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1.1 Oligodendrocyte precursor cells  
 
Glial cells of the central nervous system (CNS) are divided into 3 major cell types 

according to their morphological and functional aspects: astrocytes, microglia and 

oligodendrocytes (Peters et al., 1991). During gliogenesis of the mammal CNS, 

oligodendrocytes arise  from precursor cells, which later persist in the 

subventricular zone (SVZ) of the brain and subgranular zone (SGZ) of the 

hippocampus (Menn et al., 2006; Pluchino and Martino, 2008), as well as in the 

ventral domain of the spinal cord in adults (Sher et al., 2008). These  

oligodendrocyte precursor cells (OPCs) display a bi- to multi-polar morphology in 

vitro and express antigenic markers, such as nerve/gial antigen 2 (NG2),  platelet-

derived growth factor-α (PDGF-α) and ganglioside Q (A2B5, Raff et al., 1984; 

Nishiyama et al., 1996; Gielen et al., 2006).  

 

OPCs were originally termed oligodendrocyte type-2 astrocyte cells (O-2A) 

according to their ability to differentiate in vitro into either oligodendrocytes or 

type-2 astrocytes depending on the culture conditions (Raff et al., 1983, 1984; 

Louis et al., 1992). In the absence of serum, OPCs stop dividing and differentiate 

into oligodendrocytes, while in the presence of serum, they cease  proliferation 

and differentiate into type-2 astrocytes identified by expression of the glial fibrillary 

acidic protein (GFAP) and A2B5 (Raff et al., 1983; Louis et al., 1992). Unlike other 

glial cells, OPCs are able to generate and transmit action potentials (Karadottir et 

al., 2008). In this report, it was demonstrated that spiking but not non-spiking NG2 

and oligodendrocyte transcription factor 2 (Olig2) positive-OPCs can generate 

action potentials through the voltage-gated Na+ channels, and only OPCs that 

produce action potential receive synaptic input from axons (Karadottir et al., 

2008).  

 

Since OPCs are the source of oligodendrocytes in the adult CNS, they are crucial 

for remyelinating processes. Remyelination is defined as the process, by which 

new myelin sheaths are formed (Zhao et al., 2005). This requires migration of 

resident OPCs into the areas of demyelination and subsequent differentiation into 

mature oligodendrocytes (Franklin and Ffrench-Constant, 2008). However, in 
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demyelinating diseases, such as multiple sclerosis (MS) in humans and Theiler’s 

murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD) in 

mice, remyelination is usually limited and incomplete (Chang et al., 2002; 

Blakemore, 2008; Kuhlmann et al., 2008; Ulrich et al., 2008). In general, failing 

remyelination in the CNS can be either due to (1) lack of resident OPCs, (2) lack 

of OPC recruitment into the area of demyelination or (3) incomplete differentiation 

of OPCs into mature myelin-forming oligodendrocytes (Franklin, 2002). Since 

proliferating OPCs have been observed within and outside demyelinated plaques 

of chronic MS and TMEV-IDD lesions, it was suggested that limited remyelination  

in these diseases may be due to the inability of OPCs to differentiate into mature 

oligodendrocytes, or a misdirected differentiation of OPCs toward astrocytes 

(Chang et al., 2000; Ulrich et al., 2008). Moreover, observations in MS patients 

have implied that an axonopathy may also play an important role in this process 

(Chang et al., 2002). This hypothesis has gained support by the observation that a 

differentiation block of OPCs may be a major determinant of remyelination 

inefficiency in chronic MS lesions (Kuhlmann et al., 2008). Since OPCs possess 

the inherited capacity to generate myelin-forming oligodendrocytes, they may 

represent a useful tool to foster remyelination by cell-based transplantation (Chari 

and Blakemore, 2002; Hardison et al., 2006; Peru et al., 2008).  

 

1.1.1 Biology and maturation of oligodendrocytes 

 

The development of oligodendrocytes is controlled by a combination of different 

factors, involving cell–cell interactions and several growth factors (Sussman et al., 

2002). Previous reports have demonstrated that both neurons and astrocytes 

promote the survival, proliferation and differentiation of OPCs in vitro by release of 

several growth factors (Aloisi et al., 1988; Sorensen et al., 2008). It is well 

accepted that the timing of cell-cycle withdrawal and differentiation of OPCs is 

determined by either intrinsic or extrinsic factors (Sher et al., 2008). In the 

presence of mitogenic signals, such as PDGF, OPCs divide for up to 8 times 

before they stop and differentiate (Raff et al., 1985; Temple and Raff, 1986), while 

in the absence of mitogens  OPCs slow down proliferation and differentiate into 

oligodendrocytes even in the absence of differentiating signals. This indicates that 

the extracellular signals, such as thyroid hormones (T3/T4), may take part in the 

 



CHAPTER 1: INTRODUCTION                               4 

regulation in oligodendrocyte development (Barres et al., 1994). These extrinsic 

signaling molecules may not be required for survival, proliferation or differentiation 

of oligodendrocyte lineage cells, but they could cause a proliferation stop of 

OPCs, which then promote differentiation into oligodendrocytes (Barres et al., 

1994; Baas et al., 1997).  

 

The sequential steps in the maturation of oligodendrocytes are classified on the 

basis of the expression of various markers (Gielen et al., 2006). Figure 1.1 depicts 

the stage-specific expression of antigenic markers during oligodendrocyte 

development. Initially, OPCs express PDGF-α, ganglioside GD3, oligodendrocyte 

transcription factor 1 (Olig1), NG2 and A2B5 (Nishiyama et al., 1996; Wilson et 

al., 2006). Expression of markers, such as sulfatide (O4), galactocerebroside 

(GalC), sex determining region Y-box 10 (SOX10), Olig2, Nkx2.2, as well as 2’,3’-

cyclic nucleotide 3’-phosphodiesterase (CNPase) indicates differentiation into 

immature oligodendrocytes. Finally, cells transform into a mature myelinating  

phenotype defined by the expression of several compact myelin constituents, 

such as myelin basic protein (MBP), proteolipid protein (PLP), myelin-associated 

glycoprotein (MAG), and myelin-oligodendrocyte glycoprotein (MOG; Stangel and 

Hartung, 2002; Gielen et al., 2006). Since marker expression is overlapping to 

some extent throughout development, each stage of cellular development may be 

defined by the expression of more than one group of antigens.  
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Figure 1.1: Stage-specific marker expression during oligodendrocyte  
                    development  

 
OPC = oligodendrocyte precursor cells; NG2 = nerve/glial antigen 2; PDGF = platelet 

derived growth factor; Olig = oligodendrocyte transcription factor; SOX10 = sex-

determining region Y-box 10; GalC = galactocerebroside; CNPase = 2’3’-cyclic nucleotide 

3’-phosphodiesterase; MBP = myelin basic protein; PLP = proteolipid protein; MOG = 

myelin oligodendrocyte glycoprotein; MAG = myelin-associated glycoprotein; modified 

after Gielen et al., 2006 and Nicolay et al., 2007 

 

1.1.2 Extrinsic factors regulating oligodendrocytic maturation 

 

It is well established that extracellular signals, such as T3/T4 and retinoic acid 

(RA), promote oligodendrocyte development of OPCs in vitro (Louis et al., 1992; 

Barres et al., 1994; Gao and Raff, 1997; Gao et al., 1998; Tokumoto et al., 1999; 

Durand and Raff, 2000). T3/T4 and RA have several mechanisms in common that 

stimulate maturation of OPCs (Billon et al., 2004; Nygard et al., 2003). For 

instance, they repress the promoter activity of the transcription factor E2F-1, 

which induces expression of genes involved in DNA replication and mitosis 

(Nygard et al., 2003). Reduced activity of E2F-1 by RA and T3/T4 directly inhibits 

proliferation of OPCs, and, in turn, guides differentiation into oligodendrocytes 

(Barres et al., 1994). The signaling molecule Sonic Hedgehog (Shh) is known to 
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be crucial for normal development of oligodendrocytes (Sussman et al., 2002). 

Shh promotes survival and proliferation of OPCs in a concentration-dependent 

manner, and it activates transcription factors (TFs) critical for oligodendrocyte 

maturation, such as Olig 1 and 2 (Sussman et al., 2002).   

 

Application of apo-transferrin (iron-free transferrin) is another factor that increases 

oligodendrocyte maturation of OPCs in vitro (Paez et al., 2006; Garcia et al., 

2007). The fact that the iron transporter membrane protein (transferrin) is 

expressed in mature oligodendrocytes indicates that it plays an important role 

during oligodendrogenesis. However, the complex mechanisms, by which 

transferrin promotes development of OPCs are not well understood (Todorich et 

al., 2009). Previously, it was reported that over-expression of the insulin-like 

growth factor-1 (IGF-1) increases both the number of oligodendrocytes and the 

amount of CNS myelin (Mason et al., 2000; Roth et al., 1995). IGF-1 is  known to 

promote phosphorylation of Akt in OPCs, which is essential for their survival 

(Romanelli et al., 2009).        

 

PDGF and fibroblast growth factors (FGFs) are other extrinsic factors that control 

proliferation and differentiation of OPCs. Although distinct in their cellular 

mechanisms, both growth factors are potent mitogens for OPCs in vitro (Noble et 

al., 1989; Gard and Pfeiffer, 1993), and play an important role in the recruitment of 

OPCs to demyelinating lesions (Aloisi, 2003). In addition to PDGF and FGFs, 

transforming growth factor-β1 (TGF-β1)  can promote either inhibitory or inductive 

activities on cell proliferation (Roberts et al., 1990; Sporn and Roberts, 1991). As 

it is secreted by many glial cell types, including OPCs (Flanders et al., 1991), the 

effect of TGF-induced differentiation of OPCs is mediated by an inhibitory effect 

on PDGF (McKinnon et al., 1993). Cyclin-dependent protein kinase (Cdk) inhibitor 

p27 was suggested to be involved in the oligodendrocytic maturation during 

development (Durand et al., 1997). Both the expression of p27 and Cdk p18 

protein become increased during cell maturation (Durand et al., 1997; Franklin et 

al., 1998). The inhibitor of differentiation protein 4 (Id4) was also suggested to 

control the timer for oligodendrocyte development, although working in the 

opposite way as p27 and p18 (Kondo and Raff, 2000). In addition, it was 
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demonstrated that the tumor necrosis factor-alpha (TNF-α) is critical for 

oligodendrocyte remyelination (Arnett et al., 2001).   

 

1.1.3 Intrinsic factors regulating oligodendrocytic maturation 

 

Intracellular molecules regulating oligodendrocyte development were initially 

reported in 1997 (Durand et al., 1997). The questions, however, whether how and 

when these complex mechanisms are activated remained largely undetermined 

(Raff, 2007). It was suggested that receptor binding of extracellular signals 

initiates intracellular signaling cascades in OPCs that either activate or repress 

TFs (Wegner, 2008). Some TFs are expressed during the transition of precursor 

cells to mature myelinating cells, while other TFs are expressed throughout the 

oligodendrocyte development (Nicolay et al., 2007). In this respect, Olig 1 and 2, 

members of the basic helix-loop-helix (bHLH) transcription factor family, are 

among the first TFs that become activated during oligodendrocytic development 

and remain constantly expressed in the mature stage (Nicolay et al., 2007). In 

addition, expression of Olig 1 and 2 has been shown to be induced by Shh in a 

concentration-dependent manner (Lu et al., 2000). However, the mechanisms by 

which Olig 1 and 2 promote OPC maturation are still unclear (Nicolay et al., 2007). 

 

The second group of TFs involved in the development of OPCs includes members 

of the Sox family, e.g. Sox8, Sox9 and Sox10 (Sher et al., 2008). Sox8-10 is 

expressed in OPCs immediately after the induction of oligodendrocyte maturation, 

which is the reason why they are frequently used as markers for OPCs (Stolt et 

al., 2006). Other TFs that regulate oligodendrocyte development are Nkx2.2, 

Nkx6.1 and Nkx6.2, the 3 members of the homeodomain transcription factor 

family (Nicolay et al., 2007; Sher et al., 2008). Nkx2.2 is not essential for OPC 

proliferation, but is required for the progression and maturation of 

oligodendrocytes, whereas Nkx6.1 and Nkx6.2 induce the expression of Olig 2 

(Sher et al., 2008). Furthermore, 2 members of the Zinc-finger superfamily of TFs, 

Myt1 and YinYang1, have been demonstrated to play a role in the transition of 

OPCs from cell cycle exit to differentiation (Nielsen et al., 2004; He et al., 2007; 

Sher et al., 2008).        
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1.1.4 Remyelinating potential of oligodendrocyte precursor cells 

 

Remyelination is the process by which myelin sheaths are restored and 

ensheathed to the demyelinated axons, reinstating saltatory conduction and 

resolving functional deficits (Smith et al., 1979; Jeffery and Blakemore, 1997; 

Zhao et al., 2005). Remyelination is a complex and co-ordinated phenomenon 

that includes sequential actions of OPCs, several growth factors and the specific 

microenvironment in the nervous system (Aloisi, 2003). Neuron survival and 

preservation of axons inside the demyelinating lesions has been shown to be 

crucial for remyelination of OPCs (Irvine and Blakemore, 2008). In fact, 

remyelination can not be effective without a sufficient number of intact axons in 

the lesioned areas (Kornek et al., 2000; Ben-Hur and Goldman, 2008).  

 

In vivo studies of CNS remyelination were previously carried out using both 

experimentally- and spontaneously-induced demyelination models (Shields et al. 

1999; Blakemore and Franklin, 2008; Franklin and Ffrench-Constant, 2008; Jiang 

et al., 2008). Although the new myelin sheath retains its putative functional and 

biological properties, it is characterized by a thinner myelin size and a shorter 

internodal distance compared to normal segments (Blakemore, 1974; Ludwin and 

Maitland, 1984). The criterion generally used to evaluate remyelination efficiency 

is the ratio between the axon diameter and the myelin sheath thickness. It is 

expressed as a fraction called the g-ratio, which is the diameter of the inner axon 

divided by the total outer diameter by including the myelin sheath (Franklin and 

Ffrench-Constant, 2008).  

 

Using cell transplantation-based approaches, many studies have demonstrated 

that transplantation of OPCs can achieve remyelination of CNS lesions (Groves et 

al., 1993; Blakemore et al., 2000; Crang et al., 2004). The rate of remyelination 

following gliotoxin-induced demyelination is faster in young than in old rats 

(Shields et al., 1999), and the success of remyelination following OPC 

transplantation depends on the developmental stage of the OPCs applied. 

Transplantation of immature OPCs compared to mature oligodendrocytes derived 

from OPCs revealed that the immature phenotype displays an increased survival 

 



CHAPTER 1: INTRODUCTION                               9 

and remyelination capacity after engrafting into demyelinated areas (Warrington et 

al., 1993).   

 

1.1.5 Oligodendrocytic cell lines 

 

Stable cell lines have been shown to be a valuable tool in many research areas, 

especially in neurobiology (Lendahl and Mckay, 1990). A major advantage is that 

they permit investigation of cellular functions in detail without complex interactions 

of other cells and the immune system. In contrast to primary cell culture, which 

often cannot be maintained over multiple passages and therefore require regular 

cell isolations from fresh tissues(Verity et al., 1993; Bongarzone et al., 1996), cell 

lines are readily available and provide a useful research tool for long term 

observations. Ideally, a cell line should retain the characteristics possessed at the 

time it was established and  recapitulate the normal processes of differentiation or 

behaviors as closely as possible to primary cells (Rivolta and Holley, 2002).  

 

In the past, long term investigations of oligodendrocyte differentiation and 

remyelination were restricted due to the limited availability of  appropriate OPCs. 

