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2                                                                                                                      Summary 

Experimental intracerebral infection of mice with the Theiler’s murine 

encephalomyelitis virus (TMEV) is used in numerous studies to investigate the 

pathomechanism of demyelinating diseases including Multiple Sclerosis (MS). This 

virus causes in susceptible mouse strains a biphasic disease consisting of an acute 

polioencephalomyelitis and a chronic demyelinating leukomyelitis. In contrast, 

resistant mouse strains eliminate the virus from the central nervous system (CNS) 

within two to four weeks, which seems to be based on a strong antiviral innate 

immune response including the activation of the type I interferon (IFN) signaling 

pathway. Nevertheless, detailed investigations of this pathway during TMEV-induced 

demyelinating disease (TMEV-IDD) are lacking. This study compared the expression 

of several interferon-stimulated genes (ISGs) such as IFN-stimulated protein of 15 

kDa (ISG15), protein kinase R (PKR), and 2'5'-oligoadenylate synthetase (OAS) in 

the spinal cord between susceptible SJL/J and resistant C57BL/6 mice at the 

transcriptional and translational level after TMEV infection to gain a first insight in the 

activation of the type I IFN signaling pathway. Microarray analysis demonstrated that 

TMEV-infection of SJL/J mouse induces a strong expression of mRNA transcripts of 

numerous ISGs including ISG15. Furthermore, transcription of several additional 

genes involved in the type I IFN signaling pathway was increased. However, no 

significant differences in the gene expression of the type I IFNs (IFN-� and IFN-�) 

between mock- and TMEV-infected mice were found. In addition, an 

immunohistochemical investigation of the spinal cord of SJL/J mice demonstrated 

that the protein expression of ISGs was hardly affected by TMEV-infection. In 

contrast, resistant mice showed a high constitutive protein expression of all 

investigated ISGs in the gray and white matter of the spinal cord, which was even 

increased by TMEV-infection despite the low amount of virus. A double 

immunofluorescence using cellular markers demonstrated the expression of ISG15 in 

astrocytes and endothelial cells in both mouse strains, whereas PKR was mainly 

expressed in microglia/macrophages, oligodendrocytes, and neurons. Only few cells 
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were immunopositive for OAS proteins. These results indicate a disordered activation 

of the type I IFN signaling pathway in susceptible SJL/J mice during TMEV-IDD, 

whereas the high constitutive expression of antiviral ISGs might decisively participate 

in virus elimination in resistant C57BL/6 mice. 

In the last years several studies demonstrated that an intracerebral infection of 

C57BL/6 but not SJL/J mice provokes epileptiform seizures. Hence TMEV-IDD 

represents an interesting animal model to investigate the epileptogenesis during 

virus-induced encephalitis. The present study showed that the occurrence of these 

seizures is dependent on the degree of neurodegeneration and the numbers of 

activated microglia/macrophages in the hippocampus. In contrast, T cells do not 

seem to play a prominent role in the development of seizures. Interestingly, the 

quantification of ISG15 expression allowed a nearly perfect discrimination between 

C57BL/6 mice with and without early seizures. Due to the presence of ISG15 in the 

peripheral blood during neuronal injuries, this protein could also constitute a 

biomarker to detect a potential ictogenesis and epileptogenesis. 

In addition to the mouse strain, the course of TMEV-IDD is dependent on the virus 

strain used in the experiments. For instance, GDVII strains of TMEV induce in all 

mouse strains a rapidly progressing lethal polioencephalitis, whereas TO strains such 

as BeAn and DA have been used for a long time to investigate the pathomechanisms 

of demyelinating diseases. The latter strains have also been used in the present 

study and the ensuing course of the disease has been compared. These experiments 

demonstrated differences between the investigated TO strains and even between two 

BeAn substrains in the degree of inflammatory changes in the CNS. Furthermore, 

microglia/macrophages and the type I IFN signaling pathway seem to have a strong 

impact on the functional and structural changes in the hippocampus, which finally 

lead to epileptiform seizures. Consequently, the results of this study might be a 

starting point for further investigations to characterize the molecular mechanisms of 
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the different TMEV-induced CNS lesions on the cellular level in detail. 
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Zusammenfassung 

Die Rolle der angeborenen Immunantwort bei der 

Neuropathogenese der murinen Theilervirus-
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6                                                                                                       Zusammenfassung 

Die experimentelle intrazerebrale Infektion von Mäusen mit dem murinen 

Theilervirus-Enzephalomyelitis-Virus (TMEV) wird in zahlreichen Studien zur 

Untersuchung von Pathomechanismen demyelinisierender Erkrankungen wie der 

humanen Multiplen Sklerose (MS) benutzt. Dieses Virus verursacht in empfänglichen 

Mausstämmen eine biphasische Erkrankung, welche aus einer akuten 

Polioenzephalitis und einer chronischen demyelinisierenden Leukomyelitis besteht. 

Demgegenüber eliminieren resistente Mausstämme das Virus innerhalb von zwei bis 

vier Wochen aus dem zentralen Nervensystem (ZNS). Hierfür benötigen resistente 

Mäuse wahrscheinlich eine starke antivirale angeborene Immunantwort, welche zum 

großen Teil auf der Aktivierung des Typ I Interferon (IFN)-Signalweges beruht. 

Detaillierte Analysen dieses Signalweges wurden jedoch bisher nicht durchgeführt. 

Im Rahmen dieser Studie wurde die Expression von IFN-abhängigen Genen wie IFN-

stimuliertes Protein von 15 kDa (ISG15), Proteinkinase R (PKR) und 2'5'-

Oligoadenylatsynthetase (OAS) auf der Ebene der Transkription und Translation im 

Verlauf der murinen Theilervirus-Enzephalomyelitis (TME) im Rückenmark bei 

empfänglichen SJL/J- und resistenten C57BL/6-Mäusen verglichen, um Einblicke in 

die Aktivierung des Typ I IFN-Signalweges zu erhalten. 

Die Analyse von Microarray-Daten zeigte, dass eine TMEV-Infektion von SJL/J-

Mäusen zu einer starken Expression von mRNS-Transkripten IFN-abhängiger Gene 

insbesondere ISG15 führt. Außerdem wurde die Bildung zahlreicher weiterer Gene 

des Typ I IFN-Signalweges auf der Ebene der Transkription induziert. Allerdings 

wurden keine signifikanten Unterschiede zwischen scheininfizierten und TMEV-

infizierten SJL/J-Mäusen in der Genexpression der Typ I Interferone IFN-α und IFN-β 

nachgewiesen. Darüber hinaus zeigte eine immunhistologische Untersuchung des 

Rückenmarks von SJL/J-Mäusen, dass die Proteinexpression IFN-abhängiger Gene 

nach einer TMEV-Infektion kaum verändert war. Demgegenüber wiesen resistente 

C57BL/6-Mäuse eine starke konstitutive Proteinexpression aller untersuchten IFN-

abhängigen Gene sowohl in der grauen als auch in der weißen Substanz des 
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Rückenmarks auf, welche durch die TMEV-Infektion trotz niedriger Virusmengen 

sogar noch gesteigert wurde. Eine Doppelimmunfluoreszenz unter Verwendung von 

zellulären Markern wies in beiden untersuchten Mäusestämmen eine Expression von 

ISG15 in Astrozyten und Endothelzellen nach, während PKR überwiegend von 

Mikroglia/Makrophagen, Oligodendrozyten und Neuronen gebildet wurde. OAS-

Proteine wurden nur in wenigen Zellen nachgewiesen. Diese Ergebnisse deuten auf 

eine gestörte Aktivierung des Typ I IFN-Signalweges in empfänglichen SJL/J-

Mäusen im Verlauf einer TME hin, während die starke konstitutive Expression von 

antiviral wirkenden IFN-abhängigen Genen möglicherweise entscheidend an der 

Viruselimination in resistenten C57BL/6-Mäusen beteiligt ist. 

