimers, mainly p50/p65
heterodimers, that are retained inactive in the cytoplasm by interaction with inhibitory
molecules, called IκBs (CAAMAÑO and HUNTER, 2002; GHOSH and KARIN, 2002;
PAHL, 1999). The IκB family composed of IκBα, IκBβ, IκB , IκBγ, IκBζ, Bcl-3, p105,
and p100 (the last two represent precursor proteins of p50 and p52, respectively) is
characterized by several ankyrin repeats, which mediate their binding to NF-κB
(MALEK et al., 2001; TERGAONKAR, 2006; WHITESIDE and ISRAEL, 1997;
YAMAMOTO et al., 2004; YAMAZAKI et al., 2001). Of all the IκB members, IκBγ is
unique in that it is synthesized from the nf-kb1 gene using an internal promoter,
thereby resulting in a protein which is identical to the C terminal half of p105 (INOUE
et al., 1992). Nuclear translocation of NF-κB can be induced by multiple stimuli
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including inflammation, infection, injury, growth factors, and stress (PAHL, 1999). The
canonical pathway of NF-κB activation passes through the activation of an IκB kinase
(IKK) complex, composed of two catalytic subunits, IKK1/α and IKK2/β, and the
regulatory subunit NF-κB essential modulator (NEMO)/IKKγ. Upon stimulation, this
complex triggers phosphorylation of two N-terminal serines within the IκBs, leading to
their ubiquitination and degradation through the proteasome pathway (GHOSH and
KARIN, 2002; MAY and GHOSH, 1998). Freed NF-κB dimers then migrate to the
nucleus, bind to κB sites with consensus sequence GGGRNNYYCC (N = anybase,
R = purine, and Y = pyrimidine) in the promoter or enhancer regions of target genes,
and activate their transcription. Another alternative pathway of activation, thought to
operate only in the immune system, involves phosphorylation of IKKα by NF-κBinducing kinase (NIK), which then triggers inducible processing of the p100, causing
the release of p52-containing dimers (BONIZZI and KARIN, 2004). A third and
atypical NF-κB activation pathway has received much less attention since it has been
mostly described in response to DNA damage (PERKINS, 2004). The major cellular
targets of NF-κB are chemokines, cytokines, immune receptors, adhesion molecules,
stress response genes, regulators of apoptosis, transcription factors, growth factors,
enzymes and cell cycle regulators. In addition, NF-κB is known to be important for
transcription of several viruses including HIV-1 and CMV (PAHL, 1999). More
recently, specific NF-κB functions in the nervous system were identified using
microarray studies and transgenic mouse models. NF-κB seems to play a role in
patterning of the neural tube, synaptic activity and plasticity, cognition, behaviour,
neuronal survival, and the myelination process of Schwann cells (MÉMET, 2006).
Even though degradation/resynthesis of the IκBs constitutes a seminal step in the
control of NF-κB activation, many other regulatory mechanisms, including
phosphorylation,

ubiquitination,

acetylation

or

sumoylation

of

upstream

or

downstream effectors, IKK subunits or NF-κB proteins themselves, provide a fine
tuning of NF-κB signalling (CHEN and GREENE, 2004; CHEN, 2005; CHEN et al.,
2005; HAYDEN and GHOSH, 2004; HUANG et al., 2003; KRAMER et al., 2006;
PASCUAL et al., 2005; SACCANI et al., 2004).
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A large number of stimuli can activate NF-κB, which in turn activate an equally large
number of target genes. Consequently, future studies have to elucidate how
specificity is generated within this framework of pleiotropic signalling. A thorough
understanding of this would be instrumental in designing pathway specific inhibitors
of NF-κB for the treatment of specific ailments.
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2.1 Abstract
Gene products of immediate early genes (IEGs) interact with specific binding
sites in promoter regions of inducible and constitutively expressed genes. Thereby,
they control transcription of down-stream targets, like pro- and anti-apoptotic genes
and matrix-metalloproteinases (MMPs), known to play an important role in
development, plasticity, response to injury and repair of the central nervous system
(CNS). A real-time quantitative RT-PCR and immunohistochemical investigation was
performed to study mRNA expression levels and protein distribution patterns of IEGs
in cerebrum, cerebellum, and spinal cord of SJL/J mice between postnatal weeks 1
and 40. A down-regulation of c-jun, NF-κB1, Max, Ets-1, and p53 mRNA, and an upregulation of c-fos mRNA was noticed. Down-regulations of Ets-1 and p53 were most
prominent between week 1 and 3. The prominent role in CNS development for c-jun,
Ets-1 and Max was supported by immunohistochemistry. 1 week old mice were
strongly positive for all 3 proteins in cerebral cortex, medulla oblongata, and gray
matter of the spinal cord. A high staining intensity was detected in the developing
granule cell layer of the cerebellum for c-jun and Ets-1, and in the Purkinje cell layer
of the cerebellum for Max. In addition to the general down-regulation of most mRNAs,
minor up-regulations of all IEG proteins could be detected in restricted parts of the
CNS indicating regional variations and differential expression and translation during
development. Apoptosis was demonstrated using immunohistochemistry for active
caspase-3. The expression patterns of IEGs might represent the key to understand
the balance of proteolytic activities by MMPs, myelination, and the induction of
apoptosis during the development of the CNS.
Key words
Immediate early genes; central nervous system; development; mouse;
quantitative real-time RT-PCR
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2.2 Introduction
Immediate early genes (IEGs) have been termed “immediate early” or “early
response genes”, because these genes can still be expressed during inhibition of
protein synthesis. This observation leads to the conclusion that other newly
synthesized gene products can not be responsible for their induction. Expression
requires only the modification of pre-existing transcriptional modulators, such as the
serum response factor and the cAMP response element binding protein (Yamamoto
and Alberts, 1976). Many IEG encoded proteins act mainly as transcription factors in
an intracellular signal transduction cascade between cell surface receptors,
cytoplasmic second messengers and specific target genes in the nucleus (Kiessling
and Gass, 1993). Nevertheless, some genes can be induced as IEG, but do not
interfere with transcription control like the tissue inhibitor of metalloproteinases-1
(Rivera et al., 1997). In addition, some transcriptionally active IEGs are also involved
in other functions, e.g. p53 in post-translational regulation of gene products required
for global genome repair (Ford, 2005). IEGs have important functions in cell cycle
control as well as cellular growth and differentiation (Bassuk and Leiden, 1997;
Schreiber et al., 1999).
The development of the CNS is a very complex process that involves the
proliferation, migration, apoptosis, and differentiation of neurons and glial cells and
the formation of myelin sheaths. A complete set of transcriptional regulators is
required to ensure the right amount of the right protein at the right time as
development proceeds (Brivanlou, 2002).
Promoter regions contain multiple binding sites for different IEGs, including p53, c-jun
(p39), c-fos, and Ets-1, interacting as positive and negative regulators. These
complex interactions are at the focus of many investigations. They might represent
the key for a better understanding of the mechanisms of transcription control
(Brivanlou and Darnell, 2002). Hence, it was shown that Max protein associates with
the MYC family of oncogenes in vitro and in vivo and forms heterodimers (Amati et
al., 1992; Blackwood et al., 1992; Blackwood and Eisenman, 1991; Reddy et al.,
1992). The latter plays a central and essential role as obligate dimerization-DNAbinding partner for Myc oncoproteins and Mad transcriptional repressors (Hurlin et
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al., 1995). Similarly, members of the JUN family are able to bind to DNA either as
JUN/JUN homodimers or JUN/FOS heterodimers, whereas FOS proteins do not form
homodimers and cannot bind DNA in the absence of JUN (Angel and Karin, 1991;
Karin et al., 1997). FOS and JUN proteins are members of the AP-1 (activating
protein-1) group of transcription factors (Herschman, 1991). Moreover, JUN proteins
directly and indirectly interact with Ets-1 (Bassuk and Leiden, 1995; Logan et al.,
1996; Sieweke et al., 1996; Yang et al., 1998). The ETS family of eukaryotic
transcription factors is a large and rapidly growing set of helix-turn-helix DNA-binding
proteins (Sharrocks et al., 1997). ETS transcription factors are playing fundamental
roles in the development of many tissues, including lymphoid and myeloid lineage,
central nervous system (CNS), bone and mammary gland (reviewed by Maroulakou
and Bowe, 2000). ETS proteins also interact with members of the nuclear factorkappa B (NF-κB) family (Bassuk et al., 1997), which are known to play a central role
in the development and regulation of the immune system (Caamaño and Hunter,
2002).
The regulation of gene expression is involved in fundamental processes such as
neuronal development and plasticity (Ginty et al., 1992; Hughes and Dragunow,
1995; Martin and Magistretti, 1998). Many studies have investigated the expression
of IEGs during the embryonic and neonatal development of the CNS and other
organs mainly in mice using various methods, including Western blot and in-situ
hybridization (Caubet, 1989; Marino et al., 2000; Molinar-Rode et al., 1993; Prolla,
2002; Shen-Li et al., 2000; Västrik et al., 1995). Accordingly, spatial and temporal
specific expression patterns of some IEGs, including c-fos, Max, Ets-1, and p53,
have been described (Bassuk and Leiden, 1997; Caubet, 1989; Shen-Li et al., 2000).
For some of them an essential role for the finely tuned balance of proliferation,
differentiation, and programmed cell death during early and late development has
been shown (Shen-Li et al., 2000; Vaudry et al., 2003). A prominent feature in
cerebellar development is the physiological apoptosis of 70% of the generated cells
including neuronal and glial cells (Raff et al., 1993). The p53 tumor suppressor
protein plays an important role in regulating cerebellar granule cell survival. Many
studies have provided strong evidence for the regulating role of p53 (Chen et al.,
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1999; ; Cregan et al., 1999; Dietrich et al., 2003; Marino et al.; 2000; Ladiwala et al.,
1999). However, physiological mRNA expression levels of IEGs in different CNS
compartments during postnatal development using lifelong longitudinal studies have
not been reported.
Thus, it was the aim of this study to investigate the IEG mRNA and protein
expression in the CNS postnatal growth period of mice using quantitative real-time
RT-PCR and immunohistochemistry. The expression patterns of IEGs are expected
to give important insights into the control of transcription during development and
ageing of the CNS. Besides, obtained data might provide an useful parameter to
determine the state of activity during remodeling and/or repair following CNS injury.
2.3 Experimental Procedures

2.3.1 Animals
42 SJL/J mice were purchased from Harlan Winkelmann GmbH, Germany or
were taken from own breeding. Mice were housed in small groups in solid-bottom
polycarbonate cages in ventilated animal racks under temperature-, humidity-, and
light controlled conditions (Techniplast). Food and water were available ad libitum.
Animals were humanely killed with CO2 at the age of 1, 3, 5, 7, 19, and 33-40 weeks.
Immediately after death, cerebrum, cerebellum, and spinal cord were removed. The
rostral half of the cerebrum, the caudal half of the cerebellum including medulla
oblongata, and the majority of the spinal cord were frozen in OCT® embedding
compound with liquid nitrogen (Markus, 2002). The remaining parts of the CNS were
formalin-fixed and paraffin-embedded for histology. Additionally, one postpartal SJL/J
mouse was sacrificed and the uterus was collected and stored frozen as described.

2.3.2 Reverse transcription
Ribonucleic acid (RNA) was isolated from 40mg tissue of each frozen CNS
compartment and the postpartal uterus using an Omni´s PCR Tissue Homogenizing
Kit and the Absolutely RNA® RT-PCR MiniprepKit (Stratagene™ Europe). Equal
amounts of RNA (25 ng/μl) were subsequently transcribed into cDNA with the
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Omniscript RT Kit (Qiagen), Random Primers (Promega), and RNase Out
(Invitrogen) (Korfhage et al., 2000).

2.3.3 Polymerase chain reaction
Primers for six IEGs (c-fos, c-jun [p39], NF-κB1 [p50], Max protein, Ets-1, p53) and
four housekeeping genes (GAPDH, ß-Actin, HPRT, SDHA) were selected using the
Primer3

website

(Whitehead

Institute

for

Biomedical

Research;

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi/) or PRIMER DESIGNER Version
2.0 (Scientific & Educational Software). All primers, except primers for c-jun and Max,
were located in different exons of each gene (Table 1). PCR products of each IEG
except NF-κB1 were obtained from murine postpartal uterus cDNA. PCR products for
NF-κB1 were acquired from Lewis lung carcinoma cells (LLC-cells, ATCC number:
CRL-1642). Briefly, RNA was isolated from LLC-cells with TRIzol® reagent (Invitrogen
TM GmbH, Karlsruhe, Germany), treated with DNase, and immediately reverse
transcribed (GeneAmp® RNA PCR Core Kit, Perkin Elmer, Applied Biosystems,
Weiterstadt, Germany; Gröne et al., 1999). Subsequently, PCR products were cloned
using the TOPO TA Cloning® Kit for Sequencing (Invitrogen). A second PCR with
plasmid specific primers (M13 Forward and M13 Reverse primers) was performed
and obtained amplicons were extracted from the agarose gel with the NucleoSpin®
Extract Kit (Macherey-Nagel) or simply purified with the MontageTM PCR Centrifugal
Filter Devices (Millipore) to create a ten-fold serial dilution standard, ranging from 102
to 108 copies/µl. Sequencing of the six IEGs and four housekeeping genes revealed
99 to 100% homology to published mRNA sequences (Table 2-1). Real-time RT-PCR
was performed with IEG specific primers using the Mx4000™ Multiplex Quantitative
PCR System (Stratagene™ Europe) and SYBR Green I as DNA-binding dye. The
standard dilution series were used to quantify the results. A normalization factor
obtained from the geometric mean of three (GAPDH, HPRT, SDHA) of the four
different housekeeping genes was used to correct the results for experimental
variations (Vandesompele, 2002).
The reaction buffer for each primer pair contained different concentrations of MgCl2,
primer, glycerol, and DMSO (Table 2-2).

47-1048
47-1048
81-1208
81-1208
88-744
88-744
32-2026
32-2026
292-3207
292-3207
1-1143
1-1143
917-1921
917-1921
91-1413
91-1413
11-1183
11-1183
161-643
161-643

Forward 305-324
Reverse 573-592
Forward 669-688
Reverse 882-901
Forward 587-606
Reverse 755-774
Forward 453-472
Reverse 653-672
Forward 432-451
Reverse 660-678
Forward 322-339
Reverse 408-427
Forward 874-891
Reverse 941-959
Forward 115-134
Reverse 335-354
Forward 839-858
Reverse 1046-1065
Forward 1612-1631
Reverse 1721-1743

Primer
position
in mRNA
4/8
7/8
4/6
4, 5 / 6
7/9
9/9
4 / 15
6 / 15
6 / 25
7 / 25
2/4
3/4
1/1
1/1
1/8
3/8
5/7
6/7
5/5
5/5

Exon No.
of primer

Homology of
GenBank
cloned mRNA
accession
Sequence of primer from 5’->3’
to original
numbers of
mRNA
cloned mRNA
GAGGCCGGTGCTGAGTATGT
100%
AY618568
GGTGGCAGTGATGGCATGGA
100%
AY618568
GGCTACAGCTTCACCACCAC
99%
AY618569
ATGCCACAGGATTCCATACC
99%
AY618569
GGACCTCTCGAAGTGTTGGA
100%
AY423851
TTGCGCTCATCTTAGGCTTT
100%
AY423851
ACATGACAGAGCAAGCTCCT
99%
AY618570
CTGGTGTCATATCGCAGAGA
99%
AY618570
CGATTCCGCTATGTGTGTGA
99%
AY423849
GTCCTTGGGTCCTGCTGTT
99%
AY423849
AGAGCGGGAATGGTGAAG
100%
AY423854
GGATTCTCCGTTTCTCTTCC
100%
AY423854
CGCACAGCCCAGGCTAAC
100%
AY423853
TGAGGGCATCGTCGTAGAA
100%
AY423853
CCGACTCTCACCATCATCAA
100%
AY423850
GAACTCATTCACAGCCCACA
100%
AY423850
AGAGACCGCCGTACAGAAGA
100%
AY423848
GCATGGGCATCCTTTAACTC
100%
AY423848
CTAAACCCACAGCCCAGTCC
100%
AY423852
CATCAAGACAAGAAACCCTTCAC
100%
AY423852

* GenBank: National Center for Biotechnology Information
National Library of Medicine, 38A, 8N805
8600 Rockville Pike
Bethesda, MD 20894, USA
GI-No.:
"GenInfo Identifier" sequence identification number

GAPDH

6679936
6679936
49865
ß-Actin
49865
7305154
HPRT
7305154
38075375
SDHA
38075375
6679043
NF-κB1 (p50)
6679043
6753893
c-fos
6753893
67554401
c-jun
67554401
6753781
Ets-1
6753781
5524685
p53
5524685
6678815
Max
6678815

Gene

GenBank
Coding
Primer
GI-No. of sequence of
direction
gene *
gene

Table 2-1: GenBank identification number, primer, and homology of cloned mRNA to published sequences
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The thermal profile was set as follows: 95°C, 10 min (1 cycle); 95°C (denaturation),
30 sec; 55-63°C (annealing), 1 min; 72°C (extension), 30 sec (34-40 cycles) (Table
2-2). Specificity of each reaction was controlled by melting curve analysis.
Table 2-2: PCR reaction conditions of housekeeping and immediate early
genes
Gene
GAPDH
β-Actin
HPRT
SDHA
NF-κB1(p50)
c-fos
c-jun
Ets-1
p53
Max

MgCl2
(mM)

Primer
(nM)

4,4
2,2
2,0
3,0
2,0
2,2
2,0
2,0
2,5
2,0

256
206
150
220
150
244
150
150
229
150

Annealing
Glycerol
DMSO (%) Temperature
(%)
(°C)
6,0
6,0
57
7,0
2,3
60
8,0
3,0
55
9,0
5,1
59
8,0
3,0
55
7,1
2,7
63
8,0
3,0
63
8,0
3,0
60
10,0
2,0
60
8,0
3,0
60

Cycles
36
36
40
34
40
40
40
40
40
40

2.3.4 Immunohistochemistry
A set of serial unstained sections (3 μm) of cerebrum, cerebellum and spinal
cord was prepared of paraffin-embedded tissues of 6 neonatal (1 week old) and 6
adult (33 to 40 weeks old) mice and used for immunohistochemistry (Czasch et al.,
2006; Miao et al., 2003). Briefly, slides were treated with hydrogen peroxide 0.5% in
methanol for 30 min to block endogenous peroxidase activity. After antigen retrieval
by boiling in citrate buffer (pH 6.0) in a 800-watt microwave oven (Max protein, Ets-1,
c-jun, p53, Caspase-3 active) or directly (NF-κB1, c-fos), sections were incubated
with normal goat serum for 20 min at room temperature. The primary antibodies used
were affinity-purified polyclonal rabbit anti-human/mouse antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA,USA for IEGs; R&D Systems Inc., Minneapolis, MN,
USA for Caspase-3 active) at dilutions of 1:200 [c-fos (sc-52), c-jun (sc-1694), Ets-1
(sc-350), p53 (sc-6243), NF-κB1 (sc-114), Max (sc-765)] or 1:2000 (Caspase-3
active (AF835)] overnight at 4°C. Negative control sections were incubated with

38

Spatio-temporal expression of IEGs in the CNS of SJL/J mice

normal rabbit serum (Sigma-Aldrich Chemie Gmbh, Munich, Germany) diluted to the
same gamma globulin concentration as the pimary antibody. Biotinylated goat-antirabbit antisera (1:200, Vector Laboratories, Burlingame, CA) were used as secondary
antibodies for 30 min at room temperature. Finally, immunolabelling was visualised
by the avidin-biotin-peroxidase-complex (ABC) method (Vector Laboratories,
Burlingame,

CA,

USA),

with

3,3‘-diaminobenzidine

as

substrate.

