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Total security is mostly a superstition. It does not 

exist in nature, nor do the children of men as a whole 
experience it. Avoiding danger is no safer in the long run 
then outright exposure. Life is either daring adventure or 
nothing! Helen Keller 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Venované pamiatke mojej babi�ky, silnej, 
inšpirujúcej ženy; rovnako ako aj da�ším mojim predkom, 
ktorí si tvrdou prácou zarábali na svoje živobytie. Pamätám 
ako si vravievala: “Strach má ve�ké o�i…”. Ani ja sa už nikdy 
nechcem bá�… 
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Abbreviations 
 
BBB   blood-brain-barrier 
bFGF   basic fibroblast growth factor 
BIM   bisindolylmaleimide 
BSA   bovine serum albumine 
CGT   galactosyltransferase 
CNP   2’, 3’-cyclic nucleotide 3’-phosphorylase 
CNS   central nervous system 
DMEM   Dulbecco’s modified Eagle’s medium 
ECM   extracellular matrix 
EAE   experimental autoimmune encephalomyelitis 
ER   endoplasmatic reticulum 
FCS   fetal calf serum 
FITC   fluorescin isothiocyanate 
Fn   fibronectin 
GalCer   galactosyl ceramide 
GlcCer   glucosyl ceramide 
HEPES   N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic acid 
IGF   insulin-like growth factor 
kDa   kilo Dalton 
LacCer   lactosyl ceramide 
LFB   lufol fast blue 
Ln2   laminin-2 
mAb   monoclonal antibody 
MAG   myelin-associated glycoprotein 
MAL   myelin and lymphocyte protein 
MARCKS  myristoylated alanine-rich C-kinase substrate 
MBP   myelin basic protein 
MMP   matrix metalloproteinase 
MOG   myelin-oligodendrocyte glycoprotein 
MOSP   myelin/oligodendrocyte specific protein 
MS   multiple sclerosis 
NAWM   normal appearing white matter 
NBDNJ   N-butyldeoxynojirijmycin  
NCAM   neural cell adhesion molecule 
NRG   neuregulin 
NT3   neurotrophin-3 
OLG   oligodendrocyte 
OPC   oligodendrocyte precursor cell 
OSP   oligodendrocyte specific protein 
O2A   oligodendrocyte-type-2-astrocyte 
PAGE   polyacrylamide gel electrophoresis 
PBS   phosphate-buffered saline 
PDGF   platelet-derived growth factor 
PDGF�R  platelet-derived growth factor � receptor 
PFA   paraformaldehyde 
PKC   protein kinase C 
PLL   poly-L-lysine 
PLP   proteolipid protein 
PMA   phorbol 12-myristate 13-acetate 
PNS   peripheral nervous system 
PPPP DL-threo-1-phenyl-2-palmitoylamino-3-pyrrolidino-1-propanol-HCL 
R-mAb   Ranscht monoclonal antibody 
SDS   sodium dodecyl sulphate 
TEM   transmission electron microscopy 
TGN   trans-Golgi network 
Tris   tris(hydroxymethyl)aminomethane 
TRITC   tetramethylrhodamine isothiocyabate 
TX-100   Triton X-100 
VSV G   vesicular stomatitis virus glycoprotein 
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Exploiting oligodendrocyte biology to target myelin repair: what does it take to 

(re)myelinate? 

 

In vertebrates, myelination of the axons of neurons in the central nervous system is 

required for saltatory pulse conductance, whereas demyelination causes severe 

diseases, such as multiple sclerosis. Myelin constitutes a dynamic multilamellar 

membrane system, which is produced by oligodendrocytes (OLGs), and insight into 

regulation of its biosynthesis is therefore crucial to a better understanding of disease 

development and potential therapeutic treatment. Accordingly, since the discovery that 

remyelination may occur within the central nervous system (CNS) (Bunge et al., 1961) 

there has been a great interest in clarifying the molecular and cell biology of OLGs, 

including factors that influence their proliferation, migration, differentiation and ability to 

(re)myelinate nerve axons. This chapter provides an overview of key regulators that 

control developmental myelination, and discusses how alterations at pathological 

conditions could interfere with remyelination events. Special attention will be given to the 

role of extracellular matrix proteins in these processes.  

 

1. Organization of the mammalian nervous system 

 

Next to the cardiovascular system, the nervous system is one of the first organ systems 

that functions during embryonic life in mammals. For generating a human brain, more 

than 25 billion neurons and up to 5-10 times more glial cells are needed, which requires 

the production and differentiation of precursor cells throughout the entire period of  

prenatal life (Sigelman and Rider, 2005). Despite a large variability among the 

organization of the vertebrate’s nervous system, the formation of two distinct parts, i.e., 

the central nervous system and the peripheral nervous system (PNS), is a common 

feature. From a cellular point of view, the CNS and PNS are composed of the same 

structural elements and consist of neurons, neuroglia [astrocytes, myelin forming cells 

(oligodendrocytes in CNS, Schwann cells in PNS), and ependymal cells] in the 

interstitium, and microglia and blood vessels in the connective tissue.  

Neurons are highly specialized cells that transmit impulses that may change the 

behavior of a target cell, such as, for example, muscle effectors cells. Morphologically, a 

neuron is characterized by i) a soma or cell body, which harbors the functions relevant 

to cell biogenesis and metabolism, ii) dendrites, which are branching extensions that 

receive signals and conduct impulses to the cell body, and iii) an axon, which is an 

extension that ends in terminal branching fibers through which chemical signals are 

being released. Strikingly, although the interacting pathways and networks of cells 

present in the CNS are far more complex than those operating in the PNS, the neurons 
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of the CNS have a very similar structure as those operating in the PNS (Peters et al., 

1991; Hildebrand et al., 1993).  

The extensive communication network between neurons depends on fast nerve impulse 

conduction, which is facilitated by myelin, an insulating layer of tightly packed 

membranes wrapped around the axons. Myelin membranes separate axonal surfaces 

into functionally discrete domains, which are defined as internode, juxtaparanode, 

paranode and the node of Ranvier (Ishibashi et al., 2003) (figure 1). The node of 

Ranvier, comprised of sodium channels, is the bare axonal segment that is flanked by 

paranodal loops that are being formed by terminal expansions of myelinating cells and 

the juxtaparanode, which, in turn, is located distal to the paranodal domain and the node 

of Ranvier. 

 
Figure 1:  The myelin sheath separates axons into specific regions. The axonal segment 
which is not covered by myelin is referred to as the node of Ranvier, characterized by the 
abundant presence of sodium channels. This structure allows fast action potential transmission – 
saltatory conduction.  
 
 

The evolutionary invention of insulating myelin (internodes) has the advantage that 

impulses do not have to be constantly regenerated along every micron of the axonal 

surface, but can be propagated by a saltatory mechanism. Therefore, the metabolic 

requirements along myelinated fibers are greatly reduced and the action potential can 

jump from one node of Ranvier to another along the axon (saltatory conduction), 

allowing rapid impulse transmission (Huxley, 2002). Thus the evolution of the nervous 

system of vertebrates, including humans, seems to be tightly connected to the existence 

of myelin, allowing rapid and efficient impulse transduction as required for controlling 

such an extensive system as a human body.  
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Origin of neural cells   

 

All three major classes of neural cells, i.e., neurons, astrocytes and oligodendrocytes,  

are derived as precursor cells from neuroepithelial cells of the neural tubes (Peters et 

al., 1990), and their developmental appearance in the brain is in that order (Altman and 

Bayer, 1984; Liu et al., 2002). Oligodendrocyte precursors (OPCs) arise in highly 

restricted ventricular domains (reviewed by Miller, 2002) and their initial appearance is 

controlled by local signals. Two different pools of OPCs have been identified based on 

expression of either PDGFRalpha (Hall et al., 1996) or PLP/DM20 (Spassky et al., 

2001). Several factors have been suggested to play a role in the commitment of OPCs 

to develop into the OLG lineage, including Olig genes and Notch (Fu et al., 2002; Park 

and Appel, 2003). For example, the OLG lineage genes, Olig 1 and Olig2, have been 

proposed to control the appearance of motor neurons and early OLG precursor cells 

from a common precursor. Lack of Olig2 is lethal to mice (Ligon et al., 2006), whereas 

Olig1 deficient mice show a small delay in OLG development (Xin et al., 2005), although 

Olig1 is essential for remyelination (Arnett et al., 2004).  