In order to overcome these limitations, OPC lines were generated  from primary 

cells or glial tumors by genetical alterations (see table 1.1, Almazon and Mckay, 

1992; Ohtani et al., 1992; Freutz et al., 2001; Matsushita et al., 2005; Kim et al., 

2009). However, transformation of cells potentially affects the normal physiology 

of the cells making them less attractive as model systems. Spontaneously 

immortalized cell lines are more appealing, and are believed to reflect more 

closely the physiology of primary cells.     
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Table 1.1: Oligodendrocytic cell lines established from rats, mice and humans 

 

Cell line Species *  Used method * Reference 
CG-4 Rat, 

OPCs 

Spontaneous 

immortalization 

Louis et al., 1992 

OLN-93 Rat, OPCs Spontaneous 

immortalization 

Richter-Landsberg 

and Heinrich, 1996 

OL-1 Rat, OPCs Spontaneous 

immortalization 

Lagarde et al., 2007 

tsU19-5 Rat, OPCs Transformation with SV40 

large T antigen  

Almazan and Mckay, 

1992 

OLP6 Rat, 

oligodendrocytes 

Transformation with SV40 

large T antigen 

Matsushita et al., 

2005 

ROC-1 Rat, 

oligodendrocytes 

Fusion of glioma cells and 

oligodendrocytes 

Murphy and 

Horrocks, 1993 

OS3 Mouse, OPCs Transformation with SV40 

large T antigen 

Ohtani et al., 1992 

Oli-neu Mouse, OPCs Transformation with t-neu 

oncogene 

Jung et al., 1995 

FBD-102b p-53 deficient 

mouse, OPCs 

Spontaneous 

transformation 

Horiuchi and 

Tomooka, 2006  

158JP Jimpy mouse, 

oligodendrocytes 

Transformation with SV40 

large T antigen 

Feutz et al., 2001 

2Y-3T  Mouse, neural 

progenitor cells 

Derived from p-53 

deficient mice 

Tominaga et al., 

2005 

N38 Mouse, immature 

oligodendrocytes 

Transformation with SV40 

large T antigen 

Bongarzone et al., 

2000 

158N Mouse, 

oligodendrocytes 

Transformation with SV40 

large T antigen 

Feutz et al., 2001 

6E12 Mouse, 

oligodendrocytes 

MBP-SV40 large t-

antigen transgenic mouse 

Jensen et al., 1993 

N20.1 Mouse, 

oligodendrocytes 

Transformation with SV40 

large T antigen 

 

 

 

Verity et al., 1993 
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Cell line Species *  Method * Reference 
M03.13 Human, OPCs Fusion of 

rhabdomyosarcoma cells 

and oligodendrocytes 

McLaurin et al., 

1995 

Hu-O-2A/Gb1 Human, OPCs Derived from 

Glioblastoma multiforme 

Mao et al., 1998 

KG-1 Human, 

oligodendrocytes 

Derived from mixed 

glioma 

Miyake, 1979 

HOG Human, 

oligodendrocytes 

Derived from 

oligodendroglioma 

Post and Dawson, 

1992 

HGB2 Human, 

oligodendrocytes 

Derived from 

Glioblastoma multifome  

Kim et al., 2009 

OPCs = oligodendrocyte precursor cells, SV40 = simian virus 40, MBP = myelin basic 

protein 

 

1.2 Animal models for demyelinating diseases 
 
Animal models represent a powerful tool for the study of CNS demyelination, such 

as MS in humans, since they can not only be used to investigate the patho-

mechanisms of demyelination, but also the remyelinating potential of cells or 

oligodendrocytes. Genetically-modified leukodystrophic mice, mutant and 

knockout animals have been generated and extensively used to mimic the specific 

phenotype of demyelinating diseases. The shiverer mouse is the most widely 

used mutant model for congenital leukodystrophy. This model exhibits an 

autosomal recessive mutation of MBP. This results in abnormal myelin formation 

causing the death of affected animals usually within 20-22 weeks of age. Clinical 

signs include ataxia, lack of coordination, spasticity and seizure (Roach et al., 

1985).  

 

Experimental autoimmune encephalomyelitis (EAE), serves as an important 

animal model that recapitulates many features of MS (Lassmann, 1983). 

Demyelination in EAE is induced by immunization of susceptible animals with 

myelin proteins, such as MBP, PLP or MOG (Zamvil et al., 1986; Tuohy et al., 

1989; Mendel et al., 1995). Demyelination in EAE develops as a result of 
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inflammation in the CNS that is often accompanied by demyelination and axonal 

damage (Ben-Hur and Goldman, 2008). However, EAE fails to reproduce all of 

the patho-mechanisms occurring in MS, since histopathology and clinical course 

of the disease vary substantially depending on the genetic background of the 

animals used and the mode of antigen application (Olsson et al., 2000). In 

addition, myelinotoxic chemicals have been introduced to cause focal 

demyelinating lesions. This allows to study de- and remyelination in specific 

regions (Ludwin, 1978; Waxman et al., 1979; Blakemore, 1982; Carroll et al., 

1984). Application of a gliotoxic substance, such as cuprizone, is a versatile 

model to study the fast and efficient remyelination of oligodendrocytes in corpus 

callosum (Lindner et al., 2008). Contrary to this, intracerebral (i.c.) injection of 

lysolecithin or ethidium bromide results in a variable and delayed remyelination 

depending on the concentration used (Woodruff and Franklin, 1999; Blakemore 

and Franklin, 2008). However, since only a few inflammatory changes around 

demyelinated areas are apparent, these models do not adequately reflect the 

pathological course of the disease as observed in humans.  

 

Virus-induced demyelinating disease represents another group of animal models 

to study MS. They include Herpes virus (Kastrukoff et al., 1992), Semliki Forest 

virus (Smyth et al., 1990), canine distemper virus (Baumgärtner and Alldinger, 

2005) and Theiler’s murine encephalomyelitis virus (Dal Canto et al., 1996). 

Among these models, infection of susceptible mice with TMEV represents an 

excellent infectious model that mimics closely MS (Kim and Palma, 1999). 

Infection of mice with the low neurovirulent strain of TMEV causes a biphasic 

disease, with demyelination in the chronic phase as a result of immune 

destruction similarly to that of the chronic-relapsing or primary progressive phase 

in MS patients (Tompkins et al., 2002). Moreover, the viral structure of TMEV is 

relative simple and intracerebral virus infection produces only symptoms in the 

nervous system and does not induce any disease in other organs (Kim and 

Palma, 1999).      
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1.3 Theiler’s murine encephalomyelitis virus-induced demyelinating disease  
       (TMEV-IDD) 
 
Theiler’s murine encephalomyelitis virus (TMEV) is a positive sense, single-

stranded RNA virus that is classified in the family of Piconarviridae, order 

Cardiovirus (Pevear et al., 1987; Oleszak et al., 2004). This virus,  discovered in 

1933, causes a flaccid paralysis in laboratory mice (Theiler, 1934). TMEV is 

classified into 2 subtypes on the basis of its neurovirulence and antigenicity 

(Steurbaut and Vrijsen, 2003; Oleszak et al., 2004). The high neurovirulent 

subtype, which comprises the GDVII and FA strains, induces an acute and mostly 

fatal encephalomyelitis following intracerebral inoculation. However, these virus 

strains do not persist in surviving animals (Dal Canto et al., 1996; Oleszak et al., 

2004). The low neurovirulent subtype or Theiler’s original (TO) group, includes the 

BeAn 8386, WW, Daniels (DA), Yale and TO4 strains (Lorch et al., 1981). All 

these strains cause a biphasic disease leading to viral persistence and 

demyelination in the spinal cord white matter of susceptible mouse during the 

chronic phase of infection (Lipton, 1975; dal Canto and Lipton, 1977). 

 

Generally, TMEV, an asymptomatic enteric pathogen of mice, rarely infects the 

CNS following spontaneous transmission (Lipton, 1975). However, intracerebral 

infection of susceptible mouse strains with the low neurovirulent strain of TMEV 

results in a biphasic disease leading to chronic demyelination (Lipton, 1975). In 

the chronic phase of BeAn TMEV infection, the dysregulation of several 

inflammatory cells, such as CD4+, CD8+ T lymphocytes and macrophages, plays a 

key role for disease initiation and progression of TMEV-IDD (Dal Canto et al., 

1996; Murray et al., 1998; Tsunoda et al., 2002; Nelson et al., 2004; Mohindru et 

al., 2006). This immune-mediated inflammatory demyelination is similar to the 

chronic progressive form of MS (Dal Canto and Lipton, 1979; Tompkins et al., 

2002). Therefore, TMEV-IDD has been used as an important animal model for MS 

(Clatch et al., 1987; Dal Canto et al., 1995; Dal Canto et al., 1996).   

 

Previous studies demonstrated that the susceptibility and/or resistance to TMEV, 

and the induced pathological changes differ substantially between different mouse 

strains (Rodriguez et al., 1986; Dal Canto et al., 1996). Moreover, despite the high 
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degree of genetic homology within TMEV subgroup members, such as the BeAn 

and DA strains, the clinical course of the disease induced by both viral strains is 

different (Zoecklein et al., 2003; Oleszak et al., 2004). In vitro and in vivo analysis 

demonstrated that the DA strain is more virulent and induced a more severe 

demyelination than the BeAn strain (Zoecklein et al., 2003). Furthermore, Alley et 

al. (2003) reported that male SJL/J mice developed more severe neurological 

deficits than female mice, which is also similar to MS patients (Alley et al., 2003). 

The most susceptible mouse strains are the SJL/J, DBA/1, DBA/2, SWR, PL/J 

and NZW strain. Some strains with intermediate susceptibility to TMEV are C3H, 

CBA, AKR and C57BR, while the most resistant strains to TMEV include BALB/c, 

C57BL/6, C57BL/10, C57/L and 129/J (Dal Canto et al., 1996). So far, several 

genetic loci have been shown to be associated with susceptibility to TMEV, 

including the H-2D locus on chromosome 17 (Rodriguez et al., 1986), the Tmevd-

1 locus on chromosome 6 (Melvold et al., 1987) and the Tmevd-2 locus on 

chromosome 3 (Melvold et al., 1990). 

 

1.3.1 Viral properties and cell tropism 

 
Studies on the genomic organization of TMEV revealed that the virus genome is 

composed of 8,098 nucleotides, including a 5’untranslated region consisting of 

1,064 nucleotides (Pevear et al., 1987). The TMEV genomic organization is 

displayed in figure 1.2. The function of the L* protein is not fully understood, but it 

has been suggested that it is involved in the persistence of TMEV in susceptible 

mice (Obuchi et al., 2000). VP1 to VP4 are capsid proteins assembled in an 

icosahedral structure, whereas protein 2A, 2B, 2C, 3A, 3B, 3C and 3D are 

required for viral RNA replication (Oleszak et al., 2004). In addition, it has been 

documented that the VP2 nucleocapsid protein, between amino acid 74 and 86, is 

important for eliciting the delayed type hypersensitivity (DTH) reaction in 

susceptible SJL/J mice (Gerety et al., 1994a; Gerety et al., 1994b; Dal Canto et 

al., 1996). 
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Figure 1.2: Genomic organization of TMEV 

 

 
IRES = internal ribosomal entry site; CRE = cis-acting replication element; L = leader 

protein; VP = viral protein; RNA = ribonucleotide; IFN = interferon  

from: http://www.deduveinstitute.be/theilers_virus.php 

 

A protein entry receptor for TMEV has not yet been identified so far (Lipton et al., 

2006). However, carbohydrate co-receptors are addressed and known for both 

high- and low-neurovirulent groups. The low-neurovirulent TMEV uses α2, 3-

linked N-acetylneuramic acid (sialic acid) on the N-linked glycoprotein, whereas 

the high-neurovirulent TMEV binds to  proteoglycan heparin sulfates (HS, Shah 

and Lipton, 2002; Lipton et al., 2006). Moreover, uridine diphosphate (UDP) 

galactose transporter in the trans-Golgi apparatus has also been shown to play a 

crucial role in virus binding and infection of both high- and low-neurovirulent 

TMEV strains (Hertzler et al., 2001). 

 

During the acute phase, TMEV infects several types of CNS cells, including 

neurons and glial cells (Aubert and Brahic, 1995; Lipton et al., 2005), while in the 

chronic phase, viral antigens are detected exclusively in microglia/macrophages 

and astrocytes and to a lesser extent in oligodendrocytes (Aubert et al., 1987; 

Zheng et al., 2001; Lipton et al., 2005). Persistent TMEV infection results in 

continuous viral replication and cell-cell spread (Lipton et al., 2005). Previous in 

vitro studies have shown that TMEV infects a wide variety of CNS cell types 

including microglia/macrophages, astrocytes, oligodendrocytes and OPCs (Qi and 

Dal Canto, 1996; O'Shea et al., 1997). Infection of microglia/macrophages is 

restricted and results in apoptosis (Lipton et al., 2005). Interestingly, several in 

vitro observations indicated  that astrocytes and OPCs are destroyed by TMEV 

(Qi and Dal Canto, 1996; O'Shea et al., 1997), whereas the role of 
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oligodendrocytes is still discussed controversially (Graves et al., 1986; Rodriguez 

et al., 1988b; Ohara et al., 1990; Qi and Dal Canto, 1996; O'Shea et al., 1997).     

 

1.3.2 Pathogenesis, clinical and pathological manifestation 

 
TMEV-IDD causes a multifactorial immune-mediated demyelination (Tsunoda, 

2008). Several hypotheses have been proposed to explain the virus-induced 

demyelination, including 1) bystander demyelination as a consequence of the 

delayed-type hypersensitivity reaction (Clatch et al., 1986; Olsberg et al., 1993; 

Gerety et al., 1994b), 2) virus-induced autoimmune demyelination by myelin 

epitope spreading (Rodriguez, 1988; Miller et al., 1997; Tompkins et al., 2002), 

and 3) direct elimination of TMEV-infected myelin-forming oligodendrocytes by 

cytotoxic T lymphocytes (Rodriguez et al., 1983; Rivera-Quinones et al., 1998).  

 

Generally, following viral or bacterial infections, the host’s innate immune system, 

including production of various cytokines, chemokines, as well as adhesion 

molecules, is up-regulated and co-operates with the adaptive immune response to 

control infectious agents (Tizard, 2009). However, these molecules may 

deregulate the inflammatory response and cause chronic inflammation leading to 

destruction of the surrounding tissues. In persistent TMEV infection, several 

molecules are secreted and found to be crucial for disease progression (Sierra 

and Rubio, 1993). The innate immune response, such as the production of 

interferon-β (IFN-β) but not IFN-α, has been shown to potentially regulate the 

early onset of demyelination by reducing myelin-specific CD4+ T cells and the 

severity of the disease (Olson and Miller, 2009). These type 1 interferons (IFN-α, 

IFN-β) are immediately induced in response to virus infections and are identified 

as antiviral proteins (Tizard, 2009). Moreover, they are also involved in the 

development of adaptive immune responses via the expression of cytokines and 

chemokines as well as the activation of antigen-presenting cells (APCs) such as 

microglia/macrophages (Kim and de Vellis, 2005).   

 

Adaptive immune responses, such as humoral and cell-mediated immunity, are 

responsible for the protection against TMEV infection and are also involved in 
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disease severity depending on the mouse strains (Dal Canto, 1992). Along this 

line is the observation that subcutaneous immunization with UV-inactivated TMEV 

prior to viral infection efficiently protected susceptible mice from demyelination 

(Yahikozawa et al., 1997). A previous study demonstrated that immunization of 

mice with VP1 and VP2, but not with the VP3 fusion protein prevented 

demyelination (Kim and Palma, 1999). This strongly suggested that antibodies to 

certain viral epitopes display neutralizing properties and may prevent the 

development of TMEV-IDD in mice during acute and subacute TMEV infection. In 

the chronic phase, however, cell-mediated immunity is the major factor that 

determines the severity of the disease (Dal Canto, 1992; Dal Canto et al., 1996). 

In this phase, viral antigens are transported from the grey matter of the brain to 

the spinal cord white matter by the axonal route (Roussarie et al., 2007). Using 

the myelin-mutant shiverer mice, Roussarie et al. (2007) demonstrated that 

cytoplasmic channels in the myelin are important for the spread of TMEV from 

axons to oligodendrocytes during the chronic phase of infection. Based on these 

studies, the ‘inside-out’ hypothesis was proposed as a patho-mechanism of 

TMEV-IDD (Tsunoda and Fujinami, 2002). From axons, TMEV spreads 

secondarily to the cell body of oligodendrocytes through myelin membranes, 

where it persists and/or is released to the surrounding cells (Roussarie et al., 

2007).  