Slight

counterstaining was performed with Mayer´s haematoxylin. Analysis of stained
sections was performed using a semi-quantitative scoring system from - = no, over +
= weak and ++ = moderate, to +++ = strong expression for each investigated IEG.
Scoring included staining intensity and quantity of positive cells. CNS localisations
evaluated were in telencephalon (cerebral cortex, corpus callosum, cornu ammonis,
dentate gyrus, and molecular layer of the hippocampus), in diencephalon (thalamus,
hypothalamus, plexus choroideus of lateral and third ventricles), in rhombencephalon
(external and internal granule cell layer, Purkinje cell layer, molecular layer, and white
matter of the cerebellum, and medulla oblongata), and in the spinal cord (white and
gray matter).

2.3.5 Statistical analysis
An analysis of variance for time and location of PCR data and a Wilcoxon´s
rank-sum-test of immunohistochemistry data were performed using SAS software
(SAS Institute Inc. (1999), SAS OnlineDoc®, Version 8, SAS Institute Inc., Cary,
NC.). Statistical significance was designated as P < 0.05. PCR results are expressed
as arithmetic means ± standard deviation (SD).
2.4 Results

2.4.1 Polymerase chain reaction
Analysis of IEG mRNA levels revealed a complex expression pattern with
respect to time and CNS compartment (Fig. 1 A-F). The absolute cDNA copy
numbers varied substantially between different IEGs (Fig. 2). Highest values with 1.0
x 106 cDNA copies/μl were found for c-jun. NF-κB1 and Max values varied around
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1.0 x 105 cDNA copies/μl. Lowest numbers of cDNA copies/ l were detected for Ets1, ranging from 1.5 x 104 to 4.0 x 103.
Age-dependent variations were prominent in the first 7 weeks postnatally. Though
statistical significance could not be demonstrated for all of these age-related
differences, all CNS compartments showed the same general tendency of either upor down-regulation for each investigated IEG. Table 2-3 summarizes the results for
age-dependent and spatial variations.
Table 2-3: Age-dependent differences and spatial variations in the expression
pattern of various immediate early genes in the central nervous system
Age-dependent differences between
Spatial variations
Cerebellum and Spinal cord and Cerebellum and
week 1 and 40
Cerebrum
Cerebellum Spinal cord
cerebrum
cerebrum
spinal cord
NF-κB1 (p50)
↓
↓
↓
+
+
c-fos
↑
↑
+
+
+
c-jun
↓
↓
↓
Ets-1
↓
↓
↓
p53
↓
↓
↓
+
+
Max
↓
↓
Immediate
early genes

Legend: ↑ up-regulation, ↓ down-regulation
+ firstly listed tissue displays significantly higher expression compared to
second tissue (p < 0.05)
- no statistically significant differences

Age-dependent variations
Nearly all IEGs demonstrated significant variations in expression levels at all
investigated time points. To point out the differences between neonatal and adult
animals in the CNS compartments, mean IEG expression levels between week 1 and
week 40 in cerebrum, cerebellum, and spinal cord were compared (Table 2-3).
Generally, there was a decrease in expression of IEGs during ageing, which was
most prominent until week 3 of age.
NF-κB1 was reduced to 58.6% ± 5.1% (±SD) in the cerebrum (p = 0.0001), to 69.3%
± 7.6% in the cerebellum (p < 0.0001), and to 67.7% ± 8.5 % in the spinal cord (p =
0.0008; Fig. 2-1A) during the whole observation period. Following a sharp decline of
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the expression pattern in the first three weeks, mRNA values remained almost
unchanged until week 40. C-jun decreased to 59.2% ± 10.8% in the cerebrum (p =
0.0003), to 71.6% ± 11.6% in the cerebellum (p = 0.0027), and to 58.7% ± 4.0% in
the spinal cord (p < 0.0001; Fig. 2-1B). Subsequent to the prominent decrease from
week 1 to week 3, similar to NF-κB1 c-jun expression levels remained relatively
stable in the following weeks. Ets-1 was reduced to 29.3% ± 2.4% in the cerebrum, to
32.1% ± 2.5% in the cerebellum, and to 38.2% ± 2.6 % in the spinal cord (p < 0.0001;
Fig 2-1C). p53 declined to 50.7% ± 5.4% in the cerebrum, to 26.8% ± 4.2% in the
cerebellum, and to 64.6% ± 10.3 % in the spinal cord (p < 0.0001; Fig. 2-1D). Both
Ets-1 and p53 showed a very prominent decline in the expression pattern within the
first 3 weeks, thereafter, expression was present at a similar and low level until week
40. Max mRNA copy numbers diminished to 76.1% ± 6.7% in the cerebrum (p =
0.004) and to 76.2% ± 3.7 % in the spinal cord (p = 0.0001; Fig. 2-1E). The downregulation of Max in these two compartments resembled the expression pattern
described for p53 and Ets-1. In the cerebellum, expression values of Max remained
almost unchanged throughout the whole observation period.
In contrast to the other IEGs investigated, mRNA expression levels of c-fos increased
continuously with ageing, reaching up to 221.5% ± 61.4% in the cerebrum (p =
0.0078) and 236.0% ± 57.7% in the spinal cord (p < 0.0001; Fig. 2-1F) at week 40.
Due to strong individual variations the increase to 194.4% ± 80.8% from week 1 to
week 40 in the cerebellum was not statistically significant (p = 0.0908). Nevertheless,
a prominent increase in mRNA levels of c-fos was detected at 7 weeks in this CNS
compartment, which was statistically significant (p = 0.0079).

Figure 2-1 A-F: IEG mRNA expression levels in cerebrum, cerebellum, and spinal
cord at the age of 1,3,5,7,19, and 40 weeks (next pages).
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A: NF-κB1: Significant down-regulation of NF-κB1 from week 1 to week 40 in all 3
investigated CNS compartments (cerebrum p = 0.0001, cerebellum p < 0.0001,
spinal cord p = 0.0008). Significantly lower expression in cerebrum compared to
cerebellum and spinal cord (p < 0.0001). 1 μl = 25 ng RNA.
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B: c-jun: Significant down-regulation of c-jun from week 1 to week 40 in all 3
investigated tissues (cerebrum p = 0.0003, cerebellum p = 0.0027, spinal cord p <
0.0001). Significantly higher expression in cerebellum compared to spinal cord, and
cerebrum (p < 0.0001). 1 μl = 25 ng RNA.
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C: Ets-1: Significant down-regulation of Ets-1 from week 1 to week 3 (p < 0.0001).
Relatively stable expression apart from this timepoint in all 3 investigated tissues. 1 μl
= 25 ng RNA.
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D: p53: Significant down-regulation of p53 from week 1 to week 3 (p < 0.0001) and
relatively stable expression henceforth in all 3 investigated tissues. Significantly
higher expression levels at the first time point (1 week after birth) in cerebellum
compared to cerebrum (p = 0.0417) and spinal cord (p = 0.0114). 1 μl = 25 ng RNA.
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E: Max: Significant down-regulation of Max from week 1 to week 40 in the cerebrum
and the spinal cord (cerebrum p = 0.004, spinal cord p = 0.0001). Significantly higher
expression levels in the cerebellum compared to cerebrum and spinal cord (p <
0.0001). 1 μl = 25 ng RNA.
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F: c-fos: Significant up-regulation of c-fos from week 1 to week 40 in cerebrum and
spinal cord (cerebrum p = 0.0078, spinal cord p < 0.0001). 1 μl = 25 ng RNA.
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Spatial variations
Spatial variations during the investigated time period were demonstrated for NFκB1, c-jun, and Max (Table 2-3). Accordingly, there was approximately up to twice as
much IEG mRNA in the compartments with highest expression levels compared to
the remaining CNS compartments. NF-κB1 was more prominently expressed in the
cerebellum and the spinal cord compared to the cerebrum (p < 0.0001; Fig. 2-1A).
Max expression was lower in spinal cord and cerebrum compared to the cerebellum
(p < 0.0001; Fig. 2-1E). Expression levels of c-jun decreased from the cerebellum, to
the spinal cord, and finally to the cerebrum (p < 0.0001; Fig. 2-1B).
Furthermore, in contrast to later time points, in the first postnatal week, p53
expression declined from the cerebellum (100.0% ± 22.8%), to the cerebrum (57.0%
± 3.4%, p = 0.0417), and to the spinal cord (42.7% ± 3.8%, p = 0.0114; Fig. 2-1D).
No statistically significant differences were detected for Ets-1 (Fig. 2-1C) and c-fos
(Fig. 2-1F).

2.4.2 Immunohistochemistry
c-fos
In 1 week old mice, only few c-fos positive cells with a very weak nuclear and
cytoplasmic immunostaining were found. Immunoreactive cells were detected in the
cerebral cortex, hippocampus, thalamus, hypothalamus, Purkinje cell layer of the
cerebellum, medulla oblongata, and in the white and gray matter of the spinal cord
(Table 2-4). Nearly all choroid plexus epithelial cells presented a weak to moderate
expression predominantly in the cytoplasm (Fig 2-3A). Higher numbers of c-fos
positive cells were found in adult animals including areas, that were negative in infant
mice like the molecular layer and the white matter of the cerebellum. A strong nuclear
immunoreaction was observed in several cells in the hippocampus formation,
thalamus (Fig 2-3A) and cerebral cortex. The up-regulation of c-fos during aging was
statistically significant in cerebral cortex (p=0.0081), cornu ammonis (p=0.0346),
dentate gyrus (p=0.009), periventricular aspects of the thalamus (p=0.0246), medulla
oblongata (p=0.0246), internal granule cell layer (p=0.0257), molecular layer
(p=0.0138), and white matter of the cerebellum (p=0.0279).
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NF-κB1 (p50)
In contrast to other IEGs, the expression of NF-κB1 (p50) was restricted to specific
regions of the CNS. In addition, p50 protein was found predominantly in the
cytoplasm. Strongly positive cells were detected in cerebral cortex (Fig. 2-3B) and
plexus choroideus of 1 week old mice (Table 2-4). Cornu ammonis, medulla
oblongata, gray and white matter of the spinal cord showed a weak immunostaining.
No p50 protein was detected in corpus callosum and in the molecular layers of both
hippocampus and cerebellum. A similar expression pattern was found in adult mice.
Nonetheless, a slight but statistically significant increase in positive cells was
detected in the internal granule cell layer (p=0.0114), Purkinje cell layer (p=0.0347),
and molecular layer (p=0.0451) of the cerebellum, and in the gray mater of the spinal
cord (p=0.0109). In contrast, in choroid plexus epithelial cells there was a decrease
from strong to moderate immunostaining (p=0.0041).
Max
Similar to c-jun, Max showed a strong nuclear immunoreaction in all regions of the 1
week old CNS (Fig 2-3C). The staining intensity was highest in the cerebral cortex,
cornu ammonis, Purkinje cell layer of the cerebellum, medulla oblongata, and in the
gray matter of the spinal cord (Table 2-4). A weak expression was found in corpus
callosum, choroid plexus epithelial cells, and the white matter of the cerebellum.
Remaining parts of the CNS demonstrated a moderate staining intensity. There was
an overall down-regulation of Max expression in adult mice both in staining intensity
and cell numbers. The decrease was statistically significant in cerebral cortex
(p=0.0067), Purkinje cell layer of the cerebellum (p=0.0044), medulla oblongata
(p=0.0257), and in gray (p=0.0058) and white matter (p=0.0044) of the spinal cord.
Nevertheless, an increase in Max staining intensity was found in choroid plexus
epithelial cells (p=0.0063), the internal granule cell layer (p=0.003) and molecular
layer (p=0.0435) of the cerebellum.
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Figure 2-2 A-C: Comparison of IEG mRNA expression levels in the cerebrum (A),
cerebellum (B), and spinal cord (C) at the age of 1,3,5,7,19, and 40 weeks. Absolute
cDNA copy numbers vary between 4 x 103 copies of Ets-1 and 1 x 106 copies of cjun. 1 μl = 25 ng RNA.
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Ets-1
Ets-1 protein was expressed strongly in both investigated age groups (Fig 2-3D). The
majority of CNS cells demonstrated an Ets-1-specific immunoreaction, which was
predominantly nuclear and varied from weak to strong intensity depending on the
region evaluated. In 1 week old mice, cerebral cortex, cornu ammonis,
hypothalamus, medulla oblongata, external and internal granule cell layer of the
cerebellum showed a high staining intensity of many positive cells (Table 2-4). A
moderate amount of positive cells was present in corpus callosum, dentate gyrus,
molecular layer of the hippocampus, thalamus, choroid plexus epithelial cells,
molecular layer and white matter of the cerebellum, and the gray and white matter of
the spinal cord. The Purkinje cell layer of the cerebellum was Ets-1 negative. In
contrast, adult mice showed a strong immunoreaction in the Purkinje cell layer of the
cerebellum (p=0.0067). A slight increase in positive cells was also detected in the
molecular layer of the cerebellum (p=0.0163). Other changes in Ets-1 expression
were not statistically significant. In addition to the nuclear expression, in adult mice a
strong axonal immunoreaction was found in neurons of the cerebral cortex, pyramidal
cell layer of the hippocampus, Purkinje cell layer of the cerebellum, and gray matter
of the spinal cord, which was only weak in infant mice.
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c-jun
In 1 week old mice, c-jun was widely expressed in the CNS visualized by a strong
nuclear signal (Fig. 2-3E). A moderate or strong expression was found in the cerebral
cortex, hippocampus, thalamus, hypothalamus, medulla oblongata, internal and
external granule cell layer of the cerebellum, and in the white and gray matter of the
spinal cord (Table 2-4). In adult mice, in general a decline of c-jun immunostaining
was detected, which was statistically significant in cerebral cortex (p=0.0032), cornu
ammonis (p=0.0435), molecular layer of the hippocampus (p=0.0156) and the gray
matter of the spinal cord (p=0.0033). Nonetheless, a strong immunoreaction was still
present in ventral parts of the cerebral cortex, and a statistically significant upregulation was found in corpus callosum (p=0.0178), dentate gyrus (p=0.0034) and
the internal granule cell layer of the cerebellum (p=0.0116). In addition, many
strongly positive processes of astrocytes were detected in the white matter of the
spinal cord.
p53
Only very few p53-postive cells (approximately 1 positive cell per section) with a
strong nuclear immunostaining were found in the CNS of neonatal and adult mice. In
1 week old mice, these cells were found in cerebral cortex, neuroepithelium of the
lateral ventricles, thalamus, and external granule cell layer of the cerebellum. The
expression of p53 in adult mice was restricted to cerebral cortex and gray matter of
the spinal cord. In addition, a cytoplasmic immunostaining of media cells and
pericytes of blood vessels was detected using the p53 antibody.
Figure 2-3 A-E: Immunohistochemical distribution pattern of IEG proteins. Coronal
brain sections of neonatal (left side) and adult (right side) mice. Inserts illustrate high
power views of the areas delineated by the black rectangles (400 μm x 400 μm). (A)
c-fos. Negative neonatal brain except for plexus choroideus. Single strongly positive
cells in adult thalamus (arrow). Scale bar, 844 μm (left), 1063 μm (right). (B) NF-κB1.
Similar low expression in neonatal and adult brain except for stronger expression in
neonatal plexus choroideus. Scale bar, 798 μm (left), 1039 μm (right).

→
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(C) Max. Down-regulation of Max protein in cerebral cortex from neonatal to adult
brain. Scale bar, 836 μm (left), 1085 μm (right). (D) Ets-1. Strongly positive axon in
adult brain (arrowhead). Scale bar, 851 μm (left), 1067μm (right). (E) c-jun. Downregulation of c-jun in cerebral cortex from neonatal to adult brain. Note strong c-jun
expression in the adult dentate gyrus. Scale bar, 766 μm (left), 988 μm (right).
ca, cornu ammonis; cc, cerebral cortex; co, corpus callosum; dg, dentate gyrus; ht,
hypothalamus; ml, molecular layer of the hippocampus; pc, plexus choroideus; tp,
thalamus periventricular; tm, thalamus medial; tl, thalamus lateral.
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Caspase-3 active
In order to identify apoptotic cells, an immunostaining for active caspase-3 was
performed. Few (<0,1% of cells) strongly positive cells showing nuclear shrinkage or
apoptotic bodies were present in cerebral cortex, thalamus, hypothalamus, cornu
ammonis, dentate gyrus, internal and external granule cell layer of the cerebellum,
medulla oblongata, and gray matter of the spinal cord of 1 week old mice (Fig. 2-4).
Adult mice were completely negative for active caspase-3.

Figure 2-4: Apoptotic cells in cerebral cortex. Active caspase-3-positive cells
displaying

apoptotic

bodies

(arrow)

and

nuclear

shrinkage

Immunohistochemisty for active caspase-3. Scale bar, 24 μm.

(arrowhead).

Legend:
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Table 2-4: Protein expression of IEGs in infant and adult SJL/J mice
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2.5 Discussion
Constitutive IEG expression during development
In the present study, though there were differences in the level of expression
between different CNS compartments, PCR data revealed a constitutive mRNA
expression of all investigated IEGs. However, the level of expression varied
substantially and more importantly, five IEGs decreased with age, especially in the
first 3 weeks after birth and c-fos, on the contrary, increased. These changes
demonstrate a crucial role for c-jun, NF-κB1, Max protein, Ets-1, and p53 in the early,
and of c-fos in the late developmental period of the CNS.
In order to identify regions of expression in the investigated compartments and to
compare protein and mRNA expression patterns, immunohistochemistry was
included and results comparatively evaluated. The presented expression pattern of
IEG proteins in the neonatal and adult CNS enhanced the spatial resolution of PCR
data and confirms mRNA results. However, in contrast to the general downregulation of mRNA, minor up-regulations of all IEGs could be detected in restricted
parts of the CNS, which could reflect technical differences or regional divergent
expression patterns. Nevertheless, these results reveal the requirement of IEG
activity in a region specific expression pattern in order to ensure a coordinated
development of the CNS (Caubet, 1989; Kasik et al., 1987; Maroulakou and Bowe,
2000).
A generally higher expression of the Max gene in the cerebellum compared to
cerebrum and spinal cord was detected using PCR. In 1 week old mice, higher Max
expression seemed to originate from the Purkinje cell layer and medulla oblongata as
shown by immunohistology. Furthermore, in adult mice a down-regulation of Max
proteins in these two CNS compartments and an up-regulation in the internal granule
cell layer and the molecular layer of the cerebellum was detected. These results
explain the unchanged mRNA expression values in the cerebellum through the
observation period and indicate a prominent role of the Max network in the
development of the Purkinje cell layer. Studies using embryos of Max knock out mice
demonstrated a crucial role in early mammalian development of this IEG, because
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loss of Max function resulted in generalized developmental arrest of mouse embryos
at early postimplantation (~E5.5-6.5) (Shen-Li et al., 2000).
Immunohistology demonstrated a strong and widely distributed expression of Ets-1
proteins in the murine CNS, such as cerebral cortex, cornu ammonis, hypothalamus,
medulla oblongata, external and internal granule cell layers of the cerebellum. In
addition to their oncogenic potential, several ETS proteins, including Ets-1, regulate
the development and function of a number of mammalian cell lineages. The strong
expression of Ets-1 in the developing murine nervous system (Maroulakou et al.,
1994) seems to be associated with astrocyte proliferation, differentiation, and
signalling (Fleischman et al., 1995). Therefore, the strong expression of Ets-1 mRNA
and protein in the infant mouse CNS suggests an important role of this IEG for the
control of both neuronal and glial cell development.