The formation of the new neurons and glial cells continues by mitosis in specific areas of 

the brain throughout adulthood, as evidenced by the presence of proliferating OPCs in 

adult CNS (Wolswijk and Noble, 1989).  However, in contrast to the restricted 

distribution in developing CNS, in adult CNS the OPCs are widely distributed (Polito and 

Reynolds, 2005).   

 

Developmental regulation of oligodendrocytes  

 

The very early generation of OLG precursors in the cereberal cortex is stimulated by 

increasing concentrations of fibroblast growth factor-2 (FGF2) (Fisher, 1997) and by 

neuregulin-1 in the spinal cord (Vartanian et al., 1999). A second step involves the 

migration of OPCs over a considerable distance towards the axons that are to be 

myelinated. OPC migration is strictly controlled by specific cues. For example, cell 

surface components like adhesion molecules (Wang et al., 1994) and extracellular 

matrix receptors (Frost et al., 1996; Garcion et al., 2001) have been proposed to play a 

role in directing migration. During migration, proliferation occurs, first in the ventricular 

and subventricular zone and later in developing white matter (Miller et al., 1997). The 

platelet-derived growth factor (PDGF-AA) is known to be a very powerful proliferating 

and surviving factor for OPCs (Noble et al., 1988). Its proliferative capacity is modulated 

by interactions with other molecules such as chemokine CXCL1 (Robinson et al., 1998), 

neurotrophin-3 (NT3) (Barde et al., 1994), FGF-2 (McKinnon et al., 1990) and vitronectin 

(Baron et al., 2002). For example, in combination with PDGF, FGF-2 is capable of 

extending proliferation (Bögler et al., 1990), whereas vitronectin enhances its sensitivity 



Introduction and scope of the thesis 

 

 

15 

(Baron et al., 2002). Once migrating OPCs have reached their destination, they 

differentiate into immature OLGs, which is accompanied by dramatic changes in 

morphology and the concommitant expression of myelin-associated proteins (figure 2). 

IGF-I, neuregulins (NRGs) and FGF-2 appear to be involved in terminal OLG 

differentiation, either positively or negatively (Goddard et al., 2001; Palacios et al., 2005; 

Lemke, 2006). The acquisition of target-dependent survival signals is a prerequisite for 

the establishment of a mature myelinating phenotype. Important players in this target-

dependent survival are both soluble factors (e.g. NRG, PDGF, and IGF) and axonal-

contact dependent signals (laminin-2, NRG) (Colognato et al., 2002; reviewed in Bozzali 

and Wrabetz, 2004). Molecules like L1, MAG, NCAM and N-cadherin, which are 

expressed on the axonal surface, possibly control the final step of myelination (Payne 

and Lemmon, 1993).  

 
 
Figure 2: Schematic representation of the developmental stages of an oligodendrocyte 
cell lineage, reflected by morphological and antigenic properties characteristic for each of the 
developmental stages from oligodendrocyte precursor cell to mature myelinating oligodendrocyte. 
Integrin receptors present throughout development are listed and their function is indicated. The 
appearance of major myelin components is also indicated at the various stages. Adapted from 
Baron et al., 2005. 
 
 
Another mechanism known to regulate OLG maturation is connected to Notch signaling. 

Developmental differentiation of OPCs is inhibited by axonal expression of Jagged, 

which signals via Notch receptors expressed on OPCs (Wang et al., 1998). Depending 

on potential ligands, Notch signaling can also provide beneficial stimuli for OLG 

maturation. For example, it has been shown that interaction with F3/contactin triggers a 

signaling pathway that promotes OLG differentiation (Hu et al., 2003). Moreover, 

laminin-2, an ECM molecule present in developing white matter tracts (Colognato et al., 

2002) promotes myelin membrane formation (Buttery and ffrench-Constant, 1999; 

Relvas et al., 2001).  

The final stage of OLG development involves compaction of the myelin sheath in order 

to ensheath the axon, thereby exerting its insulating function. A first attempt to explain 
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how compaction is regulated stems from work of the group of  Birchmeier (2000), which 

suggested that products of the Nrg1 gene, the neuregulins, might be involved. Indeed, 

recently it has been shown that the amount of the axonal Nrg1 regulates the number of 

wraps (Michailov et al., 2004).  

 

Oligodendrocytes are the myelin-forming cells in the CNS  

 

A crucial event in the formation of myelin is the extension of multiple OLG processes, 

which results in a dramatic increase in total surface area (figure 2), leading to an 

extensive morphological alteration in appearance of the OLG. Accordingly, myelin can 

be seen as a distinct specialised domain of the OLG. OLG development starts with a 

highly migratory and proliferatory progenitor stage, characterized by a bipolar 

morphology and by the presence of specific markers, including ganglioside GD3 (Hardy 

and Reynolds, 1991) and chondroitin sulfate proteoglycan NG2 (Nishiyama et al., 1996). 

After migration in the CNS, these precursor cells will transform into multiprocessed cells, 

which are less motile, but still possess the capacity of cell division. These pre-OLGs 

acquire reactivity towards the O4 antibody (Sommer and Schachner, 1981; Bansal et al., 

1989), which recognizes sulfatide (Bansal et al., 1989). After this stage the cells develop 

into immature OLGs, typified by the disappearance of GD3 and the appearance of GalC 

(recognized by an antibody known as O1).  At this stage the first myelin-specific protein, 

CNP, emerges, together with RIP and CAII (Sprinkle, 1989; Friedman et al., 1989; Butt 

et al., 1995). These immature OLGs have lost their capacity for migration and cell 

division, but most importantly, for survival in vivo the cells have to contact an axon 

(Barres et al., 1993; Burne et al., 1996). Upon axonal recognition, mature myelinating 

OLGs are formed, that are characterized by an arborized morphology in which primary 

processes are branched into secondary and tertiary ones, thus forming flat myelin 

sheets (Bunge et al., 1962; Bunge, 1968). At this stage, the major myelin proteins MBP 

and PLP are expressed, as well as the minor myelin protein MAG (Dubois-Dalcq et al., 

1986; Monge et al., 1986).  Based upon a characterization of antigenic properties, the 

evidence suggests that differentiation of precursor cells into mature OLGs in 

monocultures closely mimics that in vivo (Trapp et al., 1997). However, compared to the 

morphology in in vitro monocultures, that in the in vivo situation differs substantially, as 

all secondary and primary OLG processes disappear at the onset of myelination (Hardy 

and Friedrich, 1996). Upon axonal contact, the primary processes of OLG will wrap 

around the axon with the concomitant formation of a compacted multilamellar 

membrane, i.e., myelin, which represents the final stage of OLG differentiation. Both in 

vivo and in vitro, morphological criteria as described above are often not sufficient for 

characterization of the OLG lineage. In order to make a reliable distinction between 

developing and mature OLGs, a characterization of the cells relying on a panel of 
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parameters is necessary, including antigenic properties, mitotic and migratory status of 

the cells.  

The primary function of the OLG is to create the very specialized myelin sheath as a 

distinct part of the OLG membrane. However, not all OLGs are necessarily involved in 

myelin production. Thus, it has been shown that also so called satellite OLGs exist, 

whose function is probably connected to regulation of the microenvironment of adjacent 

neurons (Ludwin 1997). 