 

Virus-specific CD4+ Th1-cell responses are associated with demyelination, while 

myelin-specific CD4+ T-cells have been implied in disease progression (epitope 

spreading, Croxford et al., 2002; Tsunoda, 2008). It has been shown that 

treatment of TMEV-infected mice with antibodies directed against CD4+ T-cells  

results in reduced  disease severity (Welsh et al., 1987). In addition, spreading of 

myelin epitopes following chronic TMEV infection has been addressed as a 

potential cause of disease progression (McMahon et al., 2005). In contrast to 

CD4+ T-cells, the role of CD8+ T-cells during TMEV-IDD is discussed 

controversially (Kim and Palma, 1999). It was proposed that CD8+ T-cells or 

cytotoxic T lymphocytes (CTLs) may play an important role in the elimination of 

virus-infected cells. Moreover, high levels of CTLs were  found in TMEV-resistant 

mice, while TMEV-susceptible mice are characterized by low levels of CTLs 

(Dethlefs et al., 1997). This finding indicated that CD8+ T cells are potentially 
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involved in the onset of TMEV-IDD. However, treatment of TMEV-infected mice 

with anti-CD8+ antibodies did not alter the course of demyelination (Borrow et al., 

1992). Table 1.2 depicts the clinical course and the inflammatory responses 

following infection with the BeAn strain of TMEV in 2 different mouse strains.   

 

Table 1.2: Comparison of clinic and immunologic features of different mouse  

                  strains following infection with the BeAn strain of TMEV  

 

Mouse strains Parameters 

Susceptible strains Resistant strains 
SJL/J, DBA/1, DBA/2, 

SWR, PL/J, NZW 

BALB/c, C57BL/6, 

C57BL/10, C57/L, 129/J 

• Mouse strains 

Biphasic disease Monophasic disease • Pathogenesis 

Yes, incomplete clearance 

of the virus 

Yes, complete clearance 

of virus within 3 weeks 
• Early acute disease 

Yes, demyelinating disease Not observed • Late chronic disease 

CD4+, CD8+, low anti-viral 

CTL, high TGF-β, high 

TNF-α 

CD4+, CD8+, high anti-

viral CTL, low TGF-β, low 

TNF-α 

• Inflammatory responses 

CD = cluster of differentiation; CTL = cytotoxic T lymphocytes; TGF = transforming growth 

factor; TNF = tumor necrosis factor; modified according to Oleszak et al., 2004 

 

Histopathological examination of both resistant and susceptible mice following 

TMEV infection with the BeAn strain revealed polioencephalomyelitis with 

destruction of neurons at variable degrees in both strains during the early acute 

phase (Oleszak et al., 2004). TMEV-resistant mice developed also an acute 

encephalitis, but were able to clear the virus from the CNS within 2-3 weeks; 

thereby preventing demyelination and neurological signs (Murray et al., 2001). In 

contrast, susceptible mice failed to clear the virus during the acute phase leading 

to viral persistence in the CNS (Dal Canto and Lipton, 1982; Lipton and Dal 

Canto, 1976). These chronic TMEV-infected mice displayed clinical signs, such as 

a waddling gait and hind limb paralysis and continued to develop a chronic 

progressive disease (Oleszak et al., 2004; Olson and Miller, 2009; Ulrich et al., 

2008).  

 



CHAPTER 1: INTRODUCTION                               19 

1.3.3 Remyelination in Theiler’s murine encephalomyelitis virus-induced  

         demyelinating disease (TMEV-IDD) 

 

Although the histological hallmarks of TMEV-IDD are lymphohistiocytic 

meningoencephalitis, astrogliosis and the increase of OPCs within demyelinated 

plaques, remyelination is rare and usually incomplete (Dal Canto and Lipton, 

1975; Rodriguez et al., 1988a; Ulrich et al., 2008). However, Dal Canto and Lipton 

(1980) reported increased remyelination in TMEV-IDD following infection with the 

WW strain of TMEV. This remyelination is predominantly mediated by Schwann 

cells (Dal Canto and Lipton, 1980; Ulrich et al., 2008). It is hypothesized that 

these Schwann cells originated from the spinal ganglia, and entered  the CNS via 

an inefficient blood brain barrier (BBB; Dal Canto and Barbano, 1984). A 

remyelination study using CD4-/- knockout mice showed spontaneous 

remyelination associated with improvement of neurological function in TMEV-

infected mice (Murray et al., 2001). This finding indicated that alterations of 

immune-mediated mechanisms can potentially increase the rate of remyelination 

concomittant to severe demyelination. Furthermore, enhancement of spinal cord 

remyelination in TMEV-infected mice has been studied using the combined 

treatment with interferon-α and −β (IFN-α/β, Njenga et al., 2000). In this study, 

short term treatment of TMEV-infected mice with IFN-α/β promoted remyelination, 

which, however, did not have a major impact on with the progression of 

demyelination (Njenga et al., 2000).  

 

Experimental intracerebral infection of susceptible SJL/J mice with TMEV 

revealed the presence of OPC-derived astrocytes within demyelinated plaques 

using colocalization of NG2+ and GFAP+ as markers for OPCs and astrocytes 

(Ulrich et al., 2008). However, it remained unclear in this study whether OPCs 

were targeted by TMEV. It is well established that OPCs in vitro have the ability to 

differentiate into either oligodendrocytes or astrocytes depending on the culture 

conditions (Raff et al., 1984; Louis et al., 1992). TMEV infection results in a 

breakdown of the BBB leading to leakage of hematogenous cells and plasma 

proteins into the CNS compartment (Inoue et al., 1997). These findings led to the 

hypothesis that the limited remyelination in TME-IDD might be due to an 
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insufficient and/or misdirected differentiation of OPCs caused by TMEV (Ulrich et 

al., 2008).  
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1.5 Hypotheses and aims of the study 
 

Oligodendrocyte precursor cells (OPCs) are the major source of the myelin-

forming oligodendrocytes in the central nervous system (CNS). Incomplete  

remyelination in several demyelinating diseases, such as MS in humans 

(Kuhlmann et al., 2008) and TMEV-IDD in mice (Ulrich et al., 2008), stresses the 

importance of OPCs in neuroscience research. However, studies on OPCs are 

limited since primary OPCs are often difficult to obtain in sufficient numbers  

(Chen et al., 2007). Moreover,  primary OPCs  display a limited time span in vitro 

and do not survive over multiple passages. In order to overcome these limitations, 

the aims of the present study were 1) to establish an OPC line from TMEV-

susceptible  SJL/J mice as a stable source for in vitro and in vivo studies, 2) to 

investigate the susceptibility of this cell line to TMEV with respect to antigen 

expression and 3) to study the effect of TMEV on the differentiation capacity  of 

these cells following TMEV infection in vitro.  

 

The following hypotheses were challenged in the different in vitro experiments:  

• The immortalized OPC line derived from the SJL/J mouse strain 

exhibits properties reminiscent of primary murine OPCs in vitro. 

• Susceptibility of oligodendrocyte cell lineage for TMEV infection 

depends on the developmental stage of the cells 

• TMEV infection alters the differentiation capacity of OPCs in vitro  
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2.1 ABSTRACT 

 

The understanding of oligodendrocyte differentiation is crucial for designing 

therapies of demyelinating diseases. Oligodendrocyte precursor cells are of 

particular interest in this context, because of their remyelinating potential. 

Permanent cell lines, which are a versatile tool for studying oligodendrocyte 

physiology, have been so far mainly established from the rat CNS. In the present 

study, we describe a novel murine oligodendrocyte precursor cell line (BO-1) 

established by spontaneous immortalization using light microscopy, 

immunocytochemical phenotyping and genetic analysis. BO-1 cells displayed a bi- 

to multipolar morphology and expressed early oligodendrocytic lineage markers, 

such as A2B5 and NG-2. Expression of pre-oligodendrocyte (O4, CNPase) and 

mature oligodendrocyte markers (e.g. myelin basic protein) was found in about 

30% and 1.5% of the cells, respectively. Addition of serum, known to promote 

type-2 astrocyte differentiation, significantly increased the number of GFAP-

positive cells, while thyroid hormones, (T3/T4) known to foster oligodendrocyte 

differentiation, did not substantially alter the antigenic and gene expression of 

myelin markers. This deficiency might be related to the high intrinsic proliferation 

rate of BO-1 cells that was unaltered upon removal of mitogenic factors. 

Expression of O4 and CNPase in BO-1 cells could be significantly increased by 

co-culture with primary astrocytes suggesting that the differentiating potential of 

BO-1 cells was influenced by environmental factors and may have to be fully 

explored in future studies. In summary, the novel murine BO-1 cell line shares 

several characteristics with oligodendrocyte precursor cells but displays a 

restricted differentiation into mature oligodendrocytes.  

 

Keywords: OPC, myelin, differentiation, remyelination 

2.2 INTRODUCTION 

 
Multiple sclerosis is the major human demyelinating disease affecting >1,000,000 

people in the Western world (Barcellos et al., 2002). It is characterized by 

disintegration of the CNS myelin sheath formed by oligodendrocytes (Hafler et al., 

2005). During development, oligodendrocytes emerge from oligodendrocyte 

 



CHAPTER 2: IN VITRO CHARACTERIZATION OF A MURINE OPC LINE (BO-1)                       40 
 

precursor cells (OPCs; Menn et al., 2006). These cells are not only found during 

development but also reside in the adult CNS. Since OPCs can potentially 

develop into myelin-forming oligodendrocytes (Louis et al., 1992; Richter-

Landsberg and Heinrich, 1996; Matsushita et al., 2005), they represent an 

important target for therapeutic strategies aiming to promote endogenous 

remyelination (Chari and Blakemore, 2002; Chandran and Compston, 2005; 

Keirstead et al., 2005). 

 

During the recent years, there has been a detailed characterization of the 

successive stages of oligodendrocyte differentiation regarding both the 

morphology and the overlapping antigenic expression of specific molecular 

markers (Baumann and Pham-Dinh, 2001; de Castro and Bribian, 2005). It was 

mainly inferred from in vitro studies that early oligodendrocytic cells, such as 

OPCs and pre-oligodendrocytes, share the expression of the ganglioside A2B5, 

the proteoglycan NG-2 and the platelet-derived growth factor receptor α (PDGFR 

α), while immature and mature oligodendrocytes initiate expression of sulfatide 

(O4)/galactocerebroside (GalC) and myelin basic protein (MBP), respectively 

(Louis et al., 1992; Stangel and Hartung, 2002; Matsushita et al., 2005; Lin et al., 

2006; Lagarde et al., 2007). Other markers, like CNPase, are pan-specific and 

found express along the entire of oligodendrocyte lineage (Baumann and Pham-

Dinh, 2001; de Castro and Bribian, 2005). 

 

OPCs in vitro display a small, round cell body with a bi- to tripolar morphology 

(Louis et al., 1992; Lagarde et al., 2007). Expansion of OPCs in vitro is achieved 

in serum-free medium supplemented with neuroblastoma cell line B104-

conditioned medium. Removal of this conditioned medium and/or addition of 

thyroid hormones triggers progression to mature oligodendrocytes with complex, 

sheet-like processes and the expression of myelin proteins, such as MBP, while 

addition of serum promotes type-2-astrocyte differentiation (Louis et al., 1992; Lin 

et al., 2006; Lagarde et al., 2007).  

 

Research on OPCs is restricted by their limited growth in vitro. Thus, respective 

studies require the continuing and time-consuming isolation of primary cells. 

Permanent cell lines may help to overcome these limitations. Although the cell 
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lines do not share all of the characteristics with primary OPCs, their indefinite 

growth in vitro facilitates the generation of sufficient cell quantities. While several 

cell lines from the rat have become available and were studied intensively during 

the recent years (Louis et al., 1992; Matsushita et al., 2005; Lagarde et al., 2007), 

there are only a few murine OPC cell lines. This may be explained by the fact that 

murine OPCs have proven more difficult to isolate (Chen et al., 2007). Moreover, 

murine OPCs apparently do not express all of the established cell surface 

antigens (Fanarraga et al., 1995). Horiuchi et al. (2006) have recently introduced a 

murine OPC cell line generated from p53-deficient mice (Horiuchi and Tomooka, 

2006). It is well established that the p53 gene is a transcription factor essential for 

prevention of cancer formation (Bell and Ryan, 2007; Bourdon, 2007). Cells 

deficient of the p53 gene, therefore, might promote cell proliferation due to their 

lack of suppressor cell property.  

 

In this study, we describe the properties of a novel murine OPC cell line, termed 

BO-1 that was obtained by spontaneous immortalization. BO-1 cells shared 

marker expression and the morphology with their physiological counterpart. 

Similar to rat OPCs, BO-1 cells increased astrocytic differentiation in response to 

serum but failed to differentiate into mature oligodendrocytes in the presence of 

thyroid hormones. Although expression of CNPase and O4 in BO-1 cells could be 

increased by co-cultivation with primary astrocytes, it is concluded that 

oligodendrocyte differentiation in BO-1 cells is restricted. This deficiency of BO-1 

cells might be related to their high proliferative capacity that remained high in the 

absence of mitogenic stimulation. Since BO-1 cells can be grown indefinitely in 

culture, they may facilitate in vitro characterization of oligodendrocyte precursor 

cell physiology. 

2.3 MATERIALS AND METHODS 

 

2.3.1 Animals 

Adult SJL/J mice were purchased from Harlan Winkelmann GmbH (Borchen, 

Germany) and maintained in a microisolator cage system (Tecniplast GmbH, 

Hohenpeißenberg, Germany) for breeding. One to three day-old pups were used 
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for cell isolation. Breeding of animals was authorized by the Landeshauptstadt 

Hannover (permission number 42500/1H). 

 

2.3.2 Mixed glial cultures 

Mixed glial cell cultures were established from cerebral hemispheres of 1-3 day-

old mice according to standard protocols (McCarthy and de Vellis, 1980; Giulian 

and Baker, 1986) with modifications. Briefly, the meninges were carefully removed 

from the isolated cerebral cortices using a dissection microscope before passing 

the tissue through a 10 ml pipette in calcium-free phosphate buffered saline (PBS, 

pH 7.4) containing trypsin-EDTA (2 mg/ml, PAA) and DNase I (0.2 mg/ml, Roche 

Diagnostics, Mannheim, Germany) and incubation  at 37°C for 20 minutes with 

agitations. After centrifugation (250xg, 4°C) for 10 minutes, cell pellets were 

resuspended in chemically-defined medium (Bottenstein and Sato, 1979) 

supplemented with fetal calf serum (10% FCS, Biochrom AG, Berlin, Germany) 

using a fire-polished Pasteur pipette and seeded onto poly-L-lysine  (PLL, 

100µg/ml) -coated 75 ml. flasks (NuncTM, Wiesbaden, Germany) at a density of 

5x106 cells/flask. Cultures were maintained under standard conditions (5% CO2, 

37°C) in defined medium (Bottenstein and Sato, 1979) with 10% FCS. The 

medium was changed 24 hours, 72 hours, and 6 days after seeding. 

 

2.3.3 Purification of primary oligodendrocyte precursor cells 

OPCs were purified from mixed glial cultures (see above) after 7 days in vitro. For 

removal of microglial cells, flasks were sealed with Parafilm® and agitated on a 

rotary platform shaker (InnovaTM 2000 New Brunswick Scientific, New Jersey, 

USA) at 150 rpm for 45 minutes at 37°C. For purification of OPCs, the flasks were 

then maintained in chemically-defined medium (10% FCS) for 4 hours prior to 

agitation at 200 rpm for 10-14 hours at 37°C. Detached cells were collected from 

the supernatant by centrifugation (250xg, 4°C, 10 minutes) and seeded in serum-

free medium containing B104-conditioned medium (diluted 1:3) onto PLL-coated 

(100 µg/ml) culture flasks (25 ml) at a density of 50,000 cells/cm2. B104-

conditioned medium was also applied to the original flasks containing the 

astrocytes layer carrying a low number of OPCs. The B104 conditioned medium 
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was produced in serum-free culture containing the N1 supplements as described 

by Louis et al. (1992). 