Switch in AP-1 composition essential in age-related differences
In contrast to c-fos, a strong expression of c-jun mRNA and proteins was found
in all investigated CNS compartments. Many studies have investigated the function of
c-fos and c-jun during development, mainly during embryo- and organogenesis until
birth. A role of c-jun as a positive regulator of cell proliferation was found. This ability
is mediated through the repression of tumor suppressor gene expression and
function and the induction of cyclin D1 transcription (Shaulian and Karin, 2001). Insitu hybridization studies of mouse embryos showed high levels of c-fos mRNA in the
CNS, especially in the anterior part of spinal cord, dorsal root ganglia, olfactory lobe,
ganglion cell layer of the retina, cerebellum, and cortex (Caubet, 1989). Furthermore,
a transient burst of c-fos gene expression at birth was detected in the mouse (Kasik
et al., 1987). Consequently, a role of c-fos in regulation of the genes involved in
neuronal organization, function, and apoptosis was suggested (Caubet, 1989;
Smeyne et al., 1993). Yet an obligatory role for the development and programmed
cell death of these two proteins could not be demonstrated (Roffler-Tarlov et al.,
1996). However, the detection of high c-jun and low c-fos protein levels in infant mice
points to important functions of JUN/JUN homodimers in the development of specific
CNS regions, like cerebral cortex or medulla oblongata. In addition, an up-regulation
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of c-fos mRNA in cerebrum and spinal cord and a down-regulation of c-jun mRNA in
all investigated tissues was found over the investigated time period. In contrast to the
still abundant expression of c-jun protein, immunohistochemistry detected only few cfos positive cells in the adult CNS. Nevertheless, a switch from JUN/JUN
homodimers to JUN/FOS heterodimers in these c-fos positive cells mediated by an
increase of c-fos and a decrease of c-jun might be essential in different age-related
reaction patterns of the CNS.

Role of p53 in apoptosis and CNS development
A strikingly higher mRNA expression of p53 in the first postnatal week was
detected compared to a relatively stable lower expression level at the remaining time
points in the CNS compartments, especially the cerebellum. Wild-type p53 protein
was detected in very few cells of the CNS using immunohistochemisty. Nevertheless,
this is not too surprising, because p53 has a very short half-life of 5-10 min in many
normal (non-transformed) tissues (Rogel et al., 1985). However, a pro-apoptotic role
of p53 by up-regulation of Bax and down-regulation of Bcl-2 was demonstrated
previously (Chen et al., 1999; Korsmeyer et al., 1993; Yin et al., 1994). Moreover,
p53 can induce the expression of death receptors like FAS and their trafficking to the
cell membrane (Bennet et al., 1998; Munsch et al., 2000). The development of the
CNS is characterized by proliferation, differentiation and apoptosis of both neuronal
and glial cells, especially during the development of the internal granule cell layer of
the cerebellum. An essential role of p53 for the elimination of neural progenitor cells
that fail to differentiate appropriately was revealed using p53-/- knock-out mice
(reviewed by Miller et al., 2000).
In addition to p53, the study revealed a higher mRNA expression of Ets-1, NF-κB1,
and c-jun in all investigated tissues and of Max in cerebrum and spinal cord in the
first week compared to the remaining time points. Human p53 expression requires
the synergistic activation of the p53 promoter by AP-1, NF-κB and Myc/Max (Kirch et
al., 1999; Miller et al., 2000). Nevertheless, a role as negative regulator of p53
transcription was demonstrated for c-jun in murine fibroblasts (Schreiber et al., 1999).
However, c-jun has pro- and anti-apoptotic functions in neuronal cells depending on

Spatio-temporal expression of IEGs in the CNS of SJL/J mice

55

the differentiation state (Watson et al., 1998; Leppä et al., 2001). These contrasting
functions could be mediated by pro-apoptotic JUN/JUN homodimers and antiapoptotic JUN/FOS heterodimers, which would be in accordance with the present
results. Moreover, pro-apoptotic genes including p53 are controlled by ETS proteins
(Bassuk and Leiden, 1997). Single apoptotic cells were demonstrated using an
immunohistochemical investigation of active caspase-3 expression. Thus, the
provided data support the crucial role of ETS proteins, AP-1, nuclear factor-kappa B
(NF-κB) and Myc/Max transcription factors in transcription control of p53 and
consequently in determining the fate of developing neuronal and glial cells in the
murine CNS and particularly in the cerebellum during the late stage of CNS
development.

IEGs in the myelination process
PCR and immunohistochemistry demonstrated a down-regulation of Max, NFκB1, Ets-1, and c-jun during the maturation process of the murine CNS. In addition,
Max, NF-κB1, Ets-1, and c-jun proteins were detected in the investigated white
matter, which might indicate an essential role of these IEGs in the process of
myelination. By regulating the transcription of down-stream targets, like matrixmetalloproteinases (MMPs) (Rosenberg, 2002), IEGs are involved in the control of
their specific functions. These include axonal outgrowth, migration, and apoptosis in
the developing cerebellum (Vaillant et al., 2003). The promoter region of the inducible
matrix-metalloproteinase–9 (MMP-9) gene contains binding sites for members of the
AP-1, ETS, and NF-κB families of transcription factors (Rosenberg, 2002).
Interestingly, MMP-9 is needed for the extension of oligodendrocyte processes (Uhm
et al., 1998). Moreover, AP-1 transcription factors are involved in the control of myelin
proteolipid protein (PLP) (Dobretsova et al., 2004) and myelin basic protein (MBP)
gene expression (Miskimins and Miskimins, 2001), genes which are strongly upregulated in oligodendrocytes during myelination. In addition, the age-dependent
mRNA expression pattern of c-fos mirrors the accumulation of MBP in the CNS,
which begins in the first week and increases up to a constant level in the adult animal
(Delassalle et al., 1981). Consequently, Max, NF-κB1, Ets-1, and c-jun proteins could
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be involved in initial stages of myelin formation via up-regulation of MMP-9
expression and in late stages through the control of PLP and MBP formation.
Moreover, the quantitative PCR analysis might be a useful approach to determine the
degree of severity of the injury or the magnitude of regeneration in the different CNS
compartments.

Conclusion
A significant down-regulation of NF-κB1, c-jun, Max, p53 and Ets-1 mRNA and
a significant up-regulation of c-fos mRNA was detected between neonatal and adult
mice. Furthermore, immunohistochemistry supports the essential role of these
mediators in control of cellular differentiation, myelination and apoptosis during CNS
development.
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3.1 Abstract
Theiler´s murine encephalomyelitis (TME) represents an important mouse model of
multiple sclerosis. AP-1 and NF-κB proteins are interacting transcription factors
controlling the expression of cytokines involved in the demyelination process.
However, specific expression patterns of these transcription factors in susceptible
and resistant mouse strains and their relationship to demyelination remains to be
determined. The expression of AP-1 (c-fos, c-jun) and NF-κB (p50, p65) genes,
TMEV, TNF-α, and IFN-γ was investigated in the spinal cord of TMEV (BeAn strain)infected SJL/J and C57BL/6 mice until 196 days postinfection (dpi) using RT-qPCR.
Furthermore,

c-fos,

c-jun,

and

p50

expression

was

examined

applying

immunohistochemistry. In susceptible SJL/J in contrast to resistant C57BL/6 mice all
investigated mRNA transcripts were upregulated in the early (0-7 dpi) and late phase
(28-196 dpi) of TME. In addition, white matter lesions of SL/J mice were
characterized by c-jun-positive astrocytes and p50-positive mononuclear immune
cells. Upregulation of AP-1 and NF-κB in resident glial cells in the early phase
followed by a strong down-stream TNF-α production might account for disease
development in susceptible SJL/J mice. In the late phase, the formation of JUN/JUN
homodimers in intralesional astrocytes might contribute to the sustained release of
pro-inflammatory cytokines thereby promoting disease progression.
Key words
AP-1; immunohistochemistry; NF-κB; RT-qPCR; Theiler´s murine encephalomyelitis
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3.2 Introduction
Theiler´s murine encephalomyelitis (TME) is caused by the TME virus (TMEV), and
represents an important mouse model to study the pathogenesis of demyelinating
diseases like multiple sclerosis (MS). TMEV has been detected in macrophages,
astrocytes, and oligodendrocytes (1-3). Macrophages are major effector cells by
releasing reactive oxygen and nitrogen intermediates or matrix-metalloproteinases
and are involved in the destruction of myelin sheath components (4). Astrocytes are
implicated in CNS homeostasis, synaptic plasticity, and maintenance of the bloodbrain barrier (5). In addition, several studies indicated that astrocytes exposed to IFNγ have the capacity to express class II MHC and costimulatory molecules, as well as
to process and present antigens, including self antigens, to CD4+ T cells (5).
Nevertheless, the ability of astrocytes to function as antigen presenting cells is still
controversial. They can secrete numerous cytokines and chemokines, including
Interleukin-1, - 6, -12, TNF-α, and MCP-1 (6, 7). Consequently, astrocytes may play
a central role for the initiation of the demyelination process in TH1 mediated TME.
In susceptible SJL/J mice, the BeAn strain of TMEV induces a biphasic disease,
consisting of an early acute polioencephalitis and a late chronic demyelinating
leukomyelitis with virus persistence (8). In contrast, demyelination is absent in TMEVinfected C57BL/6 mice (9). Variations in susceptibility of various mouse strains for
TMEV are associated with sex and genetic background resulting in different cytokine
expression profiles (9-11). The late phase of TME is characterized by a high
expression of TNF-α and IFN-γ in SJL/J compared to C57BL/6 mice indicating that
ongoing demyelination is at least in part driven by increased expression of these
cytokines (10-12). Factors triggering these disease-associated cytokines in TME
have not been determined.
However, cell culture studies have been performed to identify the molecular
mechanisms involved in TMEV-induced cytokine and chemokine expression (7, 1315). The expression of these proteins is controlled by gene products from immediate
early genes (IEGs) like c-jun, c-fos, and nuclear factor-kappa B (NF-κB). C-jun and cfos are members of the activator protein-1 (AP-1) group of transcription factors, which
are able to bind to DNA either as JUN/JUN homodimers or JUN/FOS heterodimers
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via a “leucin zipper” structure (16-19). The NF-κB family of transcription factors is
characterized by the presence of a Rel homology domain necessary for DNA-binding
and dimerization (20). The NF-κB proteins NF-κB1 (p50) and RelA (p65) are
ubiquitously expressed and p50/p65 heterodimers constitute the most common
inducible NF-κB binding activity (20). An overexpression of c-jun and c-fos after
TMEV infection and IFN-γ stimulation was demonstrated in different glial cell lines
(14, 15, 21). Recent studies showed that the induction of cytokine and chemokine
genes in astrocytes seemed to be mediated by the toll-like receptor 3 followed by the
activation of transcription factors like NF-κB (7, 22, 23). In addition, NF-κB and c-jun
contribute to LPS-induced activation of the TNF-α promoter in macrophages (24).
These studies point to a TMEV-mediated upregulation of AP-1 and NF-κB mRNA in
astrocytes and macrophages followed by a release of cytokines and chemokines as
the driving forces for inflammation and demyelination in SJL/J mice. However, in vivo
studies comparing the expression of these transcription factors in susceptible and
resistant mouse strains with special emphasis on disease initiation, progression, and
myelin loss in order to substantiate the in vivo relevance of this hypothesis are
lacking.
Therefore, this study aimed i) to investigate the mRNA expression of TMEV, TNF-α,
IFN-γ, c-fos, c-jun, and NF-κB in the spinal cord of SJL/J and C57BL/6 mice following
TMEV-infection using reverse transcription-quantitative PCR (RT-qPCR), ii) to
identify the cells of origin of AP-1 and NF-κB proteins, and iii) to compare RT-qPCR
and immunohistological results with morphological data.
3.3 Materials and Methods
3.3.1 Animals and Virus Infection
Female SJL/J and C57BL/6 mice were purchased from Harlan Winkelmann GmbH,
Borchen, Germany. Mice were housed in small groups in solid-bottom polycarbonate
cages in ventilated animal racks under temperature-, humidity-, and light controlled
conditions (Tecniplast GmbH, Hohenpeißenberg, Germany). Food and water were
available ad libitum. Mice were inoculated at the age of 5 weeks with TMEV (20 μl
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8.15x107 PFU/ml) or vehicle. Groups of five to six infected and sham-infected
animals were sacrificed according to animal experimentation laws 1 hour postinfection (hpi), and 1, 4, 7, 28, 56, 98, and 196 days post infection (dpi). The spinal
cord was removed immediately after death and selected parts were either formalinfixed, decalcified in 25% ethylendiaminetetraacetic acid (EDTA) for 48 hours, and
paraffin-embedded or frozen in OCT® embedding compound (Sakura Finetek
Europe, Zoeterwoude, The Netherlands) with liquid nitrogen (25, 26).
3.3.2 Light Microscopy
Two-to 3-μm thick paraffin sections of the spinal cord were stained with HE and
evaluated at 1 hpi, and 7, 28, 56, 98, and 196 dpi using a semi-quantitative scoring
system for perivascular and meningeal inflammatory infiltration (0 = normal, + =
single inflammatory cells, ++ = 2-3 layers of infiltrates, +++ = more than 3 layers of
infiltrates), and white matter inflammatory infiltration (0 = normal, + = mildly, ++ =
moderately, +++ = severely increased cell number). Additionally, serial sections were
subjected to Luxol fast blue-cresyl violet (LFB-CV) stains. The degree of
demyelination was also evaluated semiquantitatively (0 = normal, + = <25%, ++ = 2550%, +++ = 50-100% of white matter affected).
3.3.3 Reverse Transcription
Ribonucleic acid (RNA) was isolated from 40mg tissue of each frozen spinal cord
using an Omni´s PCR Tissue Homogenizing Kit (Süd-Laborbedarf GmbH, Gauting,
Germany) and the Absolutely RNA™ RT-PCR MiniprepKit (Stratagene® Europe,
Amsterdam, Netherlands). Equal amounts of RNA were subsequently transcribed
into cDNA with the Omniscript™ RT Kit (Qiagen GmbH, Hilden, Germany), Random
Primers (Promega GmbH, Mannheim, Germany), and RNaseOut™ (Invitrogen™
GmbH, Karlsruhe, Germany) (4).
3.3.4 Polymerase Chain Reaction
RT-qPCR for TMEV, TNF-α, IFN-γ, c-fos, c-jun, p50, p65, and four housekeeping
genes (GAPDH, β-Actin, HPRT, SDHA) was performed from each time point as
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described using the Mx4000™ (SJL/J mice) or Mx3005P™ (C57BL/6 mice) Multiplex
Quantitative PCR System (Stratagene® Europe, Amsterdam, Netherlands) and
SYBR® Green I as DNA-binding dye (27). Ten-fold serial dilution standards ranging
from 108 to 102 copies/μl were used to quantify the results. A normalization factor
achieved from the four housekeeping genes was calculated using the geNorm
software version 3.4 to correct for experimental variations (28). Specificity of each
reaction was controlled by melting curve analysis. Ratios of the medians of TMEVand sham-infected animal groups were calculated to demonstrate TMEV-induced
changes at mRNA transcription.
3.3.5 Immunohistochemistry
A set of serial paraffin sections (2-3 μm) of each spinal cord of both strains was used
for immunohistochemistry (27, 29, 30). Briefly, slides were treated with hydrogen
peroxide 0.5% in methanol for 30 minutes (min) to block endogenous peroxidase
activity. After antigen retrieval for the detection of c-jun with boiling 10mM Na-citrate
buffer (pH 6.0) or without pretreatment (c-fos, p50), sections were blocked with
normal goat serum. Subsequently, sections were incubated with affinity-purified
polyclonal rabbit antibodies at dilutions of 1:100 (c-fos [sc-52]), 1:200 (c-jun [sc1694]), or 1:100 (p50 [sc-114]) (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Negative control sections were incubated with normal rabbit serum (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) diluted at the same gamma globulin
concentration as the primary antibody. Biotinylated goat-anti-rabbit antiserum (1:200,
Vector Laboratories, Burlingame, CA) was employed as secondary antibody and
immunolabelling was visualized by the avidin-biotin-peroxidase-complex (ABC)
method (Vector Laboratories, Burlingame, CA, USA) with 3,3-diaminobenzidine
(DAB) as substrate. Slight counterstaining was performed with Mayer´s hematoxylin.
In the perivascular infiltrates the number of stained and unstained cells was recorded
and the percentage of immunopositive cells was calculated for each perivascular
infiltrate (31).
Additionally, sections of selected SJL/J mice sacrificed at 7, 28, 56, 98, and 196 dpi
were subjected to an immunohistochemical double-staining procedure using antibody
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combinations to specify c-fos-, c-jun-, and p50-positive cells as described (4, 6, 30).
Astrocytes were detected with a monoclonal mouse anti-pig GFAP (G3893) IgG1
antibody (1:1000, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and the
DAKO ARK™ (Animal Research Kit, DAKO Cytomation, Hamburg, Germany) after
antigen retrieval with boiling 10mM Na-citrate buffer. Following visualization of c-fos,
c-jun, and p50 using the ABC method and the chromogen DAB, sections were
incubated with an antibody solution consisting of the anti-GFAP antibody and a
biotinylation reagent. Positive reactions were visualized with the ABC-alkaline
phosphatase (ABC-AP; Vector Laboratories, Burlingame, CA, USA) and the New
Fuchsin substrate system. Co-localization of c-fos, c-jun, p50 (brown), and GFAP
(red) was identified either by the presence of both colors in 1 cell or by a pinkbrownish mixed color. The number of c-jun, c-fos, and p50 immunopositive and
negative GFAP-positive cells (astrocytes) was recorded and the percentage of
astrocytes expressing these transcription factors in white matter lesions was
calculated.
3.3.6 Statistical Analysis
A Mann-Whitney-U-test to analyze RT-qPCR data was performed to calculate
statistical differences between TMEV- and sham-infected SJL/J and C57BL/6 mice
using SPSS for Windows (version 14.0, SPSS, Inc., Chicago, Il). The Spearman´s
rank correlation coefficient was calculated for correlation of RT-qPCR to histological
findings. Statistical significance was designated as p < 0.05.
3.4 Results
3.4.1 Light Microscopy
In sham-infected SJL/J mice, meningeal, mononuclear infiltration was minimal and
perivascular and white matter infiltration as well as myelin loss were absent. In
TMEV-SJL/J infected mice, a strong perivascular and meningeal, mononuclear
infiltration in the spinal cord beginning at 7 dpi was seen until 196 dpi. Maximal
numbers of inflammatory, mononuclear cells in white matter lesions were found at 98
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dpi. A slight vacuolation of the spinal cord white matter was detected at 28 dpi. The
onset of demyelination at 28 dpi reaching a maximum level at 98 dpi was confirmed
using LFB-CV staining (Fig. 3-1A). The active demyelination process was
characterized by overt myelin loss and the appearance of gitter cells within the
lesions. Demyelination was found throughout the rostrocaudal length of the spinal
cord with an apparent preference for the ventral and lateral columns of cervical and
thoracic segments. In addition, an increasing astrogliosis, most prominent in late
lesions at 196 dpi, was observed.
In sham-infected C57BL/6 mice, a minimal meningeal mononuclear infiltration was
present. Perivascular and white matter infiltration and myelin loss were absent. In
TMEV-infected C57BL/6 mice, a mild to moderate meningeal infiltration beginning at
7 dpi was observed until 196 dpi. In addition, some C57BL/6 mice demonstrated a
mild perivascular and white matter infiltration. Demyelination was absent as
determined by the LFB-CV stain (Fig. 3-1B).

