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1. Summary

Theiler’s Murine Encephalomyelitis Virus Infection: a Model for Spinal Cord Lesions in 

Progressive Multiple Sclerosis and a Peripheral Neuropathy Resembling Guillain-Barré 

Syndrome 

Eva Leitzen 

A large number of animal models sharing features with multiple sclerosis (MS) is available for 

the investigation of the pathogenesis as well as the development of therapeutic strategies. 

Theiler’s murine encephalomyelitis virus induced demyelinating disease (TMEV-IDD) is a 

well-established model for the progressive forms of MS. Both diseases share important features 

including inflammation, demyelination and axonal loss. In this thesis TMEV infection was used 

as model for the following investigations: 1.) A comparative analysis of the 

pathomorphological hallmarks of progressive MS spinal cord (SC) lesions and TMEV-IDD 

with special emphasis on spinal cord atrophy (SCA) and axonal loss in a major descending 

pathway of the ventral SC white matter. 2.) The establishment of an intraspinal (i.s.) TMEV 

infection model in a TMEV-resistant mouse strain (C57BL/6) with special emphasis on i) the 

spatial and temporal distribution of inflammation and virus protein, ii) the development of 

demyelinating lesions within the SC, iii) recruitment of oligodendrocyte precursor cells, iv) 

virus spread to the peripheral nervous system, and v) the induction of a peripheral 

neuropathy resembling features of Guillain-Barré syndrome. 

Intracerebrally infected SJL mice showed clinical impairment, myelitis and demyelination 

within the SC. Moreover, they revealed a significant reduction of spinal cord cross sectional 

area in the thoracic segment at 196 days post infection (dpi). Accordingly, a significant 

reduction of axonal density within the rostral reticulospinal tract (RRTS) was observed. The 

density of small (1- <4 µm²) axons was significantly reduced in the cervical segment at 147 and 

196 dpi and in the thoracic segment at 147 dpi. The number of large (≥ 4 µm²) axons was 

significantly reduced within the thoracic segment at 98 dpi. These findings are comparable to 

observations from SC lesions in progressive MS. SCA and axonal loss both represent hallmarks 

of progressive MS with axonal loss being closely associated with persistent clinical impairment. 

The present study revealed that TMEV-IDD shares these important morphological features with 
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SC lesions in progressive MS underlining the relevance and importance of this unique animal 

model for MS research.  

After i.s. TMEV-infection, resistant mice showed a deterioration of motor coordination starting 

at 7 dpi. Moreover, an antero- and retrograde spread of mononuclear inflammatory cells and 

virus within the SC was detected. Nevertheless, resistant mice did not establish virus persistence 

within the SC after i.s. infection. In TMEV-infected mice demyelinating white matter lesions 

and with subsequent perilesional accumulation of tdTomato-labelled NG2-cells was observed. 

The advantage of this model over the classical TMEV-infection model is given by the faster 

onset of pathological changes and the possibility to use resistant mouse strains. Most 

commercially available transgenic strains are only available on this genetic background and 

conventional back-crossing on SJL background is time-consuming and associated with the need 

for a high number of mice. Moreover, i.s. TMEV-infection in resistant mice was followed by a 

virus spread to the PNS associated with a development of a peripheral neuropathy resembling 

features of GBS. Infected mice showed a vacuolation, an infiltration of macrophages, an 

accumulation of beta-amyloid-precursor protein and demyelination within investigated nerve 

fibers while virus protein was only sporadically detected.  

In conclusion, TMEV-IDD constitutes a suitable model for the progressive forms of MS sharing 

features like persistent clinical disability, SCA and axonal loss. Moreover, i.s. TMEV infection 

does not only trigger a demyelinating disease in resistant mice but also leads to the 

establishment of a peripheral neuropathy resembling features of GBS. This again underlines 

that TMEV is a highly versatile mouse model for the investigation of inflammatory and 

autoimmune processes within the central and peripheral nervous system. 
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2. Zusammenfassung

Die Theiler´sche murine Enzephalomyelitisvirus-Infektion: Ein Modell für 

Rückenmarksläsionen bei progressiver Multipler Sklerose sowie für eine dem Guillain-

Barré Syndrom ähnliche periphere Neuropathie 

Eva Leitzen 

Sowohl für die Untersuchung der Pathomechanismen der Multiplen Sklerose (MS) als auch für 

die Entwicklung neuer Therapieansätze steht eine Vielzahl von Tiermodellen zur Verfügung. 

Die durch Theiler‘s murine encephalomyelitis virus (TMEV) ausgelöste demyelinisierende 

Erkrankung der Maus (TMEV induced demyelinating disease; TMEV-IDD) ist ein etabliertes 

Tiermodell für die progressiven Formen der MS. MS und TMEV-IDD weisen 

pathomorphologische Gemeinsamkeiten im Hinblick auf eine Entzündungsreaktion, 

Demyelinisierung und einen Verlust von Axonen im Rückenmark (RM) auf. Die vorliegende 

Arbeit beinhaltet zwei eng miteinander verknüpfte Studien in denen die TMEV-Infektion als 

ein Modell für folgende Untersuchungen eingesetzt wurde: 1.) Eine vergleichende Analyse der 

pathomorphologischen Rückenmarksveränderungen bei progressiver MS und TMEV-IDD 

unter besonderer Berücksichtigung einer Rückenmarksatrophie (spinal cord atrophy; SCA) 

sowie einem Verlust von Axonen in einem großen absteigenden Nervenstrang in der ventralen 

weißen Substanz. 2.) Die Entwicklung eines intraspinalen (i.s.) Infektionsmodells in einem 

TMEV-resistenten Mausstamm (C57BL/6) unter besonderer Berücksichtigung i) der 

räumlichen und zeitlichen Virusausbreitung sowie der Entzündungsreaktion, ii) der 

Entstehung von Entmarkungsläsionen im RM, iii) der Mobilisierung von Oligodendrozyten-

Vorläuferzellen, iv) einer Virusausbreitung in das periphere Nervensystem sowie v) der 

Entstehung einer dem Guillain-Barré Syndrom ähnlichen peripheren Neuropathie. 

Intrazerebral infizierte SJL-Mäuse wiesen eine klinische Beeinträchtigung sowie eine Myelitis 

und Demyelinisierung im RM auf. Darüber hinaus zeigten sie 196 Tage nach Virusinfektion 

(days post infection; dpi) eine Verminderung der Rückenmarksquerschnittsfläche im thorakalen 

RM. Damit einhergehend fand sich eine signifikante Abnahme der axonalen Dichte im 

retikulospinalen Trakt. Die Dichte von kleinen (1- <4 µm) Axonen war im zervikalen Segment 

an 147 und 196 dpi, im thorakalen Segment an 147 dpi vermindert, die der großen Axone (≥ 4 

µm) im thorakalen Segment an 96 dpi. SCA und Axonverlust sind Merkmale, die bei 
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progressiver MS beschrieben sind. Insbesondere der Verlust von Axonen wird mit einer 

anhaltenden klinischen Beeinträchtigung von Patienten in Verbindung gebracht. Dass sich 

insbesondere diese zwei für die progressive MS so wichtigen Merkmale auch in TMEV-IDD 

wiederfinden unterstreicht noch einmal die Relevanz und Wichtigkeit dieses Tiermodells für 

die MS Forschung. 

TMEV-resistente Mäuse zeigten 7 Tage nach i.s. Infektion eine klinische Beeinträchtigung in 

Form einer verminderten Motorkoordination im Rotarod-Test. Darüber hinaus fand sich von 

der Infektionsstelle ausgehend eine anterograde und retrograde Ausbreitung von 

mononukleären Entzündungszellen und Virus im RM. Es wurde eine verzögerte 

Viruselimination, jedoch keine Viruspersistenz festgestellt. B6-Mäuse entwickeln jedoch 

demyelinisierende Läsionen in der weißen Substanz sowie eine damit einhergehende 

Akkumulation von tdTomato-markierten NG2-Zellen in läsionsnahen Bereichen. Der Vorteil 

des i.s. gegenüber dem intra-zerebralen TMEV-Infektionsmodells ist ein schnelleres Einsetzen 

der pathomorphologischen Veränderungen sowie die Möglichkeit auch resistente Mausstämme 

verwenden zu können. Die meisten kommerziell erhältlichen, transgenen Mausstämme sind nur 

auf einem B6 genetischen Hintergrund verfügbar und eine Rückzüchtung dieser Tiere auf einen 

TMEV-empfänglichen SJL-Hintergrund ist sowohl zeitintensiv als auch mit einer hohen Zahl 

an für die Zucht benötigten Tieren verbunden. Die Studie hat gezeigt, dass eine i.s. Infektion 

von B6-Mäusen zur Entstehung einer dem GBS ähnlichen peripheren Neuropathie führt. 

Infizierte Mäuse zeigten in den peripheren Nerven eine Vakuolisierung, eine Infiltration von 

Makrophagen, eine Akkumulation von beta-amyloid-precursor protein sowie eine 

Demyelinisierung. Virusprotein wurde nur sporadisch nachgewiesen.  

Zusammenfassend kann gesagt werden, dass TMEV-IDD ein geeignetes Tiermodell für die 

progressiven Formen der MS darstellt, welches wichtige Gemeinsamkeiten wie eine anhaltende 

klinische Beeinträchtigung, SCA und einen Axonverlust aufweist. Darüber hinaus wurde 

gezeigt, dass eine i.s. TMEV-Infektion nicht nur zur Entstehung von Entmarkungsläsionen im 

RM von TMEV-resistenten B6 Mäusen führt, sondern auch zur Entwicklung einer dem GBS 

ähnlichen peripheren Neuropathie. Diese Ergebnisse unterstreichen noch einmal, dass es sich 

bei TMEV um ein vielseitiges Tiermodell handelt, welches für die Untersuchung entzündlicher 

und autoimmuner Prozesse in zentralem sowie peripherem Nervensystem genutzt werden kann. 
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3. General Introduction

3.1. Multiple sclerosis

Multiple sclerosis (MS) is an immune-mediated, inflammatory and neurodegenerative disease 

affecting the central nervous system (CNS) of humans. It represents the most frequent non-

traumatic neurological disease of young adults with increasing incidence that affects 

approximately 2.5 million people worldwide (DENDROU et al., 2015; DOBSON and 

GIOVANNONI, 2019; SCHMIDT, 2016; TRAPP and NAVE, 2008). The etiology of the 

disease remains unknown, but there is consensus that it represents a complex interplay of a risk-

driving genetic background combined with a mixture of environmental factors (OWENS, 2016; 

SCHMIDT, 2016).  