In den letzten Jahren wurde in mehreren Studien nachgewiesen, dass eine 

intrazerebrale TMEV-Infektion in C57BL/6- jedoch nicht in SJL/J-Mäusen 

epileptiforme Anfälle auslösen kann. Somit stellt die TME ein interessantes 

Tiermodell zur Erforschung der Epileptogenese im Verlauf virusinduzierter 

Enzephalitiden dar. Die eigenen Untersuchungen zeigten, dass das Auftreten dieser 

Anfälle von dem Schweregrad der Neurodegeneration und der Menge an aktivierten 

Mikrogliazellen/Makrophagen in der Hippocampusformation abhängt. Demgegenüber 

scheinen T-Zellen keine essentielle Rolle bei der Entwicklung der Anfälle zu spielen. 

Interessanterweise konnte auch anhand der Expression von ISG15 nahezu perfekt 

zwischen C57BL/6-Mäusen ohne und mit Anfällen unterschieden werden. Da ISG15 

bei neuronalen Schäden im peripheren Blut nachgewiesen werden kann, stellt dieses 

Protein somit möglicherweise auch einen Biomarker zur Erkennung einer potentiellen 

Iktogenese und Epileptogenese dar. 

Neben dem Mausstamm hängt der Verlauf der TME auch von dem eingesetzten 

Virusstamm ab. So zeigen die GDVII-Stämme des TMEV bei allen Mausstämmen 

eine schnell tödlich verlaufende Polioenzephalitis, während die TO-Stämme BeAn 

und DA seit langem in der Erforschung der Pathomechanismen demyelinisierender 
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Krankheitsprozesse benutzt wurden. In dieser Studie wurden die letztgenannten 

TMEV-Stämme benutzt und deren Einfluss auf den Verlauf der TME miteinander 

verglichen. Hierbei zeigten sich Unterschiede zwischen den untersuchten TO-

Stämmen und sogar zwischen zwei BeAn-Substämmen im Ausmaß der 

entzündlichen Veränderungen im ZNS. Darüber hinaus scheinen 

Mikrogliazellen/Makrophagen und der Typ I-IFN-Signalweg auch einen bedeutenden 

Einfluss auf die funktionellen und strukturellen Veränderungen in der 

Hippocampusformation zu haben, welche letztendlich zum Auftreten von 

epileptiformen Anfällen führen. Somit stellen die Ergebnisse dieser Studie den 

Ausgangspunkt für weitere Untersuchungen dar, in denen die molekularen 

Mechanismen der verschiedenen durch das TMEV ausgelösten Läsionen im ZNS auf 

zellulärer Ebene detailliert charakterisiert werden. 
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10                                                                                                                 Introduction 

3.1. Aim of this study 

Experimental infection of mice with Theiler‘s murine encephalomyelitis virus (TMEV) 

is used as an animal model of multiple sclerosis (MS; Dal Canto et al., 1996). MS is 

regarded as an autoimmune disease of the human central nervous system (CNS), 

characterized by multifocal plaques with myelin loss, axonal damage, and gliosis 

(Lassmann et al., 2007; Olson and Miller, 2009). Nowadays, the therapy of MS 

strongly relies on different immunomodulatory and immunosuppressive drugs 

including beta interferon (IFN-�) which blocks T cell activation, increases interleukin 

(IL)-10 expression, and maintains blood-brain barrier integrity (Kraus et al., 2004; 

Kay et al., 2013). Similarly, IFN-�-dependent mechanisms seem to reduce the myelin 

loss in chronic TMEV-induced demyelinating disease (TMEV-IDD, Olson and Miller, 

2009). IFN-� initiates the type I IFN signaling pathway to induce the production of IFN 

stimulated genes (ISGs) such as IFN-stimulated protein of 15 kDa (ISG15), protein 

kinase R (PKR), and 2’5’-oligoadenylate synthetase (OAS), which directly or 

indirectly inhibit virus infection in early and late stages of the virus life cycle (Gilli et 

al., 2004; Schneider et al., 2014; Schoggins, 2014). The death of IFN-α receptor 

(IFNAR) knockout mice after TMEV infection supports the prominent role of ISGs in 

virus control (Jin et al., 2010). Correspondingly, the TMEV genome encodes a leader 

(L) protein, which is able to block the dimerization and nucleocytoplasmic trafficking 

of interferon regulator factor (IRF) 3 and thereby IFN-� production (Delhaye et al., 

2004; Ricour et al., 2009a, 2009b; Stavrou et al., 2010). Interestingly, SJL/J mice are 

highly susceptible for TMEV-IDD, whereas resistant mouse strains such as C57BL/6 

clear the virus from the CNS within 3 weeks (Mecha et al., 2013). Consequently, 

TMEV-induced demyelination might result from an insufficient infection control by the 

innate immune response particularly the IFN system in susceptible mice. 

In addition, intracerebral infection with TMEV in C57BL/6 mice was reported to 

induce acute seizures and chronic epilepsy and considered as the first virus-driven 
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animal model of epilepsy (Libbey et al., 2008). Both low neurovirulent TMEV strains, 

DA and BeAn, are able to induce seizures in C57BL/6 mice, but to different degrees 

(Libbey et al., 2011a). In contrast to C57BL/6 mice, TMEV did not induce seizures in 

SJL/J, FVB/N, and BALB/c mice (Libbey et al., 2008). So far, the exact mechanisms 

causing epileptogenesis are unknown resulting in a lack of treatment for preventing 

epilepsy in patients at risk. 

The aim of the present study was (1) to compare the expression of important ISGs 

between SJL/J and C57BL/6 mice infected with TMEV BeAn strain in order to 

substantiate the hypothesis that intrinsic differences in the interferon system between 

these mouse strains are related to their susceptibility to TMEV-induced demyelination 

and (2) to characterize the lesions induced by the BeAn and DA strains of TMEV in 

SJL/J and C57BL/6 mice in detail and evaluate their impact on seizure development. 

 

3.2. Central nervous system disease  

3.2.1. Demyelinating diseases 

The term demyelinating disease refers to any disease associated with damage to the 

myelin sheath that impairs the conduction of signals in the body, in contrast to 

dysmyelination in which myelin fails to form normally (Love, 2006). According to the 

location of the characteristic demyelinating lesions, they are divided into CNS 

demyelinating diseases such as MS in humans and TMEV-IDD in mice and PNS 

demyelinating diseases including Guillain–Barré syndrome and Charcot-Marie-Tooth 

disease in humans. Due to the histological and pathological similarities between MS 

and TMEV-IDD, TMEV infection of mice represents an important animal model of MS 

(Oleszak et al., 2004). Additional experimental models of MS include experimental 

autoimmune encephalomyelitis (EAE), murine hepatitis virus (MHV), semliki forest 

virus (SFV), and sindbis virus (SV) (Lassmann, 2007; Mecha et al., 2013). 
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Multiple sclerosis 

MS is an inflammatory neurodegenerative disease in the CNS of young adults 

between the age of 20 and 40 and its risk is higher in women than men (Achiron et 

al., 2003; Bar-Or et al., 1999; Heine et al., 2015). About 1.3 million people are 

affected by the lifelong disorder MS worldwide encouraging many researchers (Heine 

et al., 2015). The risk to develop MS is critically influenced by several genetic and 

environmental factors including infections (Hedström et al., 2015). Clinical signs and 

symptoms include numbness or weakness in one or more limbs, loss of vision, 

tremor, unsteady gait, slurred speech, dizziness, bladder and bowel dysfunction, and 

pain (Joy and Johnston, 2001). With the development of magnetic resonance 

imaging (MRI) technology Lublin et al. (2014) redefined the clinical course of MS in a 

clinically isolated syndrome (CIS, active/not active), a relapsing-remitting disease 