Figure 3-1: Meningeal, parenchymal perivascular, and diffuse white matter
infiltration and demyelination of TMEV-infected SJL/J (A) and C57BL/6 (B) mice
at 1 hour (h) and 7, 28, 56, 98, and 196 days postinfection (dpi). Box and
whiskerplots are used to show semi-quantitatively obtained data of the histologic
changes. ° = outlier * = extreme value (next page).
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A. Meningeal and also perivascular infiltrations were found as early as at 7 dpi. There
is a decrease of meningeal, perivascular and white matter infiltration at 196 dpi
except for demyelination in SJL/J mice.

B. Only mild inflammatory infiltration from 7 to 196 dpi and a lack of demyelination in
C57BL/6 mice (previous page).
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3.4.2 Polymerase Chain Reaction
Theiler’s Murine Encephalomyelitis Virus
Viral RNA transcripts were successfully amplified from all TMEV-infected SJL/J mice.
In contrast, no TMEV was detected in sham-infected SJL/J mice. Viral RNA copy
numbers were strongly upregulated from 28 dpi until the end of the observation
period (Fig. 3-2A).
In contrast, only low numbers of viral RNA transcripts were found in TMEV-infected
C56BL/6 mice at 1 hpi, and 1 and 4 dpi. In addition, TMEV was detected in single
C57BL/6 mice until 196 dpi (Fig. 3-2B). Sham-infected C57BL/6 mice were always
negative for TMEV by RT-qPCR.
Figure 3-2: TMEV RNA in the spinal cord of sham- and TMEV-infected SJL/J (A)
and C57BL/6 (B) mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and 196 days postinfection (dpi). Box and whiskerplots are used to show RT-qPCR data. ° = outlier ∗ =
statistical significance (p < 0.05).

A. No detection of TMEV in sham-infected SJL/J mice. Strong increase of TMEV
RNA starting at 28 dpi.
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B. No detection of TMEV in sham-infected C56BL/6 mice. Strong decline of
detectable TMEV RNA starting at 7 dpi.
Cytokines
RT-qPCR revealed a constitutive expression of TNF-α in all sham-infected SJL/J and
C57BL/6 mice. In addition, a moderate increase in TNF-α expression in the early
phase (1 hour-7 dpi; p=0.0022, p=0.0022, p=0.0022 p=0.0043) and a strong increase
in the late phase of TME (28-196 dpi; p=0.0022, p=0.0043, p=0.0079, p=0.0043)
(Table 3-1) was observed in TMEV-infected SJL/J mice compared to controls. IFN-γ
was absent in sham-infected SJL/J mice. A strong upregulation in IFN-γ expression
was present at 7 dpi (p=0.0043), followed by an increase until 28 dpi (p=0.0022). At
the following time points (56, 98, and 196 dpi) IFN-γ mRNA copy numbers remained
highly elevated (p=0.0043, p=0.0079, p=0.0043) (Table 3-1).
TMEV-infected C57BL/6 mice demonstrated a moderate upregulation of TNF-α at 1
(p=0.0079) and 4 dpi (p=0.0159). No increase in TNF-α mRNA transcripts was
detected in the late phase of TME (Table 3-1). IFN-γ was highly elevated in the early
phase of TME at 1 (p=0.0159), 4 (p=0.0079), and 7 dpi (p=0.0079). In addition, a
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moderate upregulation of IFN-γ was found at 28 dpi (p=0.0079) in TMEV-infected
C57BL/6 mice (Table 3-1).
Immediate Early Genes
In TMEV-infected compared to sham-infected SJL/J mice RT-qPCR revealed a
statistically significant upregulation of all investigated IEGs at different time points
postinfection (Table 3-1). Transcripts of c-jun increased at 1 (p=0.0260), 28
(p=0.0022), 56 (p=0.0043), 98 (p=0.0079), and 196 dpi (p=0.0043). An upregulation
of c-fos was restricted to 1 hpi (p=0.0022), and 1 (p=0.0022) as well as 56 dpi
(p=0.0303). The mRNA copy numbers of p50 increased at 1 hpi (p=0.0411) and 1
(p=0.0087), 4 (p=0.0152), 28 (p=0.0022), and 98 dpi (p=0.0079). An upregulation of
p65 was shown at 1 hpi (p=0.0022) and 1 (p=0.0022), 28 (p=0.0043), and 98 dpi
(p=0.0159).
In C57BL/6 mice a decrease of c-jun copy numbers was found at 4 (p=0.0079), 7
(p=0.0079), 28 (p=0.0079), 56 (p=0.0079), 98 (p=0.0317), and 196 dpi (p=0.0317) in
TMEV-infected animals compared to controls. An upregulation of c-fos was restricted
to 1 hpi (p=0.0317) and 4 dpi (p=0.0317). The mRNA copy numbers of p50 increased
at 1 hpi (p=0.0079) and 1 dpi (p=0.0079). Furthermore, a decrease of p50 was
detected at 196 dpi (p=0.0159). A downregulation of p65 was shown at 4 (p=0.0079),
7 (p=0.0079), (p=0.0079), 56 (p=0.0079), 98 (p=0.0079), and 196 dpi (p=0.0079). An
upregulation of IEG mRNA transcripts was absent in the late phase of TME (Table 31).
In summary, TMEV-infected SJL/J mice demonstrated a moderate upregulation of cjun, c-fos, p50, and p65 in the early (1 hour- 7 dpi) and late phase (28-196 dpi) of
TME. In contrast in TMEV-infected C57BL/6 mice, though a strong increase in p50
and c-fos mRNA transcripts was detected in the early phase, in late phase of TME an
upregulation of IEG mRNA copy numbers was absent in this mouse strain.
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Table 3-1: Ratios of the Medians of TNF-α, IFN-γ, c-jun, c-fos, p50, and p65
mRNA Copy Numbers From TMEV- and Sham-Infected SJL/J and C57BL/6 Mice

Gene
TNF-α
IFN-γ
c-jun
c-fos
p50
p65

Mouse
strain
SJL/J
C57BL/6
SJL/J
C57BL/6
SJL/J
C57BL/6
SJL/J
C57BL/6
SJL/J
C57BL/6
SJL/J
C57BL/6

Time post infection
1h
2.90
0.68
0.66
0.96
1.12
0.56
2.73
3.65
1.43
12.90
1.22
0.59

1d
4d
7d
7.92
11.02 4.53
2.33
11.52 2.70
1.00
4.72 72.78
39.55 195.35 138.34
1.46
1.04
1.31
0.33
0.79 0.41
1.87
0.95
2.12
1.13 2.20
0.90
2.30
1.26
1.27
6.23
2.17
1.51
1.92
1.05
1.26
0.43
1.13 0.58

28d
17.27
2.04
249.58
9.12
1.38
0.33
1.54
1.88
1.79
1.09
1.22
0.38

56d
19.64
1.33
213.85
24.62
1.59
0.34
1.61
1.06
1.22
0.92
1.27
0.49

98d
34.11
0.80
256.02
1.49
1.47
0.54
1.72
0.69
3.23
0.70
1.72
0.39

196d
6.91
0.34
112.96
0.48
1.56
0.72
1.15
0.80
0.69
0.30
0.94
0.36

Italic type indicates statistically significant up- or downregulation (p < 0.05).
Bold type indicates statistically significant upregulation (p < 0.05); ratio ≥ 10.
3.4.3 Immunohistochemistry
A moderate to strong c-jun expression visualized by a strong nuclear signal was
present in all investigated SJL/J mice (Fig. 3-3A). Neurons and a moderate amount of
glial cells were positive for c-jun in sham-infected SJL/J mice. A similar
immunoreactivity was found in the gray matter and in the normal appearing white
matter of TMEV-infected SJL/J mice. White matter lesions showed an infiltration of
predominantly c-jun negative mononuclear immune cells. Likewise, only a small
percentage of c-jun positive cells was found in meningeal and perivascular infiltrates
throughout the observation period (12.6%, median value) (Table 3-2). The majority of
c-jun positive cells displaying a nuclear immunoreactivity were astrocytes as
determined by double staining (74.2%, median value) (Table 3-2, Fig. 3-4A).
Immunohistochemistry revealed only few c-fos positive cells expressing a weak
nuclear and cytoplasmic signal in sham- and TMEV-infected SJL/J mice (Fig. 3-3B).
White matter lesions of TMEV-infected SJL/J mice were characterized by the
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infiltration of c-fos negative immune cells. Similarly, only a small percentage of
meningeal and perivascular immune cells showed a nuclear (4.3%, median value) or
cytoplasmic immunostaining (13.5%, median value) throughout the observation
period (Table 3-2). Likewise, double staining demonstrated a low immunoreactivity of
intralesional astrocytes for c-fos in the cytoplasm (28.0%, median value) or nucleus
(8.3%. median value) (Table 3-2, Fig. 3-4B).
A moderate p50-immunoreaction was detected in the spinal cord of all investigated
sham- and TMEV-infected SJL/J mice. The predominantly cytoplasmic expression of
p50 was found in neurons, glial cells, and, in TMEV-infected SJL/J mice, also in
infiltrating mononuclear immune cells (Fig. 3-3C). Similarly, meningeal and
perivascular infiltrates demonstrated a cytoplasmic immunoreaction throughout the
observation period (39.0%, median value), whereas the percentage of nuclear
positive cells remained low (5.0%, median value) (Table 3-2). Double staining
revealed a high p50 expression in the cytoplasm (66.7%, median value) and an
infrequent p50 expression in the nucleus of intralesional astrocytes (0.0%, median
value) (Table 3-2, Fig. 3-4C).
Table 3-2: Percentages of Perivascular and Meningeal Mononuclear Immune
Cells and Intralesional Astrocytes Lacking or Displaying a Nuclear or
Cytoplasmic Immunoreaction for c-jun, c-fos, and p50 in TMEV-Infected SJL/J
Mice

Gene
c-jun
c-fos
p50
*

mononuclear immune cells *
cytoplasm
nucleus
negative

intralesional astrocytes *
cytoplasm
nucleus
negative

0.0%

12.6%

87.4%

11.9%

74.2%

8.0%

(0.0%-0.0%)

(4.0%-67.7%)

(32.3%-96.0%)

(0.0%-33.3%)

(58.3%-100%)

(0.0%-20.0%)

13.5%

4.3%

82.2%

28.0%

8.3%

63.3%

(0.0%-61.7%)

(0.0%-23.1%)

(33.7%-100%)

(0.0%-46.7%)

(0.0%-40.0%)

(40.0%-100%)

55.3%
66.7%
(0.4%15.1%)
(17.5%-88.9%) (30.0%-77.8%)

0.0%

33.3%

(0.0%-5.0%)

(22.2%-65.0%)

39.0%
(6.3%-76.4%)

5.0%

Percentages represent median (mininum-maximum) from investigated TMEVinfected SJL/J mice at 7, 28, 56, 98, and 196 days post infection.
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Figure 3-3: Immunohistochemical distribution pattern of c-jun (A), c-fos (B),
and p50 (C) protein at 98 days post infection, representative for all investigated
time points. Transverse spinal cord sections of sham-infected (left side) and TMEVinfected (right side) SJL/J mice. Immunohistochemistry for c-jun, c-fos, and p50
protein using 3,3-diaminobenzidine as substrate, slightly counterstained with
hematoxylin. Insets illustrate high-power views of unaffected white matter in shaminfected mice or white matter lesions in TMEV-infected SJL/J mice. Scale bar =
(insets) 75 μm.

A. Strong upregulation of c-jun expression in the spinal cord following TMEV
infection. Nuclear- and cytoplasmic-positive cells with long processes, representing
astrocytes, in unaffected and lesioned white matter (arrows). Immunonegative
perivascular immune cells (arrowhead). Scale bars = (left) 170 μm; (right) 203 μm.
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B. A similar expression of c-fos in the spinal cord following TMEV infection compared
to control. Cytoplasmic-positive astrocytes in unaffected and lesioned white matter
(arrows). Immunonegative meningeal immune cells (arrowhead). Scale bars = (left)
170 μm; (right) 201 μm.
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C. Minor upregulation of p50 expression in the TMEV-infected spinal cord.
Cytoplasmic-positive cells, presumably astrocytes, in unaffected white matter and
lesioned white matter (arrows). Cytoplasmic-positive and negative perivascular
immune cells (arrowhead). Scale bars = (left) 178 μm; (right) 141 μm. gm, gray
matter; wm, white matter.
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C57BL/6 mice demonstrated a similar expression pattern of c-jun, c-fos, and p50 in
the unaffected white and gray matter compared to SJL/J mice. Furthermore,
mononuclear infiltrates were predominantly negative for c-jun and c-fos and positive
for p50 in the cytoplasm. Intralesional cells demonstrating an astrocytic morphology
showed a nuclear immunoreactivity for c-jun. In addition, these cells were
infrequently positive for c-fos and p50 in the cytoplasm. Due to minimal inflammatory
lesions and the lack of demyelination in this mouse strain a detailed quantification of
IEG immunoreactivity in different cell types including double staining was not
performed.

Figure 3-4: Co-expression of c-jun (A), c-fos (B), and p50 (C; brown) in GFAPpositive astrocytes (red) in white matter lesions of SJL/J mice at 98 days postinfection. Double staining procedure using 3,3-diaminobenzidine and New Fuchsin
as substrates slightly counterstained with hematoxylin.

A. Cells with a brown nucleus and a pink-brownish cytoplasm representing astrocytes
positive for c-jun in the nucleus (arrows).
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B. Cells with a pink-brownish cytoplasm representing astrocytes positive for c-fos in
the cytoplasm (arrows).

C. Cell with an immunonegative nucleus adjacent to brown cytoplasm and a red
cellular process representing an astrocyte positive for p50 in the cytoplasm (arrow).
Adjacent cell with red processes lacking brown immunoreaction representing an
astrocyte negative for p50 (arrowhead). Scale bars=15 μm.
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3.4.4 Spearman´s Rank Correlation Coefficient
SJL/J mice demonstrated a high correlation (>0.8) between all investigated
histological parameters such as white matter inflammatory infiltration and
demyelination as well as TMEV and IFN-γ copy numbers (Table 3-3, p<0.0001). In
addition, a high correlation was demonstrated between meningeal and perivascular
infiltration and TNF-α copy numbers and between TMEV and TNF-α copy numbers
(p<0.0001). A moderate correlation (>0.5) was found between all investigated
histological parameters and c-jun, between meningeal and perivascular infiltration
and the two NF-κB proteins p50 and p65, between TMEV and TNF-α and all
investigated IEGs, between p50 and p65, between c-jun and c-fos, and between cjun and p65 (p<0.0001).
In contrast, in C57BL/6 mice only c-jun and p65 were highly correlated with each
other (Table 3-4, p<0.0001). A moderate correlation was found between meningeal
and white matter inflammatory infiltration, meningeal infiltration and IFN-γ, and
TMEV, TNF-α, and IFN-γ copy numbers (p<0.0001). Furthermore, a moderate
negative correlation was demonstrated between meningeal infiltration and c-jun as
well as p65 (p<0.0001).
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Table 3-3: SCC Between Histologic Parameters and Reverse Transcription-Quantitative Polymerase Chain
Reaction Data of SJL/J Mice
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Induction of AP-1 and NF-κB as a prerequisite for disease development
83

84

Induction of AP-1 and NF-κB as a prerequisite for disease development

3.5 Discussion
A detailed investigation on the expression of 4 transcription factors and 2 cytokines
during the early and late phase of TME in the spinal cord of 2 mouse strains was
performed. An upregulation of both AP-1 (c-jun and c-fos) and NF-κB (p50 and p65)
mRNA transcripts was detected in susceptible SJL/J mice in the early and late phase
of TME. Furthermore, SJL/J mice demonstrated a high correlation between viral and
cytokine transcripts and a moderate correlation between TMEV, TNF-α, c-jun, c-fos,
p50, and p65. In contrast, in resistant C57BL/6 mice the increase in IEG mRNA
transcripts was restricted to the early phase of TME and no correlation was found
between the investigated AP-1 and NF-κB proteins and cytokines. In addition, only cfos and p50 were upregulated in the early phase of TME in this mouse strain.
Previous studies investigated the genetic background of strain-specific susceptibility.
The major gene controlling viral persistence is the H-2D gene (8). Tmevpg1, an
additional candidate gene for the control of TMEV persistence, is implicated in the
strain-specific regulation of the anti-viral cytokine IFN-γ (32). However, strain-specific
differences in the expression of up-stream transcription factors including AP-1 and
NF-κB family members especially in vivo have not been investigated so far.
The early phase of TME is characterized by viral infection of resident CNS cells
initiating the release of proinflammatory mediators thereby activating the innate
immune response (9). Cell culture studies demonstrated that NF-κB and AP-1
proteins might represent the link between TMEV infection and the subsequent
expression of pro-inflammatory cytokines such as TNF-α (7, 13-15, 24, 33-35). The
results of the present in vivo study substantiated this hypothesis of a NF-κB and AP-1
mediated cytokine expression in TME in SJL/J mice. An upregulation of c-fos mRNA
in vivo was also described in the brains of rats infected intranasally with Borna
disease virus or rabies virus indicating a stereotypic and not necessarily TMEVspecific induction of c-fos in the CNS following viral infection (36). In addition, an
upregulation of TNF-α and IFN-γ in both investigated mouse strains was observed in
the early phase of TME as described (10, 12, 37). However, the present study
showed an earlier IFN-γ response in C57BL/6 compared to SJL/J mice despite a
similar low virus load in both strains. Genetic differences between these 2 mouse