3.1.1. Possible causes 

There are several factors known to increase the individual risk of developing MS including 

lifestyle factors like for example smoking and obesity (COMPSTON and COLES, 2008; 

DOBSON and GIOVANNONI, 2019). Besides that, the search for etiologies is pointing into 

three main directions: a genetic susceptibility, low levels of vitamin D and antecedent viral 

infections (BROWN, 2016). The disease has a familial predisposition and studies have 

identified more than 150 single nucleotide polymorphisms associated with MS susceptibility so 

far, most of them assigned to immunological functions (COMPSTON and COLES, 2008; 

DOBSON and GIOVANNONI, 2019). Furthermore, being born within the northern latitudes 

and having a corresponding reduced level of vitamin D production leads to an increased 

individual risk (COMPSTON and COLES, 2008; SCHMIDT, 2016). Finally, Epstein-Barr 

virus (EBV)- and human herpesvirus 6-infections are known viral risk factors since a 

symptomatic infection doubles the risk of developing MS (DOBSON and GIOVANNONI, 

2019; TIWARI et al., 2018; VIRTANEN and JACOBSON, 2012).  

3.1.2. Clinical course and pathology 

In most cases, MS shows a biphasic disease course characterized by an initial disease stage with 

periodical phases of neurologic disability followed by certain periods of remission, termed 

relapsing-remitting MS (RRMS) (SCHMIDT, 2016; TRAPP and NAVE, 2008). Over time, the 

majority of affected persons enter a second, progressive form with continuously decreasing 

neurological functionality, termed secondary progressive MS (SPMS), but in some patients, the 

disease is progressive from the onset (primary progressive MS; PPMS) (DOBSON and 
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GIOVANNONI, 2019; TRAPP and NAVE, 2008). RRMS affects 1-3 times more females than 

males while in PPMS the numbers are nearly equal (SCHMIDT, 2016). The disease has a 

variable clinical appearance. Patients often show weakness, fatigue, numbness, tingling, pain, 

cognitive and motor deficits, vision problems like loss of vision or double vision, depression, 

diminished libido and loss of bladder function (DENDROU et al., 2015; SCHMIDT, 2016) The 

heterogeneity of symptoms reflects the multiple lesion sites within the CNS as well as the high 

diversity of neuroradiological and histological appearance of lesions (LUCCHINETTI et al., 

2000). Lesions consist of inflammation, demyelination, gliosis and neuroaxonal degeneration, 

leading to impairment or disruption of neuronal signaling (DENDROU et al., 2015). Infiltrating 

cells within acute lesions are composed of autoreactive T lymphocytes, dominated by CD8+ T 

cells, which are able to express MHC class I receptors during inflammation (DOBSON and 

GIOVANNONI, 2019; LUBETZKI and STANKOFF, 2014). Macrophages, plasma cells and 

B cells are less frequent, but especially the latter have been recognized as important players 

within the orchestration of MS pathophysiology (HAN et al., 2016; LUBETZKI and 

STANKOFF, 2014). At early stages axons are mostly spared, but demyelinated axons show an 

increased vulnerability to degeneration and disease deterioration during the progressive phase 

is largely correlated with axonal loss (PETROVA et al., 2018). Modulation of the infiltrating 

inflammatory cells is the main goal of most therapies, and is shown to be successful in RRMS 

but applied therapeutics often display significant side effects (COCKBURN et al., 2017; 

DOLGIN, 2016; TORKILDSEN et al., 2016; WALTHER and HOHLFELD, 1999). Moreover, 

especially the treatment of progressive disease forms, worsening due to ongoing neuroaxonal 

damage and degeneration, is still not satisfactory (CIOTTI and CROSS, 2018; DENDROU et 

al., 2015; STRASSBURGER-KROGIAS et al., 2014). 

3.1.3. Animal models of multiple sclerosis 

Paying tribute to the complex pathogenesis and pathophysiology of MS, a large number of 

animal models has been established. Genetic, immune-mediated, toxin- or virus-induced animal 

models are used to get a more thorough understanding on this disease (RANSOHOFF, 2012). 

However, these models can only be used to investigate specific aspects of MS. The term 

experimental autoimmune encephalomyelitis (EAE) comprises a group of animal models where 

demyelination is triggered by immunization of susceptible animals using CNS antigens like 

myelin oligodendrocyte glycoprotein (MOG) or by transfer of previously primed lymphocytes 

(KIPP et al., 2012). EAE is one of the most frequently used animal models of demyelinating 

diseases of the CNS (LASSMANN and BRADL, 2017; MIX et al., 2010; RANSOHOFF, 

2012). Moreover, toxin-induced models of demyelination, each with variable amount and speed 
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of remyelination have gained increasing attention over time. The two most common toxic 

models can be induced by oral administration of the copper chelator cuprizone (CPZ) or direct 

injection of lysolecithin, an activator of phospholipase A2 (ANSARI et al., 2014; HERDER et 

al., 2012; PROCACCINI et al., 2015). Especially because of a suspected antecedent viral 

infection as a risk factor in MS development, viral models are being used to elucidate the 

pathomechanisms of a possible infectious etiology of MS. Besides Semliki Forest virus, an 

arthropod borne member of the Togaviridae family and mouse hepatitis virus, a member of the 

Coronaviridae family, Theiler’s murine encephalomyelitis virus (TMEV) can be used to trigger 

virus-induced demyelination in mice (KIPP et al., 2012). 

3.2. Theiler’s murine encephalomyelitis virus 

TMEV, a single-stranded RNA picornavirus, was found to be the cause of flaccid paralysis of 

the hind limbs among a stock of laboratory mice by Max Theiler during the 1930s (DAL 

CANTO et al., 1996; LIPTON and DAL CANTO, 1979b; THEILER, 1934, 1937). In 1952, 

TMEV induced demyelination was firstly described by Daniels et al. (1952). It is a widespread, 

naturally occurring enteric pathogen in mice which usually causes no clinical signs (PEVEAR 

et al., 1987). TMEV is divided into two main subgroups (Figure 1), one highly neurovirulent 

including the GDVII and FA strains as well as a second one, known as Theiler’s original (TO) 

which includes, among others the BeAn and the DA strains (OLESZAK et al., 2004). If there 

is the possibility of entering the CNS, strains from the first subgroup trigger a lytic neuronal, 

fatal disease whereas members of the TO group induce a biphasic disease in susceptible mice 

consisting of an acute polioencephalitis followed by a demyelinating meningomyelitis called 

Theiler’s murine encephalitis (TME, Figure 1) (OLESZAK et al., 2004; STAVROU et al., 

2010; ULRICH et al., 2008).  
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3.2.1. Theiler’s murine encephalomyelitis 

In susceptible mice, TME is characterized by a polioencephalitis where virus replication takes 

place within neurons, followed by virus persistence within macrophages and glial cells in the 

spinal cord (SC) white matter (WM) resulting in a persistent, demyelinating leukomyelitis 

starting one to two months following intracerebral (i.c.) virus infection (LIPTON and DAL 

CANTO, 1979b; TSUNODA and FUJINAMI, 2010). This late phase of the disease shares 

several similarities with the progressive forms of MS and is therefore a frequently used animal 

model (MECHA et al., 2013; ULRICH et al., 2008). Clinically, the disease starts with a 

wobbling gait and subsequent weakness of the hind limbs, evolving into a spastic paralysis of 

the legs (DAL CANTO et al., 1996; LIPTON and DAL CANTO, 1979b). Inflammatory 

infiltrates within SC are composed of mononuclear cells (DAL CANTO et al., 1996; 

LINDSLEY and RODRIGUEZ, 1989). Besides demyelination, an incomplete remyelination 

can be observed within the SC of mice in the chronic phase of the disease, similar to chronic 

MS patients where remyelination is often sparse or even absent (ULRICH et al., 2010; ULRICH 

et al., 2008). Within the CNS, endogenous remyelination is achieved by recruitment and 

maturation of nerve/glial antigen 2 (NG2) positive oligodendrocyte precursor cells (OPCs) 

(ULRICH et al., 2008). Furthermore, axonal loss, playing a pivotal role in permanent and 

Figure 1: Sequence of Theiler’s murine encephalomyelitis depending on the virus strain (highly neurovirulent 
vs. TO-group) and mouse strain (susceptible mice, e.g. SJL vs. resistant mice, e.g. C57BL/6). 
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irreversible neurological damage in patients with MS can also be observed in TME, starting 

one to two weeks after viral infection (DEB et al., 2009; PETROVA et al., 2018; TSUNODA 

and FUJINAMI, 2002; TSUNODA et al., 2003; ULRICH et al., 2008). 

3.2.2. Resistance and susceptibility to Theiler’s murine encephalomyelitis in different 

mouse strains 

Further investigation revealed that the mouse strain itself has an important impact on the course 

as well as the pathomorphological changes of TME. Some strains, like SJL, CBA and C3H/He 

develop late disease, which is most severe in SJL mice and intermediate in the others while 

other strains, like C57BL/6 (B6) or BALB/c lack comparable clinical signs and related 

morphological changes within the CNS (DAL CANTO et al., 1995; LIPTON and DAL 

CANTO, 1979a; LIPTON and MELVOLD, 1984). Resistant strains are capable of clearing the 

virus from the CNS after an initial phase of polioencephalitis and thus do not develop viral 

persistence (CARPENTIER et al., 2008). Viral persistence is required for the development of 

late disease including demyelination and both sides, the virus itself as well as the infected mouse 

possess different characteristics that ease or impede this persistence (BRAHIC et al., 2005; 

LIPTON et al., 2005; ROUSSARIE et al., 2007).  

3.2.3. Beyond the multiple sclerosis model 

Over time, it has been discovered that TMEV is not only a suitable viral model for MS. The 

hippocampal damage and sclerosis in the acute phase of TME has been utilized for the 

investigation of seizure development and epileptogenesis (LIBBEY et al., 2008; LÖSCHER et 

al., 2017; TSUNODA et al., 2016). Drescher et al. (2007a) established an intraspinal (i.s.) 

infection model in susceptible mice with focus on the very acute events of viral replication and 

demyelination. Intraperitoneal injection of TMEV has been shown to cause myositis and – 

depending on the strain – myocarditis and/or myelitis, mimicking features of human 

inflammatory myopathies and myocarditis (AL-KOFAHI et al., 2018; GOMEZ et al., 1996; 

KAWAI et al., 2015; TSUNODA et al., 2016). And with a view to the peripheral nervous 

system (PNS), interestingly enough, Theiler (1937) himself detected a sporadic involvement of 

the sciatic nerve during his early experiments. Correspondingly, a direct injection of TMEV 

into the sciatic nerve of mice has been shown to induce a demyelinating peripheral neuropathy 

that resembles features of demyelinating diseases of the human PNS such as Guillain-Barré 

syndrome (GBS) (DRESCHER and TRACY, 2007b).  
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3.3. Guillain-Barré Syndrome 

There are several different forms of autoimmune mediated diseases of the PNS with some of 

them sharing important characteristics but also having peculiarities and/or unique features. All 

these different neuropathies are classified and grouped under specific terms and syndromes 

(SOLIVEN, 2014). The pathomechanisms leading to lesions within the PNS irrespective of 

whether affecting dorsal root ganglia, myelin components or axons are quite variable and 

remain obscure for several diseases. (DALAKAS, 2013; UBOGU, 2015) 

3.3.1. Historical aspects 

In 1916 G. Guillain, J.-A. Barré and A. Strohl made an interesting observation on two soldiers 

showing a movement disorder characterized by paresthesia, mild impairment of sensitivity, 

decreased conduction and responses to electrical signals in nerves and muscles, increased levels 

of albumin within the cerebrospinal fluid and a loss of tendon reflexes whilst cutaneous reflexes 

were preserved and called it “un syndrome de radiculo-névrite avec hyperalbuminose du liquid 

céphalo-rachidien sans reaction cellulaire” (GUILLAIN et al., 1916; HUGHES et al., 2016b). 