 

2. Structure and properties of myelin 

 

The first reference to myelin was made by Virchow in 1854, when he described a spiral 

multilamellar structure consisting of extensions of the plasma membrane of the 

myelinating glial cells. Myelin is characterized by a periodic structure with alternating 

concentric electron-dense (major dense line) and light layers (intraperiod line, Sjöstrand, 

1949; figure 3).  A unique feature of myelin is the relatively high lipid-to-protein ratio, i.e., 

70% lipids to 30% proteins (Norton, 1984; table 1), which is usually the reverse in other 

cellular membranes, including the plasma membrane of OLGs. Without this rather 

specific feature, the rapid nerve conduction velocity would be impossible. Although 

myelin is enriched in lipids, it does not contain myelin-specific lipids. However, the 

proportion of cholesterol and glycosphingolipids in this membrane is particularly 

enhanced, and both galactosylceramide (GalCer) and its sulfated derivate sulfatide 

represent major fractions of the galactolipid pool, while in mature myelin this pool 

amounts approx. 30% of its dry weight (Morell et al., 1994, table 1). In developing brain 

the fraction of GalCer is directly proportional to the amount of myelin present (Norton et 

al., 1983). In contrast, proteins that are highly specific for myelin can be discerned, 

emphasizing the special role these proteins play in the assembly and organization of the 

multilayered membrane structure of the myelin sheath. Myelin basic protein (MBP) and 

proteolipid protein (PLP) are the major CNS myelin proteins, accounting for 30 and 50%, 

respectively, of the total myelin content (Macklin et al., 1987). Minor myelin proteins 

include CNP, MAG, MOG, P2 protein, oligodendrocyte-myelin glycoprotein (OMgp; 

Habib et al., 1998), myelin/oligodendrocyte specific protein (MOSP; Dyer et al., 1991), 

RIP antigen, NI-35/250 proteins and small basic proteins including myelin-associated 

oligodendrocyte basic protein (MOBP). The latter has been proposed to play a role in 

myelin compaction (Holz and Schwab, 1997). Members of the tetraspan-protein family, 

such as myelin and lymphocyte protein (MAL), oligodendrocyte-specific protein (OSP), 

Cx32 and tetraspan-2 are also present in myelin.  
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Table 1: Composition of mature human CNS myelin with major protein and lipid components 
represented as a percentage of its dry weight. Adapted from Norton, 1984. 

 
    

Myelin basic protein is encoded by one MBP gene, but exists in different isoforms with 

different molecular weights.  The major isoforms are 18.5 and 17.2 kDa in humans and 

18.5 and 14 kDa in mice (Roach et al., 1983). These isoforms are further subjected to 

posttranslational modifications like phosphorylation, NH2-terminal acetylation and 

methylation and indirect evidence suggests that some of these processes could be 

important for myelin membrane maturation (Campagnoni and Macklin, 1988). MBP 

plays a major role in myelin compaction as revealed by studies of the shiverer mutant 

mouse, where a large deletion of the MBP gene results in severe perturbation of myelin 

compaction (Privat et al., 1979). In fact, MBP is thought to be required for facilitating the 

approach of apposed inner leaflets of the plasma membrane, structurally characterized 

by the intraperiod line (Fig. 3; Privat et al., 1979). 

The PLP gene encodes for two proteins, PLP (30 kDa) and DM-20 (25 kDa), derived via 

alternative splicing, with the predominant appearance of PLP in myelin. These proteins 

appear to be involved in the correct apposition of the extracellular leaflets of the 

membrane (major dense line, fig.3), stabilizing the multilayered myelin membrane 

structure after compaction (Klugmann et al., 1997). Other functions of PLP have been 

suggested as well, like a role in survival (Yang and Skoff, 1997; Gow et al., 1998) and 

adhesion in relation to migration (Gudz et al., 2006). Remarkably, in PLP null mice 

myelination of axons still occurs, albeit that the physical stability of the myelin structure 

in these animals diminishes as a function of time (Boison et al., 1995), similarly as has 

been noted in jimpy mice, in which the PLP gene has mutated spontaneously, as well as 
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in demyelinating diseases in human (Hudson et al., 1989; Fannon and Moscarello, 

1990; Yool et al., 2002).  

In myelin biogenesis, CNP is one of the first myelin-specific proteins that are 

synthesized, representing 4% of the total myelin protein pool, and existing in two 

isoforms (46 and 48 kDa). Isoprenoid modification allows its association with the inner 

leaflet of the myelin membrane (Braun et al., 1991). In addition, CNP displays binding 

affinity for the actin-cytoskeleton, which presumably mediates its close interaction with 

the OLG plasma membrane (Braun et al., 1991; De Angelis and Braun, 1996). 

Interestingly, overexpression causes aberrant OLG membrane formation and perturbs 

myelination (Gravel et al., 1996). A role for CNP in process formation, i.e., initial sites 

where myelin membrane extensions originate, is further corroborated by a recent finding 

that OLGs from CNP-deficient mice extend smaller and less branched processes (Lee at 

al., 2005). In addition, a role for CNP in the formation of the paranodes has been 

suggested (Rasband et al., 2005). MAG belongs to the immunoglobulin superfamily and 

is another minor constituent of myelin (1% of the total protein fraction). Thus far, two 

MAG proteins have been identified, i.e., large MAG (L-MAG, 72 kDa) and small MAG (S-

MAG, 67 kDa). Both these isoforms share identical extracellular and transmembrane 

domains but differ in their cytoplasmic domains. MAG is mainly localized in the 

periaxonal region of the paranodal loops and therefore appears to be involved in axo-

glial adhesion. In MAG-deficient mice, the CNS develops with a prominent defect in the 

formation of the periaxonal cytoplasmic collar that is missing in most of the internodes. 

These observations suggest a role of MAG in directing OLG processes towards 

myelinated and unmyelinated axons in the CNS (Li et al., 1994). The gangliosides GM3, 

GM1, GM1b, GD1a, and GD1b, which are abundantly present on the neuronal surface, 

have been proposed to function as potential ligands for MAG (Yang et al., 1996), and as 

such MAG has been shown to be a potent inhibitor of axonal regeneration and axonal 

growth promoter in young neurons (Domeniconi et al., 2005; Domeniconi et al., 2002).   

MOG is another CNS specific minor myelin constituent which is highly conserved and 

present only in mammalian species (Birling et al., 1993). MOG is mainly localized in the 

abaxonal loop thereby facing the extracellular environment. Accordingly, MOG is the 

only CNS component that can induce an antibody-mediated response and T-cell 

mediated immune reaction in an animal model for multiple sclerosis (MS), experimental 

autoimmune encephalomyelitis (EAE) (Linington et al., 1988). This explains the 

exclusive CNS pathology in MS, as MOG is absent in PNS myelin (Brunner et al., 1989; 

Lolli et al., 2005; Lalive et al., 2006).  
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Figure 3: Structure and composition of myelin. Compaction of the multilayered myelin 
structure arises upon apposition of the external face of the membrane, wrapping around the 
axon. Upon examination by electron microscopy, so-called major dense lines and intraperiod 
lines can be distinguished. The major dense line is formed by apposition of the internal faces, 
involving  the extrusion of the cytoplasm. 
 
 

Myelin biogenesis and intracellular mechanisms involved in myelin membrane formation 

 

From a quantitative point of view, myelin biogenesis, as observed in rats, is most 

impressive in that the myelin membrane area expands at a rate of 5-50 × 103 µm2 

/cell/day, compared with a cell body surface area of only approx. 300 µm2 (Pfeiffer et al., 

1993). In order to generate such an efficient membrane producing system, OLGs must 

tightly control the synthesis of proteins and lipids, and related trafficking of these 

compounds to their sites of destination. Also afterwards, in mature myelin, it is crucial to 

maintain proper synthesis and turnover in order to maintain a proper state of myelination 

(Niemann et al., 1999). Formation of the myelin membrane involves the distinct 

participation of a variety of  mechanisms, including synthetic and transport machineries. 

In case of the major myelin protein MBP, its mRNA rather than the protein per se is 

transported to the tips of the OLG processes, where it is synthesized on demand 

(Colman et al., 1982). In contrast, PLP is processed in the Golgi and transported via a 

vesicular trafficking mechanism to the myelin sheet (Kalwy and Smith, 1994).  