 

2.3.4 Culture of BO-1 cells under different culture conditions 

Expansion of BO-1 cells was done in B104- conditioned medium as described 

above. To stimulate differentiation into astrocytes and oligodendrocytes, BO-1 

cells were cultured under serum-containing and serum-free conditions (N2B3; 

Stangel and Bernard, 2003), respectively. Serum-free medium was supplemented 

with thyroid hormones (triiodothyronine T3, 400 ng/ml; thyroxine T4, 400 ng/ml, 

Sigma-Aldrich, Missouri, USA). For this, BO-1 cells and primary OPCs cultured in 

B104- conditioned medium were seeded in triplicate onto PLL-coated (100 mg/ml) 

96 well microtiter plates (NuncTM, Wiesbaden, Germany) at a density of 5,000 

cells. After 24 hours, the different media were applied to the cells. After 2 and 4 

days, plates were fixed with paraformaldehyde (4% in PBS, pH 7.4) and 

immunostained as described below. The total number of positive cells per well 

was determined by counting five randomly-selected areas.  Values represent the 

mean ± standard deviation (SD) of data collected from two independent 

experiments. 

 

2.3.5 Co-cultures of BO-1 cells and primary astrocytes 

Astrocytes were purified by mechanical elimination of microglia and OPCs as 

described above. Cells were then trypsinized and seeded in PLL-coated 96 well 

microtiter plates at a density of 4,000 cells/well. After the cells reached 

confluency, 5,000 BO-1 cells per well were added. Co-cultures were maintained in 

the different media (see above) for 4 days. Both the morphology and the antigenic 

phenotype of BO-1 cells were determined as described above.       

 

2.3.6 Immunocytochemistry 

Immunostaining of BO-1 cells was done in 96 well microtiter plates using viable 

(A2B5, O4 staining, hybridoma supernatant, 1:2) and fixed cells (see above). For 

staining of fixed cells, cultures were treated with PBS-Triton X-100 (0.25%) for 15 
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minutes. After fixation with paraformaldehyde (4%, pH 7.4, 15 minutes) at room 

temperature  (RT), cells were incubated with primary antibodies diluted in PBS 

containing bovine serum albumin (BSA, 1%) and Triton X-100 (0.25%) for two 

hours at RT. Mouse monoclonal antibodies used were directed against glial 

fibrillary acidic protein (GFAP, Sigma G3893, USA,  1:400) and 2’,3’-cyclic 

nucleotide 3’-phosphodiesterase (CNPase, Chemicon MAB326, USA, 1:800), 

whereas rabbit polyclonal antibodies recognized myelin basic protein (MBP, 

Chemicon MAB980, USA, 1:800) and NG2 chondroitin sulphate proteoglycan 

(NG2, Chemicon MAB5320, USA, 1:200). After rinsing in PBS/Triton X-100 

(0.25%), cells were incubated for 45 minutes with CyTM3–conjugated goat anti-

mouse and CyTM3-, CyTM2–conjugated goat anti-rabbit antibodies (Jackson 

ImmunoResearch, Suffolk, UK) at a dilution of 1:200. Nuclei were counterstained 

using bisbenzimide (0.01% in ethanol, Sigma, Missouri, USA) for 10 minutes at 

RT. Viable cells were incubated with mouse monoclonal A2B5 and O4 antibodies 

(hybridoma supernatant, 1:2, J. Trotter, Mainz) for 20 minutes  at 37°C (5% CO2) 

and washed once with complete medium. Secondary antibodies (CyTM3-coupled 

goat anti mouse antibodies; Jackson ImmunoResearch) were diluted in complete 

medium (1:200) and added for 20 minutes at 37°C. Cells were fixed and nuclei 

were stained as described above. Double immunostaining for O4/NG2, and 

A2B5/MBP included staining of viable cells for O4 and A2B5 followed by detection 

of NG2 and MBP in fixed cells according to the protocols specified above. 

Detection of CNPase and NG2 was done with fixed cells in a single step. 

 

Cultures were analyzed under an inverted microscope (Olympus IX-70, Olympus 

Optical Co. GmbH, Hamburg, Germany) and the total number of cells positive for 

a specific marker was determined as described above. Microphotographs were 

taken using the PM-30 system (Olympus, Olympus Optical Co. GmbH, Hamburg, 

Germany) and a color reversal film (ISO400). 

 

2.3.7 Bromodeoxyuridine (BrdU) incorporation 

Cellular proliferation was studied using BrdU incorporation according to the 

manufacturer´s instructions (Roche Kit, Krudewig et al., 2006). Briefly, 5,000 cells 
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per well were seeded in triplicate and incubated under the different culture 

conditions for 4 days. Bromodeoxyuridine (BrdU, 10 µM) was added for 14 hours 

in complete medium under standard conditions (5% CO2, 37°C). Cells were fixed 

and DNA was denatured with 70% ethanol in HCl (0.5M) for 30 minutes. After 

washing with PBS, cells were incubated with BSA (1%) in PBS/Triton X-100 

(0.25%) for 15 minutes followed by incubation with monoclonal anti-BrdU 

antibodies (Roche Diagnostics, Manheim, Germany) and CyTM3-coupled goat anti 

mouse antibodies for 30 minutes at 37°C each. Counterstaining of nuclei was 

done using 0.01% bisbenzimide. The number of positive cells was determined as 

described above for the immunostained cells. 

 
2.3.8 RT-qPCR  

For RT-qPCR, BO-1 cells were cultured in 24 multiwell plates for 4 days in B104, 

N2B3, and DME/10% FCS medium and the ribonucleic acid (RNA) was isolated 

from 12 wells each using the RNeasy® Mini Kit (Qiagen GmbH, Hilden, Germany) 

and on-column DNAse digestion according to the manufacturer’s instructions. 

RNA concentration was measured at 260nm (GeneQuant Pro, Amersham 

Biosciences Europe GmbH, Freiburg, Germany). RNA was reversely transcribed 

using the Omniscript™ Reverse Tanscriptase Kit (Qiagen GmbH, Hilden, 

Germany), with a final concentration of 25 ng RNA/µl, 10 µM random hexamers 

(Random Primers; Promega GmbH, Mannheim, Germany), and 0.5 U/µl RNAse-

inhibitor (RNase OUT™, Invitrogen GmbH, Karlsruhe, Germany). Primers for the 

detection of NG2, CNPase, total MBP mRNA (MBPtotal; primers located in exon 3 

and 3/4), and exon 2 containing splice variants of MBP mRNA (MBPexon2; 

primers located in exon 1 and 2/3, see Table 1) were selected from the murine 

GenBank™/NCBI reference sequences using the computer program Primer 

Designer (version 2.0, Scientific & Educational Software, Cary, NC, USA) as 

described (Ulrich et al., 2006). Primers for detecting of GFAP mRNA and the 

housekeeping genes GAPDH, ß-actin, and SDHA were taken from the literature 

(Jiang et al., 2003; Ulrich et al., 2005). Quantitative PCR was performed with 1 μl 

cDNA per 25 μl reaction employing the Brilliant® SYBR® Green QPCR Master 

Mix Kit (Stratagene® Europe, Amsterdam, the Netherlands) in a MX3005P® 

Multiplex Quantitative PCR System (Stratagene® Europe, Amsterdam, the 
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Netherlands) with an absolute external cDNA standard containing 102-108 

copies/µl as described previously (Ulrich et al., 2006). The obtained data were 

analyzed using the MX3005P® software version 2.02 (Stratagene® Europe, 

Amsterdam, the Netherlands). Data were normalized with a normalization factor 

achieved by geometric averaging of all three housekeeping genes using the 

geNorm software version. 3.4 (Vandesompele et al., 2002). 

 

Gene Primer Sequence 5´->3´ Amplicon 
length 

Accession 
No. 

forward CAGCTCAAGGAGAAGAACC 
CNPase 

reverse TTGTACAGTGCAGCACACC 
283 bp DQ887820

forward GAGGAGTGGTATCGGTCTAAGTTT
G 

GFAP 
reverse GCCGCTCTAGGGACTCGTT 

166 bp EF042974

forward GACTCACACACGAGAACTAC 
MBP total 

reverse GTGTTCGAGGTGTCACAA 
118 bp 

forward ATGGCATCACAGAAGAGACC 
MBP exon 

2 
reverse GAGTCCTTGTACATGTGGCA 

254 bp 

DQ887821

forward CCTCAGCTCTGACCAGAGTA 
NG2 228 bp DQ887819

reverse TGTCGGAGACAGTGAGCA 

 

Table 1: Primer pairs used for analysis of gene expression by RT-qPCR. 

Accession No. = GenBank™/NCBI accession number of the cDNAs used as 

qPCR standards; bp = base pairs; CNPase = 2´,3´- cyclic nucleotide 3´-

phosphodiesterase; GFAP = glial fibrillary acidic protein; MBP total = all splice 

variants of myelin basic protein mRNA; MBP exon 2 = only the exon 2 containing 

splice variants of myelin basic protein mRNA; NG2 = nerve/glial antigen 2 
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2.3.9 Statistical analysis 

Statistical analysis of immunostaining and BrdU assays was accomplished using 

the Statistical Analysis System version 9.1 software package (SAS institute, USA). 

Two-way analysis of variance (ANOVA) of mean and median of positive cells at 

different media and time points was performed. Statistical significance was 

designated as P ≤ 0.05.  

 

RT-qPCR data were analzed using SPSS for Windows (version 13.0). The 

normalized copy numbers/25 ng RNA were log-transformed before statistical 

analysis to obtain normal distribution, as evaluated with a Kolmogorov-Smirnov 

test. Data are shown as arithmetic mean of the log-transformed values with its 

95% confidence interval, and the respective fold-change differences between the 

groups was calculated as the ratio of the geometric means of the untransformed 

values. Statistical differences were evaluated employing one-way ANOVA with a 

post-hoc test according to Ryan, Einot, Gabriel and Welsch (R-E-G-W)-Q. In 

general, statistical significance was designated as p ≤ 0.05. 

 

2.4 RESULTS 
 

2.4.1 Establishment of a murine oligodendrocyte precursor cell line (BO-1)  
Four weeks after seeding, mixed glial cultures consisted of a confluent astrocytic 

cell layer carrying OPC-like cells. OPCs at that time displayed both signs of 

degeneration as well as a reduced growth rate. To enrich for OPCs and to 

stimulate their cellular growth, cells were dislodged by gently shaking and seeded 

onto new flasks (PLL, 100 µg/ml) while the adhering astrocytic cell layer with 

residual OPCs was further maintained. The detached OPCs died shortly after 

passaging, whereas the remaining cells of the original flasks could be further 

propagated in B104- conditioned medium. After 2-3 months in vitro, the OPCs 

increased proliferation and were observed growing on top of an astrocyte layer 

that had been formed in the meantime. OPCs were collected by shaking and 

continuously passaged simply by tapping the flasks and avoiding the use of 

trypsin. The cells continued to grow throughout multiple passages, (>20) in B104-
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conditioned medium and were termed BO-1. Cells could be cryopreserved using 

standard procedures (Wewetzer and Dilmaghani, 2001) and were successfully 

cultured in B104- conditioned medium after thawing.  

 

2.4.2 In vitro characterization of BO-1 cells 
BO-1 cells cultured in B104- conditioned medium on PLL-coated plates displayed 

a heterogenous morphological phenotype ranging from a bi- to multipolar 

appearance with a varying degree of process length and arborisation (Fig.1a). The 

multipolar cells possessed highly-branched processes typical of pre-

oligodendrocytes. Cultures were immunostained for specific molecular markers of 

the oligodendrocytic and astrocytic lineage. Expression of A2B5 (Fig.1d; Fig.2c) 

and NG2 (Fig.2a,b) was noted in the vast majority of cells, while O4 and CNPase 

immunostaining was confined to about 25% and 35% of the cells, respectively 

(Fig.1g; Fig. 2b; Fig.3). GFAP and MBP expression, identifying astrocytes and 

mature oligodendrocytes, was only observed in less than 5% of the cells (Fig.2c; 

Fig.3). GFAP-positive cells looked like typical astrocytes (data not shown), 

whereas MBP expression was found in cells that were negative for A2B5 (Fig.2c). 

There was colocalization of O4 and CNPase with NG2 (Fig.2a,b). 

 

BO-1 cells maintained on uncoated culture dishes were found to occasionally form 

oligospheres. Immunostaining of oligospheres did not reveal altered terminal 

differentiation compared to culture on poly-L-lysine-coated plates (data not 

shown).  
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Figure 1: Immunostaining of BO-1 cells after 4 days in vitro with antibodies 

against ganglioside Q (A2B5; d-f), sulfatide (O4; g-i). In B104- conditioned 

medium, BO-1 cells displayed a bi- to multipolar morphology (a,d,g), and 

exhibited more arborisation with multipolar processes than in N2B3 medium 

(b,e,h). In the presence of serum- containing medium (DME/10%FCS), cells were 

observed with a flat, multipolar morphology typical of astrocytes (c,f,i).  Scale bar 

≈ 60 µm. 

 

2.4.3 Phenotype and in vitro growth of BO-1 cells under different culture 

        conditions 
To explore the capacity of BO-1 cells to differentiate along the astrocytic and 

oligodendrocytic lineage, cells were exposed to serum and thyroid hormones, 

respectively, and the morphological and antigenic phenotype was monitored at 2 

and 4 days in vitro (Fig.1, Fig.3). BO-1 cells in N2B3 medium displayed a clearly 

reduced arborisation and length of their processes (Fig.1b). Addition of serum 

increased the number of typical astrocytes (Fig.1c). Exposure to 10% serum 

induced a ten-fold increase in the number of GFAP-positive astrocytes after 4 

days (Fig.3). Although the absolute number of GFAP-positive cells remained low, 

this difference was statistically significant. The percentage of GFAP-positive cells 
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was both dependent on serum concentration and culture medium composition. 

Elevating the serum content in DME medium up to 40% increased the percentage 

of astrocytes up to 6% (Fig.4) and the use of 5% serum in combination with 

DME/F12 basal medium induced GFAP expression equivalent to about 30% 

serum in DME medium (Fig.4). The up-regulation of GFAP expression in serum-

containing medium after 4 days was accompanied by significant reductions in the 

number of cells expressing oligodendroglial markers, such as A2B5, O4, CNPase 

and MBP (Fig.3b). While the decline of oligodendrocytic markers was also 

observed at the mRNA level (Fig.5), surprisingly the GFAP mRNA levels were not 

increased (Fig.5).  

 

Application of thyroid hormones in the absence of B104- conditoned medium, 

known to trigger oligodendrocyte differentiation, did not promote myelin marker 

expression at the protein or mRNA level (Fig.3; Fig.5). The number of MBP-, 

A2B5-, and NG2-reactive cells remained unaltered while the percentage of 

CNPase-expressing cells was even reduced compared to culture in B104- 

conditioned medium (Fig.3). Similar alterations were noted regarding mRNA levels 

for CNPase, total MBP and MBPexon2, which in N2B3 medium were significantly 

lowered compared to B104-conditioned medium (Fig.5). Control experiments with 

varying cell densities demonstrated that the observed phenotypic changes of BO-

1 cells did not depend on cell density (data not shown).  

 

 
Figure 2: Double immunostaining of BO-1 cells maintained in B104-conditioned 

medium for 4 days with antibodies against CNPase (red) / NG2 (green, a), 

sulfatide (O4, red) / NG2 (green, b) ganglioside Q (A2B5, red) / MBP (green, c). 