Comparable clinical symptoms had already been described earlier by O. Landry who was not 

able to determine any specific pathological findings during a post-mortem evaluation of the 

peripheral nerves (PN) of affected patients. In 1880, the related inflammation within the PNS 

has been described by E. Leyden (HUGHES and LEGER, 2013; WALUSINSKI, 2013). In 

1917 G. Holmes described signs of degeneration and myelin disintegration within the sciatic 

nerves of two people that died from an “Acute Febrile Polyneuritis” – the term GBS was not 

yet commonly used – until W. Haymaker and J.W. Kernohan finally refined that these 

degenerative changes were restricted to the PNS and affecting the spinal roots, highlighting that 

the observed symptoms were related to a true peripheral neuropathy (HUGHES et al., 2016b). 

Frequently observed antecedent infections of patients led to the assumption that GBS is 

somehow a viral disease (HUGHES and LEGER, 2013). The emergence of a post-vaccinating 

encephalitis after rabies vaccines was taken as an impetus for research, also including an 

experiment where rabbits were injected with PNS tissue and adjuvant by B. Waksman and R. 

Adams, leading to the animal model of experimental autoimmune neuritis (EAN) in 1955 

(HUGHES and LEGER, 2013; WAKSMAN and ADAMS, 1955). The observation that 

immunization of rabbits with sciatic nerve tissue led to a non-infectious inflammatory 

neuropathy already strongly supported an autoimmune cause of human diseases like GBS 

(LAMPERT, 1978; WAKSMAN and ADAMS, 1955). In 1969, the pathologic changes within 

the PNS of 19 GBS patients were noted to be quite similar to those described in EAN (ASBURY 

et al., 1969; HUGHES and LEGER, 2013; LAMPERT, 1978). 
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3.3.2. Epidemiology and related pathogens 

GBS is a monophasic, acute polyradiculoneuropathy. The mean age of affected people at onset 

of disease is 40 years and it is the most common acute paralytic neuropathy with a prevalence 

of around 100.000 affected persons per year (DIMACHKIE and BAROHN, 2013; WILLISON 

et al., 2016). The fact that the risk of developing GBS increases with age and is slightly elevated 

in male people is uncommon for an autoimmune disease (HUGHES et al., 2016b; PITHADIA 

and KAKADIA, 2010; RODRIGUEZ et al., 2018; SCHAFFLICK et al., 2017; WILLISON et 

al., 2016). In children it is becoming the leading cause of flaccid paralysis after the control of 

polio (KALITA et al., 2018; MAGIRA et al., 2003). GBS is frequently connected to a preceding 

infection, immune stimulation or – in rare cases – a vaccination that triggers an autoimmune 

reaction targeting the PNS (LEHMANN et al., 2010). Various antecedent infections have been 

identified in affected patients, but only few of them were investigated in case-control studies 

(LEHMANN et al., 2010; WILLISON et al., 2016). Widely accepted triggering candidates are 

Campylobacter (C.) jejuni, cytomegalovirus (CMV), EBV, influenza A virus, mycoplasma 

pneumoniae, haemophilus influenza and hepatitis E (LEHMANN et al., 2010; PITHADIA and 

KAKADIA, 2010; RODRIGUEZ et al., 2018). Possible new candidates like Zika virus (ZIKV) 

and Chikungunya virus are currently under observation (Figure 2) (WILLISON et al., 2016). 

Although GBS is classified 

as a sporadic disease, 

approximately 70% of 

patients suffer from an 

infection of the respiratory 

or gastrointestinal tract 2-4 

weeks prior to disease 

occurrence (DIMACHKIE 

and BAROHN, 2013; 

PITHADIA and

KAKADIA, 2010). 

Moreover, GBS seems to 

have a seasonal and regional 

nature, most likely related to 

geographical and

climatically dependent 

outbreaks of antecedent 

Figure 2: Selected bacterial and viral pathogens acting as possible 
antecedent infections and causative agents in Guillain-Barré syndrome 
pathogenesis.              Modified according to Rodriguez et al. (2018). 
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infections with pathogens like e.g. ZIKV and C. jejuni (RODRIGUEZ et al., 2018; WILLISON 

et al., 2016). C. jejuni is thought to be the most frequent antecedent bacterial pathogen, whereas 

CMV is presumably the most frequent viral pathogen (YUKI, 2001). ZIKV is an emergent 

flavivirus transmitted mainly by Aedes spp. mosquitoes and has been put into context with 

microcephaly in children as well as encephalitis and GBS in adults (AVELINO-SILVA and 

MARTIN, 2016; BARBI et al., 2018; CAO-LORMEAU et al., 2016; MANCERA-PAEZ et al., 

2018; RODRIGUEZ et al., 2018; STANELLE-BERTRAM et al., 2018). One important 

difference compared to other related pathogens is that ZIKV is thought to have a more para-

infectious, not post-infectious mechanism of triggering GBS and has also been placed as 

candidate for evoking transverse myelitis (MANCERA-PAEZ et al., 2018; RODRIGUEZ et 

al., 2018). A connection between vaccination against swine flu and GBS was suspected but 

studies revealed a very mildly elevated increased risk with 1 additional case per 1 million 

vaccines, which depicts no real variation from background incidence (LEHMANN et al., 2010). 

GBS also occurred after surgery or head trauma, although the associated pathomechanisms 

remain unclear, in particular since GBS has never been linked to preceding peripheral nerve 

injury although it would be consistent that an autoimmune reaction would follow an exposure 

of peripheral myelin antigens (PITHADIA and KAKADIA, 2010). 

3.3.3. Pathomorphology and different subtypes of Guillain-Barré syndrome  

GBS is characterized by an acute, sometimes subacute onset of clinical signs with variable 

severity level, occurring within 1-3 weeks after a triggering infectious disease (DALAKAS, 

2013; PITHADIA and KAKADIA, 2010; WILLISON et al., 2016). The majority of patients 

show most severe clinic around 2 weeks after onset while a symptom progression for more than 

4 weeks should be taken indicative for subacute or even chronic polyradiculoneuropathy 

(DIMACHKIE and BAROHN, 2013). Chronic inflammatory demyelinating polyneuropathy 

(CIDP) is the most common autoimmune neuropathy but in contrast to GBS the disease is 

progressing for at least two months. Moreover, cranial nerves are rarely involved and 

respiratory or autonomic dysfunction is exceptional (VAN DEN BERGH and RAJABALLY, 

2013). GBS is usually monophasic with only very few patients showing a recurrent disease 

(TAKAHASHI et al., 2018). Relapse rate is roughly at 1-5%, usually emerging within the first 

8 weeks (DIMACHKIE and BAROHN, 2013). Relapsing-remitting forms are more part of 

CIDP which should be considered as differential diagnosis to GBS in appropriate cases, but 

there are also some cases of acute onset CIDP, creating a diagnostical overlap between those 

two illnesses (DIMACHKIE and BAROHN, 2013; HUGHES et al., 2016b). Mortality rate in 

Europe and North America is 3-7% and more variable over the world, but even if not terminal, 
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the disease leaves approximately 20% of patients with severe disabilities (WILLISON et al., 

2016; YUKI, 2012). The diagnosis is mostly based on clinically visible symptoms consisting 

of paresthesia and sensory abnormalities, areflexia and a mostly ascending, symmetrical limb 

weakness (DALAKAS, 2013; PITHADIA and KAKADIA, 2010; WILLISON et al., 2016). At 

the time point of worst clinical condition patients might only show mild symptoms but can also 

develop respiratory failure or be quadriplegic, develop autonomic dysfunction like sinus 

tachycardia, bradycardia, hyper- or hypotension, arrhythmias, pulmonary edema, urinary 

retention or gastrointestinal dysfunction (DIMACHKIE and BAROHN, 2013). Patients may 

recover spontaneously beginning at approximately 28 days after disease progression with a 

mean recovery time of 200 days in 80% of cases, but in more than half of patients, minor 

residual signs or symptoms will remain (DIMACHKIE and BAROHN, 2013; HUGHES et al., 

2016b). Some factors might be indicative for a poor prognosis regarding permanent disability 

like advanced age, a rapid disease onset, the need of artificial ventilation and a severely reduced 

distal motor amplitude (DIMACHKIE and BAROHN, 2013). The exact pathogenesis is still 

undetermined but might be associated with cellular as well as humoral responses (DALAKAS, 

2013; PITHADIA and KAKADIA, 2010; SHEN et al., 2018). Like all autoimmune diseases, 

GBS may develop when immunologic tolerance to specific antigens gets lost (DALAKAS, 

2013; PITHADIA and KAKADIA, 2010). Until now, up to thirteen subtypes and variants that 

feature more or less obvious differences can be included into the umbrella of GBS and several 

antigenic targets of variable clinical phenotypes have been pinned down (Figure 3) (ODAKA 

and YUKI, 2014). They can be distinguished by the mode of fiber injury (demyelinating or 

axonal), fiber type (motor, sensory, both, cranial, autonomic), patterns of weakness (e.g. classic 

GBS, Miller Fischer syndrome, Bickerstaff’s brainstem encephalitis, etc.) and alteration in 

consciousness (DIMACHKIE and BAROHN, 2013; WAKERLEY and YUKI, 2015). Until 

quite recently, GBS was thought to be a homogenous disease only varying in severity and 

clinical outcome due to a variable degree of bystander axonal damage after primary 

demyelination (WILLISON et al., 2016).  
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3.3.3.1. Acute inflammatory demyelinating polyneuropathy (AIDP) 

Every injury affecting either myelin supporting cells and/or the myelin itself, regardless 

whether produced by an oligodendrocyte or a Schwann cell, depicts a possible cornerstone of 

demyelination. AIDP represents the most common subtype of GBS in North America and 

Europe, with the myelin sheath and related Schwann cell components as the main target of 

inflammation, accompanied by axonal damage in severe forms of disease (DALAKAS, 2013; 