As the composition of myelin and plasma membrane of the OLG cell body differ, mature 

OLGs can be considered as polarized cells. Indeed, it has been shown that distinct 

apical and basolateral pathways are operating in OLGs (de Vries et al, 1998). 
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Surprisingly, the myelin sheet, being enriched in glycosphingolipids and cholesterol and 

therefore resembles a typical  apical domain, appears to be served by a ‘basolateral-like’  

pathway. Similarly, trafficking to the cell body plasma membrane shows ‘apical-like’ 

features. Obviously, trafficking to either membrane domain should be tightly regulated 

and controlled. In polarized epithelial cells, proteins of the SNARE machinery are known 

to play an important role in the targeting of transport vesicles to distinct polarized target 

membranes (Weimbs et al., 1997; Lafont et al., 1999). In these events, specific SNARE 

molecules, present on  vesicles (v) and target (t) membranes combine, thus resulting in 

the formation of v/ t-SNARE complexes, instrumental in specific docking and fusion 

(Sollner et al., 1993). A similar mechanism likely operates in OLGs as well, as inferred 

from the notion that  mRNA expression of specific SNARE proteins is highly upregulated 

upon OLG differentiation. Thus, it has been suggested that the v-SNARE VAMP-2, the 

small GTP-binding protein Rab3a, and the t-SNARE syntaxin-4 play an important role at 

discrete stages of OLG development (Madison et al., 1999). Intriguingly, the t-SNARES 

syntaxin-3 and -4, which are specifically enriched in polarized epithelial cells at the 

apical and basolateral surface, respectively, localize in OLG at the plasma membrane 

and myelin sheet, respectively, consistent with the polarity features of these membrane 

domains in these cells (de Vries and Hoekstra, 2000; Klunder et al., submitted). 

Moreover, in a functional sense, PLP transport to the myelin sheath is dependent on 

syntaxin-3, but not syntaxin-4 (Klunder et al., submitted), indicating that transcytosis, 

another important pathway operating in polarized epithelial cells, might exist in OLG, 

mediating PLP transport from plasma membrane to myelin sheath. In fact, recently it has 

been proposed that all membrane components in OLGs follow a similar secretory 

pathway to the plasma membrane of the cell body, after which local myelin extensions 

are produced by subsequent endocytic uptake, and sorting and recycling to glial 

processes and growing myelin sheath, which may include prior storage of endocytosed 

compounds in the endosomal/lysosomal track (Trajkovic et al., 2006). Moreover, it has 

been shown that neuronal signaling is involved in controlled release of PLP from such 

late endosomal/lysosomal storage depots. The latter suggests the existence of 

regulated exocytosis, i.e specific control by axonal (-derived) factors of the formation of 

local membrane extensions on the OLG surface, leading to myelin outgrowth, and 

eventually,  axonal wrapping.  

 

3. Role of extracellular matrix in (re)myelination 

 

Extracellular matrix (ECM) molecules are important environmental factors in directing 

cell behavior, including OLGs, and importantly, are known to be altered in MS lesions. 

The ECM is a complex structural entity that is found within almost any cell type in  

multicellular organisms. The three most common forms of ECM are bone, cartilage and 
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basement membrane. Collagen, that serves as a structural scaffold, and proteoglycans 

are the major components of the ECM. In addition, adhesion proteins like tenascin, 

fibronectin and laminin are part of the ECM. Recently, a role of ECM in cell-cell 

signaling, cell adhesion and tissue repair has become apparent (Karram et al., 2005; 

Fuja et al., 2006; Laurens et al., 2006; Rangaswami et al., 2006).  

CNS development very much depends on such ECM molecules like laminins, 

fibronectin, tenascins, collagens and proteoglycans. (Garcion et al., 2004; De Winter et 

al., 2002; Probstmeier et al., 2000; Pires-Neto et al., 1999). Among these, laminin-2 is 

the only one from several tested ECM proteins (vitronectin and fibronectin) that is 

capable of enhancing myelin membrane formation by OLGs (Buttery and ffrench-

Constant, 1999; Relvas et al., 2001). In addition, laminin-2 promotes OLG survival (Frost 

et al., 1999, Corley et al., 2001, Colognato et al., 2002). Laminins are key molecules of 

the ECM and are secreted as trimers generated from the five �, four � and three � 

laminin subunits. Each laminin molecule has binding sites for several receptors, mainly 

integrins but also for receptors, such as �-dystroglycan and sulfatide (Li et al., 2005). 

Prominent laminin expression suggests multiple roles for these molecules during 

developing and adult CNS, and not surprisingly there are many abnormalities connected 

with laminin deficiency. For example, CNS changes are connected to laminin-2 

(merosin) deficiency found in humans (Farina et al., 1998), and laminin-�2-deficient 

dystrophic mice show a change in CNS myelination in that the number of myelinated 

axons are reduced and myelin shows a thinner appearance (Chun et al., 2003; reviewed 

in Colognato et al., 2005).  Based upon a transgenic approach, it has been shown that 

another ECM molecule, tenascin-C, regulates both OLG migration and proliferation 

during development (Garcion et al., 2001). However, no abnormalities in myelination per 

se were observed in these animals (Kiernan et al., 1999). Recently, a novel role for 

osteopontin as a modulator of myelination and remyelination in the CNS has been 

proposed (Selvaraju et al., 2004). This secreted glycoprotein that contains an RGD 

binding sequence, has anti-apoptotic, chemotactic and cytokine-like properties, and 

importantly, this protein has the potential to enhance myelin formation in vitro (Selvaraju 

et al., 2004). As such, in the cuprizone-induced demyelination mice model, osteopontin 

is expressed by microglia and astrocytes in the demyelinating brain areas.  

ECM molecules exert their signaling capacity mainly via the integrin receptor family. 

Integrins, the major receptor class involved in cell-ECM and cell-cell interactions, are a 

large family of heterodimeric transmembrane glycoproteins. They consist of a large �-

subunit (120-170 kDa) and of a smaller �-subunit (90-100 kDa) and contain binding sites 

for divalent cations (Mg2+, Mn2+  and Ca2+), which are involved in expressing their 

adhesive functions (reviewed in Etzioni, 2000). Integrins are capable of bidirectional 

signaling, i.e. from inside to the extracellular environment and also in the reverse 

direction (Calderwood et al., 2000; Liang et al., 2004). Intracellularly, integrins bind to a 
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number of cytoskeletal proteins, such as talin (Calderwood et al., 2002) and plectin 

(Geerts et al., 1999), thus providing a connection with actin (reviewed in Wiesner et al., 

2005). Moreover, integrins also bind to molecules that establish their interaction with 

important signaling transduction pathways (Karna et al., 2006; Legate et al., 2006; 

Brancaccio et al., 2006). In this way, integrins are very potent regulators of intracellular 

events based on ECM properties. Of the 20 known integrin species (Caswell and 

Norman, 2006), OLGs express a limited repertoire, i.e. �v�1, �v�3, �v�5, �v�8 and 

�6�1 (Milner and ffrench-Constant, 1994; Shaw et al., 1996; Milner et al., 1997; Cousin 

et al., 1997). Whereas �v�8 and �6�1 are expressed throughout OLG development, the 

expression of the other �v integrins is very tightly regulated during OLG differentiation, 

i.e., in the order �v�1, �v�3, �v�5 (Milner et al., 1994; Blaschuk et al., 2000). 

Interestingly, in contrast to growth factor regulation of OLG behavior, the expression of 

an integrin receptor is specifically associated with one aspect of OLG behavior. For 

example, �v�1 integrin is implicated in the migratory phenotype of an OPC (Milner et al., 

1996), whereas integrin �v�3 is involved in OLG proliferation (Blaschuk et al., 2000; 

Baron et al., 2002) and integrin �v�5 in differentiation (Blaschuk et al., 2000). During the 

final stage of OLG differentiation and myelin membrane formation, an essential role for 

�6�1 integrin has been proposed as an effective receptor for myelin membrane 

propagation (Buttery and ffrench-Constant, 1999; Relvas et al., 2001) and survival (Frost 

et al., 1999; Corley et al., 2001; Colgnato et al., 2002). Recently, it has been reported 

that beta 1 integrin is responsible for survival of premyelinating OLGs but CNS 

myelination and also remyelination is not affected in animals lacking �1 integrin 

mediated signals (Benninger et al., 2006). Interestingly, integrins are important 

regulators of growth factor-mediated OLG behavioral signaling. Thus, association of 

PDGFαR with integrin �v�3 results in proliferation, whereas its association with integrin 

�6�1 is necessary for PDGF-mediated survival (Baron et al., 2002; 2003; Colognato et 

al., 2004). An important role in these associations is the nature of the ECM encountered 

and the subsequent lateral membrane compartmentalization. Laminin-2,  for example, 

induces clustering of integrin �6�1 and PDGF�R into a specific membrane 

microdomain, whereas vitronectin sequesters PDGF�R into another membrane 

microdomain (reviewed by Baron et al., 2005). Similarly, laminin-2 is able to trigger 

activation of the NRG intracellular signaling pathway, favoring survival and differentiation 

signaling pathways (Colognato et al., 2002; Baron et al., 2005). Fibronectin, present at 

pathological conditions in adult CNS (Mitchel and Sobel, 1989), has been proposed to 

interfere with formation of membrane microdomains (Baron et al., 2003, Maier et al., 

2005). For example, the association of the oligodendrocyte-specific isoform of 

neurofascin, NF155 (155 kDa isoform) with these microdomains is perturbed. 