Colocalization of NG2 was observed with early oligodendrocyte lineage markers, 

such as CNPase (a) and O4 (b), while expression of MBP was restricted to those 

BO-1 cells negative for the OPC marker A2B5 (c). Scale bar ≈ 60 µm. 
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Figure 3: The percentage of O4-, A2B5-, GFAP-, CNPase-, MBP- and NG2-

expressing BO-1 cells with respect to the total number of cells per well after 2 (a) 

and 4 days (b) in B104- conditioned medium, N2B3 medium, and serum- 

containing medium (DME/10%FCS). In B104- conditioned medium, there was 

high expression of A2B5 (97.42%) and NG2 (99.29%), intermediate expression of 

O4 (24.68%) and CNPase (35.59%) and low expression of GFAP (0.15%) and 

MBP (2.77%). Incubation in DME/10%FCS significantly reduced the expression of 

oligodendrocyte markers (O4, CNPase, A2B5, MBP), while promoting GFAP 

expression. Cultured in N2B3 medium lowered the expression of early OPC 

markers (A2B5, O4, CNPase), while there was no changed in NG2 expression 

compared to B104- conditioned medium. * significant difference between cells 

maintain with N2B3 or DME/10%FCS compared to cells culture with B104 

(p<0.05), $ significant difference between cells maintain with DME/10%FCS 

compared to cells culture with N2B3. 
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Figure 4: Expression of GFAP in BO-1 cells after 4 days in vitro in DME medium 

supplemented with the 10%, 20% and 40% FCS compared to DME/F12 medium 

containing 5% FCS. There was a concentration-dependent increase in the 

percentage of GFAP-expressing BO-1 cells. The number of GFAP positive BO-1 

cells in DME/F12 medium supplemented with 5% FCS was higher than in 10% 

and 20% FCS-containing DME medium. * significant difference between cells 

maintain with DME/40%FCS or DME/F12 containing 5%FCS compared to cells 

culture with DME/10%FCS (p<0.05), $ significant difference between cells 

maintain with DME/40%FCS compared to cells culture with DME/20%FCS.  
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Figure 5: Detection of CNPase, MBP exon2, MBP total, GFAP and NG2 mRNA in 

BO-1 cells cultured in B104-conditioned, N2B3, and DME/10%FCS medium. In 

N2B3 medium, there was down-regulation of CNPase, MBP exon2, MBP total and 

GFAP mRNA while the NG2 expression was unaltered compared to B104-

conditionend medium. Transfer of BO-1 cells to serum-containing conditions 

induced similar changes of the mRNA transcripts.  Contrary to N2B3 medium, 

addition of FCS induced a significant decrease in NG2 expression. Bars represent 

the mean and its 95% confidence interval. * significant difference between cells 

maintain with N2B3 or DME/10%FCS compared to cells culture with B104 

(p<0.05), $ significant difference between cells maintain with DME/10%FCS 

compared to cells culture with N2B3. 

 

2.4.4 Proliferation of BO-1 cells under different culture conditions. 

The proliferation rate of BO-1 cells grown in the different media was studied using 

BrdU incorporation (Fig.6). In the presence of B104- conditioned medium, about 

70% of BO-1 cells incorporated BrdU during a 14 hour incubation period after 4 

days (Fig. 6). Application of serum either in DME (10%) or in DME/F12 medium 

(5%), previously observed to promote astrocytic differentiation significantly 

reduced the percentage of BrdU-positive cells to about 15%. Culturing of BO-1 

cells in N2B3 medium did not significantly alter the percentage of BrdU-positive 

cells compared to B104- conditioned medium (Fig.6). 
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Figure 6: Proliferation of BO-1 cells in B104-conditioned medium, N2B3, DME 

medium (10%FCS) and DME/F12 medium (5%FCS) as determined by BrdU-

incorporation. There was a statistically significant difference in the number of 

BrdU-positive BO-1 cells between serum free (B104, N2B3) and serum containing 

(DME/10%FCS and DME/F12/5%FCS) medium. Application of 10% and 5% 

serum in DME and DME/F12 medium, respectively significantly reduced 

proliferation rates to about 20% and 16.5%, respectively. * significant difference 

between cells maintain with DME/10%FCS or DME/F12/5%FCS compared to 

cells culture with B104 (p<0.05), $ significant difference between cells maintain 

with DME/10%FCS or DME/F12/5%FCS compared to cells culture with N2B3. 

 
 

2.4.5 Co-culture of BO-1 cells and primary astrocytes under different culture 

        conditions   

To test whether differentiation of BO-1 cells was affected by the presence of other 

glial cells, BO-1 cells were co-cultured with primary astrocytes in the different 

media, and the antigenic phenotype was determined. BO-1 cells were seeded 

onto a confluent astrocyte monolayer and the cultures were maintained for 4 days. 

In the presence of astrocytes, BO-1 cells displayed an increased length and 

arborisation of their processes (Fig.8) in both B104- conditioned and N2B3 

medium compared to cultures of BO-1 cells alone (Fig.1, Fig.2). However, there 

was still a difference in the morphology of BO-1 cells grown in the different media. 

BO-1 cells in B104- conditioned medium displayed an increased length and 

arborisation of their processes compared to N2B3 medium. 
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The presence of astrocytes differentially affected the antigenic phenotype of BO-1 

cells (Fig.7). In N2B3 medium, there was an increase in the number of O4- and 

CNPase- positive cells, while no numeric alterations were observed regarding 

A2B5 and MBP expressions. Application of serum-containing medium to the co-

cultures caused a reduction in the number of O4- and CNPase- positive BO-1 

cells (Fig.7). Comparison between BO-1 and BO-1/astroycte co-cultures (Fig.3, 

Fig.7) revealed an overall increase in O4 expression, while the increase in 

CNPase expression was observed in B104- conditioned and N2B3 medium but 

not in serum- containing medium.     

  

 
Figure 7: The percentage of O4-, A2B5-, CNPase- and MBP- positive BO-1 cells 

co-cultured with primary astrocytes after 4 days in vitro in B104- conditioned 

medium, N2B3 medium and serum- containing medium (DME/10%FCS). In N2B3 

medium, there was an up-regulation of CNPase expression, while no alteration 

was observed in A2B5 and MBP. In the presence of serum, BO-1 cells 

substantially down-regulated the expression of O4 and CNPase, but not A2B5 

positive cells.  
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Figure 8: Immunostaining of BO-1 cells co-cultured with primary astrocytes in 

B104- conditioned medium (a,d,g,j), N2B3 medium (b,e,h,k) and serum- 

containing medium (DME/10%FCS; c,f,i,l) with antibodies against ganglioside Q 

(A2B5; d-f), sulfatide (O4; g-i) and 2’,3’-cyclic nucleotide 3’-phosphodiesterase 

(CNPase; j-l). BO-1 cells in B104- conditioned medium and N2B3 medium 

staining with O4 and CNPase antibodies displayed multipolar cells with 

pronounced arborisation. There was a marked increase of CNPase positive cells 

in N2B3 medium. Scale bar ≈ 60 µm. 
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2.5 DISCUSSION 
 
OPCs were originally described more than 20 years ago (Raff et al., 1983; Noble 

et al., 1989) and termed O-2A progenitor cells because of their capability to 

differentiate into oligodendrocytes and type-2 astrocytes in thyroid hormone- und 

serum-supplemented medium, respectively. Since OPCs represent a potential 

source for myelinating glia, it is essential to analyze factors guiding their 

proliferation and differentiation. OPC cell lines are an important tool to study 

oligodendrocyte physiology because they display a potentially unlimited capacity 

for self-renewal overcomig the limitations of primary cell culture. During the recent 

years, a variety of cell lines, mainly from the rat, have been provided (Louis et al., 

1992; Richter-Landsberg and Heinrich, 1996; Lin et al., 2006; Lagarde et al., 

2007). These cell lines differ both with respect to their mode of generation, 

spontaneous immortalization versus genetic modification, as well as to their 

differentiating potential. 

 

The prototype of such a cell line is the rat CG-4 (central glial) cell (Louis et al., 

1992). CG-4 cells are easily grown in vitro and can be induced to differentiate into 

oligodendrocytes and type-2 astrocytes. The presence of thyroid hormones 

induces morphological changes, such as an increase in the overall length and 

arborisation of their processes, and the up-regulation of myelin markers, while 

serum promotes the development of typical type-2 astrocytes. Proliferation of CG-

4 cells is promoted by addition of conditioned medium derived from the 

neuroblastoma cell line B104. CG-4 cells have been used in a variety of studies 

e.g. to investigate the role of extracellular signal-regulated protein kinases (ERKs), 

the stress-activated c-Jun N-terminal kinase (JNK) and the 38kD high osmolarity 

glycerol response kinase (p38, for review, see Stariha and Kim, 2001).   

 

In the present study, we isolated a murine cell line by spontaneous 

immortalization, termed BO-1. Although transgenic mice are a well established 

tool for the study of myelination and remyelination (Griffiths, 1996; Bartsch, 2003; 

Bettelli, 2007), only a few murine cell lines have been established so far. 

Moreover, all murine OPC cell lines available were invariably created by genetic 

modification (Bongarzone et al., 2000; Horiuchi and Tomooka, 2006; Lin et al., 
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2006), suggesting that murine OPCs display a lower potential for spontaneous 

immortalization than rat cells.     

 

BO-1 cells displayed sustained proliferation even in the absence of mitogenic 

supplements, e.g. B104- conditioned medium. The cells expressed invariably 

A2B5 and to a lesser extent O4. Taken together with their bi- to multipolar 

morphology, it is concluded that BO-1 cells displayed the morphology of OPCs 

and immature oligodendrocytes. Contrary to CG-4 cells, however, there was only 

little differentiation into oligodendrocytes and almost no expression of MBP was 

noted in N2B3 medium. Differentiation into astrocytes was significantly promoted 

by serum, however; the percentage of astrocytes in serum- containing medium 

remained low.  These data were confirmed by RT-qPCR mRNA analysis 

demonstrating significantly reduced mRNA levels for CNPase, MBP total and 

MBP exon 2 mRNA. Moreover, the increase in the number of GFAP-positive cells 

in DME/10%FCS was not paralleled by a similar increase in GFAP mRNA 

transcripts. However, when analyzing the mRNA data, one has to keep in mind 

that immunostaining identifies single cells whereas mRNA analysis refers to the 

total number of cells. Therefore, data and conclusions should be substantial by 

using single cell approach in the studies.  

 

Nevertheless, it should be noted that murine OPCs are more difficult to maintain in 

vitro than rat cells and that they both display a distinct antigenic expression profile 

and a limited differentiation potential (Farranaga et al., 1995; Chen et al., 2007). 

The lacking differentiation of BO-1 cells into oligodendrocytes might be related to 

the high proliferative capacity of the cells. The fact that the cells can be 

maintained in vitro indefinitely due to their high proliferation rate apparently 

restricts their extent of differentiation. This is a well known general phenomenon of 

OPC cell lines and has been demonstrated in the CG-4 cell line too. Compared to 

primary rat OPCs, CG-4 cells were found to express higher amounts of GM3 than 

their physiological counterpart and lower levels of GD1b, glycolipids and myelin-

associated glycoprotein (MAG; Yim et al., 1994; Stariha and Kim, 2001). 

 

Two observations on the BO-1 cells, however, might be interpreted as evidence 

that the differentiation capacity of the cells has not been yet fully explored by the 
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used culture conditions. Firstly, co-culture of BO-1 cells with astrocytes was found 

to further increase the differentiation of BO-1 cells, defined by both an increased 

expression of CNPase in N2B3 medium and GFAP in serum-containing medium. 

And secondly, the change of the basal medium to DME/F12 mediated an 

increased differentiation into astrocytes compared to DME medium. The 

observation that OPCs display an increased differentiation into oligodendrocytes 

in the presence of astrocytes correlates well with observation on the 

transplantation of OPCs in the demyelinated spinal cord. Franklin et al. (1995) 

showed that CG-4 cells transplanted in demyelinated lesions but not those 

transplanted outside of them stopped proliferation and promoted differentiation 

into oligodendrocytes and astrocytes (Franklin et al., 1995). 

 

Another factor that might explain the relatively poor differentiation into 

oligodendrocytes is the culturing interval used. In our study, OPCs were cultured 

for 2 and 4 days as it was done with the rat cells. Longer incubation intervals may 

result in an improved differentiation. Lin et al. (2006) studied the properties of a 

genetically established mouse OPC cell line. After two weeks, an increase in MBP 

mRNA transcription was found (Lin et al., 2006). However, since distinct culture 

conditions were used, these results cannot be compared directly to the present 

study.  

 

Taken together, this is the first description of a murine OPC cell line established 

by spontaneous immortalization. BO-1 cells displayed OPC-like characteristics but 

did not differentiate into oligodendrocytes as it was described for rat OPC cell 

lines (e.g. CG-4). Whether this is due to species-specific characteristics or reflects 

specific properties of the BO-1 cell line has to be clarified by further studies. Due 

to their high self-renewal capacity, BO-1 cells represent an unlimited cellular 

source for murine OPCs. Future in vivo studies have to investigate the 

regenerative potential of BO-1 cells clarifying whether terminal differentiation into 

oligodendrocytes can be achieved following transplantation into the lesioned 

nervous system.  
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3.1 ABSTRACT 
 
 
Theiler’s murine encephalomyelitis virus (TMEV)-induced demyelination is an 

important animal model for multiple sclerosis. The presence of oligodendrocyte 

precursor cells (OPCs) within demyelinated lesions together with the limited 

extent of remyelination has raised the question of how OPCs are affected by 

TMEV. It is well established that oligodendrocytes, astrocytes and microglia are 

targets during the chronic phase of the disease. However, whether TMEV 

infection interferes with the capacity of OPCs to generate oligodendrocytes and 

astrocytes has remained unclear. In the present study, a bipotential murine OPC 

cell line termed BO-1 was used to determine the antigenic phenotype susceptible 

to TMEV and the impact of TMEV infection upon cell differentiation. BO-1 cells 

were treated with retinoic acid and fetal calf serum to promote oligodendrocytic 

and astrocytic differentiation, respectively. We show here that retinoic acid 

increased oligodendrocytic differentiation and decreased proliferation and TMEV 

infection rates. TMEV infected about 60% of immature OPCs (NG2+, A2B5+) 

under both serum-containing and serum-free culture conditions, whereas only 

approximately 15% of GFAP+ type-2 astrocytes and 5% of mature OPCs (MBP+) 

displayed virus specific immunoreactivity. Infection with TMEV prior to 

differentiation of BO-1 cells significantly reduced the percentage of MBP+ but not 

of GFAP+ cells. These data demonstrate that TMEV preferentially infects 

immature OPCs and blocks oligodendrocyte maturation. The first demonstration 

of TMEV-mediated effects on the differentiation of OPCs sheds new light on the 

pathogenesis of TMEV-induced demyelination and offers an explanation for the 

limited remyelination observed in vivo.       

 

Keywords: Theiler’s murine encephalomyelitis virus, OPCs, oligodendrocytes 

 

3.2 INTRODUCTION 
 

Theiler’s murine encephalomyelitis virus (TMEV) is a non-enveloped positive 

sense single-stranded RNA virus belonging to the family Picornaviridae, genus 
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Cardiovirus (Pevear et al., 1987). Experimental infection of susceptible mouse 

strains with the TO subgroup, the low-neurovirulent TMEV, induces a biphasic 

disease leading to demyelination and is, therefore, considered an important 

animal model for multiple sclerosis (MS; Rodriguez et al., 1987; Dal Canto et al., 

1996; Oleszak et al., 2004). Following intracerebral infection, TMEV infects 

neurons of the grey matter in the acute phase (Dal Canto and Lipton, 1982; 

Oleszak et al., 2004; Lipton et al., 2005) and is subsequently transmitted to the 

spinal cord where it persists in glial cells and macrophages (Rodriguez et al., 

1983; Dal Canto et al., 1996; Lipton et al., 2005). The infected glial cells are the 

target for macrophages and CD4+ T cells that initiate myelin damage (Michiels et 

al., 1995; Zheng et al., 2001; Tsunoda and Fujinami, 2002; Lipton et al., 2005; 

Pozner et al., 2005; Welsh et al., 2009). Limited remyelination three months post-

infection with the BeAn strain of TMEV is a key feature of the disease (Ulrich et 

al., 2008, 2009). However, the precise mechanisms underlying these processes 

are still poorly understood. 

 

It is well established that CNS remyelination generally originates from proliferating 

oligodendrocyte precursor cells (OPCs) that differentiate into myelin-forming 

oligodendrocytes (Franklin and Ffrench-Constant, 2008; Franklin and Kotter, 

2008). OPCs were formerly designated O-2A progenitors because they generate 

oligodendrocytes and type-2 astrocytes in vitro depending on the culture 

conditions (Raff et al., 1983, 1984).  Early OPCs in vitro are characterized by a bi- 

to tripolar morphology and expression of specific markers, such as A2B5, the 

proteoglycan NG2, and the platelet-derived growth factor receptor-α (PDGFR-α). 