(RRMS, active/not active), a primary progressive disease (PPMS, active/not active, 

with/without progression), and a secondary progressive disease (SPMS, active/not 

active, with/without progression). In this report, they described the different 

phenotypes of MS as follows: (1) CIS is now recognized as the first clinical 

presentation of a disease that shows characteristics of inflammatory demyelination 

that could be MS, but has yet to fulfill criteria of dissemination in time. (2) RRMS can 

be characterized by full recovery from relapses or sequelae/residual deficit after 

incomplete recovery. (3) A progressive accumulation of disability from onset is found 

in PPMS patients. (4) SPMS is characterized by a progressive accumulation of 

disability after initial relapsing course. A patient with or without a new gadolinium-

enhancing lesion on a current MRI would be considered as active or not active, 

respectively. In addition, a progressive disease does not progress in a uniform 

fashion and may remain relatively stable over periods of time. Hence, a patient with 

PPMS who has not progressed over the past year would be classified as PPMS-not 

progressing, whereas a patient with SPMS who has gradually worsened would be 

classified as SPMS-active and progressing (Lublin et al., 2014). 
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The pathology of MS includes large, multifocal, demyelinated plaques with reactive 

glial scar formation, axonal injury, and inflammatory infiltrates of T cells and 

macrophages (Brück et al., 1996; Lassmann et al., 2001). Recently, the spectrum of 

MS pathology was broadened to include demyelination in the cortex and deep gray 

matter nuclei as well as diffuse axonal injury of the normal-appearing white matter 

(Lassmann et al., 2007). T helper 1 and 2 cells (Th1 and Th2) and major 

histocompatibility complex (MHC) class I-restricted cytotoxic T cells (Tc1) are 

involved in inflammatory reactions in MS. The various mechanisms causing damage 

to myelin sheaths and oligodendrocytes result in four distinct morphological patterns 

of demyelination in active lesions: (1) macrophage-mediated demyelination, (2) 

antibody-mediated demyelination, (3) distal oligodendrogliopathy & apoptosis, and (4) 

primary oligodendroglia degeneration (Lassmann et al., 2001). Toxic products of 

macrophages and/or direct effects of cytotoxic T cells seem to induce axonal injury in 

the acute phase of demyelination, whereas a lack of trophic support by glial cells, 

such as oligodendrocytes, as well as inflammatory mediators produced by 

macrophages are likely to cause axonal injury in the chronic phase (Lassmann et al., 

2001). 

 

3.2.2. Seizure and Epilepsy 

The term seizure originally derived from the Greek meaning “to take hold” and is 

used nowadays for any sudden and severe event (Fisher et al., 2005). Seizures are  

abnormal, hypersynchronous discharges of interconnected neurons in the brain 

(Vezzani et al., 2016), which can be caused by various health conditions, such as 

alcohol withdrawal, drug intoxications, brain infection, brain injury, fever, stroke, and 

so on. Epilepsy is a neurological disorder of the brain with either: (1) at least two 

unprovoked (or reflex) seizures occurring more than 24 h apart; (2) one unprovoked 
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(or reflex) seizure and a probability of further seizures similar to the general 

recurrence risk (at least 60%) after two unprovoked seizures, occurring over the next 

10 years; (3) diagnosis of an epilepsy syndrome (Fisher, 2015). Early seizures occur 

in the first 1-2 (occasionally 4) weeks after brain injury and are typically felt to 

represent acute symptomatic seizures with the patient not qualifying as having 

epilepsy (Vezzani et al., 2016). Late seizures are unprovoked and spontaneous, and 

characterize the clinical onset of acquired epilepsy (Vezzani et al., 2016). Epilepsy 

affects about 50 million people around the word, 90% of whom are found in 

developing countries (Libbey and Fujinami, 2011). Over 100 different neurotropic 

viruses cause encephalitis in humans and several of these viruses are suspected to 

play an important role in the development of seizures and epilepsy (Misra et al., 2008; 

Singhi, 2011). Similarly, C57BL/6 mice intracerebrally infected with TMEV suffer from 

acute encephalitis partially with concurrent seizures and can develop chronic 

epilepsy. Therefore, TMEV-infected C57BL/6 mice are used as an animal model for 

epilepsy (Libbey and Fujinami, 2011). 

 

3.2.3. Theiler’ murine encephalomyelitis virus 

3.2.3.1. Virus and strains 

In 1934, Max Theiler discovered a new virus from the CNS of mice with spontaneous 

flaccid paralysis of the hind legs, which was named Theiler’s murine 

encephalomyelitis virus (Theiler, 1934, 1937). TMEV is a non-enveloped positive-

sense single-stranded RNA (ssRNA) Cardiovirus of the Picornaviridae family, whose 

genome comprises 8098 nucleotides (Cusick et al., 2014; Pevear et al., 1987). The 

RNA genome includes an 5‘ untranslated region (UTR), an open reading frame 

(ORF), an 3‘ UTR, and a poly A tail. Its ORF encodes a 2303-amino acid polyprotein, 

which is post-translationally cleaved by viral proteases into L (leader protein), P1 

(capsid region), P2 (midsection) and P3 (right portion) and finally into 12 mature 
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proteins (Cusick et al., 2014; Mecha et al., 2013; Pevear et al., 1987; Tsunoda and 

Fujinami, 2010). The four capsid proteins, VP1, VP2, VP3 and VP4 are structural 

proteins of TMEV and encoded by P1. The non-structural proteins including 2A, 2B, 

2C, 3A, 3B, 3C, and 3D are encoded by P2 and P3 and are required for viral RNA 

replication (Oleszak et al., 2004; Tsunoda and Fujinami, 2010). Based on viral 

crystalline arrays in infected cells, ribonuclease T1 finger printing patterns, and 

neurovirulence following intracerebral inoculation of mice, TMEV is divided into a 

GDVII and a TO subgroup, which are 90% identical at the nucleotide level and 95% 

identical at the amino acid level (Mecha et al., 2013; Pevear et al., 1988; Tsunoda 

and Fujinami, 2010).  

 

3.2.3.2. GDVII subgroup 

The GDVII subgroup is highly neurovirulent in mice, consists of GDVII and FA 

strains, and produces a severe encephalitis resulting in death within one to two 

weeks (Mecha et al., 2013; Yamada et al., 1991). These strains induce the infection 

and apoptosis of neurons in the cerebral cortex, hippocampus, and anterior horns of 

the spinal cord (Stroop et al., 1981; Tsunoda et al., 1997). In addition, severe axonal 

injury can be observed in the normal-appearing white matter at 1 week after GDVII 

infection, but without the presence of macrophages, T cells, or viral antigen-positive 

cells (Tsunoda et al., 2003), TMEV seems to spread via microtubule-associated fast 

axonal transport. However, GDVII subgroup strains are not able to efficiently infect 

the white matter of the spinal cord and do not persist in survivors (Martinat et al., 

1999). 

3.2.3.3. TO subgroup 

TO subgroup is lowly neurovirulent in mice and includes DA (Daniels et al., 1952), 

WW (Stroop and Baringer, 1981; Wroblewska et al., 1977), TO4, BeAn8386, and 



16                                                                                                                 Introduction 

Yale strains  (Lorch et al., 1981). DA and BeAn strains are commonly used in 

experimental studies. The TO subgroup induces a monophasic disease in resistant 

mouse strains such as C57BL/6 mice, which is characterized by a transient 

meningoencephalomyelitis and virus elimination. In contrast, highly susceptible SJL/J 

mice suffer from a biphasic disease consisting of an acute polioencephalomyelitis 

and a chronic demyelinating leukoencephalomyelitis with virus persistence (Lipton, 

1975; Mecha et al., 2013). However, the biphasic disease induced by DA and BeAn 

strains differ even though their capsid proteins show 93% amino acid homology 

(Mecha et al., 2013). 