Induction of AP-1 and NF-κB as a prerequisite for disease development

85

strains seemed to influence the kinetics and intensity of their IFN-γ response.
Interestingly, released cytokines including TNF-α and IFN-γ also activate IEG
transcription (21, 38). Therefore, an upregulation of IEG mRNA transcripts might be
mediated directly by TMEV or indirectly by released cytokines. Consequently, TMEV
infection of resident CNS cells might induce transcription and activation of IEGs;
secondly released soluble mediators might activate and stimulate IEG functions in
noninfected resident glial and peripheral immune cells as well and thereby
perpetuate a proinflammatory cascade in an autocrine and paracrine fashion (13, 19,
21, 33, 34, 38). These events might initiate the demyelination process by producing
sufficient myelin breakdown products for the activation of autoimmune T cells.
Histologic examination confirmed a strong inflammatory infiltration and demyelination
in susceptible SJL/J mice. In contrast, only minimal inflammation and lack of
demyelination was found in resistant C57BL/6 mice. Similarly, high numbers of TMEV
transcripts were detected in SJL/J in contrast to C57BL/6 mice. Previous studies
described the ability of C57BL/6 mice to clear the virus approximately within 1 month
after infection (10, 12). Nevertheless, in the present study a low amount of TMEV
transcripts were detected in the spinal cord of single C57BL/6 mice until 196 dpi.
Despite a persistent TMEV infection with low copy numbers no myelin loss was
observed. The ability of C57BL/6 mice to vastly restrict viral replication and resist
demyelination might depend on a specific array of transcription factors. The present
study revealed a strong induction of p50 at 1 hpi in this resistant mouse strain in
contrast to susceptible SJL/J mice. Furthermore, the strong upregulation of IFN-γ as
early as at 1 dpi in C57BL/6 mice might be mediated by this NF-κB protein. In
addition, a downregulation of c-jun and p65 was demonstrated in C57BL/6 in contrast
to SJL/J mice. The inflammatory response triggered by these transcription factors in
susceptible SJL/J mice might represent an essential pathway for the development of
the demyelination process in TME in this mouse strain and, consequently, might
account for the strain-specific differences with respect to disease development.
Interestingly, a high correlation was found between the 2 AP-1 proteins c-jun and cfos. The 2 NF-κB proteins p50 and p65 were also highly correlated to each other.
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This indicates a combined induction pathway of AP-1 and NF-κB family members
during TME in SJL/J mice.
The late phase of TME was characterized by permanently elevated c-jun and
temporarily increased c-fos, p50, and p65 mRNA transcripts in SJL/J in contrast to
C57BL/6 mice. Similarly, RT-qPCR revealed a further increase in TNF-α and IFN-γ
mRNA transcripts in SJL/J and a downregulation of these cytokines to basal levels in
C57BL/6 mice. Intense viral replication in SJL/J mice seems to drive this probably
AP-1 and NF-κB mediated proinflammatory cytokine expression which could
represent a prerequisite for the late demyelinating disease (12). However, a direct
causal relationship between virus load and cytokine expression mediated by AP-1
and NF-κB proteins cannot be proven by the presented data. Though an
epiphenomenal upregulation of IEGs only reflecting differential virus loads in the late
phase of TME without further down-stream transcriptional consequences cannot be
excluded by the present in vivo findings, results of various TMEV in vitro studies
support an important role of these transcription factors in the expression of TNF-α
and IFN-γ (7, 13-15, 23, 24, 35).
The present study demonstrated an approximately 2-fold upregulation of AP-1 and
NF-κB mRNA transcripts in the late phase of TME, which appears low compared to
the increase in cytokine levels or results obtained for IEGs in in vitro experiments.
Nevertheless, the transcription of a specific gene depends on a finely tuned balance
of a complex set of regulators and even small changes in the composition of this
array of transcription factors might have a substantial impact on the transcription of 1
and/or inhibition of another target gene (16-18, 20). To clarify the cellular origin of the
increased IEG mRNA immunhistochemistry for detection of IEG proteins was
performed.
Double staining revealed a strong expression of c-jun in the nucleus and of c-fos and
p50 in the cytoplasm of astrocytes in all investigated white matter lesions. Similarly,
an accumulation of c-fos mRNA was found predominantly in glial cells in MS white
matter lesions (39). A nuclear expression of c-jun is required for its DNA binding and
subsequent induction of transcriptional activity. Consequently, JUN/JUN homodimers
might trigger the transcription of TNF-α and IFN-γ within these cells. In contrast
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inflammatory cells were predominantly immunonegative for both AP-1 proteins but
positive for p50 in the cytoplasm throughout the investigation period. This implies a
specific function of the transcription factors c-jun and c-fos mainly in astrocytes and
of p50 primarily in mononuclear immune cells. This includes cell differentiation and
proliferation of astrocytes (40-42). Thus it appears that the constant formation of glial
scar tissue, readily identifiable at the end of the observation period, depends on the
continuously increased c-jun expression of intralesional astrocytes. In addition,
inhibition of axonal regrowth as well as progression of immune cell infiltration, myelin
destruction, and remyelination might be related to the spatio-temporal cell type
specific expression of AP-1 and NF-κB proteins (4, 26, 27, 43, 44).
Interestingly, an interaction of these IEGs has been described for inflammatory
changes in other organ systems including the skin (45). It has been shown, that
inflammation and extracellular matrix degradation in inflammatory cutaneous lesions
is mediated by activated AP-1 and NF-κB proteins (45). Therefore, inflammatory
changes in different organ systems seemed to be controlled by these IEGs.
Understanding the interactions of these proteins as well as their pro- and antiinflammatory role might reveal targets for specific inhibitors in future therapeutical
approaches (46).
In summary, the early phase of TME is characterized by an upregulation of c-jun, cfos, p50, and p65 in susceptible SJL/J mice probably driving a proinflammatory
cascade. These events seem to be prevented in resistant C57BL/6 mice by the lack
of increased c-jun and p65 mRNA transcript levels. In addition, a fast anti-viral IFN-γ
response of this mouse strain might be caused by a strong upregulation of the upstream transcription factor p50 at 1 hpi. The late phase of TME is characterized by a
permanent increase of c-jun in SJL/J in contrast to decreased levels in C57BL/6
mice. The formation of JUN/JUN homodimers in intralesional astrocytes might trigger
a continuous release of pro-inflammatory cytokines in SJL/J mice thereby promoting
lesion progression and inhibiting axonal growth and remyelination.
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3.8 Supplementary material
Box and whiskerplots are used to show RT-qPCR data.
° = outlier
* = extreme value
∗

= statistical significance (p < 0.05)

=

= statistical significant downregulation (p < 0.05)
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Figure 3-5: TNF-α (A) and IFN-γ (B) mRNA transcripts in the spinal cord of
sham- and TMEV-infected SJL/J mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and
196 days post infection (dpi).

A. Significant upregulation of TNF-α in TMEV-infected SJL/J mice at all investigated
time points.

B. Significant upregulation of IFN-γ in TMEV-infected SJL/J mice at 7, 28, 56, 98, and
196 dpi.
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Figure 3-6: TNF-α (A) and IFN-γ (B) mRNA transcripts in the spinal cord of
sham- and TMEV-infected C57BL/6 mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and
196 days post infection (dpi).

A. Significant mild upregulation of TNF-α in TMEV-infected C57BL/6 mice at 1 and 4
dpi.

B. Significant upregulation of IFN-γ in TMEV-infected C57BL/6 mice at 1, 4, 7, and 28
dpi.
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Figure 3-7: c-jun (A), c-fos (B), p50 (C), and p65 (D) mRNA transcripts in the
spinal cord of sham- and TMEV-infected SJL/J mice at 1 hour (h) and 1, 4, 7, 28,
56, 98, and 196 days post infection (dpi).

A. Significant upregulation of c-jun in TMEV-infected SJL/J mice at 1, 28, 56, 98, and
196 dpi.

B. Significant upregulation of c-fos in TMEV-infected SJL/J mice at 1 hpi and 1 and
56 dpi.
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C. Significant upregulation of p50 in TMEV-infected SJL/J mice at 1 hpi and 1, 4, 28,
and 98 dpi.

D. Significant upregulation of p65 in TMEV-infected SJL/J mice at 1 hpi and 1, 28,
and 98 dpi.
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Figure 3-8: c-jun (A), c-fos (B), p50 (C), and p65 (D) mRNA transcripts in the
spinal cord of sham- and TMEV-infected C57BL/6 mice at 1 hour (h) and 1, 4, 7,
28, 56, 98, and 196 days post infection (dpi).

A. Significant downregulation of c-jun in TMEV-infected C57BL/6 mice at 4, 7, 28, 56,
98, and 196 dpi.

B. Significant upregulation of c-fos in TMEV-infected C57BL/6 mice at 1 hpi and 4
dpi.
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C. Significant upregulation of p50 in TMEV-infected C57BL/6 mice at 1 hpi and 1 dpi.
Significant downregulation at 196 dpi.

D. Significant downregulation of p65 in TMEV-infected C57BL/6 mice at 4, 7, 28, 56,
98, and 196 dpi (next page).
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4.1 Abstract
Demyelination of Theiler’s murine encephalomyelitis (TME) depends on viral
persistence and on the mouse genotype. Ets-1 expression, a transcription factor
involved in T cell activation and cytokine expression, was investigated in the spinal
cord during TME using RT-qPCR and immunohistochemistry. Resistant C57BL/6
mice lacking virus persistence and demyelination demonstrated a stronger
upregulation of Ets-1 mRNA transcripts in the early phase of TME compared to
susceptible SJL/J mice probably linked to viral clearance. Though strong Ets-1
expression in resident glial cells such as astrocytes might inhibit lesion development,
delayed Ets-1 activation in inflammatory cells seemed to promote demyelination in
the late phase of TME in SJL/J mice.
Key words: Astrocyte; Ets-1; Immunohistochemistry; Mouse strain; RT-qPCR;
Theiler’s murine encephalomyelitis
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4.2 Introduction
Theiler´s murine encephalomyelitis (TME) is caused by the TME virus (TMEV),
a cardiovirus of the Picornaviridae family (Theiler, 1934). The intracerebral infection
of susceptible mice strains like SJL/J mice with TMEV (BeAn strain) represents an
important model for the chronic-progressive form of human multiple sclerosis (MS)
(Kim et al., 2005). Variations in susceptibility of various mouse strains for TMEV are
associated with sex and genetic background resulting in different cytokine expression
profiles (Chang et al., 2000; Hill et al., 1998). The demyelination process of TME
seems to be based on a delayed type hypersensitivity (DTH) reaction (Dal Canto et
al., 2000). In the early phase of TME, CD4+ type 1 helper T (TH1) cells target viral
antigens in the central nervous system (CNS) and initiate myelin damage. Later,
myelin-specific CD4+ TH1 cells are primed by epitope spreading and contribute to
chronic progressive disease (Dal Canto et al., 2000; Katz-Levy et al., 2000; Miller et
al., 2001; Tompkins et al. 2002). The importance of CD8+ cells in the disease process
was shown by Johnson et al. (2001), who observed less motor dysfunction after
inhibition of CD8+ virus peptide specific T cells. A strong CD4+, CD8+, and NK cell
response in the early phase of TME is critical for viral clearance from the CNS in
resistant mice including C56BL/6 (Welsh et al., 2004). Furthermore, demyelination
requires

TMEV

persistence

as

shown

in

macrophages,

astrocytes,

and

oligodendrocytes of susceptible SJL/J mice (Lipton et al., 1995; Lipton et al., 2005;
Rodriguez et al., 1997; Zheng et al., 2001). Astrocytes are implicated in CNS
homeostasis, synaptic plasticity, maintenance of the blood-brain barrier, and the
secretion of numerous cytokines and chemokines including Interleukin-1, - 6, -12,
TNF-α, and MCP-1 (Gröne et al., 2000; Dong and Benveniste, 2001; Palma et al.,
2003). Interestingly, the late phase of TME is characterized by a high expression of
TNF-α and IFN-γ in SJL/J compared to C57BL/6 mice indicating that ongoing
demyelination is at least in part driven by increased expression of these cytokines
(Chang et al., 2000; Trottier et al., 2004). Macrophages are major effector cells by
releasing reactive oxygen and nitrogen intermediates or matrix-metalloproteinases
(MMPs; Liuzzi et al., 1995; Ulrich et al., 2006). MMPs represent a family of proteolytic
enzymes, which are of special importance for the pathogenesis of TME. They cleave
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molecules of the extracellular matrix thereby opening the blood-brain barrier, favoring
invasion and migration of inflammatory cells, triggering the release of TNF-α, and
disintegrating the myelin sheath (Lindberg et al., 2001; Rosenberg, 2002; Ulrich et
al., 2006). In addition, astrocytes and macrophages are able to present viral and self
antigens to CD4+ T cells (Katz-Levy et al., 1999; Katz-Levy et al., 2000; Mack et al.,
2003; Zheng et al., 2001). Though many studies focussed on the role of effector cells
and their molecules implicated in the demyelination process, few investigated the
molecular pathogenetic mechanisms of TME.
The role of the mitogen-activated protein kinases (MAPKs) for the regulation of
MMPs is well established (Chakraborti et al., 2003; Rosenberg, 2002; Westermarck
and Kähäri, 1999). Ets-1 represents a transcription factor, which is activated by
extracellular signal-regulated kinase, a down-stream kinase of a distinct MAPK
pathway, during inflammation (Rosenberg et al., 2002; Westermarck and Kähäri,
1999). The ETS family of eukaryotic transcription factors is a large and rapidly
growing set of winged helix-turn-helix DNA-binding proteins (Sharrocks et al., 1997;
Watson et al., 2001). All Ets transcription factors bind to unique GGAA/T DNA
sequences (EBS, Ets Binding Sites). Such EBS control the expression of genes
critical for organ formation including the CNS, angiogenesis, cell differentiation,
maintenance and survival of mature lymphoid cells, as well as the regulation of MMP
and cytokine expression including TNF-α and IFN-γ (Bories et al., 1995; Fleischman
et al., 1995; Gerhauser et al., 2005; Kola et al., 1993; Kramer et al., 1995;
Maroulakou and Bowe, 2000; Muthusamy et al., 1995; Oyama et al., 2007; Steer et
al., 2000; Tsai et al., 2000; Wernert et al., 1992; Westermarck and Kähäri, 1999). In
addition, recent studies demonstrated a pivotal role of Ets-1 in the development of
Natural Killer cells and the reciprocal regulation of pro- and anti-inflammatory TH1
response (Barton et al., 1998; Grenningloh et al., 2005). Consequently, Ets-1 might
be essential for the initiation and progression of the demyelination process in the TH1
cell-mediated TME by controlling cytokine and MMP expression as well as the
maturation of NK and myelin-specific TH1 cells. Likewise, divergent expression
patterns of Ets-1 in susceptible and resistant mouse strains especially in the late
phase of TME have been postulated.
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Therefore, the aim of the study was i) to quantify mRNA transcripts of TMEV
and Ets-1 in SJL/J compared to C57BL/6 mice using reverse transcriptionquantitative PCR (RT-qPCR) at different time points until 196 days post infection
(dpi), ii) to identify the cells of origin of Ets-1 using immunohistochemistry, iii) to
characterize the array of inflammatory cell types (T cells, B cells, and macrophages)
infiltrating TME lesions of SJL/J mice, and iv) to compare RT-qPCR and
immunohistochemical results with morphological data to strengthen the hypothesis of
a Ets-1-mediated demyelination process in TMEV-infected SJL/J mice.
4.3 Materials and Methods
4.3.1 Animals and virus infection
Female SJL/J and C57BL/6 mice were purchased from Harlan Winkelmann GmbH,
Borchen, Germany. Mice were housed and infected with TMEV, BeAn strain (20 μl,
8.15x107 PFU/ml) diluted in Dulbecco`s Modified Eagle Medium (PAA Laboratories
GmbH, Cölbe, Germany) with 2% fetal calf serum and 50 μg/kg gentamicin, or
vehicle consisting of diluent only as described (Ulrich et al., 2006). Groups of five to
six TMEV- and sham-infected animals were humanely killed 1 hour post infection
(hpi), and 1, 4, 7, 28, 56, 98, and 196 days post infection (dpi). The spinal cord was
removed immediately after death and selected parts were either formalin-fixed and
paraffin-embedded or frozen in OCT® embedding compound (Sakura Finetek Europe
B.V., Zoeterwoude, Netherlands) as described (Markus et al., 2002; Ulrich et al.,
2005; Ulrich et al., 2006).
4.3.2 Histology
2-3 μm thick paraffin sections of the spinal cord were stained with hematoxylin and
eosin (HE) and evaluated at 1 hpi, and 7, 28, 56, 98, and 196 dpi using a semiquantitative scoring system for perivascular mononuclear cuffing (0 = normal, + =
single inflammatory cells, ++ = 2-3 layers of infiltrates, +++ = more than 3 layers of
infiltrates surrounding meningeal and parenchymal vessels) and diffuse parenchymal
white matter inflammatory infiltration (0 = normal, + = mildly, ++ = moderately, +++ =
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severely increased cell number). Additionally, serial sections were subjected to Luxol
fast blue-cresyl violet (LFB-CV) stains. The degree of demyelination was also
evaluated semiquantitatively (0 = normal, + = <25%, ++ = 25-50%, +++ = 50-100% of
white matter affected).
4.3.3 Reverse Transcription and Polymerase Chain Reaction
Ribonucleic acid (RNA) was isolated of each frozen spinal cord and
subsequently transcribed into cDNA as described (Ulrich et al., 2006). RT-qPCR for
TMEV and Ets-1 and four housekeeping genes (GAPDH, β-Actin, HPRT, SDHA) was
performed from each time point as described using the Mx4000™ (SJL/J mice) or
Mx3005P™ (C57BL/6 mice) Multiplex Quantitative PCR System (Stratagene®
Europe, Amsterdam, Netherlands) and SYBR® Green I as DNA-binding dye
(Gerhauser et al., 2005; Ulrich et al, 2006). A normalization factor achieved from the
four housekeeping genes was calculated using the geNorm software version 3.4 to
correct for experimental variations (Vandesompele et al., 2002). Specificity of each
reaction was controlled by melting curve analysis.
4.3.4 Immunohistochemistry
A set of serial paraffin sections (2-3 μm) of each spinal cord was used for the
detection of Ets-1, T cells, and B cells (Czasch et al., 2006; Miao et al, 2003; Ulrich et
al., 2005; Ulrich et al., 2006). Sections were incubated with polyclonal rabbit
antibodies at dilutions of 1:200 [Ets-1 (sc-350), Santa Cruz Biotechnology, Santa
Cruz, CA, USA] and 1:3000 [CD3 (N1580), Dako corporation, Carpinteria, CA, USA]
or a monoclonal biotin-conjugated rat anti-mouse antibody diluted 1:2000
[CD45R/B220 (clone RA3-6B2), BD Biosciences Pharmingen, Erembodegem,
Belgium]. Biotinylated goat-anti-rabbit antiserum diluted 1:200 (BA-1000, Vector
Laboratories, Burlingame, CA, USA) was employed for Ets-1 and CD3 as secondary
antibody. In addition, serial, acetone-fixed, frozen sections (2-3 μm) were used to
differentiate

between

CD4+

and

CD8+

positive

T

cells

and

to

detect

macrophages/microglial cells in SJL/J mice (Alldinger et al., 1996). Sections were
incubated with affinity purified monoclonal rat anti-mouse antibodies at dilutions of
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1:2000 [CD4 (L3T4)], 1:6000 [CD8b.2 (Ly-3.2), both from BD Biosciences
Pharmingen, Erembodegem, Belgium], and 1:3000 [CD11b/Mac-1 alpha (clone
M1/70), eBioscience, San Diego, CA, USA]. Subsequently, a biotinylated, affinity
purified, mouse adsorbed anti-rat IgG diluted 1:150 (BA-4001, secondary antibody
Vector Laboratories, Burlingame, CA, USA) was used as secondary antibody.
Negative control sections were incubated with normal rabbit serum (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) or ascites from Balb/c mice. Finally,
immunolabelling on paraffin and frozen sections was visualized by the avidin-biotinperoxidase-complex (ABC) method (Vector Laboratories, Burlingame, CA, USA), with
3,3‘-diaminobenzidine (DAB) as substrate. Slight counterstaining was performed with
Mayer´s hematoxylin.
The number of immunoreactive cells per square unit of spinal cord white
matter lesion was counted using an ocular morphometric grid at 28, 56, 98, and 196
dpi. Values represent the number of cells per mm2. In the perivascular infiltrates (PVI)
the number of stained and unstained cells was recorded and the percentage of
immunohistologically detectable cells was calculated at 7, 28, 56, 98, and 196 dpi
(Wünschmann et al., 1999).
Additionally, selected paraffin sections of SJL/J mice were subjected to
immunohistochemical

double-staining

procedures

using

selected

antibody

combinations to specify Ets-1-positive cells as described (Gröne et al., 2000; Miao et
al., 2003). Following visualization of Ets-1-positive cells using the ABC method and
the chromogen DAB, sections were incubated with a monoclonal mouse anti-pig
GFAP IgG1 antibody [1:1000 (G3893), Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany] applying the DAKO ARK™ (Animal Research Kit, DAKO Cytomation,
Hamburg, Germany). Positive immunoreactions were detected using the ABCalkaline phosphatase (ABC-AP; Vector Laboratories, Burlingame, CA, USA) and the
New Fuchsin substrate system.
4.3.5 Statistical analysis
Independent Student's t tests to analyze log-transformed RT-qPCR data were
performed to calculate statistical differences between TMEV- and sham-infected
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SJL/J and C57BL/6 mice using SPSS for Windows (Version 14.0, SPSS Inc.). The
Spearman´s rank correlation coefficient was calculated for correlation of RT-qPCR to
histological findings. Statistical significance was designated as p < 0.05.
4.4 Results
Though small white matter areas were infiltrated by mononuclear cells,
demyelination was absent in resistant C57BL/6 mice
Sham-infected SJL/J and C57BL/6 mice showed only a minimal meningeal
mononuclear infiltration. In TMEV-infected SJL/J mice, a severe perivascular cuffing
in the spinal cord consisting of many lymphocytes and macrophages and few plasma
cells beginning at 7 dpi was seen until 196 dpi. Maximal numbers of inflammatory,
mononuclear cells in white matter lesions were found at 98 dpi. LFB-CV staining
demonstrated the onset of demyelination at 28 dpi reaching a maximum level at 98
dpi (Fig. 4-1A). In TMEV-infected C57BL/6 mice, a mild to moderate perivascular
cuffing of meningeal vessels most prominent at 7 dpi was observed until 196 dpi. In
addition, small white matter areas infiltrated by many lymphocytes and macrophages
and few plasma cells were demonstrated in single C57BL/6 mice. Demyelination was
absent as determined by the LFB-CV stain (Fig. 4-1B).