MEENA et al., 2011; ODAKA and YUKI, 2014; WILLISON et al., 2016). AIDP matches the 

clinical picture of the originally outlined syndrome by Guillain, Barré and Strohl and moreover 

correlates with the pathomorphological findings in EAN (HUGHES et al., 1981; HUGHES et 

al., 2016b). It goes along with a mononuclear infiltration consisting of abundant lymphocytes, 

especially CD4+ T cells, combined with a macrophage-dependent segmental demyelination, 

especially affecting the proximal parts of the PN (CHE et al., 2016; DIMACHKIE and 

BAROHN, 2013; SHEN et al., 2018). Moreover, complement components like C3d and the 

membrane attack complex (MAC) have been found on the outer surface of Schwann-cells 

(HAFER-MACKO et al., 1996b). Like in EAN, which involves a combined pathogenesis 

including T cell-mediated immunity against myelin proteins and anti-myelin glycolipids, 

various antibodies targeting peripheral myelin components were found serologically in AIDP 

patients (Figure 4) (DIMACHKIE and BAROHN, 2013; HAN et al., 2016). Repeated nerve 

Figure 3: Schematic overview over the different 
variants and an excerpt of important subtypes of 
Guillain-Barré syndrome (GBS) including: firstly, 
acute inflammatory demyelinating polyneuropathy 
(AIDP) and its subform ”facial diplegia and 
paresthesia”. Secondly, acute motor axonal 
neuropathy (AMAN) with “acute motor conduction 
block” and “pharyngeal, cervical, brachial 
weakness” as its subforms as well as a combined 
motor-sensory variant (acute motor sensory axonal, 
AMSAN) with a related subform called “acute ataxic 
neuropathy”. Thirdly the Miller Fisher syndrome 
(MFS) with several subforms like “Bickerstaff’s 
brainstem encephalitis” (BBE), “acute mydriasis” 
and “acute ophthalmopareses”. MFS also overlaps 
with “acute ataxic neuropathy”, “pharyngeal cervical 
brachial weakness” and “facial diplegia and 
paresthesia”, which can be therefore regarded as 
hybrid forms.         Modified according to Yuki, 
(2012), Odaka & Yuki, (2002) and Wakerley & 
Yuki, (2015). 
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conduction studies can support the diagnosis of GBS, help to discriminate between the two 

main subtypes (demyelinating or primary axonal) and give a hint on the prognosis (HADDEN 

et al., 1998; ODAKA and YUKI, 2014; WILLISON et al., 2016; YADEGARI et al., 2014). 

Electrodiagnostic studies might be unremarkable during the first week and should be most 

severe around two weeks after onset, in accordance to the clinical course (ODAKA and YUKI, 

2014). The exact immunological cascade in AIDP is still not fully understood but GBS is no 

longer regarded as a synonym for AIDP and vice versa, it is now described as a heterogenous 

syndrome regarding symptoms, clinical features, electrophysiological and pathological findings 

(ODAKA and YUKI, 2014; PITHADIA and KAKADIA, 2010). 

A wider range of immune stimulants (bacterial and viral infections, vaccines) and a concomitant 

possibility of a wider range of hitherto unknown nerval antigens and corresponding antibodies 

as well as specific T cells might be involved (WILLISON et al., 2016).  

3.3.3.2. Acute motor axonal neuropathy (AMAN) / acute motor sensory axonal 

neuropathy (AMSAN)  

Axonal injury is not only a collateral damage within GBS but axonal proteins can also be the 

primary target of autoimmune reactions (WILLISON et al., 2016). Feasby et al. (1986) were 

the first to describe the primary axonal variant of GBS, implicating that GBS is a heterogeneous 

disease with maybe more than one causative agent (FEASBY et al., 1986; GRIFFIN et al., 

1996b; MCKHANN et al., 1993). This second variant is divided into two subtypes and can 

affect motor (AMAN) or both, motor and sensory fibers (AMSAN). They differ from each other 

due to a more severe and longer lasting course of disease in AMSAN, resulting in more intense 

and diffuse Wallerian-like degeneration with slower and probably incomplete recovery and a 

sensory involvement 

but pathology is very 

similar 

(DIMACHKIE and 

BAROHN, 2013; 

GRIFFIN et al., 

1996a; ODAKA and 

YUKI, 2014). Axonal 

forms of GBS are 

characterized by little 

to absent lymphocytic 

infiltration and a lack 

Figure 4: Antibody-mediated effector pathways in acute inflammatory 
demyelinating polyneuropathy (AIDP; purple box) and acute motor/motor 
sensory axonal neuropathy (AMAN/AMSAN; green boxes). Antibodies target 
antigens on myelin sheaths (AIDP) or axonal membranes around predeliction 
sites (AMAN/AMSAN).                 Modified according to Willison et al. (2016). 
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of demyelination (HAFER-MACKO et al., 1996a). Both forms frequently occur after C. jejuni 

infection and are more common in China and Japan compared to Europe and North America 

(ODAKA and YUKI, 2014). Molecular mimicry between the infectious agent and PNS antigens 

is thought to be the key event in pathogenesis – at least in C. jejuni infections (PITHADIA and 

KAKADIA, 2010; WILLISON et al., 2016). The lipopolysaccharides of C. jejuni initiate the 

production of anti-ganglioside antibodies (AGAbs) due to their resemblance to PNS 

gangliosides GM1 and GD1a, the most relevant known antibodies recognized in AMSAN 

(DIMACHKIE and BAROHN, 2013; FEWOU et al., 2012; HAN et al., 2016). These AGAbs 

then bind to the axolemmal membrane, where they fix complement components, inducing nodal 

dysfunction, axonal damage and – in severe cases – irreversible axonal degeneration (FEWOU 

et al., 2012). These attacks are thought to take place at predilection sites like the nodes of 

Ranvier or the motor endplate, because molecular mimicry alone can’t explain the blood-nerve-

barrier breakdown that is needed to enable contact between antibodies and the actual nerve 

(Figure 4) (HUGHES et al., 2016b). Early pathologic changes are lengthening of nodal areas 

followed by complement-mediated recruitment of macrophages that separate the myelin from 

the axolemma and induce a reversible condensation of axoplasm (DIMACHKIE and 

BAROHN, 2013). AGAbs associated with AMAN also include GD1a and, in addition, GM1a, 

GM1b and GalNAc-GD1a (N-acetylgalactosaminyl-GD1a) (HAN et al., 2016). The nodal area 

is an illustrious accumulation of potential antigenic targets and crucial point in functionality of 

innervation (DEVAUX et al., 2012; ZIGANSHIN et al., 2016). Nodal damage can be repaired 

quickly but complete axonal transection (Wallerian degeneration) will cause irreversible 

damage (WILLISON et al., 2016). 

3.3.4. Experimental animal models of Guillain-Barré syndrome 

The first accessible animal model of peripheral neuropathies was derived from the concept of 

EAE and accordingly used homologous or heterologous sciatic nerve tissue to induce EAN in 

rabbits (SCHAFFLICK et al., 2017; WAKSMAN and ADAMS, 1955). This concept of 

sensitizing the immune system against PNS components was later on extended on various other 

species (e.g. rats, mice, guinea pigs, and monkeys), whereby the Lewis rat strain turned out to 

be the most suitable and reliable model mimicking several morphological and 

electrophysiological hallmarks of GBS (MAURER and GOLD, 2002; SCHAFFLICK et al., 

2017). EAN can either be induced by active immunization of animals with variable myelin 

homogenates along with differences in severity depending on the myelin protein used, or via 

adoptive transfer of stimulated T cells (LININGTON et al., 1992; SCHAFFLICK et al., 2017). 

The pathomorphological changes of these models especially resemble those seen in AIDP or 
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CIDP with a perivascular accentuated infiltration of T cells and recruitment of macrophages, 

an observation that led to the thought of GBS and CIDP being mostly or even exclusively T 

cell mediated (HUGHES et al., 1981; LININGTON et al., 1992). This theory has been 

challenged – at least in part – by the detection of autoreactive antibodies (SOLIVEN, 2014). 

EAN is known to be caused by T helper cells triggered by epitopes on peripheral myelin with 

P0, P2 and PMP22 as most obviously involved antigens, but still the exact antigens inducing 

AIDP remain unclear (HUGHES and LEGER, 2013; HUGHES and CORNBLATH, 2005). 

Moreover, this first forms of EAN fail in depicting the hallmarks of primary axonal forms of 

GBS like AMAN/AMSAN and is therefore unable to reproduce a large subset of the actual 

human disease (SCHAFFLICK et al., 2017).  

For the induction of primary axonal forms of EAN and investigation of anti-ganglioside 

antibodies, immunization studies with gangliosides (e.g. GM1; GD1b) in rabbits have been 

established at the end of the 20th century (KUSUNOKI et al., 1996; SOLIVEN, 2014; SUSUKI 

et al., 2003; YUKI et al., 2001). Hallmarks of these models can be summarized as flaccid 

paralysis, axonal damage and high titers of ganglioside-directed antibodies in the absence of 

significant numbers of T cells (SOLIVEN, 2014; YUKI et al., 2001). Transferring these models 

to mice turned out to be nontrivial at first, but it was possible to induce peripheral, axonal 

neuropathies in mice by e.g. transplantation of antibody producing hybridoma cells, injection 

of patient’s serum, oral gavage of C. jejuni or immunization of mice with C. jejuni-specific 

oligosaccharides (PLOMP and WILLISON, 2009; SCHAFFLICK et al., 2017; ST CHARLES 

et al., 2017; VAN DEN BERG et al., 1994). Over time since gangliosides are considered to be 

a main target of autoimmune neuropathies and highly enriched within the nervous system of 

vertebrates, a direct connection between specific anti-ganglioside IgG and different variants of 

neuropathies, including single subtypes of GBS, had been made (GONG et al., 2002; 

SOLIVEN, 2014; WILLISON, 2012).  

3.3.5. Naturally occurring animal models of Guillain-Barré syndrome 

Naturally occurring GBS models in animals are Marek’s disease in chicken, triggered by gallid 

herpesvirus, Coonhound paralysis in dogs, which can occur after raccoon bite or scratch and 

acute polyradiculoneuritis in dogs, a disease that is now considered to be related to antecedent 

C. jejuni infections (LAMPERT et al., 1977; MARTINEZ-ANTON et al., 2018). Moreover,

there has been a report from a rhesus macaque displaying clinical signs resembling human GBS

after C. jejuni infection (BECKER et al., 2017). Until now, although several animal models

mimicking and focusing on different subtypes and aspects of GBS have been established and
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described, there is still a lack of innovative therapeutic strategies in GBS (SCHAFFLICK et al., 

2017).  