 

3.2.3.4. DA strain 

During the acute phase of DA infection (1 week after infection), infection and 

apoptosis of neurons can be observed in the cerebral cortex, hippocampus, the 

olfactory nucleus, and spinal cord gray matter neurons, which is similar to the 

distribution of GDVII infection. However, the number of apoptotic neurons is much 

smaller in DA compared to GDVII infection (Tsunoda et al., 1997). Not only apoptotic 

neurons but also apoptotic parenchymal, perivascular, and subarachnoidal 

mononuclear cells are present in the brain of DA infected mice during the acute 

phase (Tsunoda et al., 2007). During the chronic phase of DA infection (1 month after 

infection), the inflammation subsides in the gray matter, but persists in the white 

mattter of the CNS. Demyelination with perivascular and subarachnoidal 

mononuclear cell infiltrates can be observed in the ventral and lateral funiculi, 

particularly at the ventral root exit zone of the spinal cord (Mecha et al., 2013; 

Tsunoda and Fujinami, 2010). In this phase of the disease, DA viral antigen and 

genome can be found in oligodendrocytes, astrocytes, and microglia/microphages, 

but not in neurons (Mecha et al., 2013; Tsunoda and Fujinami, 2010). 
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3.2.3.5. BeAn strain 

During the acute phase of BeAn infection, TMEV-infected cells are located in the 

ependyma of the third and lateral ventricles, periventricular area of the forebrain 

ventricular system, corpus callosum, cerebral cortex, hippocampus, and 

thalamus/hypothalamus (Kummerfeld et al., 2012). These cells include ependymal 

cells, neurons, astrocytes, oligodendrocytes, and microglia/macrophages, but viral 

protein and RNA can be predominately found in the perikaryon and dendrites of 

neurons as well as in axons (Kummerfeld et al., 2012). The degree of inflammation in 

the gray matter of the brain increases up to 14 days post infection (dpi), meanwhile, 

mononuclear cells begin to infiltrate the white matter of the spinal cord at this time 

point (Navarrete-Talloni et al., 2010). At 28 days dpi, demyelination can be observed 

in the periventricular region of the fourth ventricle and brain stem white matter 

marking the progression to the chronic phase of TMEV-IDD (Kummerfeld et al., 

2012). The first demyelinated foci in the lateral and anterior columns of the spinal 

cord were detected at 28 dpi (Gerhauser et al., 2007; Lipton and Melvold, 1984; 

Schlitt et al., 2003). Henceforward, the amount of demyelination progressively 

increases until 196 dpi (Navarrete-Talloni et al., 2010).  

Compared to the BeAn strain, DA strain is more virulent and induces a higher 

incidence of demyelination in the spinal cord of susceptible mice. However, the 

extent of demyelination is similar to the BeAn strain in those mice that develop 

demyelination (Zoecklein et al., 2003). Even though these two TMEV strains cause a 

similar degree of inflammation, there are more viral antigen positive cells in the spinal 

cord and approximately 100 times more virus specific RNA in the CNS of DA 

compared to BeAn infected mice. However, higher titers of TMEV specific antibody 

can be found in BeAn infected mice (Zoecklein et al., 2003). 
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3.2.3.6. L and L* protein of TMEV 

The L protein is a 76 amino acid protein cleaved from the N-terminus of the viral 

polyprotein (Ricour et al., 2009a; Takano-Maruyama et al., 2006). Although the 

homology of capsid proteins between TO and GDVII subgroups is over 94% at the 

amino acid level, their L proteins are only 85% identical. In addition, the respective 

differences in 11 amino acid residues are distributed over the total length of the L 

protein. Hence this protein is considered to be related to the subgroup-specific 

biological activities of TMEV and its function has been investigated in detail (Michiels 

et al., 1995; Takano-Maruyama et al., 2006). The L protein helps TMEV to escape 

from host immune defenses in the early phase of infection and to establish virus 

persistence by impeding IFN-� gene transcription, which is achieved by interfering 

with IFN regulatory factor 3 (IRF3) dimerization and nucleocytoplasmic trafficking 

(Delhaye et al., 2004; Ricour et al., 2009b, 2009a; Stavrou et al., 2010; Takano-

Maruyama et al., 2006). Furthermore, the L protein is supposed to be the only TMEV 

nonstructural protein that induces apoptosis when transfected into mammalian cells 

(Fan et al., 2009). Different apoptotic activities of the respective L proteins of TO and 

GDVII subgroups may play an important role in TMEV subgroup-specific disease 

phenotypes (Stavrou et al., 2011). The L* protein is a 17-18 kDa protein, synthesized 

from an alternative reading frame. Its initiation site is located at nucleotide 1079, 

whereas the initiation site of the polyprotein starting with the L protein is located at 

nucleotide 1066 (Takano-Maruyama et al., 2006). Interestingly, the L protein is 

synthesized by all TMEV strains, whereas the L* protein is only produced by TO 

subgroup strains, which have an AUG rather than an ACG at the initiation site  

(Michiels et al., 1995; Kong and Roos, 1991). The L* protein has an antiapoptotic 

activity in macrophages and is required for virus growth in macrophages, viral 

persistence, and demyelination (Ghadge et al., 1998; Obuchi et al., 2001, 2000; 

Obuchi and Ohara, 1999). 



Introduction                                                                                                                 19 

 

 

3.2.4. Demyelination and remyelination 

Damage to the axon-enwrapping myelin sheath is called demyelination. The myelin 

sheath is formed by oligodendrocytes in the CNS and by Schwann cells in the 

peripheral nervous system (PNS). Viruses can cause demyelination by direct 

damage to oligodendrocytes and the induction of oligodendrocyte apoptosis (Barnett 

and Prineas, 2004). Furthermore, a persistent infection of oligodendrocytes by TMEV 

can trigger an immune-mediated injury resulting in demyelination (Rodriguez et al., 

1983). Restoration of saltatory conduction and return to normal function lost during 

demyelination is called remyelination, which is often incomplete in the adult human 

CNS suffering from demyelinating disease (Keirstead and Blakemore, 1999). 

Remyelination is carried out by oligodendrocyte progenitor cells (OPCs), which are 

recruited to the area of demyelination, proliferate and migrate to the demyelinated 

axons to spiral their flattened processes around the axons, and differentiate into 

myelinating oligodendrocytes (Keirstead and Blakemore, 1999; Stangel and Bernard, 

2003). Incomplete remyelination in the CNS is thought to be due to symmetrical 

division of OPCs resulting in chronic depletion of their population in the normal white 

matter around an area of remyelination. In addition, oligodendrocytes that have 

survived within an area of demyelination do not contribute to remyelination (Keirstead 

and Blakemore, 1999). Ulrich et al. (2008) reported that limited remyelination in 

Theiler’s murine encephalomyelitis is due to insufficient oligodendroglial 

differentiation of nerve/glial antigen 2 (NG2)-positive putative OPCs, which rather 

transform into astrocytes (Ulrich et al., 2008). MHC molecules are also involved in 

remyelination in TMEV-infected mice. MHC class I–deficient mice demonstrate 

remyelination by oligodendrocytes, whereas MHC class II–deficient mice show 

minimal if any myelin repair (Njenga et al., 1999). MHC class II–deficient mice also 

develop a disruption of axons and lack TMEV-specific IgG and in the chronic phase 

additionally TMEV-specific cytotoxic T lymphocytes. 
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3.3.  Innate immune response 

The immune response is essential in host defense against all types of pathogens and 

includes the innate and adaptive immune system. Adaptive immune responses 

specifically recognize antigens and have the ability of memory. The innate immune 

response is characterized by rapid response kinetics without the ability of memory 

and recognizes a limited number of invariant features associated with pathogens, 

such as lipopolysaccharide (LPS), non-methylated CG-rich DNA (CpG), and double-

stranded RNA (Bachmann and Kopf, 2001). Interferons (IFNs) are essential players 

of the innate immune response and have been demonstrated to be released by host 

cells to combat different exogenous pathogens such as viruses and bacteria 

(Bonjardim et al., 2009; Hall and Rosen, 2010; Monroe et al., 2010). IFN-γ is also a 

strong activator of macrophages and stimulates MHC expression of these antigen 

presenting cells thereby bridging the innate and adaptive immunity (Dianzani et al., 

1990). 