During maturation, there is expression of 2’,3’-cyclic nucleotide 3’-

phosphodiesterase (CNPase) and myelin basic protein (MBP; de Vellis, 1990; de 

Castro and Bribian, 2005). Previously, it was shown that TMEV infection results in 

astrogliosis of the spinal cord (Prayoonwiwat and Rodriguez, 1993), proliferation 

of NG2-positive OPCs, and a concomitant decrease in MBP mRNA (Ulrich et al., 

2008). These findings led to the hypothesis that the limited and delayed 

remyelination in TME might be due to an insufficient and/or misdirected 

differentiation of OPCs into astrocytes (Ulrich et al., 2008). 
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Although the histological hallmarks of TMEV infection have been studied in detail 

(Dal Canto and Lipton, 1982; Dal Canto et al., 1996), little is known about the 

susceptibility of the oligodendroglial cell lineage to TMEV. While it is well 

established that mature oligodendrocytes contain TMEV in the chronic phase 

(Rodriguez et al., 1983; Aubert et al., 1987), it is not known whether OPCs are 

infected by the virus or how they respond to infection. Due to the limitations of 

primary cell culture, only a few reports have focused on the infection of 

oligodendrocytes in vitro (Graves et al., 1986; Qi and Dal Canto, 1996; O'Shea et 

al., 1997). Qi and Dal Canto (1996) provided evidence that immature OPCs may 

be the main target of TMEV infection.  

 

In the present study, we used an OPC line, previously established from TMEV-

susceptible SJL/J mice (BO-1 cells; Pringproa et al., 2008), as a model to study 

TMEV-OPC interactions. We asked i.) whether retinoic acid (RA) previously 

shown to induce oligodendrocytic differentiation of primary OPCs (McKinnon et 

al., 1993; Barres et al., 1994) also triggers differentiation of BO-1 cells, ii.) if TMEV 

preferentially infects a specific antigenic phenotype, and iii.) if TMEV infection of 

BO-1 cells interferes with differentiation and/or proliferation. 

  

3.3 EXPERIMENTAL PROCEDURES 
 
3.3.1 Cell culture 
BO-1 cells were previously generated by spontaneous immortalization of OPCs 

isolated from the neonatal, TMEV-susceptible SJL/J mice (Pringproa et al., 2008) 

and maintained in vitro as described previously (Pringproa et al., 2008). To study 

oligodendrocytic and astrocytic differentiation, cells were seeded onto 96-well 

microtiter plates (NuncTM, Wiesbaden, Germany) at a density of 3,500 cells/well in 

B104-conditioned DME medium (Invitrogen GmbH, Karlsruhe, Germany; 

Pringproa et al., 2008) and 20% FCS (PAA, Marburg, Germany)-containing DME 

medium, respectively. To stimulate MBP expression, BO-1 cells were treated with 

all-trans RA (5 µM; Sigma, Missouri, USA). The medium was changed every 2-3 

days and cultures were fixed and immunostained after 7 and 14 days in vitro.  
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3.3.2 Virus infection 
The BeAn 8386 strain of TMEV (provided by H. L. Lipton, Department of 

Microbiology and Immunology, University of Illinois at Chicago, Chicago, Illinois, 

USA) was propagated in baby hamster kidney (BHK)-21 cells (provided by R.P. 

Roos, Department of Neurology, University of Chicago Medical Center, Chicago, 

Illinois, USA) and grown to a titer of 1.35 x 108 pfu per ml, as described previously 

(Kumnok et al., 2008; Kummerfeld et al., 2009). Infection of the murine lung tumor 

L2 cell line (kindly donated by C.J. Welsh, Department of Veterinary Integrative 

Biosciences, College of Veterinary Medicine and Biomedical Sciences, Texas 

A&M University, Texas, USA) and BO-1 cells was done at a MOI of 1, 10 and 100 

with TMEV and UV-inactivated TMEV as a control (Jelachich and Lipton, 1996). 

UV-inactivation was done at a distance of 25 cm for 1 hour (15 watts) at the 

Institute of Virology (University of Veterinary Medicine Hannover, Germany) and 

verified by immunofluorescence and plaque assay from supernatants 24 hpi (see 

below).  

 

BO-1 cells were maintained in B104-conditioned DME medium and incubated with 

TMEV either prior to or following cultivation in RA- (5 µM) and 20% FCS-

containing DME medium. In the first set of experiments, BO-1 cells were cultured 

in both media for 7 days followed by infection with TMEV at a MOI of 100 for 60 

minutes (min) at room temperature (RT). Thereafter, cultures were washed twice 

with PBS and the supernatant containing the virus was discarded and replaced by 

fresh medium. The percentage of TMEV-infected cells positive for a specific 

marker was determined at 24 hpi. In the second set of experiments, BO-1 cells 

were first exposed to TMEV at a MOI of 100 for 60 min at RT and then maintained 

for 7 days in RA- (5 µM) and 20% FCS-containing DME medium, before double-

immunostaining for TMEV and cell type-specific markers (see below). 

 

3.3.3 Bromodeoxyuridine incorporation 

Proliferation of BO-1 cells was studied in the absence and presence of TMEV 

using BrdU according to the manufacturer´s instructions (In situ Proliferation Kit, 

FLUOS, Roche Diagnostics, Mannheim, Germany) with minor modifications. 
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Briefly, infected (see above) and non-infected BO-1 cells were seeded at a 

density of 3,500 cells per 96-well and maintained in B104-conditioned DME 

medium, B104-conditioned DME medium with RA (5µM) and DME medium 

containing 20%FCS for 6 days before incubation with BrdU (10 µM) for 14 hours. 

Cells were fixed and DNA was denatured by HCl (4M) for 15 min at RT. After 

washing with PBS, cultures were treated with incubation buffer for 15 min followed 

by incubation with anti-BrdU-FLUOS antibodies (1:100; Roche Diagnostics, 

Mannheim, Germany) for 30 min at 37°C followed by CyTM3-coupled goat anti-

mouse antibodies (1:200, Jackson ImmunoResearch, Suffolk, UK) for 1 hour at 

RT. Counterstaining of nuclei was done using bisbenzimide (0.01%, Sigma, 

Missouri, USA) and the percentage of BrdU-positive cells in control and TMEV-

infected cultures was determined as described below (see immunofluorescence).  

 

3.3.4 Immunofluorescence 
Immunostaining of BO-1 cells was done in 96-well microtiter plates using viable 

and fixed cells. Viable cells were incubated with the mouse monoclonal A2B5 

antibody (hybridoma supernatant, 1:2, kind gift from J. Trotter, Mainz) for 20 min 

at 37°C (5% CO2) and washed with DME medium. Secondary antibodies (CyTM3-

coupled goat anti mouse antibodies; Jackson ImmunoResearch, Suffolk, UK) 

were diluted in DME medium (1:200) and added for 20 min at 37°C. Cells were 

fixed and nuclei were counterstained using bisbenzimide (0.01%) for 10 min at 

RT.  

 

Intracellular immunostaining was done after fixation with paraformaldehyde (4%, 

pH 7.4) for 15 min and permeabilization with PBS-Triton X-100 (0.25%) for 15 min. 

Primary antibodies were diluted in PBS containing bovine serum albumin (BSA, 

fraction V, 1%, Sigma, Missouri, USA) and Triton X-100 (0.25%) for 2 hours at RT. 

Mouse monoclonal antibodies were directed against GFAP (Sigma G3893, 

Missouri, USA, 1:400) and MBP (SMI 94, Covance, California, USA, 1:800). 

Rabbit polyclonal antibodies were directed against NG2 chondroitin sulphate 

proteoglycan (Chemicon MAB5320, Masssachusett, USA, 1:200).  
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Double-immunofluorescence for TMEV antigen and cell type-specific markers was 

performed using a polyclonal antiserum raised against the BeAn strain of TMEV 

(1:400, Kummerfeld et al., 2009) and a mouse monoclonal antibody directed 

against the viral protein 1 (VP1) of the DA strain (DAmAb2, 1:200, kindly provided 

by RP. Roos, Department of Neurology, University of Chicago Medical Center, 

Chicago, Illinois, USA; Kumnok et al., 2008). For double-immunostaining of fixed 

cells, primary and secondary antibodies were each applied together, for 

visualization of extracellular and intracellular antigens, primary and secondary 

antibodies were applied sequentially according to the protocols provided above. 

A2B5, MBP, and GFAP were detected using CyTM3-conjugated goat anti mouse 

antibodies together with a polyclonal anti-TMEV antiserum (Kummerfeld et al., 

2009) detected with CyTM2-conjugated antibodies, while NG2 was detected with 

goat anti-rabbit CyTM3-antibodies together with monoclonal anti-TMEV antibodies 

detected with goat-anti mouse CyTM2-antibodies. Nuclei were visualized as 

described above and the cultures were inspected under an inverted microscope 

(Olympus IX-70, Olympus Optical Co. GmbH, Hamburg, Germany). The number 

of positive BO-1 cells was determined by counting a minimum of five different, 

randomly-selected areas per well at a 40x magnification and three wells for each 

determination. The percentage of labelled cells was expressed as the number of 

immunostained cells in relation to the total number of cells identified by 

bisbenzimide nuclear staining (Techangamsuwan et al., 2008). Microphotographs 

were taken using the PM-30 system (Olympus, Olympus Optical Co. GmbH, 

Hamburg, Germany) and a color reversal film (ISO400, Fujifilm, Tokyo, Japan). 

 

3.3.5 Plaque assay 

For detection of infectious virus, plaque assays were done in triplicates. Briefly, L2 

cells were incubated with serially-diluted cell culture supernatants for 1 hour at RT 

as previously described (Kumnok et al., 2008). Staining of the cultures was done 

with crystal violet (0.1%) after 72 hours of cultivation in DME medium 

supplemented with FCS (2%) and methylcellulose (0.4%, Sigma, Missouri, USA). 

Plaque number was expressed as plaque forming units per ml (PFU/ml).  
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3.3.6 Scanning electron microscopy 
BO-1 cells were cultured in B104-conditioned DME medium containing RA (5 µM) 

on PLL (100 µg/ml)-coated glass coverslips (Engelbrecht GmbH, Edermüde, 

Germany) in 24-well plates. After 7 days in vitro, cultures were fixed with 

glutaraldehyde (2.5%) for 24 hours, followed by post fixation with osmium 

tetroxide (1%) for 2 hours. Following dehydration through a graded series of 

alcohol, cultures were dried under critical point drying using the E 3000 device 

(Polaron, USA), stuck to stubs, sputter-coated and examined under a scanning 

electron microscope (DSM940, Zeiss, Germany; Baumgärtner et al., 1989) 

 

3.3.7 Statistical analysis 

All data were included in a descriptive analysis, which was carried out using the 

statistical software SAS, version 9.2 (SAS Institute, Cary, New York, USA). For 

the analysis of the linear model, the procedure GLM was used. Normal distribution 

of the percentage of immunofluorescent cells was confirmed by visual 

assessment of normal probability plots (Q-Q-plots) and by the Shapiro-Wilk Test. 

The arithmetic means ( x ) and standard deviations (s) were calculated for all 

variables. Differences in the means of three independent values were compared 

using one-way analysis of variance (ANOVA) with subsequent Ryan-Einot-

Gabriel-Welsch Multiple Range Test for multiple pair wise comparisons of means 

between group levels. The mean of different media and MOIs within groups were 

compared using one-way ANOVA for repeated measures with Tukey's post-hoc 

test for multiple pair wise comparisons. T-test for independent observations or t-

test for paired observations was used to compare between two groups. Statistical 

significance was designated as P ≤ 0.05.  

  
3.4 RESULTS 
 

3.4.1 Retinoic acid (RA) promotes oligodendrocytic differentiation and 

         inhibits proliferation of BO-1 cells  
To test whether oligodendrocytic differentiation of the murine cell line BO-1 can be 

increased by RA, cells were maintained in RA-supplemented DME medium for 7 
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and 14 days and immunostained for NG2 and MBP, identifying early precursor 

and mature oligodendrocytic cells, respectively. Compared to untreated controls, 

RA induced a significant increase in the percentage of MBP-positive cells at day 7 

(6%) and 14 (20%) compared to controls (Fig. 1a,b). This increase was paralleled 

by a significant reduction in the percentage of NG2+ BO-1 cells at 14 days, 

demonstrating that a shift in differentiation occurred upon RA treatment. Fig. 2 

depicts the typical ultrastructural morphology of immature BO-1 cells displaying a 

bipolar morphology (Fig. 2a) and of mature BO-1 cells characterized by multi-

branched processes (Fig. 2b). 

 

Proliferation of BO-1 cells was significantly reduced in the presence of RA and 

FCS (Fig. 1c). Application of BrdU in RA- and FCS-treated cultures six days after 

seeding resulted in the significant reduction of BrdU-positive cells to 40% (RA) 

and 20% (FCS) compared to 61% in untreated controls (Fig. 1c). 
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Figure 1: The percentage of NG2- and MBP-expressing BO-1 cells cultured in 

B104-conditioned medium with and without RA after 7 (a) and 14 days (b) and the 

percentage of BrdU-positive BO-1 cells maintained in B104-conditioned DME 

medium (B104), B104-conditioned DME medium with RA (B104 RA), and in 20% 

FCS-containing DME medium (DME/20%FCS) after 6 days (c). RA significantly 

increased the percentage of MBP-positive BO-1 cells after 7 and 14 days (a,b), 

while the percentage of NG2-expressing cells was significantly reduced after 14 

days (b). Treatment of BO-1 cells with RA and 20% FCS significantly reduced the 

percentage of BrdU positive cells to 40% and 20%, respectively, compared to 

B104-conditioned DME medium alone (c). (* = statistically significant differences; 

p-value<0.05) 
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Figure 2: Scanning electron micrograph of a typical immature (a) and mature (b) 

BO-1 cells cultured in B104-conditioned DME medium containing RA after 7 days. 

Immature cells displayed a bipolar morphology (a), while the mature phenotype 

was characterized by multi-branched processes (b) (Scale bar in a = 5 µm; scale 

bar in b = 10 µm) 

 

3.4.2 TMEV infection rate of BO-1 cells depends on MOI and culture 

         conditions 

To achieve high infection rates suitable for demonstration of virus effects, the 

relationship between MOI and infection rate of BO-1 cells was studied. Infection of 

BO-1 cells with TMEV at a MOI of 1, 10, and 100 resulted in a significant, dose-

dependent increase in the infection rate at 24 hpi from 2.8% at 1 MOI to 

approximately 65% at 100 MOI (Fig. 3a). Subsequently, the influence of RA and 

FCS on the infection rate of BO-1 cells was tested. Both reagents inhibited 

proliferation of BO-1 cells (Fig. 1c). BO-1 cells were infected at a MOI of 100 and 

the percentage of TMEV-positive cells was determined 24 hpi. Addition of RA to 

B104-conditioned DME medium lowered the infection rate from about 65% to 

approximately 13% (Fig. 3b), while maintenance of BO-1 cells in 20% FCS-

containing DME medium did not significantly alter the infection rate (72%, Fig. 3b). 
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Figure 3: Percentage of TMEV-positive BO-1 cells cultured in B104-conditioned 

DME medium 24 hours after infection with 1, 10, and 100 MOI (a) and the 

percentage of TMEV-positive BO-1 cells cultured in B104 conditioned DME 

medium with and without RA, and in DME medium containing 20%FCS 24 hours 

after infection with 100 MOI (b). The percentage of TMEV-expressing BO-1 cells 

was significantly increased in a dose-dependent manner (a). The infection rate in 

RA-supplemented DME medium was significantly reduced compared to B104-

conditioned DME medium alone and to DME medium containing 20%FCS (b).    

(* = statistically significant differences; p-value<0.05) 

 

3.4.3 Preferential TMEV infection of immature BO-1 cells  

To test whether TMEV susceptibility of BO-1 cells correlated with a specific 

antigenic phenotype, cells were cultured in B104-conditionend DME medium 

supplemented with and without RA and in DME medium containing 20% FCS for 
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7 days. BO-1 cells were immunostained 24 hpi for NG2 and A2B5 to visualize 

immature cells and for MBP and GFAP to identify mature oligodendrocytes in 

B104-conditioned and astrocytes in serum containing DME medium, respectively. 