3.3.6. Therapeutic approaches 

GBS represents a complex and – in several ways – still unclear disease. Enormous progress was 

made during the last decades but still, several important questions remain unanswered, for 

example why some people do and some don’t develop GBS after an antecedent infection with 

specific strains of C. jejuni (WILLISON et al., 2016). Little is known about environmental 

factors and variables as well as genetic predispositions and their interactions. Genetic 

susceptibility, especially for AIDP, is thought to be associated to specific human leukocyte 

antigen-haplotypes and other genes (DIMACHKIE and BAROHN, 2013; MAGIRA et al., 

2003). There is also statistical evidence that C. jejuni associated AMAN is more common in 

men and CMV-associated AIDP more common in women indicating a gender determined 

predisposition (YUKI, 2001). Besides searching for answers to these epidemiologic and 

pathogenetic questions, one of the most important issues regarding GBS research remains the 

need for early diagnosis based on the patient’s history, e.g. an antecedent intestinal or 

pulmonary infection, clinical presentation, cerebrospinal fluid analysis and electrophysiological 

findings (PAPATHANASIOU and MARKAKIS, 2016; VAN DOORN, 2013; VERBOON et 

al., 2017). Standard treatment for GBS is still restricted to plasma exchange (PE) for the 

removal of humoral factors and the use of intravenous immunoglobulins (IVIg) that interfere 

with costimulatory molecules of antigen presentation and moreover interact with antibodies, 

cytokines and other structures and molecules involved in the progression of disease 

(DIMACHKIE and BAROHN, 2013; HUGHES et al., 2016a; NGUYEN and TAYLOR, 2018). 

Although both therapies have been proven to be equally effective, IVIg has mainly become the 

treatment of choice, especially because of application benefits (HUGHES et al., 2014; VAN 

DER MECHE and SCHMITZ, 1992; VAN DOORN, 2013). Supported by studies regarding 

PE-treatment, it is common opinion that treatment is more effective when administered as early 

as possible to ameliorate the existing damage and prevent further tissue destruction, again 

underlining the importance of early diagnosis (NGUYEN and TAYLOR, 2018; VERBOON et 

al., 2017). A combined treatment of PE and IVIg is not superior to monotherapy and treatment 

with corticosteroids has also shown no beneficial effect, even when combined with classical PE 

or IVIg application (HUGHES et al., 2016b; NGUYEN and TAYLOR, 2018; VAN DOORN, 

2013). Besides the rapid diagnosis a thorough monitoring of patients and intensive care is 

needed since around a quarter of GBS-patients will need artificial ventilation and recovery can 

be a task for months or even years with the possibility of permanent damage and impairment 
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(WILLISON et al., 2016) (DIMACHKIE and BAROHN, 2013). Especially since GBS 

represents a potentially fatal disease and the clinical outcome of a large proportion of GBS 

patients remains dissatisfying, the search for new therapeutic approaches is still under way. 

Several compounds influencing the cellular and humoral immune system had been suggested 

as potential candidates but the vast majority did not go beyond application in animal models, 

was only described in case reports or was shown to be non-effective (MOTAMED-GORJI et 

al., 2017). Today, promising attempts include studies investigating a second IVIg treatment for 

patients with poor prognosis, since high levels of serum IgG seem to be related to an 

advantageous outcome (VAN DOORN, 2013). Moreover, since AGAbs are proven to activate 

complement components during the disease, compounds that interfere with complement 

activation, especially of terminal products of the complement cascade are of high interest for 

GBS treatment options (DAVIDSON et al., 2017). A humanized monoclonal antibody called 

Eculizumab, a drug that inhibits the cleavage to C5a and C5b and thereby impedes the formation 

of MAC, is the only commercially available inhibitor of C5 complement component that is 

approved for usage in man (DAVIDSON et al., 2017; MOTAMED-GORJI et al., 2017). 

Regarding Eculizumab, two phase II clinical trials are currently running in Scotland (since 

2014) and Japan (since 2015), whilst all other compounds that might influence complement 

activation in GBS (e.g. rEV576, Nafamostat Mesilate or antibodies directed against C1q) are 

no longer pursued in current research (DAVIDSON et al., 2017; MOTAMED-GORJI et al., 

2017). Another approach to improve clinical outcome in GBS patients is the identification of 

reliable biomarkers for an accelerated diagnosis as well as the monitoring of clinical progress 

and recovery (DONCEL-PEREZ et al., 2016; WANG et al., 2015; WILLISON et al., 2016). 

Several biomarkers have been suggested to be promising candidates as markers for GBS 

(WANG et al., 2015). As an example, most recent research using proteomics analysis showed 

an upregulation of haptoglobin, which has already been proposed as a biomarker in previous 

publications, and a downregulation of cystatin C as possible markers for early diagnosis of GBS 

(JIN et al., 2007; LI et al., 2018). Nevertheless, further investigations will be needed to confirm 

the relevance and especially the specificity of these markers (BRETTSCHNEIDER et al., 

2009). 
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4. Comparison of reported spinal cord lesions in progressive multiple sclerosis with

Theiler’s murine encephalomyelitis virus induced demyelinating disease

LEITZEN, E., W. JIN, V. HERDER, A. BEINEKE, SA. ELMARABET, 

W. BAUMGÄRTNER and F. HANSMANN

Abstract 

BACKGROUND: Spinal cord (SC) lesions in Theiler's murine encephalomyelitis virus induced 

demyelinating disease (TMEV-IDD) resemble important features of brain lesions in 

progressive multiple sclerosis (MS) including inflammation, demyelination, and axonal 

damage. The aim of the present study was a comparison of SC lesions in MS and TMEV-IDD 

focusing on spatial and temporal distribution of demyelination, inflammation, SC atrophy 

(SCA), and axonal degeneration/loss in major descending motor pathways. 

METHODS: TMEV and mock-infected mice were investigated clinically once a week. SC 

tissue was collected at 42, 98, 147, and 196 days post infection, and investigated using 

hematoxylin and eosin (HE) staining, immunohistochemistry targeting myelin basic protein 

(demyelination), Mac3 (microglia/macrophages), phosphorylated neurofilaments (axonal 

damage) and transmission electron microscopy. 

RESULTS: Demyelination prevailed in SC white matter in TMEV-IDD, contrasting a 

predominant gray matter involvement in MS. TMEV-infected mice revealed a significant loss 

of axons similar to MS. Ultrastructural analysis in TMEV-IDD revealed denuded axons, 

degenerative myelin changes, axonal degeneration, as well as remyelination. SCA is a 

consistent finding in the SC of MS patients and was also detected at a late time point in TMEV-

IDD. 

CONCLUSION: This comparative study further indicates the suitability of TMEV-IDD as 

animal model also for the investigation of progressive SC lesions in MS. 

Int J Mol Sci. 2019: Feb 25;20(4). 

https://www.mdpi.com 

DOI: 10.3390/ijms20040989. 





MANUSCRIPT 2: Virus-triggered spinal cord and peripheral nerve lesions 

23 

5. Virus-triggered spinal cord demyelination is followed by a peripheral neuropathy

resembling features of Guillain-Barré Syndrome

LEITZEN, E., BB. RADDATZ, W. JIN, S. GOEBBELS, KA. NAVE, 
W. BAUMGÄRTNER and F. HANSMANN

ABSTRACT 

Theiler's murine encephalomyelitis virus (TMEV)-induces a demyelinating disease in the spinal 

cord (SC) of susceptible but not in resistant (B6) mouse strains. The aim of the present study 

was to induce SC demyelination and a peripheral neuropathy in resistant mice by switching the 

infection site from cerebrum to SC. B6 mice were intraspinally inoculated with TMEV. Infected 

mice showed clinical signs starting at 7 days post infection (dpi). Histopathology revealed a 

mononuclear myelitis, centred on the injection site at 3 dpi with subsequent antero- and 

retrograde spread, accompanied by demyelination and axonal damage within the SC. Virus 

protein was detected in the SC at all time points. SC inflammation decreased until the end of 

the investigation period (28 dpi). Concurrent with the amelioration of SC inflammation, the 

emergence of a peripheral neuropathy, characterized by axonal damage, demyelination and 

macrophage infiltration, contributing to persistent clinical sings, was observed. Intraspinal 

TMEV infection of resistant mice induced inflammation, demyelination and delayed viral 

clearance in the spinal cord and more interestingly, subsequent, virus-triggered inflammation 

and degeneration within the PN associated with dramatic and progressive clinical signs. The 

lesions observed in the PN resemble important features of Guillain-Barré syndrome, especially 

of acute motor/motor-sensory axonal forms. 
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6. Discussion and conclusions

TMEV infection is a widely used animal model for progressive MS, epilepsy, myositis and

myocarditis (DANIELS et al., 1952; GOMEZ et al., 1996; LIBBEY et al., 2008; LIPTON,

1975; OMURA et al., 2018; STEWART et al., 2010; THEILER, 1934; TSUNODA et al., 2016).

In this thesis the suitability of TMEV infection as an animal model for SC lesions in progressive

MS and for a peripheral neuropathy resembling GBS is investigated or described, respectively.

In the first part of this thesis, TMEV-induced SC lesions after i.c. infection of susceptible SJL/J

mice were compared with SC lesions in MS. The hypothesis of this study was that SC lesions

in MS are comparable to SC alterations in TMEV-IDD with respect to SC atrophy (SCA),

axonal loss, demyelination and inflammation, underlining the suitability of TMEV-induced

demyelinating disease (TMEV-IDD) as animal model for progressive MS. Therefore, the aim

of this study was to identify similarities and differences regarding SC lesions in progressive MS

and TMEV-IDD. Special emphasis was given to the spatial and temporal distribution of

demyelination, inflammation, SCA and axonal degeneration and/or loss in the rostral

reticulospinal tract (RRTS) as major descending motor pathway.

The second study investigates the consequences of an i.s. TMEV infection in resistant B6 mice.

Within this study, special attention was given to the development of inflammation, virus spread

and demyelination. The hypothesis of this study was that resistant mice develop demyelinating

lesions within the SC after i.s. infection due to a more pronounced inflammatory reaction

compared to i.c. infection. Furthermore, it was hypothesized, that virus spread to the PNS would

induce a peripheral neuropathy resembling features of GBS.

6.1. Theiler’s murine encephalomyelitis virus infection as an animal model for spinal cord 

lesions in progressive multiple sclerosis 

TMEV-IDD in susceptible mice is characterized by inflammation, demyelination and axonal 

damage in the SC during the chronic phase of the disease (LIPTON, 1975; MECHA et al., 2013; 

ZOECKLEIN et al., 2003). Similar to MS, morphological alterations in the SC of TMEV 

infected mice are accompanied by a persistent clinical impairment (HANSMANN et al., 2012; 

OLESZAK et al., 2004; PETROVA et al., 2018; ULRICH et al., 2010). Pathological lesions in 

TMEV-IDD follow a conserved time course characterized by an acute polioencephalomyelitis 

followed by a chronic, demyelinating leukomyelitis (LIPTON, 1975; MECHA et al., 2013; 

ZOECKLEIN et al., 2003). In MS patients, brain and SC lesions can occur simultaneously or 

independent from each other (DOBSON and GIOVANNONI, 2019; LASSMANN and 

BRADL, 2017; PEARCE, 2005). Imaging techniques applied in clinical diagnostics and trials 
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often focused on changes within the brain until several studies emphasized the need of a more 

comprehensive assessment of the neuraxis (CASSERLY et al., 2018; MILLER et al., 2002).  