Consistently, raft association of NF155 is reduced in the spinal cord of EAE rats. Thus, 
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fibronectin may alter differentiation of OLGs by hampering axo-glia interactions that are 

required for myelin integrity (Maier et al., 2005).  

In MS and other CNS pathologies, rupture of the vasculature, represented by 

breakdown of the blood-brain barrier (BBB), allows the entry of blood-derived cells and 

proteins into the brain. Fibrin is an example of a blood-derived protein that is not 

normally expressed by cells of the nervous system, but accumulates only after disease-

associated  vasculature rupture (Adams et al., 2004). In MS pathology, fibrin deposits 

correlate with the border of demyelination (Kwon and Prineas, 1994) and coincide with 

macrophage infiltration, astrocyte swelling (Kirk et al., 2003) and axonal damage (Gveric 

et al., 2001). In 1989, Mitchel and Sobel reported fibronectin accumulation in MS 

lesions, the expression of which correlated with the degree of inflammation. Fibronectin, 

which is normally absent from healthy adult CNS, has been proposed to be secreted by 

perivascular infiltrates and also accumulated by the leakage from the blood serum due 

to BBB disruption. Deposition of ECM molecules (several isoforms of laminin, 

fibronectin, collagen IV and heparan sulfate proteoglycans) has been observed also in 

inflammatory cuffs in fiber-like structures (van Horssen et al., 2005). These ECM 

molecules may help facilitating the transport of myelin-containing phagocytes towards 

peripheral lymph nodes out of the CNS, and thus contribute to an enhanced 

inflammatory response in MS. Interestingly, the molecular composition of the vascular 

and astroglial basement membrane in chronic active and active MS lesions differs in 

expression of specific laminin chains (van Horssen et al., 2005). Upon injury, OLGs 

themselves are capable of production of the chondroitin sulfate proteoglycans, versican, 

phosphocan and neurocan, which are other major constituents of the ECM (Asher et al., 

2000; 2002). These proteins are able to interfere with axonal regeneration contributing 

to the limited healing capacity. Furthermore, versican and dermatan sulfate proteolgycan 

are upregulated at the edges of an active MS lesion (Sobel, 2001). Recently, it has been 

reported that another ECM molecule, the glycosaminoglycan, hyaluronan, accumulates 

in demyelinated lesions (Back et al., 2005). In mice with EAE, this protein reversibly 

inhibits maturation of OPCs and hence could contribute to remyelination failure in MS. 

In conclusion, ECM components are important regulators of OLG behavior during 

normal development. In MS lesions, the ECM environment may be severely perturbed 

as consequence of BBB disruption and deposition by activated microglia, astrocytes and 

inflammation-associated cells. Evidently, such a perturbed ECM environment upon 

injury may have detrimental consequences for the physiological development of OLGs, 

and hence (re)myelination. Among others, remyelination-based therapies should 

therefore be focused on the beneficial support of the ECM, with a particular aim of 

precluding (further) deposition of detrimental ECM or, alternatively, specifically 

stimulating its degradation.  
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4. Involvement of glycosphingolipids in (re)myelination 

 

Galactosphingolipids – essential components of myelin membrane 

 

As described above, myelin is abundant in galactosphingolipids, GalCer and its sulfated 

derivate, sulfatide. These lipids comprise almost one third of all myelin lipids (table 1). 

Previous studies showed that both GalCer forms (hydroxylated and non-hydroxylated) 

are encoded by a single gene (Bosio et al., 1996). GalCer is synthesized upon 

attachment of a galactose to ceramide by UDP-galactose: ceramide 

galactosyltransferase (CGT) (Morell and Radin, 1969). Synthesis occurs in several 

compartments, including endoplasmatic reticulum (ER), Golgi compartment as well as in 

myelin (reviewed in Coetzee et al., 1998). Recent studies reveal that GalCer 

synthesized at the ER is transported to the outer leaflet of the myelin membrane and 

part of GalCer is assembled into lipid microdomains in the Golgi apparatus. Formation of 

GalCer/cholesterol-containing lipid domains on the ER is influenced by Sigma-1 

receptors that play a role in regulating transport of ER-formed lipids and in this manner, 

important signaling platforms might thus be assembled possibly serving in OLG 

differentiation (Hayashi and Su, 2004).  

Sulfatide is synthesized by the transfer of a sulfate molecule to the third carbon of the 

GalC sugar ring by galactosylceramide 3’-sulfotransferase (CST), which is thought to 

occur on the lumen of the Golgi apparatus (Vos et al., 1994). There is mounting 

evidence that galactolipids excerpt several important functions during OLG 

development. For example, GalC and sulfatide are important stage-specific 

differentiation markers (see figure 3; Pfeiffer et al., 1993). Moreover, a functional role for 

sulfatide has been proposed in OLG maturation, as experiments with anti-sulfatide 

antibodies show a reversible inhibition of OLG maturation (Bansal et al., 1999). The 

underlying mechanism possibly relies on modulation of the cytoskeleton and Ca2+ influx 

related events (Bansal and Pfeiffer, 1989; Dyer, 1993). Furthermore, the trafficking of 

PLP in OLGs appears to depend on galactolipids (Folch and Lees, 1951; Gow et al., 

1998; Simons et al., 2000), although PLP trafficking to the cell surface as such has been 

shown to be galactolipid-independent (van der Haar et al., 1998). In addition, GalCer 

and sulfatide are important components of membrane microdomains, which have been 

implicated in the transport of various proteins (Simons et al., 2000). Such domains also 

serve as signaling platforms for OLG survival (Baron et al., 2003; Decker and ffrench-

Constant, 2004) and myelination (Kramer et al., 1999). In addition, a role in stabilization 

of the myelin membrane has been proposed, involving a role in myelin compaction and 

axon ensheathment (Koynova and Caffrey, 1995). In fact, sulfatide knock-out mice form 

abnormal structures of myelin, showing the appearance of vacuoles in CNS white matter 

and resulting in generalized tremors followed by hind-limb paralysis (Honke et al., 2004). 
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In GalCer knock-out mice, myelin displays a seemingly normal ultrastructure. 

Nevertheless, these animals manifested behavior which suggests a disrupted nerve 

function, presumably due to failure of myelination (Bosio et al., 1996). GalCer and 

sulfatide appear also essential for proper formation of the node of Ranvier (Dupree et 

al., 1998), and nerve impulse transmission is interrupted in these animals (Coetzee et 

al., 1996). In addition, sulfatide null mice  show enhanced numbers of mature OLGs, 

suggesting a role for sulfatide as a negative regulator of OLGs differentiation (Hirahara 

et al., 2004), which has been corroborated in in vitro OLG cultures (Bansal and Pfeiffer, 

1989).  