No MBP+ cells could be detected in DME medium containing 20%FCS, while 

GFAP+ astrocytes were absent in B104-conditioned DME medium supplemented 

with RA (data not shown).  

 

Determination of the percentage of NG2+, A2B5+, and MBP+ cells co-expressing 

TMEV antigen, revealed that immature cells were preferentially targeted by the 

virus, 61% (NG2+) and 65% (A2B5+) of immature cells expressed TMEV antigen, 

while only about 11% of mature MBP+ BO-1 cells were infected (Fig. 4a,5). 

Infection of BO-1 cells treated with RA reduced the overall infection rate as 

expected (Fig. 4b). However, infection of MBP+ cells was only lowered two-fold 

compared to controls, while infection of NG2+ and A2B5+ cells declined 

approximately 6-fold and 4-fold, respectively (Fig. 4b). In the presence of serum, 

immature cells reactive with anti-NG2 and anti-A2B5 antibodies were infected to 

the same extent compared to B104-conditioned medium without RA (Fig. 4c). 

Infection of GFAP+ astrocytes (17%) after incubation with serum containing DME 

medium was similar to infection of MBP+ cells maintained in B104-conditioned 

DME medium lacking RA (Fig. 4c,5). Since oligodendrocytic differentiation is 

completely blocked in serum-containing DME medium, no MBP+ positive cells 

could be detected. 
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Figure 4: TMEV infection at 100 MOI of BO-1 cells grown in B104-conditioned 

DME medium (a), B104-conditioned DME medium with RA (b), and in 20% FCS-

containing DME medium (c) and the percentage of NG2-, A2B5-, MBP-, and 

GFAP-expressing BO-1 cells containing TMEV 24 hpi. TMEV infected immature 

BO-1 cells identified by NG2- and A2B5-expression at a significantly increased 

rate compared to MBP-expressing mature BO-1 cells (a,b) and GFAP-expressing 

type-2 astrocytes (c).  (* = statistically significant differences; p-value<0.05) 
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Figure 5: Double-immunostaining of BO-1 cells for A2B5 (a), MBP (b), and GFAP 

(c, red) with TMEV (green), and the phase contrast view (d,e,f) in B104-

conditioned DME medium (a,d), B104-conditioned DME medium with RA (b,e) 

and in DME medium containing 20%FCS (c,f) at 24 hpi. TMEV antigen was 

mainly found in A2B5-expressing BO-cells (a), while MBP+ and GFAP+ BO-1 cells 

only rarely contained virus (b,c). Scale bar ≈ 60 µm  

 

3.4.4 TMEV inhibits oligodendrocytic differentiation but does not alter 

         proliferation of BO-1 cells  

To study the impact of TMEV infection on differentiation and proliferation, BO-1 

cells were cultured in B104-condtioned DME medium and infected with TMEV at a 

MOI of 100. After adsorption of TMEV, which was done in non-conditioned DME 

medium for 1 hour, cells were exposed to B104-conditioned DME medium with 

and without RA and DME medium containing 20% FCS for 7 days followed by 

immunostaining for determination of NG2, A2B5, MBP and GFAP expression. 

Independent of the presence of RA, TMEV infection did not alter the percentage 

of NG2+ and A2B5+ BO-1 cells in B104-conditioned DME medium after 7 days 

(Fig. 6a,b). In contrast, the percentage of MBP+ cells in RA-supplemented 

medium was significantly reduced by a factor of 20 compared to non-infected 

controls (Fig. 6a,b). Maintenance of BO-1 cells in 20% FCS-containing DME 

medium altered the percentage of A2B5+ but not of NG2+ cells. After TMEV 

infection, the percentage of A2B5+ cells was significantly reduced (Fig. 6c). No 
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significant changes in the percentage of GFAP+ astrocytes differentiating from 

BO-1 cells in the presence of serum were observed (Fig. 6c). Moreover, no 

GFAP+ cells were detected in cultures maintained in B104-conditioned medium 

with or without RA, independent of the presence of TMEV (data not shown).  

 

TMEV infection of BO-1 cells at 100 MOI prior to culturing for 6 days, did not 

significantly alter the proliferation rate of BO-1 cells, as shown by BrdU-

incorporation (Fig. 7). Although BrdU-incorporation in TMEV-infected cultures was 

consistently lower compared to controls, these differences were not statistically 

significant. As observed under control conditions, proliferation in the presence of 

RA and FCS was lower compared to the non-supplemented B104-conditioned 

DME medium (Fig. 1,7). 
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Figure 6: Antigenic expression of BO-1 cells infected with TMEV at 100 MOI prior 

to culturing for 7 days in B104-conditioned DME medium (a), B104-conditioned 

DME medium with RA (b), and in DME medium containing 20%FCS (c) compared 

to uninfected controls. MBP expression in BO-1 cells cultured in B104-conditioned 

DME medium with RA (b) but not without (a) was significantly reduced after 

infection with TMEV (b). Contrary to this, GFAP expression in FCS-containing 

cultures was unaltered after TMEV infection (c). In FCS-containing (c) but not in 

B104-conditioned DME medium (a,b), infection of BO-1 cells prior to culturing for 

7 days significantly reduced A2B5 (c) but NG2-expression in BO-1 cells. (* = 

statistically significant differences; p-value<0.05). 
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Figure 7: The percentage of BrdU-positive BO-1 cells after TMEV infection at 100 

MOI at 6 days post-infection in B104-conditioned DME medium, B104-conditioned 

DME medium with RA and DME medium containing 20%FCS compared to 

uninfected controls (extracted from Figure 1c). TMEV-infection did not alter the 

proliferation of BO-1 cells compared to non-infected controls.   

 
3.5 DISCUSSION 
 
In the present study, we used a spontaneously immortalized OPC cell line (BO-1) 

as a model to investigate both TMEV cell tropism and its effects on OPC 

differentiation. First, RA was used to induce oligodendrocytic differentiation of BO-

1 cells. We then asked whether a specific antigenic phenotype is preferentially 

infected by the virus and whether the infectious virus modifies either astrocytic or 

oligodendrocytic differentiation. The present study revealed that TMEV mainly 

targets the immature BO-1 cell phenotype, characterized by the expression of 

NG2 and A2B5. Moreover, infection of the cells inhibited the generation of MBP+ 

mature oligodendrocytes, but did not alter the percentage of GFAP+ astrocytes 

emerging from OPCs in vitro.   
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TMEV-induced demyelinating disease (TMEV-IDD) is a well established model for 

human demyelinating diseases, such as MS (Dal Canto et al., 1996; Oleszak et 

al., 2004). Though a variety of studies have focused on the basic mechanisms 

underlying the destruction of the myelin sheath, little is known about the 

remyelination process and associated mechanisms in this model. It is well known 

that spontaneous remyelination originating from OPCs is present in MS (Patrikios 

et al., 2006). However, the initiated remyelination is incomplete and fails over time 

(Prineas and Connell, 1979; Barkhof et al., 2003; Kuhlmann et al., 2008), leading 

to permanent neurological deficits. Limited and delayed remyelination is also a 

hallmark in TMEV-IDD (McGavern et al., 1999; Ulrich et al., 2008). In vivo studies 

have shown that TMEV persists in CNS glia, including oligodendrocytes, 

astrocytes and microglia (Dal Canto and Lipton, 1982; Rodriguez et al., 1983; 

Lipton et al., 1995; Zheng et al., 2001; Lipton et al., 2005). Demyelinating lesions 

display a variable amount of NG2+ precursor cells that most likely represent OPCs 

(Ulrich et al., 2008). However, remyelination is delayed and incomplete and there 

is an accumulation of GFAP+ astrocytes but only a few mature oligodendrocytes in 

the direct vicinity of the lesions. This led to the hypothesis that TMEV infection 

may specifically interfere with oligodendrocytic differentiation and favor 

differentiation of OPCs toward astrocytes (Ulrich et al., 2008). Due to 

methodological problems of NG2 and TMEV visualization in situ, however, it is not 

clear, whether TMEV infects and targets OPCs in vivo (R. Ulrich, personal 

communication). Thus, it remains a speculation whether limited remyelination is 

due to direct virus-OPC interactions or represents an indirect phenomenon due to 

a misdirected differentiation of OPCs. 

      

3.5.1 Increased maturation of BO-1 cells by retinoic acid (RA) 
Previously, we established the OPC line BO-1 derived from the TMEV-susceptible 

SJL/J mouse strain by spontaneous immortalization (Pringproa et al., 2008). BO-1 

cells expressed typical markers of primary OPCs in vitro, differentiated into 

astrocytes upon FCS treatment but were not responsive to thyroid hormones 

(T3/T4; Pringproa et al., 2008) known to trigger oligodendrocytic differentiation 

(Barres et al., 1994; Ahlgren et al., 1997; Baas et al., 1997). Since one aim of the 
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present study was to investigate the effect of TMEV upon oligodendrocyte 

development, we tested whether RA may increase the production of mature 

oligodendrocytes. RA has been shown to stimulate oligodendrocytic differentiation 

in rat primary and immortalized OPCs (Barres et al., 1994; Pombo et al., 1999; 

Tokumoto et al., 1999). Similarly, we show here that RA promoted the expression 

of MBP in BO-1 cells after 7 and 14 days in vitro. This was paralleled by a 

significant decrease in NG2+ immature OPCs after 14 days. Moreover, RA was 

found to block cellular proliferation of BO-1 cells similarly to primary OPCs (Barres 

et al., 1994). These data are in agreement with previous studies demonstrating 

that besides species-specific differences in the expression of cell surface markers 

(Fanarraga et al., 1995), murine and rat OPCs seem to share common signaling 

pathways induced by RA. In addition, we show that RA decreased the TMEV 

infection rate of BO-1 cells (see below), which is in agreement with previous 

studies report RA-mediated inhibition of viral replication (Maeda et al., 2007; 

Caselli et al., 2008; Trottier et al., 2008).   

 

3.5.2 Retinoic acid (RA) decreases TMEV infection of BO-1 cells  
Prior to the analysis of a specific effect of TMEV on BO-1 subpopulations as 

defined by specific antigenic phenotypes, we studied the overall infection rate of 

BO-1 cells under different culture conditions. To achieve high infection rates of 

BO-1 cells for the subsequent analysis of specific cell subpopulations, we infected 

BO-1 cells with different MOIs and determined the number of infected cells 24 

hours later. We found a significant dose-dependent increase in the number of 

TMEV infected BO-1 cells. Similar effects have been observed with other viruses, 

including influenza virus (Hao et al., 2008). In addition, Palma et al. (2003) 

recently described the relationship between TMEV infection rate (MOI) and the 

level of cytokine production in cultured astrocytes. 

 

The infection rate of BO-1 cells was significantly reduced in the presence of RA. 

This is the first demonstration that RA decreases TMEV infection rates. Similar 

findings have been reported for human herpes virus 8, measles virus, human 

immunodeficiency virus and attributed to a specific inhibition of viral replication 
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(Maeda et al., 2007; Caselli et al., 2008; Trottier et al., 2008) It cannot be 

excluded, however, that RA may also modulate the primary susceptibility of the 

cells to TMEV by altering receptor expression. The reduced infection rate of BO-1 

cells is definitely not a result of the RA-induced decrease in proliferation since BO-

1 cells grown in the presence of serum displayed a significantly reduced 

proliferation rate but remained highly susceptible to TMEV.  

 

3.5.3 TMEV infects immature OPCs in vitro and blocks oligodendrocytic but 

         not astrocytic differentiation 

In the present study, BO-1 cells were exposed to TMEV after and prior to 

differentiation in RA- and FCS-containing DME medium. The first set of 

experiments was designed to identify the antigenic phenotype of BO-1 cells most 

susceptible to TMEV, while the aim of the second set was to study the effects of 

TMEV on oligodendrocytic and astrocytic differentiation. We show here, that 

TMEV preferentially infected immature OPCs and blocked their differentiation into 

mature oligodendrocytes. 

 

The finding that TMEV infects immature OPCs positive for NG2 and A2B5 rather 

than mature MBP-expressing oligodendrocytes is confirmation of previous in vitro 

findings (Qi and Dal Canto, 1996; O'Shea et al., 1997) Qi and Dal Canto (1996) 

infected primary OPCs and an immortalized murine OPC line with TMEV and 

concluded that TMEV mainly infects the immature phenotype. Future studies, 

therefore, have to investigate whether infection of immature OPCs also occurs in 

vivo. Although controversial, several studies have described the consequences of 

TMEV infection in vivo. The delayed and incomplete remyelination observed in 

vivo has recently been explained by an altered differentiation of OPCs (Ulrich et 

al., 2008, 2009). The increased number of astrocytes surrounding demyelinating 

lesions was suggested to be the result of an increased generation of type-2 

astrocytes derived from OPCs. 

 

In the present study, we, therefore, focused on the effects of TMEV infection on 

the differentiation and proliferation of BO-1 cells. BO-1 cells exposed to TMEV in 
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B104-conditioned DME medium were subsequently treated with RA and FCS to 

induce oligodendrocytic and astrocytic differentiation, respectively. Infection with 

TMEV resulted in a significant reduction in the percentage of MBP+ cells after 7 

days compared to controls. Since TMEV had no effect on the proliferation of BO-1 

cells, the numerical reduction in MBP-expressing cells must be the result of a 

reduced differentiation of BO-1 cells. The first demonstration of a TMEV-induced 

block in oligodendrocyte development may help to explain the limited 

remyelination observed so far in vivo after TMEV infection (Ulrich et al., 2008). 

Determination of GFAP expression 7 days after infection in serum-containing 

medium and in B104-conditioned DME medium clearly demonstrated that the 

blocked oligodendrocytic differentiation is not accompanied by an increase in the 

number astrocytes. Under serum-containing conditions allowing the differentiation 

of GFAP+ astrocytes, no increase in GFAP was noted after TMEV infection. This 

was also true for B104-conditioned DME medium, which is not permissive for 

generation of astrocytes under control conditions. Here, TMEV did not induce 

expression of GFAP. Taken together, our data show that TMEV infects immature 

OPCs and inhibits oligodendrocytic differentiation without altering production and 

differentiation of astrocytes. These data are well in agreement with previous in 

vivo studies reporting limited remyelination of TMEV-infected CNS. Astrogliosis in 

the demyelinating lesion may result as a consequence of TMEV destruction of 

mature oligodendrocytes and blockage of de novo production of oligodendrocytes 

from OPCs. Future studies aiming to clarify the molecular basis of TMEV-induced 

effects in BO-1 cells may improve the understanding of the limited remyelination, 

thereby offering new therapeutic tools for promoting CNS remyelination in situ.  
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Multiple sclerosis (MS) is an important human demyelinating disease affecting 

more than 2 million people world wide (Payne et al., 2008). The histopathological 

hallmarks of MS are defined by multifocal astrocytic plaques, demyelination and 

limited spontaneous CNS remyelination (Thompson et al., 1997; Kuhlmann et al., 

2008). The current treatment for MS, including application of steroids, interferons, 

immunoglobulins, glatiramer acetate and mitoxanthrone, is only partially effective 

and decreases disease severity only in some patients (Thompson et al., 1997; 

Stangel et al., 2000; Karussis and Kassis, 2008). Since OPCs are the major 

source of myelin-forming oligodendrocytes in the adult CNS (Menn et al., 2006), 

these cells have become a major target in recent MS studies as an alternative 

therapeutic source for exogenous cell engraftment (Stangel and Hartung, 2002; 

Karussis and Kassis, 2008; Payne et al., 2008).  

 

Intracerebral injection of susceptible mice with Theiler’s murine encephalomyelitis 

virus (TMEV) is an important animal model for the study of MS. In the early phase 

of infection, TMEV predominantly targets  CNS neurons, and oligodendrocytes of 

the grey matter and to a lesser extent astrocytes and microglia (Graves et al., 

1986; Rodriguez et al., 1988; Ohara et al., 1990). Thereafter, the virus is 

transmitted by axonal transport to the spinal cord white matter where it persists in 

microglia and oligodendrocytes (Rodriguez et al., 1983; Lipton et al., 2005). In the 

chronic phase of the disease, TMEV triggers immune-mediated demyelination in 

the CNS similarly to MS in humans (Lipton, 1975; Dal canto et al., 1996). 