 

3.3.1. Interferons 

IFN was first discovered in a study investigating the interference produced by heat-

inactivated influenza virus with the growth of live influenza virus in fragments of chick 

chorio-allantoic membrane (Isaacs and Lindenmann, 1957). Based on structural 

homology, chromosomal localization and receptor complex, IFNs are classified into 

three types. Type I IFN includes IFN-α (13 subtypes), β, κ, ω, and ε, type II IFN is 

IFN-γ, and type III IFN consists of IFN-λ (Kotenko et al., 2003; Pestka et al., 2004; 

Platanias, 2005; Sheppard et al., 2003). Type I and III IFN can be produced in almost 

all nucleated cells, but monocytes and fibroblasts make predominantly IFN-α/β and 

epithelial cells IFN-λ. IFN-γ is only produced by Natural Killer (NK) cells, NK T cells, 

and T cells (Ank et al., 2006b; Boehm et al., 1997; Hermant and Michiels, 2014; 

Parkin and Cohen, 2001). The three types also differ in their receptors (IFNAR1 and 
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IFNAR2 for type I IFN, IFNGR1 and IFNGR2 for type II IFN, and IFNLR1 and IL-10R2 

for type III IFN) and in the cells expressing these receptors. Receptors of type I and II 

IFN are ubiquitously expressed on all nucleated cells, while type III IFN receptors are 

primarily distributed on epithelial cells and plasmacytoid dendritic cells (pDC; Ank et 

al., 2008; Bach et al., 1997; Kotenko et al., 2003; Pestka et al., 2004; Sommereyns et 

al., 2008; Sheppard et al., 2003). In the CNS, neurons and glial cells mainly express 

type I and II IFN receptors, rarely type III IFN receptors (Hashioka et al., 2010; Prinz 

et al., 2008; Ottum et al., 2015; Sorgeloos et al., 2013b). 

 

3.3.1.1. Type I interferon 

A substantial body of data demonstrated that type I IFN is a crucial participant in the 

antiviral immune response. IFN-β can also reduce myelin-specific CD4+ T cell 

responses and demyelinating disease in chronic TMEV-IDD (Olson and Miller, 2009). 

Since 1993, the immunomodulatory and immunosuppressive actions of IFN-β, which 

blocks T cell activation, increases interleukin (IL)-10 expression, and maintains 

blood-brain barrier integrity, have been used to treat MS (Annibali et al., 2015; Kraus 

et al., 2004; Kay et al., 2013). The induction of type I IFN is initiated through 

recognition of pathogen associated molecular patterns (PAMPs) by pattern 

recognition receptors (PRRs) comprising cytoplasmic nucleic-acid-sensing receptors 

and Toll-like receptors (TLRs; Hall and Rosen, 2010). Cytoplasmic nucleic-acid-

sensing receptors, such as retinoic-acid-inducible gene I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5), and DNA-dependent activator of 

interferon-regulatory factors (DAI), are ubiquitously expressed and identify different 

viral RNA structures and bacterial DNA (Andrejeva et al., 2004; Kato et al., 2008; 

Takaoka et al., 2007; Yoneyama et al., 2005, 2004). Thirteen TLRs have been 

discovered in humans so far, six of them (TLR2, 3, 4, 7, 8, 9, and 13) are capable of 
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recognizing various viral ligands, such as viral protein, ssRNA, double-stranded RNA 

(dsRNA), and CpG nucleotides (Boo and Yang, 2010; Shi et al., 2011). 

After the recognition of PAMPs by PRRs, IRF family members (IRF1, 3, 5, and 7) and 

nuclear factor kappa B (NF-κB) are activated for signal transduction through distinct 

signaling pathways including the TRIF-dependent and the MyD88-dependent 

pathway, followed by their nuclear translocation and type I IFN production (Bonjardim 

et al., 2009; Boo and Yang, 2010; Hall and Rosen, 2010). IRF3 is constitutively 

expressed in a variety of cell types and primarily involved in the transcription of IFN-β 

(Schafer et al., 1998). IRF7 is expressed at low and high levels in lymphoid and pDC 

cells, respectively, and preferentially stimulates IFN-α production (Honda et al., 2005). 

Interestingly, IRF7 is also induced by type I IFN itself to form a positive feedback loop 

in type I IFN signaling (Marié et al., 1998; Sato et al., 1998). In addition, IRF5 has 

been demonstrated to be induced by type I IFN. Similar to IRF7, this factor is highly 

expressed in pDC cells and involved in the transcription of IFN-α to reinforce the 

innate antiviral immunity (Barnes et al., 2004; Hall and Rosen, 2010). Following the 

release of type I IFN, signal transduction is initiated by their cell surface receptors, 

IFNAR1 and 2, which are linked to janus kinase 1 (JAK1) and tyrosine kinase 2 

(TYK2). These two tyrosine kinases activate the IFN-stimulated gene factor 3 (ISGF3) 

consisting of the signal transducer and activator of transcription (STAT) 1 and 2 and 

IRF9, which enter the nucleus and bind to IFN-stimulated response elements (ISREs) 

of more than 300 IFN-stimulated genes (ISGs) (Der et al., 1998; Sadler and Williams, 

2008; Fig. 3-1). 
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Figure 3-1: Type I interferon pathway. Left side: TLR2, 3, 7 and 13 recognize viral proteins and 

single- and double-stranded RNA respectively and activate IRF3, 5, and 7 as well as NF-κB by the 

TRIF and MyD88 pathway. These signal transducers translocate into the nucleus and induce the 

transcription of IFNα and β. Right side: IFNAR1 and 2 heterodimers bound to type I IFN initiate signal 

transduction by JAK1 and tyrosine TYK2, which induce the phosphorylation and dimerization of 

STAT1 and 2. STAT1 and 2 combine with IRF9 to form ISGF3, which translocates into the nucleus, 

binds to ISREs, and induces the transcription of ISGs including ISG15, PKR, OAS, and Mx. 

Legend: IFN, interferon; IFNAR, interferon alpha and beta receptor; IRF, interferon regulatory factor; 

ISG15, IFN-stimulated genes 15; ISG, IFN-stimulated gene; ISGF, ISG factor; ISRE, IFN stimulated 

response element; JAK, janus kinase; MDA5, melanoma differentiation-associated gene 5; Mx, 

myxovirus-resistance gene; MyD88, myeloid-differentiation primary-response gene 88; NF-κB, nuclear 

factor κB; OAS, 2’, 5’-oligoadenylate-synthetase; P, phosphorylation; PKR, protein kinase R; STAT, 

signal transducer and activator of transcription; TLR, toll like receptor; TMEV, Theiler’s murine 

encephalomyelitis virus; TRIF, toll/interleukin-1 receptor-domain-containing adapter-inducing 

interferon-β; TYK, tyrosine kinase. 
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These ISGs encode different proteins, which are directly or indirectly participating in 

the antiviral immune response via blocking all steps of virus replication including 

synthesis of viral proteins, viral replication, translation, assembly, and spread 

(Diamond and Farzan, 2013). 

 

3.3.2. Interferon-stimulated genes (ISGs) 

Over the past few decades, ISGs have been studied widely to understand the 

mechanisms of their actions on the antiviral immune response. IFN-stimulated 

protein of 15 kDa (ISG15), protein kinase R (PKR), 2’5’-oligoadenylate synthetase 

(OAS), ribonuclease (RNase) L, and myxovirus resistance (Mx) represent so-called 

“classical ISGs”, whose antiviral effector functions have been described in detail 

(Schoggins, 2014). 