 

Gangliosides 

 

Gangliosides are a family of sialoglycosphingolipids that are present in the outer surface 

of the plasma membrane within all vertebrate cells and tissues. In brain tissue they 

account for 6% of the total lipid weight. In OLGs, ganglioside expression is 

developmentally regulated, as reflected by the transient appearance of certain  

gangliosides (GT3, O-acetylated-GT3 and GD2), recognized by the A2B5 antibody, and 

GD3, which are present in precursor cells, but disappear upon differentiation (Levine et 

al., 1993; Farrer and Quarless, 1999). The expression of GM1, GM2, GM3 and GD1a 

has been confirmed within OLGs through development (Satoh et al., 1996), with GM1 

ganglioside as the major ganglioside in myelin (Cochran et al., 1982).  

Elevated brain ganglioside expression is a hallmark of various pathologies with 

neuroinflammatory background, including MS (Simon et al., 2002). For example, 

elevated GD3 levels have been found in cerebrospinal fluid of MS patients (Miyatani et 

al., 1990) and expression of GD3 is increased in MS lesions, in contrast to GM1 which is 

decreased. In vitro experiments identified activated microglia by inflammatory stimuli, as 

the source of secreted GD3 which triggered caspase-independent OLG apoptosis by 

disrupting plasma membrane integrity. Another member of the ganglioside family, GM3 

enhanced differentiation of OLG progenitors towards myelin production (Yim et al., 

1994). This effect was specific for this molecule and was not produced by adding GM1, 

GM2, GD3 or GD1a to the cultures. Interestingly, an important role for the neuronal 

gangliosides has been proposed with regard towards regulation of myelin stability via 

interactions with their ligand, myelin protein MAG (Vyas and Schnaar, 2001). In this way 

brain gangliosides appear to be an important factor in maintaining myelin membrane 

stability by facilitating axo-glial interactions. Taken together, these observations 

introduce gangliosides as promising therapeutic target for promoting survival and axon-

glial “communication” that appear to be derailed in demyelinating diseases like MS 

(Matthews et al., 1998).  
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5. On the role of matrix metalloproteinases in (re)myelination 

 

Matrix metalloproteinases (MMPs) play an important role in tissue remodeling, 

associated with various physiological and pathological processes such as 

morphogenesis, angiogenesis, tissue repair, and metastasis. They are also known as 

important mediators of CNS development, pathology and regeneration (reviewed in 

Yong, 2005). For example, MMP activity is necessary for morphological differentiation of 

OLGs, and an altered activity of MMP in CSF of MS patients has been observed. 

Initially, MMPs were described by Gross and Lepiere in 1962 in vertebrates, but have 

been since detected in invertebrates and plants as well. MMPs are zinc-dependent 

endopeptidases that belong to the larger family of proteases, known as the metzinc 

superfamily. Thus far, 24 mammalian MMP members have been identified, each of them 

being a product of a unique gene. They share a common domain composition, generally 

consisting of a pro-peptide, the catalytic domain and the haemopexin-like C-terminal 

domain, which is linked to the catalytic domain by a flexible hinge region (Sternlicht & 

Werb, 2001). Most MMPs are secreted into the extracellular environment, where they 

are capable of degrading extracellular matrix proteins. Furthermore, MMPs can also 

process a number of bioactive molecules, i.e. they are known to be involved in the 

cleavage of cell surface receptors, the release of apoptotic ligands and modulation of 

chemokine activity (Vos et al., 2000; van den Steen et al., 2000; Zhang et al., 2003). In 

fact, in OLGs it has been shown, that MMP(s) is (are) involved in the shedding of the 

paranodal protein, NF155 (Maier et al., 2006).  

Several MMPs are localized within adult mammalian CNS (Karkkainen et al., 2000; 

Yong, 2005). Regarding OLG biology, three MMPs have been shown to be of major 

interest, i.e. MMP-2, 9, and 12. It has been shown that MMP-12 plays an important role 

in the morphological differentiation of OLG, rationalizing that their maturation is  limited 

in MMP-12 null mice (Larsen and Yong, 2004). An important event like process 

extension by OLG, representing  an initial step in myelination, is very likely controlled by 

regulated release of proteases (Uhm et al., 1998). In vitro, (protein kinase C) PKC 

activators increase MMP-9 activity, which has been linked to  an enhanced process 

extension by OLGs (Uhm et al., 1998). In vivo, an elevated MMP-9 activity parallels 

myelination in the corpus callosum, rich in myelin and OLGs (Larsen et al., 2006).  In 

pathology, MMP-9 is capable of facilitating remyelination by degrading a myelinating 

inhibitory molecule, NG2 proteoglycan (Larsen et al., 2003). In addition, mice lacking 

MMP-9 fail to remyelinate lysolecithin-induced demyelinated lesions (Larsen et al., 

2003).  Moreover, by using a transgenic approach it has been shown that MMP-2 and -

12 null mice display more severe EAE, accompanied with an earlier onset (Esparza et 

al., 2004; Weaver et al., 2005). In contrast, MMP-9 null mice show a less severe course 

of EAE disease development (Dubois et al., 1999). Hence, MMP activity appears 
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essential at the onset of myelination, in particular in creating a path for OLG process 

outgrowth towards the axon. 

Upon CNS injury, including MS, detrimental effects have been reported for MMPs, such 

as BBB dysfunction, demyelination, neurotoxicity, and neuroinflammation. Interestingly, 

elevation of their expression occurs in all CNS diseases and in addition, expression of 

additional MMPs  accompanies CNS pathology (Yong et al., 2001). On the other hand, 

effects of MMPs in CNS may depend on the stage of CNS injury. Specifically, MMPs 

released early after insult are considered to be rather detrimental (Noble et al., 2002), 

whereas at later stages after injury they could be beneficial (Godin et al., 2000; reviewed 

in Lo et al., 2002). Several lines of evidence implicate MMPs as pathogenic factors in 

MS and its animal model, EAE (Yong et al., 2001). In MS pathology, MMPs may act in 

three steps, (i) in cellular invasion and BBB disruption, (ii) in myelin breakdown and (iii)  

in the first steps of OLGs process extension. Thus, MMPs (particularly MMP-7, -9 and -

12) are elevated in brain of MS individuals and animals with EAE. MMP-9 levels are 

significantly increased in serum of MS patients as compared to healthy individuals. In 

MS patients, a higher MMP-9 content is observed during clinical relapse, relative to 

periods of stability (Lee et al., 1999). In addition to their role as effector molecules in 

BBB disruption and cell infiltration, MMPs are also known to degrade MBPin vitro 

(Chandler et al., 1995), and increased MMP-9 activity is essential for remyelination 

(Larsen et al., 2003), probably required for process extension in OLGs (Uhm et al., 

1998). In conclusion, tight control of the function of MMPs is a relevant factor, as MMPs 

contributes to the function of OLGs in the CNS, both during development and upon CNS 

injury and therefore can be considered as an interesting therapeutic target in MS.  

 

6. Demyelinating diseases and multiple sclerosis 

 

Demyelinating diseases with myelin as the (primary) target, fall into two main categories, 

i.e., hereditary neurodegenerative disorders (e.g., the leukodystrophies) and acquired 

diseases, such as multiple sclerosis (MS). Although the outcome of CNS demyelination 

is very similar, etiology and cause of these disorders can be very different. Persistent 

demyelination will delay or completely block nerve pulse conduction and lead to 

neurological symptoms. Clinical signs and symptoms include paralysis, sensory, visual 

and additional neurological impairments (McFarlin and McFarland, 1982a).   

MS is the most well-known acquired demyelinating disease, and is one of the most 

disabilitating diseases in young adults. Its etiology is very likely multifactorial with 

genetic and environmental factors contributing to disease susceptibility. Geographically, 

the risk of developing MS is highest in northern Europe, US and Canada, southern 

Australia and New Zealand (Kurtzke, 1980). Ethnic background also plays a significant 

role in the prevalence of MS, since it occurs very frequently in Caucasians and only 
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rarely in Asians and Africans (Compston, 1997). MS can be distinguished into four well 

characterized forms. First, a relapsing-remitting (RRMS)  form that is characterized by 

relapses during which new symptoms of disease can appear while old ones can re-

appear and worsen. These periods are followed by remission periods, during which full 

recovery may occur. The vast majority of MS patients (70-85%) are first diagnosed with 

this form of MS (Lubin and Reingold, 1996). Second, secondary progressive MS 

(SPMS) develops a number of years after the onset of RRMS. This form is characterized 

by a gradual worsening of the disease between relapses, and some remission but not a 

genuine recovery may take place (Runmarker and Andersen, 1993). Third, the primary 

progressive form of MS is characterized by a serious  progression of the disease from 

the onset, without any remissions. This form differs from others in that the disease 

emerges at an age in the late thirties or early forties, and is also sex-related, males 

being relatively less susceptible, and the initial disease activity is localized in the spinal 

cord (Lubin and Reingold, 1996).  Fourth, a very mild form of MS is occasionally seen in 

a very small group of patients, typified by little progression in severity of the disease 

over time (reviewed by Ramsaransing and de Keyser, 2006).   