Fig. 4-1: Perivascular cuffing (white), white matter infiltration (light gray), and
demyelination (dark gray) of TMEV-infected SJL/J (A) and C57BL/6 (B) mice at 1
hour (h) and 7, 28, 56, 98, and 196 days post infection (dpi). Box and whiskerplots
are used to show semi-quantitatively obtained data of the histologic changes (5 to 6
mice per group). ° = outlier * = extreme value (next page).
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A. Perivascular cuffing was found as early as at 7 dpi. There is a decrease of
perivascular cuffing and white matter infiltration in the presence of a still ongoing
demyelination at 196 dpi in SJL/J mice.

B. Only mild inflammatory infiltration from 7 to 196 dpi and a lack of demyelination in
C57BL/6 mice.
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High and low TMEV RNA transcript levels in SJL/J and C57BL/6 mice,
respectively
Viral RNA transcripts were successfully amplified from all TMEV-infected
SJL/J mice. Viral RNA copy numbers were strongly upregulated from 28 dpi until the
end of the observation period in this mouse strain (Fig. 4-2). In contrast, only low
numbers of viral RNA transcripts were found in TMEV-infected C56BL/6 mice at 1
hpi, and 1 and 4 dpi. Thereafter, TMEV RNA was detected only in single C57BL/6
mice until 196 dpi (Fig. 4-2). Sham-infected SJL/J and C57BL/6 mice were always
negative for TMEV by RT-qPCR.

Fig. 4-2: TMEV RNA in the spinal cord of TMEV-infected SJL/J and C57BL/6
mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and 196 days post infection (dpi). Box
and whiskerplots are used to show RT-qPCR data (5 to 6 mice per group). ° = outlier
* = extreme value. Similar amount of TMEV RNA in SJL/J and C57BL/6 mice in the
early phase of TME (1 hpi to 7 dpi). Strong increase of TMEV RNA in SJL/J and
decrease in C57BL/6 mice in the late phase of TME (28 to 196 dpi).
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Strong and fast upregulation of Ets-1 mRNA transcripts in resistant C57BL/6
compared to susceptible SJL/J mice
SJL/J mice demonstrated a statistically significant mild to moderate
upregulation of Ets-1 throughout the whole investigation period except for 196 dpi (1
hpi, p=0.0048; 1 dpi, p=0.0002; 4 dpi, p=0.0035; 7 dpi, p<0.0001; 28 dpi, p<0.0001;
56 dpi, p=0.0003; 98 dpi, p<0.0001; 196 dpi, p=0.2490; Fig. 4-3). In C57BL/6 mice,
RT-qPCR revealed a strong upregulation of Ets-1 already at 1 hpi (p<0.0001). In
addition, Ets-1 mRNA transcripts were moderately increased at 1, 4, and 7 dpi
(p=0.0046; p=0.0157; p=0.0050) and mildly increased at 28 dpi (p=0.0186) followed
by a decline of Ets-1 at 196 dpi in this mouse strain (p=0.0011).
Fig. 4-3: Ets-1 mRNA transcripts in the spinal cord of TMEV- and sham-infected
SJL/J (A) and C57BL/6 (B) mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and 196
days post infection (dpi). Box and whiskerplots are used to show RT-qPCR data (5
to 6 mice per group). ° = outlier * = extreme value

∗

= statistically significant up-

regulation in TMEV- compared to sham-infected mice (p < 0.05).

A. Significant upregulation of Ets-1 in TMEV-infected SJL/J mice at 1 hpi and 1, 4, 7,
28, 56, and 98 dpi.
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B. Significant upregulation of Ets-1 in TMEV-infected C57BL/6 mice at 1 hpi and 1, 4,
7, and 28 dpi.
A comparative evaluation of both mouse strains revealed a 16 fold Ets-1 increase at
1 hpi in C57BL/6 mice, whereas a maximum Ets-1 increase (2.5 fold) was detected at
98 dpi in SJL/J mice (Fig. 4-4).
More T cells and fewer B cells infiltrated the spinal cord of SJL/J and C57BL/6
mice
The amount of T cells (CD3+) and B cells (CD45R+) was quantified in white
matter lesions of SJL/J and C57BL/6 mice at 28, 56, 98, and 196 dpi (Table 4-1). In
SJL/J mice, numerous intralesional CD3+ cells were found at 28 dpi (557 cells/mm2,
median value). Numbers of CD3+ cells decreased until 196 dpi to 117 cells/mm2
(median value). A moderate amount of CD45R+ cells was detected at 28 dpi (304
cells/mm2, median value) in spinal cord white matter lesions followed by a decline to
0 cells/mm2 (median value) at 196 dpi. Only few white matter lesions were found in
the spinal cord of single C57BL/6 mice. Nevertheless, these small inflamed white
matter areas demonstrated a strong infiltration with CD3+ cells (608 cells/mm2,
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median value) and only few intralesional CD45R+ cells (40 cells/mm2, median value)
at 28 dpi. Numbers of both cell types strongly decreased at 56 and 98 dpi.
The quantification of perivascular T cells and B cells yielded 63.8% CD3+ cells
and 8.3% CD45R+ cells (median values) at 7 dpi in SJL/J mice (Table 4-2).
Perivascular CD3+ cells decreased to 28.0% (median value) at 196 dpi, whereas the
percentage of CD45R+ cells remained almost unchanged in this mouse strain
throughout the observation period. C57BL/6 mice demonstrated only a mild to
moderate perivascular cuffing. Nevertheless, a high percentage of perivascular CD3+
cells (70.8%, median value) and a low percentage of CD45R+ cells (17.0%, median
value) was found at 7 dpi. Percentages of both cell types severely declined in the late
phase of TME to 16.7% CD3+ cells at 196 dpi and 0.0% CD45+ cells (median values)
at 56 dpi.
Table 4-1: CD3+, CD4+, CD8+, CD45R+, and Mac-1+ cells/mm2 in spinal cord
white matter lesions of SJL/J and C57BL/6 mice at 28, 56, 98, and 196 days post
infection (dpi)

dpi
28
56
98
196

SJL/J
CD3+

CD4+

CD8 +

C57BL/6
CD45R+

Mac-1+

CD3+

CD45R+

557

304

189

232

904

608

40

(373;806)

(299;512)

(144;224)

(139;453)

(624;1205)

(480;933)

(32;64)

458

373

229

48

491

413

0

(224;728)

(235;576)

(155;272)

(11;85)

(464;672)

(160;480)

(0;48)

315

213

187

5

763

144

0

(299;336)

(112;283)

(176;251)

(0;48)

(661;1253)

(96;192)

(0;0)

n.p.

n.p.

117

149

179

0

789

(69;160)

(96;277)

(91;264)

(0;16)

(523;944)

Median

n.p.: not present

(M inimum;M aximum)

White matter lesions of SJL/L mice are dominated by CD4+ T cells and
macrophages
Due to the strong inflammatory reaction of SJL/J mice, a detailed investigation
of inflammatory infiltrates with respect to CD4+, CD8+, and Mac-1+ cells was

Ets-1 represents a pivotal transcription factor for viral clearance, inflammation, and demyelination..111

performed in this mouse strain. Whereas intralesional CD4+ cells declined from 304
cells/mm2 (median value) at 28 dpi to 149 cells/mm2 (median value) at 196 dpi,
approximately 200 CD8+ cells/mm2 and 800 Mac-1+ cells/mm2 were found in white
matter lesions throughout the investigation period (Table 4-1). In addition, the
quantification of perivascular mononuclear cells yielded 41.2% CD4+ cells, 19.5%
CD8+ cells, and 31.9% Mac-1+ cells (median values) at 7 dpi (Table 4-2). Similar
percentages of these cells were detected until the end of the observation period.

Fig. 4-4: Ets-1 mRNA transcript ratios in the spinal cord of SJL/J and C57BL/6
mice at 1 hour (h) and 1, 4, 7, 28, 56, 98, and 196 days post infection (dpi). Bars
show the ratio of the geometric means from TMEV-infected mice versus shaminfected animals with the lower and the upper limits of the 95% confidence interval (5
to 6 mice per group). ∗= statistically significant up-regulation in TMEV- compared to
sham-infected mice (p < 0.05). Significantly increased Ets-1 mRNA transcripts from 1
hpi to 98 dpi in SJL/J mice. Strong upregulation of Ets-1 at 1 hpi and moderate
upregulation of Ets-1 from 1 to 7 dpi in C57BL/6 mice.

112 Ets-1 represents a pivotal transcription factor for viral clearance, inflammation, and demyelination

Table 4-2: Percentages of CD3+, CD4+, CD8+, CD45R+, and Mac-1+ perivascular
cells in SJL/J and C57BL/6 mice at 7, 28, 56, 98, and 196 days post infection
(dpi)

dpi
7

SJL/J
+

+

+

CD3

CD4

CD8

63.8%

41.2%

19.5%

C57BL/6
CD45R

+

8.3%

+

Mac-1

CD3

+

CD45R

31.9%

70.8%

17.0%

+

(60.3%;70.9%) (34.7%;50.0%) (12.3%;26.7%) (1.1%;10.0%) (30.4%;33.3%) (64.1%;74.4%) (13.9%;24.7%)

41.5%

32.4%

15.9%

9.2%

36.7%

51.7%

28

(21.4%;53.2%) (15.0%;52.5%) (0.0%;28.6%)

56

(40.9%;57.7%) (25.0%;60.8%) (14.7%;31.4%) (4.9%;18.2%) (24.8%;61.5%) (4.8%;52.9%)

98

(31.0%;59.1%) (13.3%;57.0%) (11.1%;27.3%) (1.9%;15.9%)

45.1%
48.6%

196

28.0%

51.3%
34.7%
41.9%

16.5%
16.8%
14.7%

(13.9%;55.8%) (39.6%;43.2%) (5.4%;24.5%)

8.3%

(2.8%;17.7%) (27.5%;41.7%) (20.0%;69.0%) (0.0%;14.3%)

9.0%
13.8%
7.9%

43.2%
10.8%

25.1%
20.0%

(7.0%;57.4%) (18.2%;21.7%)

28.8%

16.7%

(3.7%;23.1%) (23.7%;41.9%) (0.0%;28.6%)

0.0%
(0.0%;0.0%)

0.0%
(0.0%;0.0%)

0.0%
(0.0%;0.0%)

Median
(Minimum;Maximum)

Strong expression of Ets-1 in astrocytes and intralesional mononuclear
inflammatory cells
A strong and mainly nuclear expression of Ets-1 was detected in a high
number of neurons and endothelial cells as well as in a moderate amount of glial
cells of all investigated SJL/J and C57BL/6 control and TMEV-infected mice (Fig. 45). High numbers of Ets-1 immunopositive cells mainly mononuclear inflammatory
cells were found in spinal cord white matter lesions of TMEV-infected SJL/J mice at
28 dpi (2821 cells/mm2, median value; 2219 cells/mm2, minimum; 3856 cells/mm2,
maximum). A decrease in numbers was detected until 196 dpi (1243 cells/mm2,
median value; 1115 cells/mm2, minimum; 1931 cells/mm2, maximum). A high
percentage of Ets-1 immunopositive cells was demonstrated in perivascular infiltrates
from 7 to 196 dpi (93.9%, median; 73.1%, minimum; 100%, maximum). In addition,
high numbers of intralesional astrocytes were Ets-1 positive in white matter lesions
(Fig. 4-6). Similar findings were demonstrated in small inflamed white matter areas of
few individual TMEV-infected C57BL/6 mice. Animals developing lesions at 28, 56,
and 98 dpi showed high numbers of intralesional Ets-1 positive cells (1680 cells/mm2,
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median value; 1067 cells/mm2, minimum; 2080 cells/mm2, maximum). In addition, a
high percentage of perivascular cells were Ets-1 positive at all investigated time
points (83.3%, median; 30.0%, minimum; 100%, maximum).
Fig. 4-5: Immunohistochemical detection of Ets-1 at 98 days post infection.
Transverse spinal cord sections of sham-infected (left side) and TMEV-infected
(right side) SJL/J mice. Inserts illustrate high power views of the areas delineated
by the black rectangles (300 μm x 400 μm). Left side: Ets-1 positive astrocyte in the
white matter of a sham-infected SJL/J mouse (arrow). Scale bar, 171 μm. Right side:
Strong Ets-1 expression in white matter lesion (arrow) and perivascular cuffs
(arrowhead). Scale bar, 208 μm.
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Fig. 4-6: Ets-1 and GFAP co-expression in spinal cord white matter lesions of
TMEV-infected SJL/J mice at 98 days post infection. Double staining for Ets-1
(brown) and GFAP (red) slightly counterstained with hematoxylin (blue). Scale bar, 8
μm. Cells with a brown nucleus and a pink-brownish cytoplasm represent astrocytes
positive for Ets-1 in the nucleus (arrows).

A high correlation between TMEV, Ets-1 and histological parameters including
demyelination was found in SJL/J and not in C57BL/6 mice
SJL/J mice demonstrated a high correlation between perivascular cuffing,
white matter infiltration, degree of demyelination, and TMEV (p<0.001; Table 4-3). In
addition, perivascular cuffing and Ets-1 were highly correlated to each other in this
mouse strain (p<0.001). A moderate correlation was found between Ets-1 and white
matter infiltration, degree of demyelination, and TMEV (p<0.001). In contrast, only
perivascular cuffing and white matter infiltration as well as TMEV and Ets-1 were
moderately correlated to each other in C57BL/6 mice (p<0.001).
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Table 4-3: Spearman´s rank correlation coefficient (SCC) between histological
parameters and RT-qPCR data of SJL/J and C57BL/6 mice
SJL/J
PvInf

C57BL/6

WmInf Demyel

TMEV

Ets-1

PvInf

WmInf Demyel

TMEV

Ets-1

PvInf

.

0.894*

0.891*

0.919*

0.809*

.

0.630*

.

0.327

0.152

WmInf

0.894*

.

0.965*

0.856*

0.704*

0.630*

.

.

0.325

0.258

Demyel

0.891*

0.965*

.

0.865*

0.688*

.

.

.

.

.

TMEV

0.919*

0.856*

0.865*

.

0.784*

0.327

0.325

.

.

0.505*

Ets-1

0.809*

0.704*

0.688*

0.784*

.

0.152

0.258

.

0.505*

.

Light gray: 0.5≤SCC<0.8

PvInf: Perivascular infiltration

Dark gray: 0.8≤SCC

WmInf: White matter infiltration

* p<0.001

Demyel: Demyelination (not observed in C57BL/6 mice)

4.5 Discussion
A detailed investigation on the development of TME white matter lesions in
SJL/J compared to C57BL/6 mice with special emphasis on the role of the
transcription factor Ets-1 was performed. Though strong Ets-1 expression in the early
phase of TME was associated with virus clearance in C57BL/6 mice, ongoing,
delayed, and moderately increased Ets-1 expression might favor progression of
demyelination in late white matter lesions of TMEV-infected SJL/J mice.
A strong upregulation of Ets-1 mRNA transcripts was detected at 1 hpi in
resistant C57BL/6 mice and Ets-1 mRNA levels remained significantly elevated until
28 dpi. In contrast, only a moderate upregulation of Ets-1 mRNA transcripts was
found during this time period in TMEV-infected SJL/J mice. The early phase of TME
is characterized by a strong and fast antiviral immune response in resistant
compared to susceptible mice (Chang et al., 2000; Oleszak et al., 2004). Although
the vast majority of C57BL/6 mice cleared the virus completely from the spinal cord, a
low amount of TMEV-RNA was detected in three infected animals at 56, 98, and 196
dpi. However, highly elevated Ets-1 levels in C57BL/6 mice in the early phase of TME
were associated with a decrease in TMEV RNA, whereas viral clearance was not