 

3.3.2.1. IFN-stimulated protein of 15 kDa (ISG15) 

ISG15 was initially described as a protein released from human lymphocytes and 

monocytes after IFN-β treatment and was recognized by an antibody directed against 

ubiquitin (Knight and Cordova, 1991; Loeb and Haas, 1992). This ubiquitin-like 

protein possesses a significant homology to a tandem diubiquitin sequence and 

represents a functional ubiquitin homology participating in a parallel pathway of post-

translational ligation (Loeb and Haas, 1992). ISG15 conjugates to numerous protein 

substrates via a cascade of enzymatic reactions involving E1, E2, and E3 enzymes 

to modulate pleiotropic cellular responses (Harty et al., 2009; Sadler and Williams, 

2008). Moreover, ISG15 inhibits the degradation of IRF3 by viral components thereby 

increasing the expression of additional antiviral effectors and conjugates to protein 

phosphatase 1B (PPM1B) to enhance NF-κB-meditated pro-inflammatory pathways 

(Lu et al., 2006; Sadler and Williams, 2008). However, this process of ISGylation also 

acts as a key negative regulator of type I IFN signaling to prevent autoinflammation, 
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because intracellular ISG15 contributes to the accumulation of ubiquitin specific 

peptidase 18 (USP18, also known as ISG43, UBP43) that counteracts ISGylation 

and blocks JAK1 from IFNAR2 binding (Ketscher and Knobeloch, 2015; Malakhova 

et al., 2006; Zhang et al., 2015). 

 

3.3.2.2. Protein kinase R (PKR) 

PKR is a member of the eukaryotic initiation factor 2α (eIF2α) phosphorylating family 

of kinases that are constitutively expressed in various cell types including 

hepatocytes and macrophages (Ank et al., 2006a; Pindel and Sadler, 2011; Shirato 

and Imaizumi, 2014). PKR normally accumulates in the nucleus and cytoplasm as an 

inactive monomer and can be activated by viral dsRNA resulting in phosphorylation 

of the eukaryotic initiation factor 2α (eIF2α) and inhibition of global protein synthesis 

including viral protein synthesis (Kimball, 1999; Montero and Trujillo-Alonso, 2011; 

Sadler and Williams, 2008). In addition to viral dsRNA, polyanionic molecules such 

as heparin and the caspases 3, 7, and 8 but not the pro-inflammatory caspases 1 

and 4 can directly activate PKR (Hovanessian and Galabru, 1987; Saelens et al., 

2001). Furthermore, PKR can be activated by ISGylation at lysines 69 and 159 to 

down-regulate protein translation in the absence of virus infection (Okumura et al., 

2013). This antiviral protein also contributes to IFNα/β production by stabilizing type I 

IFN mRNA integrity during viral infection (Schulz et al., 2010). Interestingly, IFNα/β 

also inhibits cap-dependent translation of viral but not cellular mRNA by a PKR-

independent mechanism (Tesfay et al., 2008). 

 

3.3.2.3. 2’5’-oligoadenylate synthetase (OAS) 

OAS proteins including OAS1, OAS2, OAS3, and OASL (OAS-like) are expressed at 

low levels in unstimulated cells as inactive monomers, which can be activated by viral 
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dsRNA to form tetramers (Kristiansen et al., 2011). These tetramers activate the 

latent ribonuclease L (RNase L) resulting in the degradation of viral and host cell 

RNAs (Ireland et al., 2009; Kristiansen et al., 2011; Sadler and Williams, 2008). In 

addition, extracellular OAS proteins act as a paracrine antiviral agent in a RNase L-

independent way via entering into cells and directly inhibiting virus replication 

(Kristiansen et al., 2010). Notably, the TMEV L* protein direct interacts with the 

ankyrin domain of RNase L to inhibit the OAS/RNase L pathway, which contributes to 

the evasion of TMEV from antiviral innate immune response (Sorgeloos et al., 2013a). 

However, OASL proteins can also inhibit type I IFN signaling by impeding IRF7 

translation (Lee et al., 2013). The expression pattern of the different OAS protein 

levels are strongly related to different autoimmune diseases and chronic infections 

including systemic lupus erythematosus, systemic sclerosis, rheumatoid arthritis, and 

MS and might even be used as biomarker (Choi et al., 2015) The OAS family also 

exhibits non-immunological functions and is implicated in the regulation of apoptosis 

acting as tumor suppressor (Choi et al., 2015). 

 

3.3.2.4. Myxovirus resistance (Mx) 

 Mx proteins are members of the dynamin-like large guanosine triphosphatases 

(GTPase) family, whose expression is exclusively controlled by type I IFNs (Haller et 

al., 2015; Holzinger et al., 2007; von Wussow et al., 1990). The Mx family includes 

MxA and MxB encoded on chromosome 21 in humans and Mx1 and Mx2 encoded 

on chromosome 16 in mice (Aebi et al., 1989; Horisberger et al., 1988). MxA, MxB, 

and Mx1 proteins localize to the nucleus, whereas Mx2 proteins accumulate in the 

cytoplasm (Haller et al., 2007; Sadler and Williams, 2008). Mx proteins bind viral 

nucleocapsid-like structures (Kochs and Haller, 1999) or other viral components to 

prevent the generation of new virus particles (Haller et al., 2007). However, Mx 

proteins are not functional in most laboratory mouse strains (Staeheli and Sutcliffe, 
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1988; Staeheli et al., 1988), but might be valuable biomarkers to predict the 

therapeutic efficacy of IFN-β treatment in MS (Hesse et al., 2009). 
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Abstract 

Background: Experimental infection of mice with Theiler’s murine encephalomyelitis 

virus (TMEV) is used as an animal model of human multiple sclerosis. TMEV persists 

in susceptible mouse strains and causes a biphasic disease consisting of acute 

polioencephalomyelitis and chronic demyelinating leukomyelitis. In contrast, resistant 

mice eliminate the virus within 2 to 4 weeks, which seems to be based on a strong 

antiviral innate immune response including the activation of the type I interferon (IFN) 

pathway. Several interferon-stimulated genes (ISGs) such as IFN-stimulated protein 

of 15 kDa (ISG15), protein kinase R (PKR), and 2′5′-oligoadenylate synthetase (OAS) 

function as antiviral effectors and might contribute to virus elimination. Nevertheless, 

detailed investigations of the type I IFN pathway during TMEV-induced demyelinating 

disease (TMEV-IDD) are lacking. 

Methods: The present study evaluated microarray data of the spinal cord obtained 

from susceptible SJL/J mice after TMEV infection focusing on IFN-related genes. 

Moreover, ISG gene and protein expression was determined in mock- and TMEV-

infected SJL/J mice and compared to its expression in resistant C57BL/6 mice using 

real- time PCR, immunohistochemistry, and immunofluorescence. 

Results: Interestingly, despite of increased ISG gene expression during TMEV-IDD, 

ISG protein expression was impaired in SJL/J mice and mainly restricted to 

demyelinated lesions. In contrast, high ISG protein levels were found in spinal cord 

gray and white matter of C57BL/6 compared to SJL/J mice in the acute and chronic 

phase of TMEV-IDD. In both mouse strains, ISG15 was mainly found in astrocytes 

and endothelial cells, whereas PKR was predominantly expressed by 

microglia/macrophages, oligodendrocytes, and neurons. Only few cells were 

immunopositive for OAS proteins. 
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Conclusions: High levels of antiviral ISG15 and PKR proteins in the spinal cord of 

C57BL/6 mice might block virus replication and play an important role in the 

resistance to TMEV-IDD. 