 

Pathology of MS 

 

Histologically, MS is characterized by areas in the brain that show severe demyelination, 

i.e. plaques, perivascular infiltrates, decreased numbers of OLGs and axons, and gliotic 

scaring. Plaques have been demonstrated to occur anywhere within the white matter of 

the CNS. Recently it has been reported that lesions can occur also in grey matter, 

although with a different pathology (Bö et al., 2006). The histopathology of MS lesions 

suggests that MS involves repetitive rounds of inflammation in the CNS ultimately 

leading to damage of the myelin sheaths, the mature OLGs, and axons. MRI 

investigation revealed that BBB disruption accompanies the onset of the disease but it is 

not known whether demyelination precedes or is secondary to the inflammation. Recent 

insights suggest that apoptosis of OLGs may constitute a primary event, followed by 

local microglia activation which triggers the inflammation (Barnett and Prineas, 2004; 

Lucchinetti et al., 2000; figure 4). These observations raise questions concerning the 

inflammatory etiology of the disease. Alternatively, primary axonal damage followed by 

demyelination has also been suggested as a cause for the onset of lesion formation 

(Wang et al., 2005). In active MS lesions, for example, an average of more than 11,000 

transected axons/mm3 were observed in comparison to control brain tissue that had less 

than 1 transected axon/ mm3. These data indicate that axonal injury could also be a 

significant hallmark in the early onset of the disease (Bruck, 2005; Petzold et al., 2005). 

This, whether OLG or axon pathology is the primary event in the onset of MS clearly 
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requires further work, but likely emphasizes the potential involvement of multiple factors 

in causing the disease.  

 

 
Figure 4: Relevant events in the development of multiple sclerosis. An autoimmune attack, 
directed against myelin, is generally considered to represent a major mechanism in disease 
development. Two possible pathways of disease etiology are shown, the CNS etiology, 
represented by the black line, starts with demyelination (2) that leads to microglial activation (3) 
and subsequent T cell activation (4) that develops into T-cell mediated demyelination (5). Another 
possible mechanism, shown in grey, may be initiated in the peripheral vascular system, where an 
unknown factor activates T cells (1) that are crossing blood-brain barrier (2), which is followed by 
an attack of oligodendrocytes and axons, accompanied by microglia activation (3).  

 
    

Therapy for MS 

 

Currently, there is no medication available for curing MS, not in the least due to the fact 

that the exact etiology of the disease is unknown. Therapeutic approaches focus 

therefore on immunomodulatory therapies that are specifically directed to suppress the 

response of the immune system. Also, much effort is devoted to repair-promoting 

therapies that include replacement and/or enlargement of the endogenous pool of OPCs 

by transplantation of stem cells and/or stimulation of remyelination by the endogenous 

OPC pool. Finally, therapies are aimed at neuroprotective treatments.  

OPCs have been observed in MS lesions, even in chronic plaques (Scolding et al., 

1998; Wolswijk et al., 1998; Chang et al., 2002). These observations are of particular 

interest since the potential ability for remyelination may thus exist in quite an advanced 
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stage of disease, as these cells may constitute an appropriate target for therapeutic 

approaches. However, endogenous remyelination fails as evidenced by limited 

remyelination that occurs in the first stage of the disease, which further decreases when 

the disease progresses. This suggest that other factors, like an altered extracellular 

microenvironment in MS lesions [e.g. ECM, MMPs or growth factors], might play a 

significant role in the perturbation of  remyelination (Mitchell and Sobel, 1989; Sobel, 

2001; Charles et al., 2002; Frohman et al., 2006; Kanesaka et al., 2006; Gerlach and 

Tanus-Santos, 2006). These observations should thus be taken into the account when 

designing remyelination strategies relying on either stimulation of endogenous 

remyelination or therapies involving cell replacement. For example, stem cell mediated 

remyelination in the adult CNS is a realistic therapeutic solution (Liu et al., 2000; Wu et 

al., 2002) since in principle, newly supplied myelinogenic cell populations can be 

generated. However, these cells will encounter the same environmental limitations as 

the endogenous pool of OPCs that fail to remyelinate denuded axons. Hence, insights 

into the extracellular microenvironment of MS lesions and the behavior of OPCs in this 

microenvironment will add to designing therapies in overcoming this environmental 

restriction.   

 

Scope of this thesis 

 

The aim of this thesis was to obtain insight into the role and the underlying mechanisms 

of ECM molecules in myelination from the perspective of OLG biology. To this end, the 

role of specific ECM molecules was investigated and how they contribute to the failure of 

remyelination in MS, and, in particular, how to overcome this impairment. In chapter 2, 

we show that fibronectin, an ECM molecule absent in adult healthy human brain, is 

accumulated within demyelinated lesions in individuals with MS. In lysolecithin-induced 

lesions, its presence precludes remyelination, suggesting a correlation between the 

presence of this ECM molecule and a failure of remyelination. We have observed 

fibronectin deposits in close proximity to activated microglia and astrocytes within injured 

tissue. In chapter 3 and chapter 4 the underlying mechanism(s) of myelination failure in 

the presence of fibronectin was investigated. Fibronectin appears to perturb intracellular 

vesicular transport of myelin-sheet directed proteins by PKC and subsequently 

interfering with actin cytoskeleton assembly, required for functioning of the vesicular 

trafficking route to the myelin sheet (chapter 3). In chapter 4 we demonstrate that 

fibronectin prevents process outgrowth by OLGs by causing a mislocalization of MMP-9 

activity. In cells, cultured on fibronectin, the activity of this enzyme is not present along 

extending processes, as observed for cells cultured on laminin-2, another ECM 

component, which promotes myelination. The data emphasize that MMP-9 plays a 

crucial role in the onset of the myelination process, Chapter 5 aims at elaborating the 
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role of gangliosides during OLG development and its possible function in maintaining 

myelin integrity. Chapter 6 summarizes major achievements of the work described in 

this thesis and provides suggestions for future research.   
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Abstract 

 

To prevent neurodegeneration after injury to the central nervous system (CNS), 

remyelination by oligodendrocyte progenitors is a critical step. In  previous in vitro 

studies, we found that the extracellular matrix molecule fibronectin (Fn), which is absent 

in healthy adult CNS, perturbed process extension and formation of myelin-like 

membranes. The in vivo relevance of this finding is demonstrated in the present work. 

Thus evidence is provided that Fn deposition in vivo at lysolecithin-induced 

demyelinated lesion sites and in MS lesions, correspondent with lack of evidence of 

remyelination. A direct impact of Fn deposition on inhibition of remyelination was 

supported by the observation that in lysolecithin-induced demyelinated lesions, Fn 

clearance preceded remyelination. Interestingly, next to these Fn deposits, laminin-2 

(Ln2), an extracellular matrix molecule known to enhance myelination, is  present in the 

lesions. In vitro, the effect of Fn dominated over that of Ln2, indicating that Fn prevented 

Ln-mediated signaling in triggering remyelination. Interestingly, the data further suggest 

that astrocytes are a potential source of the Fn deposits. Our data demonstrate that 

upon CNS injury, oligodendrocyte progenitors do not encounter a proper signaling 

environment due to accumulation of fibronectin, which frustrates remyelination. 
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Introduction 

 

Full neurological recovery after injury to the central nervous system (CNS) requires 

(re)myelination of axons for both restoration of the nerve impulses and axonal 

protection. For example, inflammation-induced loss of myelin along with incomplete 

remyelination plays an important role in the pathophysiology of multiple sclerosis (MS). 