Moreover, remyelination in TMEV-induced demyelination is rarely observed and 

often incomplete despite the presence of an increased number of NG2+ OPCs 

within and outside the demyelinated plaques (Ulrich et al., 2008). Dysregulation of 

OPC maturation by TMEV has been hypothesized as one possible mechanism for 

the limited remyelination in this model (Ulrich et al., 2008). However, the 

mechanism by which TMEV may block differentiation of OPCs has remained 

unclear. Interestingly, a recent MS study demonstrated that inhibition of 

oligodendrocyte differentiation is the key feature of remyelinating failure in MS 

(Kuhlmann et al., 2008). Therefore, the understanding of oligodendrocyte 
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differentiation and dedifferentiation in pathological situations, such as TMEV-IDD, 

might be crucial for designing new therapeutic treatments of MS.  

 

4.1 In vitro characterization of a murine oligodendrocyte precursor cell line 
(BO-1) following spontaneous immortalization  

 
OPCs were originally described more than 20 years ago (Raff et al., 1983; Noble 

et al., 1989) and termed O-2A progenitor cells because of their capability to 

differentiate into oligodendrocytes and type-2 astrocytes in serum-free and serum-

supplemented medium, respectively (Raff et al., 1983). Since OPCs represent a 

potential source for myelinating glia in the CNS and might be used as a 

therapeutic treatment for human demyelinating diseases, it is essential to analyze 

factors that guide their proliferation and differentiation. However, studies of 

oligodendrocyte differentiation using primary OPCs are usually limited due to the 

time-consuming isolation procedure of the cells and their short life span in vitro. 

Since OPC cell lines have an unlimited capacity for self-renewal and are easily 

obtained, they may overcome these limitations. During the recent years, many 

OPC cell lines, mainly from the rat, were established (Louis et al., 1992; 

Matsushita et al., 2005; Lagarde et al., 2007). Contrary to the rat OPC cell lines, 

only a few murine OPC cell lines have been made available. This may be due to 

the fact that murine OPCs are much more difficult to maintain in vitro (Chen et al., 

2007), and usually, differ in their antigenic expression profiles from rat OPCs 

(Fanarraga et al., 1995; Horiuchi et al., 2009). Recently, it was reported that 

murine OPCs require addition of forskolin in B104-conditioned medium for 

survival, while this medium alone is sufficient for survival and proliferation of rat 

OPCs (Horiuchi et al., 2009). Under this culture condition, moreover, murine 

OPCs showed more advanced developmental stages than rat OPCs as defined 

by an increase of O4+ cells (Horiuchi et al., 2009). This further supports the 

dissimilarity of rat and murine OPCs.   

 

In the present study, a novel murine oligodendrocyte precursor cell line, termed 

BO-1, was established by spontaneous immortalization from TMEV-susceptible 
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SJL/J mice and characterized with respect to  antigenic expression in vitro 

(Pringproa et al., 2008). BO-1 cells in B104-conditioned medium showed a bi- to 

multipolar morphology and displayed several characteristics reminiscent of their 

physiological counterpart. BO-1 cells expressed NG2 and A2B5 as typical 

markers for early precursor cells, while O4 and CNPase immunoreactivity was 

found to a lesser extent. In the presence of FCS, BO-1 cells significantly 

decreased their proliferation rate and adopted a small or flat morphology, with 

long, multi-branched processes and exhibited immunoreactivity for GFAP, a 

marker typical for astrocytes. BO-1 cells failed to differentiate into oligodendrocyte 

under serum- and mitogenic-free N2B3 medium. However, co-culturing of BO-1 

cells with primary murine astrocytes significantly increased the expression of 

CNPase+ oligodendrocytes. Since astrocytes are known to promote 

oligodendrocytic differentiation of primary OPCs (Keilhauer et al., 1985; 

Blakemore et al., 2003; Sorensen et al., 2008), these data demonstrate that BO-1 

displayed characteristics of primary OPCs. The results  were in agreement with 

the RT-qPCR mRNA analysis that detected mRNA levels for CNPase, MBP total, 

MBP exon 2 and GFAP in different media. The absence of oligodendrocytic 

differentiation of BO-1 cells under the present culture conditions might be due to 

the high proliferation rate of BO-1 cells, independent of the presence of mitogenic 

signals from B104-conditioned medium and/or thyroid hormones or trophic factors 

known to promote oligodendrocyte differentiation (Raff et al., 1983). 

 

The fact that BO-1 cells can be maintained in vitro indefinitely due to their high 

proliferation rate apparently restricts their extent of differentiation. This is a well 

known general phenomenon of OPC cell lines and has been demonstrated in the 

well characterized rat OPC line CG-4, too (Louis et al., 1994). Two observations 

on the BO-1 cells, however, might be interpreted as evidence that the 

differentiation capacity of the cells has not been yet fully explored by the used 

culture conditions. Firstly, co-culture of BO-1 cells with astrocytes was found to 

further increase the differentiation of BO-1 cells, defined by both an increased 

expression of CNPase in N2B3 medium and GFAP in serum-containing medium. 

And secondly, the change of the basal medium to DME/F12 mediated an 
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increased astrocytic differentiation  compared to DME medium. The fact that 

OPCs displayed an increased differentiation into oligodendrocytes in the presence 

of astrocytes correlates well with the observation that resident astrocytes in the 

demyelinated spinal cord are required for maturation of OPCs following 

transplantation (Blakemore et al., 2003).  

 

Taken together, this is the first description of a murine OPC cell line established 

by spontaneous immortalization from the SJL/J mice. BO-1 cells displayed OPC-

like characteristics but fail to differentiate into oligodendrocytes under the present 

culture conditions. Whether this is due to species-specific characteristics or 

reflects the putative tumorigenic nature the BO-1 cells line has to be clarified by 

further studies. Due to their high proliferation, BO-1 cells represent an unlimited 

cellular source for murine OPCs.  

 

4.2 Theiler’s murine encephalomyelitis virus preferentially infects immature 
       stages of the murine oligodendrocyte precursor cell line BO-1 and 
       blocks oligodendrocytic differentiation in vitro  
 

Theiler’s murine encephalomyelitis virus-induced demyelinating disease (TMEV-

IDD) is a well established animal model for human demyelinating diseases, such 

as MS (Dal Canto et al., 1996; Oleszak et al., 2004). Though a variety of studies 

has focused on the mechanisms underlying the destruction of the myelin sheaths 

caused by TMEV (Lehrich et al., 1976; Lipton and Dal Canto, 1976; Dal Canto 

and Lipton, 1982), little is known about the remyelination process and associated 

mechanisms in this model. Although, in vivo studies have shown that TMEV 

persists in several CNS glia, including oligodendrocytes, astrocytes and microglia 

(Dal Canto and Lipton, 1982; Rodriguez et al., 1983; Lipton et al., 1995; Zheng et 

al., 2001; Lipton et al., 2005), demyelination in TMEV-IDD is believed to be a 

consequence of immune-mediated mechanisms. Limited and delayed 

remyelination is also a histological hallmark in TMEV-IDD (Rodriguez et al., 1994; 

Ulrich et al., 2008). Demyelinating lesions are frequently found to be surrounded 

by NG2+ precursor cells that most likely represent OPCs (Ulrich et al., 2008). 
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However, remyelination is delayed and incomplete and there is an accumulation 

of GFAP+ astrocytes but not of mature oligodendrocytes in direct vicinity of the 

lesions. This led to the hypothesis that TMEV infection may specifically interfere 

with oligodendrocytic differentiation and trigger differentiation of astrocytes (Ulrich 

et al., 2008).  

 

It has been shown that remyelination observed in MS patients is also limited and 

fails overtime, leading to permanent neurological deficits (Prineas and Connell, 

1979; Barkhof et al., 2003; Kuhlmann et al., 2008). The failure of remyelination in 

MS patients is though to be caused by a differentiation block of OPCs (Kuhlmann 

et a., 2008). Since TMEV is an important tool for the MS in human, in the present 

study, we used a spontaneously immortalized OPC cell line BO-1 as a model to 

investigate both TMEV cell tropism and its effects on OPC differentiation. So far, it 

is not known whether TMEV infects and targets OPCs in vivo. Moreover, it 

remains speculative whether limited remyelination is due to direct virus-OPC 

interaction or represents an indirect phenomenon due to a misdirected 

differentiation of OPCs. 

 

To promote oligodendrocytic differentiation of BO-1 cells, cells were maintained in 

the presence of retinoic acid (RA). Thereafter, studies of BO-1 cell differentiating 

capacity were observed prior to and following TMEV infection. In the presence of 

RA, BO-1 cells significantly increased the expression of MBP+ oligodendrocytes 

after 7 and 14 days in vitro. Infection of RA-treated BO-1 cells with TMEV 

revealed that the immature BO-1 phenotype defined by the co-localization of 

A2B5 and NG2 immunoreactivity was preferentially infected. The TMEV infection 

rate of BO-1 cells was significantly reduced in the presence of RA. This is the first 

demonstration that RA decreases TMEV infection in vitro. It cannot be excluded, 

however, that RA may also modulate the primary susceptibility of the cells to 

TMEV by altering receptor expression. The reduced infection rate of BO-1 cells is 

definitely not a result of the RA-induced decrease in proliferation since BO-1 cells 

grown in the presence of serum displayed a significantly reduced proliferation rate 

but maintained high susceptibility to TMEV. Interestingly, TMEV infection of BO-1 
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cells prior to differentiation by RA demonstrated that TMEV blocks 

oligodendrocytic maturation of BO-1 cells in vitro. 

 

This is the first report demonstrating that TMEV inhibits the differentiation of OPCs 

into MBP+ mature oligodendrocytes in vitro. These findings might help to explain 

the limited remyelination observed in TMEV-induced demyelinating in vivo. Future 

investigations have to analyze the mechanisms of TMEV-OPC interaction with 

special emphasis on OPC proliferation and maturation with and without virus 

infection. 
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SUMMARY 
In vitro characterization of a novel murine oligodendrocyte precursor 
cell line and its infection with Theiler’s murine encephalomyelitis virus 
 
Kidsadagon Pringproa 
 
Infection of susceptible mice with Theiler’s murine encephalomyelitis virus (TMEV) 

represents an important animal model to study the pathogenesis of multiple 

sclerosis (MS). Similar to MS, the TMEV-induced demyelinating disease is 

initiated by immune-mediated processes, remyelination is rarely observed and 

usually incomplete. Moreover, proliferating oligodendrocyte precursor cells 

(OPCs) are increased in number in and outside the demyelinating plaques. OPCs 

are of particular relevance because they are the potential source of new myelin-

forming oligodendrocytes in adult mammals. So far, it is not known, whether 

OPCs are targeted by TMEV, and if yes, how they respond to the infection. In the 

present study, a novel OPC cell line, termed BO-1, was created from SJL/J 

TMEV-susceptible mice by spontaneous immortalization. The aims of the study 

were (1) to characterize the antigenic phenotype and the differentiation capacity of 

BO-1 cells in vitro, (2) to investigate whether TMEV in vitro targets BO-1 cells 

displaying a specific antigenic phenotype, and (3) to determine the effects of 

TMEV infection on the differentiation capacity of BO-1 cells in vitro.  

 

BO-1 cells maintained in B104-conditioned medium displayed a bi- to multipolar 

morphology and expressed several typical antigenic markers for primary OPCs in 

vitro. Although BO-1 cells did not respond to thyroid hormone treatment, 

differentiation towards oligodendrocytes and type-2 astrocytes was promoted by 

retinoic acid and fetal calf serum, respectively. Moreover, co-culturing of BO-1 

cells with primary astrocytes further increased the expression of oligodendrocytic 

markers, supporting the idea that the immortalized BO-1 cells retained several 

characteristics of primary OPCs.   

 

TMEV in vitro preferentially infected BO-1 cells expressing early OPC markers, 

such as A2B5 and NG2. Moreover, TMEV infection inhibited differentiation of BO-
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1 cells into oligodendrocytes. This observation may help to explain the limited 

remyelination observed in TMEV-IDD in vivo. Further studies focusing on the 

cellular and molecular aspects of TMEV infection of BO-1 cells are needed to gain 

a better understanding of virus mediated alterations of cellular differentiation.  
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ZUSAMMENFASSUNG 
In vitro Charakterisierung einer neuartigen murinen Oligodendrozyten-
Vorläuferzelllinie und ihre Infektion mit dem Theilerischen murinen 
Enzephalomyelitis Virus   
 
Kidsadagon Pringproa 
 

Die Infektion empfänglicher Mäuse mit Theiler’s murine encephalomyelitis virus 

(TMEV) stellt ein wichtiges Modell für das Studium der Pathogenese der Multiplen 

Sklerose (MS) dar. Ähnlich wie bei der MS, manifestiert sich die TMEV-induzierte 

demyelinisierende Erkrankung zunächst durch immunvermittelte Prozesse, 

Remyelinisierung ist in der Folge dagegen selten zu beobachten und bleibt 

gewöhnlich unvollständig. Oligodendrozyten-Vorläuferzellen (oligodendrocyte 

precursor cells, OPCs) werden in erhöhter Anzahl innerhalb und außerhalb 

demyelinisierender Plaques gefunden. OPCs besitzen in diesem Zusammenhang 

besondere Bedeutung, das sie bei adulten Säugetieren die potentielle Quelle für 

reife Oligodendrozytzen darstellen. Zur Zeit ist es unbekannt, ob OPCs von TMEV 

infiziert werden, und wenn ja, wie diese Zellen auf eine solche Infektion reagieren. 

 

In der vorliegenden Arbeit wurde eine neu OPC-Zelllinie mit dem Namen BO-1 

von TMEV-empfänglichen SJL/J-Mäusen durch spontane Immortalisierung 

etabliert. Die Ziele der Studie waren folgende (1) die Charakterisierung des 

antigenen Phänotyps und der differenzierenden Kapazität von BO-1-Zellen in 

vitro, (2) die Beschreibung der Empfänglichkeit von BO-1-Zellen für TMEV in 

Abhängigkeit des antigenen Phänotyps in vitro, und (3) die Beschreibung 

möglicher Effekte einer TMEV-Infektion auf die oligodendrozytäre Differenzierung 

von BO-1 Zellen in vitro.  

 

In B104-konditioniertem Medium kultivierte BO-1-Zellen zeigten eine bi- bis 

multipolare Morphologie und exprimierten verschiedene typische antigene Marker 

für primäre OPCs in vitro. Obwohl BO1-Zellen nicht auf die Behandlung mit 

Schilddrüsenhormonen reagierten, wurde die oligodendrozytäre Differenzierung 

durch Retinsäure, und die astrozytäre Differenzierung in Typ2-Astrozyten durch 
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fötales Kälberserum stimuliert. Außerdem erhöhte die Kokultivierung von BO-1-

Zelllen und primären Astrozyten signifikant die Expression Oligodendrozyten-

spezifischer Marker in BO-1-Zellen. Dies ist ein Beleg dafür, dass BO-1-Zellen 

auch nach der Immortalisierung verschiedene, für primäre OPCs typische 

Merkmale aufwiesen.   

 

TMEV in vitro infizierte vornehmlich BO-1-Zellen, die frühe Marker der 

Oligodendrozytenentwicklung, wie z.B. A2B5 und NG2, exprimierten. Desweiteren 

konnte eine durch TMEV-Infektion reduzierte Differenzierung von BO-1-Zellen in 

reife Oligodendrozyten beobachtet werden. Dies liefert zum ersten Mal eine 

Erklärung für die bei der TMEV Infektion in vivo beobachtete begrenzte 

Remyelinisierung. Weitere, auf die zellulären und molekularen Aspekte der 

TMEV-Infektion von OPCs abzielende Studien sind erforderlich, für ein besseres 

Verständnis der Virus-vermittelten Änderungen der zellulären Differenzierung.   
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