116 Ets-1 represents a pivotal transcription factor for viral clearance, inflammation, and demyelination

observed in SJL/J mice until the end of the observation period. Previous studies
investigating the genetic background of strain-specific susceptibility showed that the
H-2D gene represents the major gene controlling viral persistence (Oleszak et al.,
2004). Tmevpg1, an additional candidate gene for the control of TMEV persistence,
is implicated in the strain-specific regulation of the anti-viral cytokine IFN-γ (Vigneau
et al., 2003). However, strain-specific differences in the expression of up-stream
acting transcription factors including members of the ETS family especially in vivo
have not been investigated so far. Ets-1 is essential for the activation of T cells and
the production of IFN-γ (Bories et al., 1995; Muthusamy et al., 1995). In addition to
Ets-1, C57BL/6 mice demonstrated a strong upregulation of IFN-γ already in the early
phase of TME in contrast to SJL/J mice (Gerhauser et al., 2007; Mohindru et al.,
2006). TMEV and Ets-1 were significantly correlated to each other in both
investigated mouse strains. Consequently, TMEV-infection of resident CNS cells
including astrocytes most likely triggered an increase of Ets-1 transcription in
susceptible SJL/J and resistant C57BL/6 mice. However, TMEV-infected C57BL/6
mice demonstrated a stronger Ets-1 and IFN-γ expression compared to SJL/J mice.
In addition, stronger NK cell activation by Ets-1 in C57BL/6 mice might favor killing of
virally infected cells (Tassi et al., 2006). This difference in the molecular reaction
pattern to TMEV-infection presumably plays a crucial role in viral clearance and
resistance of C57BL/6 mice. Similarly, TMEV persistence in susceptible SJL/J mice
might be linked to an only moderately elevated Ets-1 expression during this time
period.
Viral persistence in SJL/J mice induces a DTH reaction based on myelinspecific CD4+ TH1 cells followed by a characteristic demyelination process in white
matter lesions. Analysis of the light microscopical and RT-qPCR data of the present
study demonstrated a moderate to high correlation between all histological
parameters including inflammation and demyelination, TMEV, and Ets-1 in this
susceptible mouse strain. Nevertheless, additional immunohistochemistry had to be
performed to elucidate the cellular origin of the increased numbers of Ets-1 mRNA
transcripts in SJL/J mice. Spinal cord white matter lesions and perivascular cuffs of
SJL/J and C57BL/6 mice were characterized by high numbers of T cells mainly
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helper T cells compared to low numbers of B cells substantiating that TME
represents a T cell-mediated disease (Begolka et al., 1998; Oleszak et al., 2003).
The amount of both lymphoid cell types decreased from 28 to 196 dpi slowly in SJL/J
and rapidly in C57BL/6 mice. In addition, abundant Mac-1+-cells were found in the
affected white matter of SJL/J mice underlining the key role of macrophages as major
effector cells particularly in the late phase at 98 and 196 dpi (Ulrich et al., 2006).
Immunohistochemistry demonstrated a high amount of inflammatory cells including T
cells, B cells, and macrophages as well as astrocytes that reacted strongly positively
with the Ets-1 specific antibody. ETS transcription factors are involved in T cell
activation, inhibition of T cell apoptosis, and the expression of the lck gene, a srcrelated tyrosine kinase that transduces the signal for the T cell antigen receptor
(Bassuk and Leiden, 1997; Bhat et al., 1990; Bories et al., 1995; Kane et al., 2000;
Leung et al., 1993; Maroulakou and Bowe, 2000; Muthusamy et al., 1995; Pognonec
et al., 1988). In addition, ETS transcription factors block the terminal differentiation of
B cells to plasma cells and control the expression of different MMPs and cytokines
(Bories et al., 1995; Chakraborti et al., 2003; Grenningloh et al., 2005; Rosenberg,
2002; Westermarck and Kähäri, 1999). Recent studies have described a strong
MMP-12 expression in macrophages and astrocytes within late TME lesions and a
high TNF-α and IFN-γ expression driving lesion progression in susceptible SJL/J
mice (Chang et al., 2000; Trottier et al., 2004; Ulrich et al., 2006). The present data
showed that Ets-1 exhibits a potential beneficial role in viral clearance in the early
phase of TME in C57BL/6 mice. In contrast, the significantly increased expression in
the late phase of TME in SJL/J mice might have a most likely detrimental effect by
stimulating MMP and cytokine production as well as the activation and differentiation
of autoimmune T cells.
Interestingly, the amount of perivascular and intralesional CD3+ T cells was
surpassed by the sum of perivascular and intralesional CD4+ and CD8+ T cells at all
investigated time points in SJL/J mice. These results confirm and extend findings
noted in another study demonstrating more CD4+ than CD8+ T cells in TME
(Mohindru et al., 2006). Whether CD4/CD8 double-positive T cells in late chronic
TME white matter lesions account for the exceeding number of CD4+ and CD8+ T
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cells compared to CD3+ T cells needs to be investigated in further studies. Higher
numbers in the periphery of these not yet terminally differentiated T cells have also
been associated with autoimmune disorders (Parel and Chizzolini, 2004). An
increased percentage of this "double phenotype" form of T lymphocytes has been
found in blood of patients with acute exacerbation of MS (Ziaber et al., 2000).
Moreover, Ets-1 represents a key transcription factor regulating thymocyte positive
selection and lineage commitment of MHC class I-restricted T cells (Clements et al.,
2006). Consequently, a role of CD4/CD8 double-positive cells in the pathogenesis of
TME has to be suspected and these cells might be induced by an ongoing
expression of Ets-1 in SJL/J mice.
In summary, TMEV infection triggers a strong expression of Ets-1 by resident
CNS cells and subsequently a strong and fast antiviral response in C57BL/6 mice. In
contrast, TMEV persistence in SJL/J mice induces a stable but only moderate Ets-1
expression in the late phase of TME by intralesional inflammatory cells and
astrocytes. This might generate a continuous release of proinflammatory MMPs and
cytokines driving lesion progression. However, further studies are needed to
elucidate the interactions of Ets-1 and other transcription factors in promoter regions
in order to create potential targets for therapeutical intervention.
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The inflammatory process in TME is associated with a continuously increasing
demyelination in the spinal cord of susceptible in contrast to resistant mice.
Therefore, TME represents a perfect animal model to investigate the pathogenesis of
different demyelinating diseases including CDV and MS. RT-qPCR was performed to
obtain spatio-temporal expression patterns of selected IEGs during ageing in SJL/J
mice and TMEV-infection in SJL/J and C57BL/6 mice. In order to identify regions of
expression in the investigated CNS compartments and to compare protein and
mRNA expression patterns, immunohistochemistry was included and results
comparatively evaluated. In addition, immunohistochemistry was used to classify
inflammatory cells invading into the TMEV-infected spinal cord.
5.1 IEG functions in developmental processes
5.1.1 Constitutive IEG mRNA and protein expression
RT-qPCR revealed a constitutive mRNA expression of Ets-1, c-jun, c-fos, p50, Max,
and p53 in cerebrum, cerebellum, and spinal cord in non-infected SJL/J mice. The
level of expression varied substantially between these different CNS compartments.
In addition, Ets-1, c-jun, p50, Max, and p53 decreased and c-fos increased with age,
especially in the first 3 weeks after birth. This indicates a crucial role for these
transcription factors in the early and late developmental period of the CNS,
respectively.
Immunohistochemistry demonstrated an age-dependent expression pattern of IEG
proteins in the neonatal and adult CNS and enhanced the spatial resolution of RTqPCR data. In contrast to the general down-regulation of mRNA, minor upregulations of all IEGs could be detected in restricted parts of the CNS, which could
reflect differences between the DNA and protein level and/or regional divergent
expression patterns. Nevertheless, these results substantiated the requirement of a
strictly controlled spatio-temporal IEG expression pattern in order to ensure a
coordinated development of the CNS (CAUBET, 1989; KASIK et al., 1987;
MAROULAKOU and BOWE, 2000).
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5.1.2 Ets-1 and Max play a critical role in early mammalian CNS development
A strong Ets-1 protein expression was demonstrated in the cerebral cortex, cornu
ammonis, hypothalamus, medulla oblongata, external and internal granule cell layers
of the cerebellum. In addition to their oncogenic potential, several ETS proteins,
including Ets-1, regulate the proliferation, differentiation, and signalling of a number
of mammalian cell lineages including astrocytes (FLEISCHMAN et al., 1995). The
strong expression of Ets-1 mRNA and protein in specific regions of the infant mouse
CNS suggests an important role of this IEG for the control of both neuronal and glial
cell development (MAROULAKOU et al., 1994).
RT-qPCR revealed a higher Max mRNA expression in the cerebellum compared to
cerebrum and spinal cord. This higher expression seemed to originate from the
Purkinje cell layer and medulla oblongata in 1 week old mice and the internal granule
cell layer and the molecular layer of the cerebellum in adult mice. These results
indicate a prominent role of the Max network in the development of the Purkinje cell
layer. A loss of Max function results in generalized developmental arrest of mouse
embryos in the early postimplantation period (~E5.5-6.5) as shown in a previous
study using embryos of Max knock-out mice (SHEN-LI et al., 2000).
5.1.3 Switch in AP-1 composition essential in age-related differences
The present study demonstrated a strong c-jun and a low c-fos mRNA and protein
expression in all investigated CNS compartments. Many studies have investigated
the function of these AP-1 proteins during development, mainly during embryo- and
organogenesis until birth. In general, c-jun seems to stimulate cell cycle progression
and thereby cell proliferation by inhibiting tumor suppressor genes and inducing
cyclin D1 transcription (SHAULIAN and KARIN, 2001). High levels of c-fos mRNA
were found in the CNS of mouse embryos, especially in the anterior part of spinal
cord, dorsal root ganglia, olfactory lobe, ganglion cell layer of the retina, cerebellum,
and cortex (CAUBET, 1989). Furthermore, a transient burst of c-fos gene expression
at birth was detected in the mouse (KASIK et al., 1987). Consequently, a role of c-fos
in regulation of the genes involved in neuronal organization, function, and apoptosis
was suggested (CAUBET, 1989; SMEYNE et al., 1993). Yet an obligatory role for the
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development and programmed cell death of these two proteins could not be
demonstrated (ROFFLER-TARLOV et al., 1996). However, the detection of high c-jun
and low c-fos protein levels in infant mice points to important functions of JUN/JUN
homodimers in the postnatal development of specific CNS regions, like cerebral
cortex or medulla oblongata. A downregulation of c-jun and an upregulation of c-fos
mRNA transcripts was found in the adult compared to the infant CNS. Similarly,
immunohistochemistry detected higher numbers of c-fos positive cells in adult
animals. A switch from JUN/JUN homodimers to JUN/FOS heterodimers in these
cells might be essential in different age-related reaction patterns of the CNS.
5.1.4 Role of p53 in apoptosis and CNS development
A strikingly higher expression of p53 mRNA transcripts in the first postnatal week
compared to a relatively stable lower expression level at the remaining time points
was demonstrated in all CNS compartments, especially the cerebellum. Wild-type
p53 protein was detected in very few cells of the CNS using immunohistochemisty
presumably linked to its very short half-life time of 5-10 min in non-transformed
tissues (ROGEL et al., 1985). However, p53 plays a pro-apoptotic role by upregulation of Bax, down-regulation of Bcl-2, and the induction of FAS death receptors
(BENNET et al., 1998; CHEN et al., 1999; CREGAN et al., 1999; DIETRICH et al.,
2003; KORSMEYER et al., 1993; MUNSCH et al., 2000; YIN et al., 1994). An
essential role of p53 for the elimination of neural progenitor cells that fail to
differentiate appropriately was revealed using p53-/- knock-out mice (reviewed by
MILLER et al., 2000).
In addition to p53, the study revealed a higher mRNA expression of Ets-1, c-jun, p50,
and Max in the first week compared to the remaining time points. Pro-apoptotic
genes including p53 are controlled by ETS, AP-1, NF-κB and Myc/Max transcription
factors (BASSUK and LEIDEN, 1997; KIRCH et al., 1999; MILLER et al., 2000).
Nevertheless, c-jun seems to have pro- and anti-apoptotic functions depending on
the investigated cell line and differentiation state (LEPPÄ et al., 2001; SCHREIBER
et al., 1999; WATSON et al., 1998). These contrasting functions could be mediated
by pro-apoptotic JUN/JUN homodimers and anti-apoptotic JUN/FOS heterodimers,
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which would be in accordance with the present results. Furthermore, the strictly
controlled apoptotic processes during postnatal CNS particularly cerebellar
development might depend on the interaction of ETS, AP-1, NF-κB, and Myc/Max
transcription factors in the p53 promoter region.
5.1.5 IEGs in the myelination process
RT-qPCR and immunohistochemistry demonstrated a down-regulation of Ets-1, cjun, p50, and Max during the maturation process of the murine CNS. In addition, their
proteins were detected in the investigated white matter. This indicates an essential
role of these IEGs in the process of myelination possibly by regulating the
transcription of down-stream targets such as MMPs and myelin proteins
(CHAKRABORTI et al., 2003; ROSENBERG, 2002; WESTERMARCK and KÄHÄRI,
1999). MMPs are involved in the axonal outgrowth, extension of oligodendrocyte
processes, and apoptosis in the developing cerebellum (VAILLANT et al., 2003; UHM
et al., 1998). Moreover, AP-1 transcription factors are involved in the control of myelin
proteolipid protein (PLP) and myelin basic protein (MBP) gene expression
(DOBRETSOVA et al., 2004; MISKIMINS and MISKIMINS, 2001), genes which are
strongly up-regulated in oligodendrocytes during myelination. In addition, the agedependent mRNA expression pattern of c-fos mirrors the accumulation of MBP in the
CNS, which begins in the first week and increases up to a constant level in the adult
animal (DELASSALLE et al., 1981).
5.2 Ets-1, AP-1, and NF-κB transcription factors in Theiler’s murine
encephalomyelitis
In addition to the physiological role of IEGs in the CNS development, the present in
vivo study investigated pathological IEG functions in demyelinating TME white matter
lesions in SJL/J compared to C57BL/6 mice. RT-qPCR demonstrated a moderate
upregulation of Ets-1, AP-1 (c-jun and c-fos), and NF-κB (p50 and p65) mRNA
transcripts in the early and late phase of TME in susceptible SJL/J mice. Though Ets1, c-fos, and p50 were also upregulated in the early phase in C57BL/6 mice, all
investigated IEGs declined to or fell even below control levels in the late phase in this
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resistant mouse strain. Consequently, IEG functions were restricted to the early
immune response in C57BL/6 mice. In addition, IEGs might play a critical role in the
development and progression of the late demyelination process in SJL/J mice.
5.2.1 The early phase of Theiler’s murine encephalomyelitis
The early phase of TME is characterized by viral infection of resident CNS cells
initiating the release of pro-inflammatory mediators including cytokines thereby
activating the innate immune response (KIM et al., 2005). This antiviral immune
response seems to be stronger in resistant compared to susceptible mice (CHANG et
al., 2000; OLESZAK et al., 2004). In the present study the vast majority of C57BL/6
mice cleared the virus completely from the spinal cord, whereas virus clearance was
not observed in SJL/J mice until the end of the observation. Previous studies
investigating the genetic background of strain-specific susceptibility showed that the
H-2D gene represents the major gene controlling viral persistence (OLESZAK et al.,
2004). Tmevpg1, an additional candidate gene for the control of TMEV persistence,
is implicated in the strain-specific regulation of the anti-viral cytokine IFN-γ
(VIGNEAU et al., 2003). C57BL/6 mice demonstrated a strong upregulation of IFN-γ
already in the early phase of TME in contrast to SJL/J mice (MOHINDRU et al.,
2006). However, strain-specific differences in the expression of up-stream acting
transcription factors especially in vivo have not been investigated so far.
A strong upregulation of Ets-1 mRNA transcripts was detected at 1 hpi in resistant
C57BL/6 mice and Ets-1 mRNA levels remained significantly elevated until 28 dpi.
Furthermore, RT-qPCR detected an upregulation of p50 and c-fos and a
downregulation of c-jun and p65 in the early phase of TME in this resistant mouse
strain. In contrast, a moderate upregulation of all IEG mRNA transcripts was found
during this time period in TMEV-infected SJL/J mice. Ets-1 is required for the
development of NK cells in mice (BARTON et al., 1998; FREUD et al., 2006). In
addition, adjacent Ets-1, AP-1, and NF-κB binding sites occur in a large number of
promoter/enhancer elements of many cytokines (LI et al., 2000). TMEV, Ets-1, and
p50 were significantly correlated to each other in both investigated mouse strains.
Consequently, TMEV-infection of resident CNS cells most likely triggered an increase
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in Ets-1 and p50 transcription in susceptible SJL/J and resistant C57BL/6 mice.
However, TMEV-infected C57BL/6 mice demonstrated a stronger Ets-1 and p50
expression compared to SJL/J mice already at 1 hpi probably mediating the fast IFNγ response in this mouse strain. In addition, strong NK cell activation by Ets-1 in
C57BL/6 mice might favor killing of virally infected cells (TASSI et al., 2006).
Therefore, viral clearance and strain-specific resistance to demyelinating disease
might depend on the strong upregulation of Ets-1 and p50 mRNA transcripts in
C57BL/6 mice. Similarly, TMEV persistence in susceptible SJL/J mice might be
linked to an only moderately elevated Ets-1 and p50 expression.
5.2.2 The chronic phase of Theiler’s murine encephalomyelitis
Viral persistence in SJL/J mice induces a DTH reaction based on myelin-specific
CD4+ TH1 cells followed by a characteristic demyelination process in white matter
lesions (OLESZAK et al., 2004; LIPTON et al., 2005). Histologic examination
confirmed a strong inflammatory infiltration and demyelination in SJL/J in contrast to
C57BL/6 mice. In addition, SJL/J mice demonstrated an intense and C57BL/6 a
highly restricted virus replication in the late phase of TME. Analysis of the light
microscopical and RT-qPCR data of the present study demonstrated a moderate to
high correlation between all histological parameters including inflammation and
demyelination, TMEV, TNF-α, Ets-1, and c-jun in this susceptible mouse strain.
Though strong Ets-1 and p50 expression was associated with virus clearance in the
early phase of TME in C57BL/6 mice, ongoing, delayed, and moderately increased
Ets-1 and p50 expression might favor progression of demyelination in late white
matter lesions of TMEV-infected SJL/J mice. The arising high virus load in SJL/J
mice might drive a probably Ets-1, AP-1, and NF-κB mediated pro-inflammatory
cytokine especially TNF-α expression, which could represent a prerequisite for the
late demyelinating disease (TROTTIER et al., 2004).
Interestingly, released cytokines including TNF-α and IFN-γ also activate IEG
transcription (LIN and VILČEK, 1987; RUBIO, 1997). Therefore, an upregulation of
IEG mRNA transcripts might be mediated directly by TMEV or indirectly by released
cytokines. TMEV infection of resident CNS cells might induce transcription and
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activation of IEGs; secondly released soluble mediators might activate and stimulate
IEG functions in non-infected resident glial and peripheral immune cells as well and
thereby perpetuating a pro-inflammatory cascade in an autocrine and paracrine
fashion (CHIARUGI, 2002; KWON et al. 2004; LANDSCHULZ et al., 1988; LIN and
VILČEK, 1987; PALMA and KIM, 2004; RUBIO, 1997). These events might initiate
the demyelination process by producing sufficient myelin breakdown products for the
activation of autoimmune T cells. However, the hypothesis of a direct causal
relationship between virus load and cytokine expression mediated by Ets-1, AP-1,
and NF-κB proteins, hitherto based upon in vitro experiments, could not be proven by
the presented RT-qPCR data and needed further investigation (CHIARUGI, 2002;
KWON et al., 2004; LIU et al. 2000; PALMA et al., 2003; PALMA and KIM, 2004;
RUBIO et al., 1996; RUBIO and MARTIN-CLEMENTE, 1999; ZAGARIYA et al.,
1998). Additional immunohistochemistry had to be performed to elucidate the cellular
origin of the increased IEG mRNA transcripts in SJL/J mice.
5.2.3 Cellular origin of immediate early genes during Theiler’s murine
encephalomyelitis
Double staining revealed a strong expression of c-jun in the nucleus and of c-fos and
p50 in the cytoplasm of astrocytes in all investigated white matter lesions.
Consequently, nuclear JUN/JUN homodimers might trigger the transcription of TNF-α
and IFN-γ within these cells. AP-1 proteins are also involved in cell differentiation and
proliferation of astrocytes, which might explain the formation of glial scar tissue
detected at the end of the observation period (SCHREIBER et al., 1999; SHAULIAN
and KARIN, 2001; SHAULIAN and KARIN, 2002). In contrast, mononuclear immune
cells were predominantly immunonegative for both AP-1 proteins but positive for p50
in the cytoplasm throughout the investigation period. Previous studies demonstrated
a role for NF-κB transcription factors in the activation and differentiation of
autoreactive T cells (HILLIARD et al., 1999). NF-κB subunits, especially p50 and cRel, have also been shown to play critical and differential roles in regulating B cell
proliferation and secretion and class switching of immunoglobulins (SNAPPER et al.,
1996; ZELAZOWSKI et al., 2000). In addition, NF-κB seems to be involved in MHC
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class I and II expression of macrophages and microglial cells in MS lesions (GOBIN
et al., 2001; GVERIC et al., 1998). Consequently, NF-κB transcription factors are
implicated in the immune functions of all inflammatory cells detected in TMEV and
MS lesions.
Immunohistochemistry demonstrated a high amount of inflammatory cells including T
cells, B cells, and macrophages as well as astrocytes that reacted strongly positively
with the Ets-1 specific antibody. ETS transcription factors are involved in T cell
activation, inhibition of T cell apoptosis, and the expression of the lck gene, a srcrelated tyrosine kinase that transduces the signal for the T cell antigen receptor
(BASSUK and LEIDEN, 1997; BHAT et al., 1990; BORIES et al., 1995; KANE et al.,
2000; LEUNG et al., 1993; MAROULAKOU and BOWE, 2000; MUTHUSAMY et al.,
1995; POGNONEC et al., 1988). In addition, ETS transcription factors block the
terminal differentiation of B cells to plasma cells and control the expression of
different MMPs and cytokines (BORIES et al., 1995; CHAKRABORTI et al., 2003;
GRENNINGLOH et al., 2005; ROSENBERG et al., 2002; WESTERMARCK and
KÄHÄRI, 1999). Recent studies have described a strong MMP-12 expression in
macrophages and astrocytes within late TME lesions and a high TNF-α and IFN-γ
expression driving lesion progression in susceptible SJL/J mice (CHANG et al., 2000;
TROTTIER et al., 2004; ULRICH et al., 2006). Therefore, beside its beneficial role in
viral clearance in the early phase of TME in C57BL/6 mice, a moderately but
statistically significantly increased Ets-1 in SJL/J mice might have a detrimental effect
in the late phase of TME by stimulating MMP and cytokine production as well as the
activation and differentiation of autoimmune T cells.
5.2.4 Inflammatory cell reaction during Theiler’s murine encephalomyelitis
Spinal cord white matter lesions and perivascular cuffs of SJL/J and C57BL/6 mice
were characterized by high numbers of T cells mainly helper T cells compared to low
numbers of B cells substantiating that TME represents a T cell mediated disease
(BEGOLKA et al., 1998; OLESZAK et al., 2003). The amount of both lymphoid cell
types decreased from 28 to 196 dpi slowly in SJL/J and rapidly in C57BL/6 mice. In
addition, abundant Mac-1+-cells were found in the affected white matter of SJL/J mice
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underlining the key role of macrophages as major effector cells particularly in the late
phase at 98 and 196 dpi (ULRICH et al., 2006). Interestingly, the amount of
perivascular and intralesional CD3+ T cells was surpassed by the sum of perivascular
and intralesional CD4+ and CD8+ T cells at all investigated time points in SJL/J mice.
These results confirm and extend findings noted in another study demonstrating
more CD4+ than CD8+ T cells in TME (MOHINDRU et al., 2006). Whether CD4/CD8
double-positive T cells in late chronic TME white matter lesions account for the
exceeding number of CD4+ and CD8+ T cells compared to CD3+ T cells needs to be
investigated in further studies. Higher numbers in the periphery of these not yet
terminally differentiated T cells have also been associated with autoimmune
disorders (PAREL and CHIZZOLINI, 2004). An increased percentage of this "double
phenotype" form of T lymphocytes has been found in blood of patients with acute
exacerbation of MS (ZIABER et al., 2000). Moreover, Ets-1 represents a key
transcription factor regulating thymocyte positive selection and lineage commitment
of MHC class I-restricted T cells (CLEMENTS et al., 2006). Consequently, a role of
CD4/CD8 double-positive cells in the pathogenesis of TME has to be suspected and
these cells might be induced by an ongoing expression of Ets-1 in SJL/J mice.
5.3 Concluding remarks
A significant down-regulation of Ets-1, c-jun, p50, Max, and p53 mRNA and a
significant up-regulation of c-fos mRNA was detected between neonatal and adult
SJL/J control mice. Physiologic processes during postnatal CNS development
including cell differentiation and apoptosis as well as myelination might depend on
the tightly controlled spatio-temporal expression of these IEGs. In addition, the IEG
expression pattern in TME pointed to specific functions of these transcription factors
in this animal model for different demyelinating diseases such as CDV and MS.
The early phase of TME is characterized by a moderate upregulation of Ets-1, c-jun,
c-fos, p50, and p65 in susceptible SJL/J mice probably driving a pro-inflammatory
cascade. These events seem to be prevented in resistant C57BL/6 mice by the lack
of increased c-jun and p65 mRNA transcript levels. In addition, a strong and fast antiviral IFN-γ response of this mouse strain might be caused by a strong upregulation of
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the up-stream transcription factors Ets-1 and p50 at 1 hpi. The late phase of TME is
characterized by an increase of all investigated IEGs in SJL/J in contrast to C57BL/6
mice. The interaction of Ets-1 and JUN/JUN homodimers in intralesional astrocytes
might trigger a continuous release of pro-inflammatory cytokines and MMPs in SJL/J
mice thereby promoting lesion progression and inhibiting axonal growth and
remyelination (BASSUK and LEIDEN, 1995; LOGAN et al., 1996). In addition, critical
immune cell functions implicated in myelin destruction might be related to the spatiotemporal cell type specific expression of Ets-1, AP-1, and NF-κB proteins
(GERHAUSER et al., 2005; ROSENBERG, 2002; ULRICH et al., 2005; ULRICH et
al., 2006; WESTERMARCK and KÄHÄRI, 1999). However, further studies are
needed to elucidate the interactions of the investigated and other transcription factors
in promoter regions in order to create potential targets for future therapeutical
intervention.
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Ingo Gerhauser – The role of “Immediate Immediate Early Genes” in the central
nervous system of susceptible and resistant mouse strains during Theiler´s murine
encephalomyelitis
Theiler’s murine encephalomyelitis (TME) represents an important virus-induced
mouse model to study demyelinating disesases including canine distemper virus and
multiple sclerosis. The persistence of the TME virus (TMEV) in the spinal cord of
susceptible SJL/J mice triggers the release of different cytokines and matrixmetalloproteinases (MMPs) that participate in the demyelination process. In contrast,
a strong antiviral immune response prevents virus persistence and demyelination in
resistant C57BL/6 mice. Gene products of immediate early genes (IEGs) including
Ets-1, c-jun, c-fos, NF-κB, Max, and p53 are interacting transcription factors binding
to specific sites in promoter regions of inducible and constitutively expressed genes.
Thereby, they control transcription of downstream targets, like cytokines, MMPs, and
pro- and anti-apoptotic genes. MMPs are known to play an important role in
development, plasticity, response to injury, and repair of the central nervous system
(CNS). The Ets-1 transcription factor is also involved in the maturation and activation
of different NK-, T-, and B cell lineages. However, specific expression patterns of
these transcription factors in control animals and TME susceptible and resistant
mouse strains as well as their relationship to demyelination remain to be determined.
A real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
and immunohistochemical investigation was performed to study age-dependent
mRNA expression levels and protein distribution patterns of all above mentioned
IEGs in cerebrum, cerebellum, and spinal cord of non-infected SJL/J mice between
postnatal weeks 1 and 40. In addition, the mRNA expression of Ets-1, c-fos, c-jun,
and NF-κB (p50, p65), as well as TMEV, TNF-α, and IFN-γ genes was quantified in
the spinal cord of TMEV (BeAn strain)-infected SJL/J and C57BL/6 mice until 196
days post infection (dpi) using RT-qPCR. TMEV-infected spinal cords were also
examined for Ets-1, c-fos, c-jun, and p50 expression applying immunohistochemistry.
The inflammatory process of TME was characterized by quantifying perivascular and
intralesional CD3+, CD4+, CD8+, CD45R+, and Mac-1+ cells.
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An age-dependent downregulation of Ets-1, c-jun, p50, Max, and p53 mRNA, and an
upregulation of c-fos mRNA was noticed in cerebrum, cerebellum, and spinal cord of
non-infected SJL/J mice. Downregulations of Ets-1 and p53 were most prominent
between week 1 and 3. One week old mice were strongly immunopositive for Ets-1,
c-jun, and Max in cerebral cortex, medulla oblongata, and gray matter of the spinal
cord. A high staining intensity was detected in the developing granule cell layer of the
cerebellum for c-jun and Ets-1, and in the Purkinje cell layer of the cerebellum for
Max. Surprisingly, in contrast to the downregulation of most mRNAs in adult mice,
immunohistochemistry demonstrated minor upregulations of all IEG proteins in
restricted parts of the CNS.
TMEV-infected mice demonstrated a mouse-strain specific expression pattern for all
investigated IEGs. Susceptible SJL/J mice showed an upregulation of AP-1 and NFκB mRNA transcripts in the early (0-7 dpi) and late phase (28-196 dpi) of TME,
whereas in resistant C57BL/6 mice these IEGs were only upregulated until 4 dpi.
Furthermore, a stronger upregulation of Ets-1 mRNA transcripts was found until 7 dpi
in C57BL/6 compared to SJL/J mice. In the latter, Ets-1 was low in the early phase
and moderately increased in the late phase of TME. Though an increased TNF-α and
IFN-γ expression after TMEV-infection was found in both investigated mouse strains
in the early phase of TME, the IFN-γ response was observed more rapidly in
C57BL/6 mice. Resistant mice cleared the virus from the spinal cord. In contrast,
SJL/J mice developed a heavy viral burden, strongly increased cytokine mRNA
transcript levels, extensive white matter lesions dominated by CD4+ T cells and
macrophages, and progressive demyelination in the late phase of TME. The majority
of intralesional astrocytes showed an immunoreaction for Ets-1, c-jun, and p50.
Although most mononuclear immune cells demonstrated an immunostaining for Ets1, barely half of these cells was immunopositive for p50.
The results indicated a cell-type specific IEG expression pattern, which was
influenced by the genetic background of the investigated mouse strains, as well as
physiological and pathological stimuli. A prominent role in CNS development
especially the cerebellum was found for Ets-1, c-jun, and Max by comparing their
expression between neonatal and adult SJL/J mice. In addition, the expression of
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AP-1 and NF-κB proteins in resident glial cells after TMEV-infection was followed by
a strong downstream TNF-α production. This might account for disease development
in susceptible SJL/J mice. Virus persistence and lesion development in resistant
C57BL/6 mice seemed to be prevented by the strong induction of Ets-1 and IFN-γ in
the early phase of TME. In the contrary, the formation of JUN/JUN homodimers as
well as a delayed and moderate Ets-1 activation in intralesional astrocytes might
contribute to the sustained release of pro-inflammatory cytokines, thereby promoting
disease progression.
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Ingo Gerhauser – Die Rolle von “Immediate Immediate Early Genes” im zentralen
Nervensystem von empfänglichen und resistenten Mäusestämmen im Verlauf der
murinen Theilervirus-Enzephalomyelitis
Die murine Theilervirus-Enzephalomyelitis („Theiler’s murine encephalomyelitis“;
TME) stellt ein wichtiges, virusinduziertes Tiermodell für demyelinisierende
Erkrankungen wie die kanine Staupe oder die multiple Sklerose des Menschen dar.
Die Persistenz des Theilervirus („Theiler’s murine encephalomyelitis virus“; TMEV) im
Rückenmark