 

Keywords: Innate immune response, Interferon-stimulated gene of 15 kDa, 2’ 5‘-

oligoadenylate synthetase, Protein kinase R, Theiler’s murine encephalomyelitis virus, 

Type I interferon 
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Abstract  

Infections, particularly those caused by viruses, are among the main causes of 

acquired epilepsy, but the mechanisms causing epileptogenesis are only poorly 

understood. As a consequence, no treatment exists for preventing epilepsy in 

patients at risk. Animal models are useful to study epileptogenesis after virus-induced 

encephalitis and how to interfere with this process, but most viruses that cause 

encephalitis in rodents are associated with high mortality, so that the processes 

leading to epilepsy cannot be investigated. Recently, intracerebral infection with 

Theiler's murine encephalomyelitis virus (TMEV) in C57BL/6 (B6) mice was reported 

to induce early seizures and epilepsy and it was proposed that the TMEV mouse 

model represents the first virus infection-driven animal model of epilepsy. In the 

present study, we characterized this model in two B6 substrains and seizureresistant 

SJL/J mice by using three TMEV (sub) strains (BeAn-1, BeAn-2, DA). The idea 

behind this approach was to study what is and what is not necessary for 

development of acute and late seizures after brain infection in mice. Receiver 

operating characteristic (ROC) curve analysis was used to determine which virus-

induced brain alterations are associated with seizure development. In B6 mice 

infected with different TMEV virus (sub)strains, the severity of hippocampal 

neurodegeneration, amount of MAC3-positive microglia/macrophages, and 

expression of the interferon-inducible antiviral effector ISG15 were almost perfect at 

discriminating seizing fromnon-seizing B6 mice, whereas T-lymphocyte brain 

infiltrationwas not found to be a crucial factor. However, intense 

microglia/macrophage activation and some hippocampal damage were also 

observed in SJL/J mice. Overall, theTMEVmodel provides a unique platformto study 

virus and host factors in ictogenesis and epileptogenesis. 
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6.1. Innate immunity in the CNS of TMEV-infected SJL/J and C57BL/6 mice 

The CNS is a highly complex immune-privileged organ with compartmentalization, 

region-specific peculiarities and properties as well as unusual cell types 

(Baumgärtner, 2015). In addition, recent advances have demonstrated that the CNS 

is a highly immunologically active organ with complex immune responses mostly 

based on the innate immunity (Lampron et al., 2013). Rapid response kinetics 

without the ability of memory and recognition of PAMPs by PRRs are characteristic 

for the innate immunity (Bachmann and Kopf, 2001; Lampron et al., 2013). 

 

6.1.1. Initiation of the innate immunity by PRRs in TMEV-infected SJL/J mice 

The present study investigated the gene expression of several PRRs in the spinal 

cord of TMEV-infected SJL/J mice. The gene expression of TLR1, 3, 4, and 7 was 

mildly and of TLR2 and 13 moderately affected by TMEV infection, whereas no 

influence was found on TLR8. TLRs belong to a PRR family, which senses various 

bacterial and viral ligands. TLR1/TLR2 heterodimers recognize peptidoglycans, 

which are located in the cell wall of bacteria but absent in viruses (Lampron et al., 

2013). The major ligand of TLR4 is LPS, which is derived from the outer membrane 

of gram-negative bacteria (Park and Lee, 2013). Interestingly, the expression of 

TLR4 can be induced by viral glycoproteins such as the fusion protein of respiratory 

syncytial virus thereby sensitizing airway epithelial cells to endotoxin (Awomoyi et al., 

2007; Boo and Yang, 2010; Monick et al., 2003). TLR13 is a novel TLR that 

recognizes vesicular stomatitis virus and bacterial RNA (Boo and Yang, 2010; 

Hidmark et al., 2012; Lampron et al., 2013; Shi et al., 2011). TLR3 and TLR7/8 

identify dsRNA and ssRNA, respectively. Both dsRNA and ssRNA can also be 

detected by the RNA helicase enzymes RIG-I and MDA5, which contribute to IFN 

induction in the virus-infected brain (Pfefferkorn et al., 2015). A recent study showed 

that the expression of these RIG-I-like helicases is induced by TMEV in the cochlear 
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sensory epithelium (Hayashi et al., 2013; Pichlmair et al., 2006) . Similarly, the 

present study demonstrated a moderate increase in their gene expression during 

TMEV-IDD. However, TLR3 seems to play a minor role in innate immune responses 

to TMEV infection, whereas MDA5 is critical for protection against TMEV-IDD due to 

its impact on IFN-α production (Carpentier et al., 2007; Jin et al., 2012). Nevertheless, 

TMEV can induce an up-regulation of TLR2 via the TLR3 signaling pathway and 

subsequently an activation of NF-κB, which causes the expression of several 

proinflammatory cytokines and chemokines including IL-1β, IL-6, CCL2 and CCL5 

(Gerhauser et al., 2007; Palma et al., 2003; Palma and Kim, 2004; So and Kim, 

2009). In addition, the cytoplasmic dsRNA-activated kinase PKR is important in 

responses to TMEV infection, whose gene expression was also moderately 

increased in the present study (Carpentier et al., 2007; Nallagatla et al., 2007). This 

PRR not only detects viral infection and induces type I IFN expression but also 

stabilizes type I IFN mRNA integrity (Schulz et al., 2010). Summarized, TMEV 

infection seems to be recognized mainly by MDA5 and PKR, which are essential for 

the initiation of innate immune responses in TMEV-IDD. 

 

6.1.2. Induction of type I IFN in TMEV-infected SJL/J mice 

The recognition of PAMPs by PRRs leads to the activation of second messengers 

including IRF3, 5, and 7 as well as NF-κB via the TRIF and MyD88 pathway, which 

then translocate into the nucleus to induce type I IFN transcription. The present study 

demonstrated a strong up-regulation of IRF7 transcription and a mild increase in 

IRF3 and 5 and NF-κB transcription. In addition, a high expression of the NF-κB 

protein p50 has been described in TMEV-IDD lesion (Gerhauser et al., 2007). 

However, the low level of type I IFN production in the spinal cord was hardly affected 

by TMEV infection in SJL/J mice. Due to the short half-life of the IRF7 protein, its 

expression mainly relies on the continuous translation of IRF7 mRNA (Taniguchi and 
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Takaoka, 2001). Interestingly, the present microarray analysis detected increased 

numbers of OASL1 mRNA transcripts in the TMEV-infected spinal cord, which can 

inhibit IRF7 mRNA translation by binding to its 5' UTR and possibly by inhibiting 

scanning of the 43S preinitiation complex along the message (Lee et al., 2013). 

Moreover, it has been reported that mRNA export and dimerization of IRF3 can been 

inhibited by a short C-terminal domain of the TMEV L protein (Ricour et al., 2009a, 

2009b). IRF3 induces IFN-β, ISG56, and apoptosis for viral clearance as well as 

inflammatory cytokines such as IL-6 and IL-23 (Moore et al., 2011). NF-κB has also 

been demonstrated to mediate TMEV-induced cytokine gene expression, which is 

partly independent of PKR and type I IFN pathways (Palma et al., 2003). 

Consequently, restricted translation of IRF7 by OASL1, inhibition of IRF3 by TMEV L 

protein and usage of NF-κB in type I IFN independent pathways might be responsible 

for low type I IFN production in the spinal cord of TMEV-infected SJL/J mice. 

 

6.1.3. ISGs induced in TMEV-infected SJL/J and C57BL/6 mice 

ISGs have been studied widely as antiviral effectors in the innate immune response. 