6.1.1. Spinal cord atrophy 

Several MS studies revealed a close correlation between SCA and clinical impairment, which 

was more pronounced in progressive MS than in RRMS (CASSERLY et al., 2018; 

EVANGELOU et al., 2005; LOSSEFF et al., 1996; ZIVADINOV et al., 2008). The 

phenomenon of a reduced SC cross sectional area has also been recognized in mice during TME 

(MCGAVERN et al., 2000; MCGAVERN et al., 1999; PAZ SOLDAN et al., 2015). In the 

present study SCA and atrophy in the RRTS of TMEV-infected SJL mice were compared to 

data obtained by Petrova et al. (2018), detailing SCA and atrophy of the corticospinal tract 

(CST) area in the SC of chronic progressive MS patients. In progressive MS significant SCA 

affecting all SC levels with no substantial differences between WM and gray matter (GM) 

atrophy is described (PETROVA et al., 2018). TMEV infected mice showed a reduction of SC 

cross sectional area (CSA) within the thoracic segment at 196 dpi. This result coincided with a 

significant reduction of WM in absence of marked changes within the GM. Therefore, it can be 

assumed that predominantly WM atrophy contributes to SCA during TMEV-IDD. In TMEV-

IDD, the majority of the lesions are localized within the lateral WM columns in the thoracic 

segment (LIPTON, 1975). In line with this, SCA was most prominent in this segment with a 

potential involvement of cervical and lumbar segments at later time points. Interestingly, SCA 

in TMEV-IDD was poorly associated with inflammation and demyelination, indicating that 

these findings have a minor contribution to SCA in TMEV-IDD. If demyelination would have 

significantly contributed to SCA, a more pronounced degree of SCA in cervical and lumbar 

segments would have been expected. However, it cannot be excluded, that in acute lesions SCA 

was masked by inflammation associated intraspinal edema. GM atrophy, a feature associated 

with clinical disability in MS was not detected in TMEV infected mice (KEARNEY et al., 

2015; SCHLAEGER et al., 2014). This is probably due to a nearly exclusive affection of SC 

WM in TMEV-IDD, although GM pathology is described TME in the motor cortex (acute 

phase) as well as in the brain stem (late phase; MECHA et al., 2013).  



DISCUSSION AND CONCLUSIONS 

27 

Atrophy within the CST revealed significant differences between MS patients and healthy 

controls at the cervical and thoracic level (PETROVA et al., 2018). Due to a divergent 

localization of the CST in humans and rodents (Figure 5) as well as spatial differences of the 

predominant lesions sites between MS and TMEV-IDD, the RRTS, which has been intensively 

investigated in cats and rats, instead of the CST has been selected as region of interest in mice 

(BALLERMANN and FOUAD, 2006; NYBERG-HANSEN, 1965; WELNIARZ et al., 2017). 

The RRTS represents one of the major descending pathways involved in regulation of posture 

and movement (MAY et al., 2017; SENGUL and WATSON, 2012). Moreover, because of the 

ipsilateral and compact course of fibers within the ventral SC and its good detectability, the 

RRTS represents an area of high interest. Significant changes within the RRTS of TMEV-

infected mice were detected within the thoracic SC segment at 98 and 196 dpi. The latter 

coincided with CSA and a reduction of the WM area. Moreover, the cervical segment showed 

a significant reduction of the RRTS at 196 dpi. The pronounced reduction of the area of the 

RRTS compared to the CSA or 

even the WM area of SC might 

indicate that this region, 

containing a major tract of 

descending motor pathways, is 

more severely affected or more 

vulnerable than other areas 

lacking a larger proportion of 

motoric fibers. The results of 

the present study, using the 

BeAn strain of TMEV, also 

show similarities with previous 

studies investigating SJL mice 

infected with the DA strain of 

TMEV (Table 1). In these 

studies, SCA was most 

prominent within thoracic and 

cervical segments, whereby the 

thoracic SC was initially 

affected (MCGAVERN et al., 

2000; MCGAVERN et al., 

Figure 5: Schematic illustration of the major descending pathways 
connecting brain and spinal cord in rodents including the caudal 
reticulospinal tract (crts; yellow), dorsal corticospinal tract (dcs; orange), 
lateral vestibulospinal tract (lvs; green), rostral reticulospinal tract (rrts; 
grey) and rubrospinal tract (rs; blue), as well as the localization of the 
human corticospinal tract (cst; red).        
Modified according to Sengul & Watson (2012); Welniarz, et al. (2017). 
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1999; PAZ SOLDAN et al., 2015; SATHORNSUMETEE et al., 2000). These observations led 

to the conclusion that atrophy of motor tracts represents a common finding in progressive MS 

and TMEV-IDD SC lesions. 

6.1.2. Axonal loss 

Axonal pathology is detected in the acute and chronic phase of TME (DAL CANTO and 

LIPTON, 1975; LIBBEY et al., 2014; TSUNODA et al., 2003; URE and RODRIGUEZ, 2002). 

In the present study axonal lesions in TMEV-IDD were quantified and compared to lesions 

described in the SC of progressive MS (PETROVA et al., 2018). In the present study a 

significant reduction in axonal density in both, progressive MS SC lesions and SC lesions in 

chronic TMEV-IDD was detected. 

During the chronic phase of TMEV-IDD, demyelination reaches a plateau phase around 100 

dpi, whereas SCA and axonal loss are still progressing (MCGAVERN et al., 2000; OLESZAK 

et al., 2004). Axonal loss in TMEV infected animals was more pronounced in small diameter 

axons of the cervical and thoracic segments at late time points while large diameter axons 

Specimen Pretreatment/ 
Methods 

Investigated 
time points 

Results 
Reference 

Total cord 
area 

lateral and anterior 
column 

entire spinal 
cord 

osmium tetroxide 
post-fixed, 
Araldite 
embedded 
sections 

paraphenyledi-
amine staining 

192 dpi C1-C7 
C8-T11 

C1-C7, 
C8-T11, 

T12/13-L3 

MCGAVERN et al., 
1999 

entire spinal 
cord 

osmium tetroxide 
post-fixed, 
Araldite 
embedded 
sections 

paraphenyledi-
amine staining 

45 dpi 

92-100 dpi

195 - 220 dpi 

C1-C7 

C1-C7 

C1-T11 

C7-T11 

C7-T11 

C1-T11 

MCGAVERN et al., 
2000 

C7 

osmium tetroxide 
post-fixed, 
Araldite 
embedded 
sections 

paraphenyledi-
amine staining 

192 dpi cervical and 
thoracic C7 

SATHORNSUMETEE 
et al., 2000 

C4-5 MRI 12 months 9 months PAZ SOLDÁN et al., 
2015 

Table 1: Summary of studies investigating atrophy of spinal cord (SC) cross sectional area (SCA) or atrophy of 
the lateral and anterior columns in cervical (C) and thoracic (T) segments in SJL mice infected with the Daniel’s 
strain of TMEV. Dpi = days post infection.
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showed a significant reduction within the thoracic segment at 98 dpi. However, the selectivity 

for specific axon diameters may also depend on the fiber composition of the investigated motor 

pathway since there is a known variation of the average axon diameter between different tracts 

(ONG and WEHRLI, 2010). Moreover, the applied virus strain might have a significant 

influence on axonal pathology since DA-infected mice showed a predominant affection of 

medium to large axons (Table 2). Within the present study, mice were infected with the BeAn 

strain whereas all other cited studies used the DA strain of TMEV. Differences in features like 

the onset of clinical signs and also the extent of axonal damage caused by DA or BeAn, 

respectively, are likely to have an impact on the obtained results (DAL CANTO et al., 1995; 

MECHA et al., 2013; RODRIGUEZ et al., 1987).  

Specimen Pretreatment/Methods Investigated 
time points Fiber size Results Reference 

T6 
NAWM 

osmium tetroxide post-
fixed, Araldite embedded 
sections 

paraphenylediamine 
staining 

192 dpi 
0-4 µm² small
4-10 medium
> 10 large

reduction of 
medium and 
large fibers 

MCGAVERN et al., 
1999 

T6 
NAWM 

osmium tetroxide post-
fixed, Araldite embedded 
sections 

paraphenylediamine 
staining  

45 dpi 

92-100 dpi

195 - 220 dpi 

0-4 µm² small
4-10 medium
> 10 large

reduction of 
medium 
fibers at 195-
220 

reduction of 
frequency in 
large fibers 
45, 92-100, 
195-220 dpi

correlating 
with 
neurological 
defictits 

MCGAVERN et al., 
2000 

C7 
lesion site 
anterolateral 
column 

osmium tetroxide post-
fixed, Araldite embedded 
sections 

electron microscopy 

192 dpi 
0-4 µm² small
4-10 medium
> 10 large

reduction in 
large fibers 

SATHORNSUMETEE 
et al., 2000 

Table 2: Summary of studies in DA-infected SJL mice investigating axonal loss subdivided into small, medium 
and large fibers in cervical (C) anf thoracic (T) spinal cord segments at different time points (dpi) using light and 
electron microscopy.  

The DA strain is known to go along with a higher degree of demyelination, a higher amount of 

detectable viral RNA and higher numbers of virus positive cells within the SC, whereas the 

BeAn strain induces higher titers of TMEV-specific antibodies and an earlier onset of clinical 

signs despite a milder course of early disease (MECHA et al., 2013; OLESZAK et al., 2004; 

ZOECKLEIN et al., 2003). Moreover, there is a more extensive infiltration of CD8+ T-
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lymphocytes associated with more extensive axonal damage in mice infected with the DA 

compared to BeAn strain of TMEV (HOWE et al., 2007; KANG et al., 2002; SAUER et al., 

2013). Similarly to TMEV-IDD, progressive MS lesions also show contradictory results 

regarding the diameter of predominantly affected axons (HUANG et al., 2016; MILLER et al., 

2002; PETROVA et al., 2018). 