von

empfänglichen

SJL/J-Mäusen

löst

die

Freisetzung

von

verschiedenen Zytokinen und Matrix-Metalloproteinasen (MMPs) aus, die eine Rolle
im Entmarkungsprozess spielen. Im Gegensatz hierzu verhindert eine starke
antivirale Immunantwort in resistenten C57BL/6-Mäusen die Viruspersistenz und die
Demyelinisierung. Genprodukte von „immediate early genes” (IEGs), wie zum
Beispiel

Ets-1,

c-jun,

c-fos,

NF-κB,

Max

und

p53,

sind

interagierende

Transkriptionsfaktoren, die an spezifische Stellen in der Promoterregion von
induzierbaren und konstitutiv exprimierten Genen binden. Dadurch kontrollieren sie
die Transkription von nachgelagerten Zielgenen, unter anderem Zytokinen, MMPs,
und pro- und anti-apoptotischen Genen. MMPs sind an der Entwicklung, der
Plastizität

und

Wiederherstellung

der

Reaktion

auf

vorherbestandener

Gewebsschädigungen
Gewebsstrukturen

inklusive
des

der

zentralen

Nervensystems (ZNS) beteiligt. Der Transkriptionsfaktor Ets-1 beeinflusst auch die
Reifung und Aktivierung von natürlichen Killerzellen, sowie T- und B-Lymphozyten.
Allerdings

fehlen

Studien

über

die

spezifischen

Expressionsmuster

dieser

Transkriptionsfaktoren in Kontrolltieren, sowie empfänglichen und resistenten
Mäusestämmen im Verlauf der TME und ihre Verbindung zur Entmarkung.
Eine quantitative RT-PCR (RT-qPCR) und eine immunhistologische Untersuchung
wurden benutzt, um die altersabhängige mRNA- und Protein-Expression der oben
genannten IEGs im Großhirn, Kleinhirn und Rückenmark von nicht-infizierten SJL/JMäusen zwischen der ersten und der vierzigsten Lebenswoche zu studieren.
Außerdem wurde die mRNA-Expression der Ets-1, c-fos, c-jun, NF-κB (p50, p65),
TMEV, TNF-α und IFN-γ Gene im Rückenmark von TMEV (BeAn-Stamm)-infizierten
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SJL/J- und C57BL/6-Mäusen bis zum 196. Tag post infectionem (Tpi) mittels RTqPCR quantifiziert. Die Ets-1-, c-fos-, c-jun- und p50-Expression in TMEV-infiziertem
Rückenmark wurde ebenfalls mit immunhistologischen Methoden untersucht. Zur
Charakterisierung des Entzündungsprozesses im Verlauf der TME wurden die
perivaskulären und intraläsionalen CD3-, CD4-, CD8-, CD45R- und Mac-1-positiven
Zellen ausgezählt.
Ein alterabängiger Abfall an Ets-1, c-jun, p50, Max und p53 mRNA, sowie ein Anstieg
an c-fos mRNA wurde im Großhirn, Kleinhirn und Rückenmark von nicht infizierten
SJL/J-Mäusen festgestellt. Dieser Abfall wurde besonders bei Ets-1 und p53
zwischen der ersten und dritten Lebenswoche beobachtet. Mäuse zeigten im Alter
von einer Woche eine starke Immunreaktion für Ets-1, c-jun, und Max im zerebralen
Kortex, verlängertem Rückenmark und der grauen Substanz des Rückenmarks. Die
sich entwickelnde Granularzellschicht des Kleinhirns wies eine ausgeprägte
Immunreaktion für c-jun und Ets-1 auf. In der Purkinjezellschicht des Kleinhirns fand
sich eine starke Reaktion für Max. Überraschenderweise wurde neben dem
altersabhängigen Abfall der meisten mRNA Transkripte lokal begrenzt mittels
Immunhistologie eine verstärkte Expression der IEG-Proteine im ZNS von adulten
Mäusen festgestellt.
Bei TMEV-infizierten Mäusen wurde ein mausstammspezifisches Expressionsmuster
aller untersuchten IEGs beobachtet. Empfängliche SJL/J-Mäuse wiesen einen
Anstieg an AP-1 und NF-κB mRNA Transkripten in der Früh- (0-7 Tpi) und
Spätphase (28-196 Tpi) der TME auf, während bei resistenten C57BL/6-Mäusen
diese IEGs nur bis zum 4. Tpi aufreguliert waren. Außerdem wurde bis zum 7. Tpi ein
stärkerer Anstieg an Ets-1 mRNA Transkripten bei C57BL/6-im Vergleich zu SJL/JMäusen festgestellt. Bei diesen empfänglichen Mäusen war Ets-1 nur geringgradig in
der Frühphase und mittelgradig in der Spätphase der TME aufreguliert. Obwohl TNFα and IFN-γ bei beiden untersuchten Mäusestämmen nach einer TMEV-Infektion in
der Frühphase der TME aufreguliert waren, zeigten die C57BL/6-Mäuse einen
schnelleren Anstieg der IFN-γ-Expression. Während diese resistenten Mäuse das
Virus aus dem Rückenmark eliminierten, zeigten die SJL/L-Mäuse in der Spätphase
der TME einen hohen Virusgehalt, ein stark erhöhtes Niveau an Zytokin-mRNA-
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Transkripten, ausgedehnte Läsionen in der weißen Substanz mit zahlreichen CD4positiven T-Zellen und Makrophagen, sowie eine fortschreitende Demyelinisierung.
Intraläsionale Astrozyten wiesen mehrheitlich eine positive Immunreaktion für Ets-1,
c-jun und p50 auf. Obwohl die meisten mononukleären Immunzellen positiv für Ets-1
waren, zeigte nur knapp die Hälfte eine Immunreaktion für p50.
Die Ergebnisse deuten auf ein zelltypspezifisches IEG-Expressionsmuster hin,
welches

einerseits

durch

den

genetischen

Hintergrund

der

untersuchten

Mäusestämme als auch durch physiologische und pathologische Stimuli beeinflusst
wird. Eine herausragende Rolle bei der ZNS- insbesondere der Kleinhirn-Entwicklung
konnte für Ets-1, c-jun und Max durch den Vergleich ihrer Expression in neonatalen
und adulten SJL/J-Mäusen nachgewiesen werden. Des Weiteren könnte die AP-1und NF-κB-Proteinexpression in ortsständigen Gliazellen nach einer TMEV-Infektion
mit der nachfolgenden TNF-α-Produktion und ebenfalls mit der Entstehung der
Erkrankung im Zusammenhang stehen. Die Viruspersistenz und Entwicklung der
Läsionen in resistenten C57BL/6-Mäusen wird anscheinend durch die starke
Induktion von Ets-1 und IFN-γ in der Frühphase der TME verhindert. Demgegenüber
scheinen intraläsionale Astrozyten über eine Bildung von JUN/JUN-Homodimeren
sowie eine verzögerte und mäßige Aktivierung von Ets-1 an einer ständigen
Freisetzung

von

pro-inflammatorischen

Zytokinen

Fortschreiten der Erkrankung beteiligt zu sein.

und

dadurch

an

einem
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GenBank
GI-No. of
gene *

157-864

109-576

109-576

7305584

28501526

28501526

Reverse

Forward

Reverse

Forward

299-318

175-194

440-459

257-276

Reverse

3/4

1/4

3, 4 / 4

1/4

6 / 11

4 / 11

Exon
No. of
primer
GGCCTCATCCACATGAACTT

Sequence of primer
from 5’->3’

AATCTGGCTCTGCAGGATTT

CACGGCACAGTCATTGAAAG

CACTTGGTGGTTTGCTACGA

GCCTCTTCTCATTCCTGCTT

CACTGTCACCTGGAAGCAGA

2.0

IFN-γ
150

150
150

2.5
8.0

8.0

8.7

3.0

3.0

4.8

Primer Glycerol DMSO
(nM)
(%)
(%)

2.0

MgCl2
(mM)

Rel A (p65)
TNF-α

Gene

60

60

55

Annealing
Temperature
(°C)

40

40

40

Cycles

II. PCR reaction conditions of Rel A (p65), TNF-α, and IFN-γ

* GenBank: National Center for Biotechnology Information
National Library of Medicine, 38A, 8N805
8600 Rockville Pike
Bethesda, MD 20894, USA
GI-No.:
"GenInfo Identifier" sequence identification number

IFN-γ

TNF-α

157-864

7305584

355-374
580-599

Forward

Primer
Coding
Primer
position
sequence
direction
in mRNA
of gene

Rel A 134103991 105-1754
(p65) 134103991 105-1754

Gene

sequences of Rel A (p65), TNF-α, and IFN-γ

100%

100%

100%

100%

100%

100%

Homology of
cloned mRNA
to original
mRNA

AY423847

AY423847

AY423855

AY423855

EF460348

EF460348

GenBank
accession
numbers of
cloned mRNA

I. GenBank identification number, primer, and homology of cloned mRNA to published
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WmInf Demyel

TMEV

TNF-α

IFN-γ

c-jun

c-fos

p50

p65

0.812*** 0.742*** 0.704*** 0.688*** 0.784*** 0.779*** 0.689*** 0.446*** 0.421*** 0.818*** 0.730***

PvInf

IFN-γ

Demyel: Demyelination

0.331* 0.444***

PvInf: Perivascular infiltration

0.505***

**: p < 0.001

.

TNF-α

Bold letter: 0.8<SCC

0.192

TMEV

WmInf: White matter infiltration

0.265

WmInf Demyel

MeInf: Meningeal infiltration

0.176

PvInf

*: p < 0.01
Italic letter: 0.5<SCC≤0.8

Ets-1

MeInf

and RT-qPCR data of C57BL/6 mice

0.235

c-fos

***: p < 0.0001

-0.239

c-jun

0.664***

p50

-0.127

p65

IV. Spearman´s rank correlation coefficient (SCC) between Ets-1, histological parameters,

Ets-1

MeInf

and RT-qPCR data of SJL/J mice

III. Spearman´s rank correlation coefficient (SCC) between Ets-1, histological parameters,
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