The recognition of type I IFNs by IFNAR induces the phosphorylation of STAT1 and 

STAT2 proteins, which form a heterodimer and combine with IRF9 to create the 

ISGF3 complex. Then ISGF3 translocates into the nucleus and stimulates the 

production of numerous ISGs (Hall and Rosen, 2010). Despite the lack to type I IFN 

production, the present study detected a significant up-regulation of the transcription 

of several ISGs in the spinal cord of TMEV-infected SJL/J mice including interferon 

inducible protein (Ifi) 30, 35, 47, and 202b, ISG15, 20, 54, 56, and 60, OAS1a, PKR 

as well as MHC class I and II. This up-regulation of ISG transcription might be 

mediated by the increased expression of IRF1 and/or IRF7 found in the present study, 

which can induce ISGs gene expression in the absence of IFN signaling (Pine, 1992; 

Schmid et al., 2010). 
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Many ISGs represent antiviral effector proteins, which act at different stages of the 

virus replication cycle. Nevertheless, the exact molecular mechanisms of action of 

these antiviral effectors have been revealed only in few cases such as the four 

classical ISGs Mx, ISG15, PKR, and OAS1 (Sadler and Williams, 2008; Schoggins 

and Rice, 2011). Microarray analysis demonstrated an up-regulation of these four 

ISGs at the transcriptional level in TMEV-infected SJL/J mice. In addition, a high 

correlation was found between their gene expression and TMEV RNA levels as well 

as inflammation and demyelination. These results prompted a detailed analysis of 

ISG gene and protein expression in the spinal cord of TMEV-infected SJL/J mice and 

a comparison of this expression pattern to the situation in C57BL/6 mice, which 

eliminate the virus within 3 weeks (Mecha et al., 2013). Mx proteins were not 

included into these investigations, because they are not functional in most laboratory 

mouse strains (Staeheli et al., 1988; Staeheli and Sutcliffe, 1988). 

Similar mRNA transcript levels of ISG15 and PKR were found at 14 dpi in the spinal 

cord, whereas gene expression of these two proteins was higher in SJL/J compared 

to C57BL/6 mice at 98 dpi. However, a low correlation was detected between ISG 

gene and protein expression. The protein expression of ISG15, PKR, and OAS1 was 

higher in C57BL/6 compared to SJL/J mice at 14 dpi. This higher expression in 

C57BL/6 mice was also found at 98 dpi, but was restricted to spinal cord gray matter. 

In addition, similar or higher ISG protein levels in C57BL/6 compared to SJL/J mice 

were even found in mock-infected animals at both time points. The amount of OAS1 

proteins was low in both mouse strains and the OAS/RNase L pathway can be 

blocked by the TMEV L* protein, which directly interacts with the ankyrin domain of 

RNase L (Sorgeloos et al., 2013a). Nonetheless, extracellular OAS1 can enter into 

cells in a paracrine fashion and directly inhibit viral proliferation in a RNase L-

independent way (Kristiansen et al., 2010). Consequently, ISG15and PKR protein 

expression seems to be impaired in TMEV-infected SJL/J mice, whereas high 
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constitutive expression of these ISGs might play an important role in virus elimination 

in C57BL/6 mice. 

Interestingly, the ubiquitin-like protein ISG15 can interact with PKR leading to 

phosphorylation of eIF2α and down-regulation of protein translation even in the 

absence of virus infection (Okumura et al., 2013). ISG15 does not only act as 

antiviral effector but also promotes the expression of additional ISGs via inhibition of 

IRF3 degradation (Lu et al., 2006). Furthermore, ISG15 is able to enhance NF-κB-

meditated pro-inflammatory pathways by blocking protein phosphatase 1B (PPM1B, 

also known as protein phosphatase 2Cbeta, PP2Cbeta), which dephosphorylates 

TGF-β-activated kinase in the NF-κB pathway (Takeuchi et al., 2006). Consequently, 

ISG15 is deeply involved in the regulation of the type I IFN and the NF-κB pathway, 

which are both essential in the innate immune response to TMEV infection. Moreover, 

the main cells expressing ISG15 were astrocytes, endothelial cells and ependymal 

cells, which line the ventricular system and the central canal of the spinal cord. This 

places this multifunctional protein in the first line of defense against infections via the 

liquorogenic route. However, Zhang et al. (2015) demonstrated that ISG15 can also 

prevent an over-amplification of type I IFN signaling and subsequent auto-

inflammation in humans, because ISG15 promotes the activity of the ubiquitin 

specific peptidase 18 (USP18, due to ist mass of 43 kDa also known as ubiquitin 

specific protease 43, UBP43). This IFN-inducible ISG15 deconjugating enzyme binds 

to the IFNAR2 molecule and thereby inhibits the JAK-STAT pathway (Malakhova et 

al., 2006). Thus, ISG15 has not only antiviral and pro-inflammatory functions but can 

also block the type I IFN pathway under specific circumstances. 

 

6.1.4. ISGs in seizures and epilepsy 

Seizures and epilepsy have been estimated to affect 50 million people worldwide 

especially in developing countries (Libbey and Fujinami, 2011). More than 100 
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different neurotropic viruses have been described to cause encephalitis in humans 

and several of these viruses are suspected to be involved in ictogenesis and 

epileptogenesis (Misra et al., 2008; Singhi, 2011). Nevertheless, animal models to 

study virally-induced epilepsy are lacking, because most viruses cause encephalitis 

in rodents with high mortality (Libbey and Fujinami, 2011). Recently, a research 

group found that TMEV-infected C57BL/6 mice suffering from acute encephalitis can 

develop seizures and even chronic epilepsy despite virus elimination. Therefore, 

TMEV-infected C57BL/6 mice represent a promising animal model for epilepsy 

research (Libbey and Fujinami, 2011). An important feature of this model is the fact 

that the innate and not the adaptive immune response precisely the cytokine IL-6 

plays an important role in the development of acute seizures (Cusick et al., 2013; 

Kirkman et al., 2010; Libbey et al., 2011b). Moreover, IRF3 does not only induce IFN-

β but also IL-6, which contributes to early control of TMEV replication and TMEV-

induced hippocampal injury (Moore et al., 2013).As mentioned above IRF-3 

degradation is inhibited by ISG15 implicating this antiviral protein in epileptogenesis 

(Lu et al., 2006). Consequently, the present study investigated the expression pattern 

of several important ISGs in the hippocampus of TMEV-infected SJL/J and C57BL/6 

mice to identify a potential influence on seizure development. 

Only ISG15 was significantly increased in the hippocampus of both mouse strains 

infected with different TMEV strains. In addition, ISG15 was found to be able to 

perfectly discriminate seizing from non-seizing DA-infected C57BL/6 mice by receiver 

operating characteristic (ROC) curve analysis. Nevertheless, both the mouse strain 

and the virus strain used strongly affected ISG15 expression pattern and lesion 

development in the CNS. ISG15 has been reported to be detectable in peripheral 

blood and proposed to be a suitable biomarker for neuronal injuries in the CNS 

(Busse et al., 2013; Feng et al., 2015; Rossi et al., 2015; Wang et al., 2012). 

Therefore, ISG15 might be a novel biomarker for ictogenesis and possibly 



44                                                                                                                  Discussion 

epileptogenesis. However, additional studies will have to dissect the role of the 

different resident CNS cells including their interactions in this potential ISG15-IRF3-

IL-6 axis and its impact on seizure development. 

 

6.2. Concluding remarks 

The innate immune response represents an evolutionarily old defense mechanism 

directed against various invading pathogens found in all multicellular organisms 

(Buchmann, 2014). Since the discovery of type I IFNs in 1957, a plethora of studies 

have been performed to define the components of the type I IFN signaling pathway 

and its ability to block virus replication (Isaacs and Lindenmann, 1957). However, 

due to the abundance of ISGs and their impact on multiple cellular processes their 

specific functions in the innate immune response especially in the CNS are still far 

from being fully understood. The results of the present study indicated that the 

classical ISGs ISG15, PKR, and OAS1 are involved in the resistance of C57BL/6 

mice to the demyelination processes induced by TMEV. Nevertheless, the higher 

expression of these ISGs in C57BL/6 compared to SJL/J mice might also be related 

to their sensitivity to develop seizures and epilepsy. Consequently, the type I IFN 

signaling pathway seems to have an impact on the development of the characteristic 

lesions induced by TMEV, which encourages further studies to identify the exact role 

of ISGs in the CNS at the cellular level. Moreover, the understanding of the type I IFN 

signaling pathway in physiological and pathological states of the CNS might be the 

basis for the development of targeted strategies to treat common debilitating CNS 

disorders such as MS and epilepsy. 
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