Regarding the pathogenesis of axonal damage in TMEV-IDD, there are two main hypotheses 

(Figure 6). The inside-out model postulates a primary axonal damage (inside) with secondary 

inflammatory reaction and demyelination (outside) already starting in the early phase of TME 

(TSUNODA and FUJINAMI, 2002; TSUNODA et al., 2003). This model also suggests a self-

destructive axonal damage as a defense mechanism against axonal virus spread (SATO et al., 

2011; TSUNODA et al., 2007). In contrast to the inside-out model, the outside-in model 

consists of a primary demyelination (outside) which is followed by a secondary axonal loss 

(inside) due to an increased axonal vulnerability (MCGAVERN et al., 2000). Within the present 

study, demyelination preceded the detection of significant axonal loss, but this does not 

necessarily implicate that there is no primary axonal damage within the investigated lesions. 

The ongoing axonal loss even after reaching the plateau phase of demyelination is also a hint 

Figure 6: Graphical illustration of the outside-in and the inside-out model. Outside-in: the myelin sheath 
(yellow) or the oligodendrocyte is the primary target. Axonal degeneration occurs secondarily. Inside-out: The 
axon or its cell body (blue) is the primary target. Myelin loss occurs secondarily.              Modified according to 
Libbey et al. (2014).; Tsunoda et al. (2002). 
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for axonal pathology independent from myelin destruction. Interestingly, in accordance with 

SC lesions in progressive MS, a more obvious axonal loss compared to SCA was present in 

TMEV-IDD. This could be indicative of axonal loss preceding SCA or, vice versa, of SCA 

being the result of axonal degeneration and loss. In conclusion, SC lesions in TMEV-IDD and 

MS show comparable patterns of SCA and axonal loss. A deeper understanding of the peculiar 

interactions between TMEV, immune system and axons as primary or secondary target will 

provide important facts for the understanding of the pathogenesis of the neurological decline in 

TME as well as in MS. 

6.2. Theiler’s murine encephalomyelitis virus infection as an animal model for peripheral 

neuropathies resembling features of Guillain-Barré syndrome  

After an i.c. infection with low neurovirulent TMEV strains like BeAn or DA, susceptible and 

resistant mice show an acute polioencephalomyelitis. Resistant mouse strains like B6 clear the 

virus during the acute phase and do neither develop virus persistence nor demyelination within 

the SC (BJELOBABA et al., 2018). In B6 mice, inflammatory reactions after traumatic injury 

have been shown to be more pronounced within the SC compared to those found in the brain 

(SCHNELL et al., 1999a). I.s. TMEV infection of SJL mice leads to local virus replication and 

demyelination in the SC (DRESCHER and TRACY, 2007a). Furthermore, a focal injection of 

TMEV into the sciatic nerve of FVB and scid mice led to a replication of virus within the nerve 

for a limited period of time and subsequent demyelination, indicating that TMEV is able to 

induce peripheral nerve lesions (DRESCHER and TRACY, 2007b). Moreover, a retrograde 

virus spread to the CNS was observed 7 days post infection, with clinical impairment being 

only visible in scid mice (DRESCHER and TRACY, 2007b). During his first observations 

Theiler noticed, that one peripheral nerve of an affected animal contained virus, indicating that 

TMEV is able to spread to the PNS (THEILER, 1937).  

Therefore, the hypotheses of this study were that (1) TMEV can induce inflammation and 

demyelination within the SC of resistant B6 mice after direct i.s. infection, (2) TMEV can 

spread from SC to the PNS and (3) TMEV is capable of inducing a peripheral neuropathy that 

resembles certain features of GBS following i.s. infection of resistant mice.  
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6.2.1. Spinal cord inflammation and demyelination 

B6 mice were intraspinally infected with the BeAn strain of TMEV (Figure 7). Infected mice 

showed significant clinical signs starting at 11 dpi and a deterioration of rotarod performance 

starting at 7 dpi. Clinical signs were comparable to those described in the late phase of TMEV-

IDD but occurred more than a month earlier (LIPTON, 1975; OLESZAK et al., 2004). SC 

lesions consisted of a mononuclear leuko- and poliomyelitis predominantly affecting the ventral 

part of the SC. Moreover, lesion distribution after i.s. infection was similar to SC lesions in SJL 

mice following i.c. infection (HANSMANN et al., 2012; HERDER et al., 2012; LIPTON, 1975; 

ULRICH et al., 2010). Inflammation showed an antero- and retrograde spread within the SC, 

which was accompanied by an i.s. virus spread. TMEV was still occasionally detected within 

the SC after 28 dpi, albeit, after i.c. infection, resistant animals clear the virus within three 

weeks (OLESZAK et al., 2004). Despite of this delayed viral elimination, the data do not imply 

that i.s. infection of resistant mice leads to an i.s. virus persistence like known from susceptible 

mice. However, another similarity between TMEV-IDD and lesions after i.s. TMEV infection 

is an intra-axonal accumulation of beta-amyloid-precursor-protein (β-APP), indicative for 

axonal damage. Furthermore, in the present study, demyelination in the SC was detected at 14 

Figure 7: Experimental design of intraspinal infection of mice with Theiler’s murine encephalomyelitis virus 
(TMEV) including induction of NG2 dependent Cre-recombinase, hemilaminectomy and stereotaxic virus 
infection, perfusion and necropsy. 
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and 28 dpi. Therefore, it can be concluded, that i.s. TMEV infection of B6 mice leads to a 

deterioration of motor coordination starting at 7 dpi, significant clinical signs at 11 dpi, SC 

inflammation, demyelination, i.s. virus spread and axonal damage, comparable to changes 

described in susceptible mice following i.c. infection at a markedly earlier time point. The 

results of the study show that a change of infection site has profound consequences upon the 

course of the disease in resistant mice. Following i.c. infection resistant mice show a fast and 

effective antiviral immune reaction which is essential for viral clearance (BJELOBABA et al., 

2018). It is likely that this immune response, which prevents virus persistence after i.c. infection 

is also – at least in part – responsible for the marked changes within the SC of B6 mice. After 

traumatic injury, the SC immune system in B6 mice was shown to react with a more pronounced 

immune response compared to the brain (SCHNELL et al., 1999a). This indicates that a 

compartmentalization does not only play a role between CNS and the periphery, but also within 

the CNS itself (CORREALE et al., 2017; FITZNER and SIMONS, 2010; LASSMANN et al., 

2007; NAVARRETE-TALLONI et al., 2010; SCHNELL et al., 1999b). Further investigations 

are needed to identify the underlying mechanisms leading to a compartmentalization of the 

immune response within the CNS.  

6.2.2. Remyelination and NG2 cells 

By using C57BL/6.NG2CreERT2xRosa26.floxed.stop-tdTomato double heterozygous mice it 

is possible to track nerve/glial antigen 2 (NG2) positive cells during their development 

(HUANG et al., 2014). Expression of NG2, also known as chondroitin sulfate proteoglycan 4, 

is restricted within the CNS to perivascular cells and oligodendrocyte precursor cells (OPC) 

which play an important role for remyelination (AMPOFO et al., 2017; BINAME, 2014; 

CRAWFORD et al., 2013). Demyelination in chronic TMEV-IDD goes along with increased 

numbers of NG2 positive cells contrasting a scarce amount of remyelination (ULRICH et al., 

2008). Therefore, remyelination following i.s. TMEV infection of resistant mice was 

investigated. TMEV infected animals showed significantly increased numbers of tdTomato 

positive cells in the ventral WM at 28 dpi compared to 14 dpi. These results are in agreement 

with data from other studies investigating OPC recruitment after SC injury (LEVINE, 2016; 

RODRIGUEZ et al., 2014). Moreover, there was an accumulation of tdTomato positive cells in 

the direct vicinity of the lesions indicating a migration of NG2 cells towards the demyelinated 

areas. Previous investigations postulated a switch in NG2 cell differentiation from the 

oligodendrocytic towards an astrocytic lineage as explanation for the existing insufficient 

remyelination (PRINGPROA et al., 2010; SUN et al., 2015; ULRICH et al., 2008). A misguided 

differentiation could reduce the number of newly generated oligodendrocytes. A differentiation 
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switch towards an astrocytic line would support scarring within the SC and prevent further OPC 

migration (LEVINE et al., 2001). Additionally, astrocytes in MS plaques are known to produce 

NO and superoxide radicals which can further contribute to tissue damage (WILLIAMS et al., 

2007). Further studies are needed to determine whether these tdTomato positive cells 

differentiate into mature oligodendrocytes and effectively contribute to remyelination.   

6.2.3.  Peripheral nerve lesions 

The number of inflammatory cells in the SC decreased following 14 days post i.s. TMEV 

infection. However, the reduction of inflammation was not accompanied by an amelioration of 

clinical signs. Theiler (1937) showed that the sciatic nerve of infected mice harbors virus and 

represents a route for virus transmission in the PNS. In addition, pathological changes within 

meninges, brain, SC, anterior nerve roots, and sometimes in the PN of TMEV infected mice 

were described (DANIELS et al., 1952). After direct injection of TMEV into the sciatic nerve 

of FVB and scid mice, inflammation and demyelination were observed within the injected nerve 

(DRESCHER and TRACY, 2007b). It has also been shown that TMEV can spread via axonal 

transport (DAL CANTO and LIPTON, 1982; TSUNODA et al., 2007). Based on these findings, 

it was hypothesized that TMEV would spread to the PNS after i.s. infection of resistant mice 

with subsequent occurrence of a peripheral neuropathy resembling features of GBS. Within the 

present study, PN showed a significant infiltration of macrophages at 14 and 28 dpi. These 

findings were accompanied by a significant accumulation of β-APP, indicative for axonal 

damage as well as a loss of MBP positive areas, indicating demyelination within PN. TMEV 

antigen was detected in one PN of 2 out of 26 infected animals at 7 and 14 dpi. However, the 

cellular localization of TMEV in the nerves has to be determined. Previous studies investigating 

PN reported a localization of TMEV in Schwann cells and macrophages (DRESCHER and 

TRACY, 2007b). Within this study, viral antigen was initially detected within the PN at 7 dpi 

what is in accordance with previous studies where viral antigen was detected within the SC one 

week after injection of TMEV into the sciatic nerve (DRESCHER and TRACY, 2007b). 

Moreover, immunocompetent mice showed an initial replication of virus and a subsequent 

reduction of viral load within the sciatic nerve after 7-9 dpi (DRESCHER and TRACY, 2007b). 

This decrease was interpreted as a result of an adaptive antiviral immune response, which is 

triggered approximately 5 days after i.c. TMEV infection (LINDSLEY and RODRIGUEZ, 

1989; LINDSLEY et al., 1988). Further investigations are needed to elucidate the underlying 

pathomechanisms of peripheral nerve damage, especially whether the presence of virus is 

crucial for the development of a peripheral neuropathy. Moreover, the identification of 

antigenic targets of the immune response will provide important information especially with 
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regard to the suitability of this TMEV infection route as a model for peripheral neuropathies in 

humans. However, the persistently elevated high clinical scores of these mice at the end of 

investigation period limit the experimental opportunities.  

6.3. Concluding remarks 

In this thesis TMEV infection was used as a model for SC lesions in progressive MS and for 

the investigation of a peripheral neuropathy. To achieve these goals, a specific combination of 

an appropriate TMEV and mouse strain with an appropriate infection site is crucial. The present 

study revealed that TMEV-IDD and progressive MS show very similar characteristics (Figure 

8), especially regarding the occurrence of SCA and axonal loss. Both features play an important 

role for the occurrence of persistent clinical deterioration and the attenuation or  

prevention of their development reveals an important goal for future treatment strategies. This 

investigation particularly underlines the suitability of TMEV-IDD as a model for progressive 

MS SC lesions.  

Figure 8: Overlapping characteristics of Theiler’s murine encephalomyelitis virus (TMEV) infection and 
progressive Multiple Sclerosis (MS) spinal cord (SC) lesions or peripheral nerve (PN) lesions resembling 
Guillain-Barré syndrome (GBS), respectively. 0 = no overlaps. 
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The present study also demonstrated that i.s. TMEV infection is followed by an i.s. virus spread, 

inflammation and demyelination within a resistant mouse strain. Therefore, this infection model 

can be used to directly investigate site- and time-specific TMEV-induced demyelination at early 

time points in the majority of commercially available transgenic mouse lines and furthermore 

highlights the impact of a compartmentalized immune response within the CNS. Moreover, 

morphological alterations observed within the PN resemble several features of human 

peripheral neuropathies and might provide a new virus-induced model resembling GBS (Figure 

8). 
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8. Appendix

8.1. Hemilaminectomy and stereotaxic injection 

Materials: Stereotaxic instrument (TSE Systems, Bad Homburg, Germany) 

Microscope (Carl Zeiss, Jena, Germany) 

Hamilton microliterTM syringe (model 705; Hamilton Company, Reno, USA) 

Glass micropipette (own manufacturing using Drummond ‘microcaps’; 

Drummond Scientific Co., Broomall, USA) 

Single-use cannulas 30-G x ½’’ (0.3 mm x 13 mm) 

Suture material (Safil HR17 5/0; B. Braun, Melsungen, Germany) 

Hair trimmer (Wahl, Unterkirnach, Germany) 

Micro scissors 

Forceps 

Ethanol (70%) 

Execution: 

The injection of TMEV- or mock-solution into the ventral white matter of spinal cord was 

carried out under general anesthesia (see: Manuscript 2). Hair was removed in the back region 

in the area of the thoracic and lumbar spine using an electrical hair trimmer. Subsequently, the 

operation field was disinfected by repeated wiping of the skin using ethanol. After incision of 

the skin between the eighth and eleventh thoracic vertebra, the tenth thoracic vertebra was 

identified. Afterwards, the vertebral column was grasped cranial to the injection site by forceps 

and fixated to the stereotaxic instrument by a specific clamp (David Kopf Instruments, USA). 

After incision of the musculature covering the transition from the tenth to the eleventh thoracic 

vertebra, a part of the lamina of the tenth thoracic vertebra was removed (hemilaminectomy) 

using micro scissors and the dura mater opened by a 30G single use cannula. 1.6µl (4.56 x 103 

PFU) of TMEV- or mock solution was then injected into the ventral aspect of the SC at an 10° 

angle to a depth of 1 mm using a Hamilton syringe with attached glass micropipette. After 

injection, the syringe was left in place for three minutes to prevent backflow of injected fluid. 

Thereafter, the incision was sutured in two layers (musculature including superficial fascia and 

skin). 
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8.2. Immunohistochemistry 

For immunohistochemistry (IHC), all sections were dewaxed and rehydrated using graded, 

decreasing concentrations of ethanol. Endogenous oxidase was inhibited by 0.5% H2O2 

treatment for 30 min. Slides were treated with citrate buffer and 20 minutes of boiling in the 

microwave for antigen demasking if required. Afterwards, slices were inserted into coverplates 

(ShandonTM SequenzaTM; Thermo Scientific, Waltham, Massachusetts, United States) and 

covered with 20% inactivated goat serum for 20 min (excl. phosphorylated neurofilament). 

Primary antibodies were diluted in PBS including 1% bovine serum albumin (BSA). Slides 

were inoculated with the primary antibody and incubated for 90 min at room temperature. 

Appropriate sera were used as negative controls. Slides were treated with appropriate secondary 

antibodies for 45 min at room temperature, followed by 30 minutes incubation of avidin-biotin-

peroxidase reagent (ABC, Vektor PK 6100) or using the EnVision+ System-HRP (Dako; 

Hamburg, Germany). Antigen-antibody reactions were visualized using 3,3′-Diaminobenzidine 

tetrahydrochloride (DAB; Sigma-Aldrich, St. Louis, Missouri, United States) in PBS and H2O2 

according to the manufacturer`s instructions. Slices were counterstained with hemalaun and 

coverslips mounted. 
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8.3. Reagents and solvents for immunohistochemistry 

PBS (phosphate buffered saline) 

40 g  Sodium chloride (Carl Roth GmbH, Karlsruhe, Germany) 

8.8 g  Sodium dihydrogen phosphate monohydrate (Carl Roth GmbH, 

Karlsruhe, Germany) 

Ad 4500 ml distilled water 

Adjust the pH to 7.1  

Fill volume to 5000 ml 

Citrate buffer 

10.5  Citric acid monohydrate (Carl Roth GmbH, Karlsruhe, Germany) 

Ad 5000 ml distilled water 

Adjust the pH to 6.0 – 6.5 

DAB (3,3′-Diaminobenzidine tetrahydrochloride) 

0.1 g DAB (Sigma-Aldrich, Taufenkirchen, Germany) 

Ad 200 ml PBS 

200 µl Hydrogen peroxide (Carl Roth GmbH, Karlsruhe, Germany) 

Mayer's Hemalaun 

1 g Hematoxylin (Merck, Darmstadt, Germany) 

Dissolve in 1000 ml distilled water 

0.2 g Sodium iodate (Merck, Darmstadt, Germany) 

50 g Potassium aluminium sulfate dodecahydrate (Merck, Darmstadt, 

Germany) 

Heat to approximately 40°C 

After cooling 

50 g Chloral hydrate (Carl Roth GmbH, Karlsruhe, Germany) 

1 g Citric acid monohydrate (Carl Roth GmbH, Karlsruhe, Germany) 

Colour changes to reddish violet 

Filtrate 
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Additional information and data not included in the manuscripts: 

8.4. Additional stainings 

Evaluation of peripheral nerves (PN) after intraspinal (i.s.) Theiler’s murine encephalomyelitis 

virus (TMEV) inoculation using IHC targeting CD3 (T lymphocytes) and CD45R (B 

lymphocytes). 

The number of CD3+ and CD45R+cells was counted manually, and numbers were given as 
average of immunolabeled cells per high power field (HPF; 400x) within the brachial plexus 
(plexus brachialis; PB) and ischiadic nerve (nervus ischiadicus; NI). 

animal-ID group dpi 
average of 
CD3+ cells 

per HPF (PB) 

average of 
CD3+ cells 

per HPF (NI) 

average of 
CD45R+ cells 
per HPF (PB) 

average of 
CD45R+ cells 
per HPF (NI) 

B6TV 3-1 2 3 0 0 0 0 
B6TV 3-2 2 3 0 0 0 0 
B6TV 3-3 2 3 0 0 0 0 
B6TV 3-4 2 3 0 0 0 0 
B6TV 3-5 2 3 0 0 0 0 
B6TV 3_7 2 3 0 0 0 0 
B6TV 7-1 2 7 0 0 0 0 
B6TV 7-2 2 7 0 0 0 0 
B6TV 7-3 2 7 0 0 0 0 
B6TV 7-5 2 7 0 0 0 0 
B6TV 7-6 2 7 0 0 0 0 
B6TV 7_7 2 7 0 0 0 0 
B6TV 14_1 2 14 0 0 0 0 
B6TV 14_3 2 14 0 0 0 0 
B6TV 14_4 2 14 0 0 0 0 
B6TV 14_5 2 14 0 2 0 0 
B6TV 14_6 2 14 0 0,89 0 0 
B6TV 14_7 2 14 0,1 0 0 0 
B6TV 14_8 2 14 0 0 0 0 
B6TV 28_1 2 28 0 0 0 0 
B6TV 28_2 2 28 0 0 0 0 
B6TV 28_6 2 28 0 0 0 0 
B6TV 28-9 2 28 0 0 0 0 
B6TV 28_10 2 14 0 0 0 0 
B6TV 42_1 2 28 0 0 0 0 
B6TV 42_3 2 28 0,44 0 0 0 



APPENDIX 

49 

animal-ID group dpi 
average of 
CD3+ cells 

per HPF (PB) 

average of 
CD3+ cells 

per HPF (NI) 

average of 
CD45R+ cells 
per HPF (PB) 

average of 
CD45R+ cells 
per HPF (NI) 

B6PL 3-2 1 3 0 0 0 0 
B6PL 3-3 1 3 0 0 0 0 
B6PL 3-4 1 3 0 0 0 0 
B6PL 3-5 1 3 0 0 0 0 
B6PL 3-7 1 3 0 0 0 0 
B6PL 3_8 1 3 0 0 0 0 
B6PL 3_9 1 3 0 0 0 0 
B6PL 3_10 1 3 0 0 0 0 
B6PL 7-2 1 7 0 0 0 0 
B6PL 7-3 1 7 0 0 0 0 
B6PL 7-5 1 7 0 0 0 0 
B6PL 7-6 1 7 0 0 0 0 
B6PL 7_7 1 7 0 0 0 0 
B6PL 14-1 1 14 0 0 0,06 0 
B6PL 14-2 1 14 0 0,08 0 0 
B6PL 14-3 1 14 0 0 0 0 
B6PL 14-4 1 14 0 0 0 0 
B6PL 14-5 1 14 0 0 0 0 
B6PL 14-6 1 14 0 0 0 0 
B6PL 28-1 1 28 0 0 0 0 
B6PL 28-2 1 28 0 0 0 0 
B6PL28-3 1 28 0 0 0 0 
B6PL28-4 1 28 0 0 0 0 
B6PL 28-5 1 28 0 0 0 0 
B6PL 28-6 1 28 0 0 0 0 

Table 3: animal-ID: B6 = C57BL/6; TV = TMEV; PL = placebo/mock   groups: 2 = TMEV-infected group, 1 = mock-infected 
group;   dpi: days post inoculation

Statistical analysis using Kolmogorov-Smirnov- and Shapiro-Wilk-test followed by Mann-

Whitney-U tests revealed no significant differences between TMEV and mock infected animals 

in both localizations (PB; NI) using CD3 and CD45R. Statistical significance was accepted at 

a p-value of ≤ 0.05. 
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