Remyelination failure in MS ultimately leads to the death of oligodendrocytes (OLGs), 

the myelin-producing cells in CNS, reactive gliosis, followed by astroglial scar formation, 

and axonal degeneration (Bruck, 2005). Although reasons for this failure are very likely 

multifactorial, changes in the extracellular matrix (ECM) environment could be one of the 

underlying mechanisms. For example, the glycosaminoglycan hyaluronan accumulates 

in chronic demyelinated MS lesions and may contribute to remyelination failure by 

preventing maturation of oligodendrocytes (Back et al., 2005). Furthermore, 

accumulation of other ECM molecules, such as fibronectin (Fn) and vitronectin, in MS 

lesions correlated with the degree of inflammation (Sobel and Mitchell, 1989; Sobel et 

al., 1995; van Horssen et al., 2005). Strikingly, the expression of hyaluronan and laminin 

is normally developmentally and regionally regulated, whereas Fn is barely present in 

healthy adult human brain tissue, suggesting that following injury a non-physiological 

environment is created that might contribute to remyelination failure.   

As remyelination shares many characteristics of developmental myelination, similar 

signaling events are likely involved. During CNS development, OLG precursor cells 

(OPCs) migrate, proliferate, survive and differentiate according to a precise schedule in 

order to myelinate axons at the appropriate time and place. Indeed, the cellular fate of 

OLGs is dependent on integration of short-range cues from the ECM with longer range 

growth factor signals, allowing precise developmental control of OLG behaviour by both 

adjacent and more distant cellular neighbours (reviewed by Baron et al., 2005; 

Colognato et al., 2005). The ECM molecule, laminin-2 (Ln2), provides OLGs with signals 

for both survival (Frost et al., 1999; Colognato et al., 2002; Baron et al., 2003) and 

myelination (Buttery and ffrench-Constant, 1999; Relvas et al., 2001), and is highly 

expressed within adult white brain matter (Hagg et al., 1997; Tian et al., 1997; Powell et 

al., 1998; reviewed by Colognato et al., 2005). In fact, laminin expression is observed on 

the axonal surface of developing neurons (Colognato et al., 2002). Moreover, in dy/dy 

mice, Ln2 (merosin) deficiency results in the reduction of the pool of maturing OLGs 

(Chun et al., 2003), while in humans, merosin deficiency leads to white matter brain 

changes (Farina et al., 1998; Mercuri et al., 2001) These studies emphasize the 

importance of Ln in myelinogenesis. In contrast, ‘pathological’ Fn retards morphological 

differentiation of OLGs (Buttery and ffrench-Constant, 1999; Maier et al., 2005; Šišková 

et al., 2006 (chapter 3)). In particular, Fn prevented activation of MMP-9 along the 

primary processes, precluding process outgrowth but not elongation of the primary 
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processes (Šišková et al., submitted (chapter 4)). Furthermore, Fn interferes with myelin 

biogenesis by impeding myelin-sheet directed intracellular vesicular transport (Šišková 

et al., 2006 (chapter 3)), and by interfering with membrane microdomain formation 

(Baron et al., 2002; Maier et al., 2005), relevant as signaling platforms in controlling 

myelination (Kramer et al., 1999; Decker et al., 2004; Baron et al., 2005; Gielen et al., in 

press). Thus, the finding that OLG myelination is highly dependent on the ECM 

environment has important implications for studies of the CNS response to injury. 

Although several studies (Buttery and ffrench-Constant, 1999, Maier et al., 2005, 

Šišková et al., 2006 (chapter 3), Šišková et al., submitted (chapter 4)) imply that Fn 

inhibits myelination in vitro, a convincing correlation between Fn and remyelination 

failure following CNS injury has not been established.  In the present study, we show 

that in both lysolecithin-induced demyelinated lesions and MS lesions, accumulated Fn 

inhibited remyelination, despite the presence of myelination-promoting Ln. Using an in 

vitro assay, we show that Fn inhibits Ln2-mediated myelination. Moreover, Fn clearance 

in the lysolecithin-induced lesions preceded remyelination. Accordingly, persistent Fn 

deposition in MS lesion could be one of the reasons for the failure of remyelination 

strategies in MS. Therefore, strategies to promote remyelination in both demyelinating 

and neurodegenerative diseases should aim at eliminating or preventing Fn or Fn-

mediated signaling.  

 

Materials and Methods  

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, penicillin/streptomycin were 

from GIBCO BRL (Life technologies, Paisley, Scotland). Fetal calf serum (FCS) was 

from Bodinco (Alkmaar, the Netherlands). FGF-2 and PDGF-AA were purchased from 

Peprotech (Rocky Hill, NJ).All other chemicals were supplied by Sigma Chemical Co. 

(St. Louis, MO).  

 

Antibodies 

The R-mAb hybridoma (Ranscht et al., 1982) was a kind gift of Guus Wolswijk (NIBR, 

Amsterdam, the Netherlands). The monoclonal antibody anti-MBP was purchased from 

Sternberger Monoclonals Incorporated (Lutherville, Maryland). Monoclonal anti-MAP2 

antibody and anti-Iba1 antibody were from Sigma (Missouri) and Wako Pure Chemical 

Industries (Japan), respectively. The polyclonal anti-fibronectin antibody and anti-laminin 

antibody were purchased from Chemicon International (Temecula, CA) and GibcoBRL 

Life Technologies (Ontario, Canada), respectively. The anti-laminin 1+2 polyclonal 

antibody was obtained from Abcam. Cy3, FITC and TRITC-conjugated antibodies were 

obtained from Jackson Immunoresearch Laboratories, Inc. (West Grove, PA). The Alexa 

Fluor 488-conjugated antibodies was purchased Molecular Probes (Oregon, MN).  
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Surgery 

Six to 8 week old adult male C57 Bl/6 mice (Charles Rivers) were anesthetized 

intraperitoneally with a mixture of ketamine (100 mg/ml) and xylazine (10 mg/ml). A 1.5 

µl solution containing 1% D-lysophosphatidylcholine (lysolecithin) was injected over 3 

min into the dorsal column of the T3-T4 spinal cord segment using a 32 G needle 

attached to a 5 µl Hamilton syringe. The needle was left in the spinal cord for additional 

2 minutes to prevent backflow of the lysolecithin. Between 3 and 21 days after the 

operation the mice were deeply anaesthetized and perfused transcardially with saline 

followed by 4% paraformaldehyde (PFA) solution. Spinal cords were exposed, dissected 

out and immersed in 4% PFA solution for overnight fixation followed by 30% sucrose for 

3 days. The site of lysolecithin injection was identified by blue discoloration made by 

liquid bluing, which was applied during surgery after the lysolecithin injection. The T3 

and T4 spinal cord segments were separated as one block using a scalpel blade. Ten 

µm frozen sections were cut on the Leica Cryostat (Leica Instruments GmbH, Nusslock, 

Germany), immediately mounted onto slides and stored at –20°C.  

 

Autopsy material 

MS samples were collected at autopsy and were then stored frozen. Blocks were cut, 

and the presence of demyelination was assessed by luxol fast blue staining (see 

staining), such identified blocks were then used for ECM staining.  

Cell Cultures 

Human fetal neuron cultures 

Isolation and culturing of neurons have been performed as described by Giuliani et al., 

2003. Brain and spleen tissues from human fetuses of 10–18 wk fetal age were obtained 

following therapeutic abortion according to guidelines approved by local institutional 

ethics committees. For the preparation of brain cell cultures, 5–15 g of brain tissue diced 

into fragments of �1 mm with a pair of scalpels was incubated in 40 ml volume for 15 

min at 37°C with 0.25% trypsin and 200 µg/ml DNase I in phosphate buffered saline 

(PBS). The suspension was then washed through a filter of 130 µm pore size, and the 

filtrate was centrifuged at 1200 rpm for 10 min. The cell pellet was resuspended in PBS 

and centrifuged. Following a final washing step in feeding medium (see below), the pellet 

was suspended in feeding medium and cells were plated into T75 flasks coated with 10 

µg/ml polyornithine. Plating density was 50 million cells in 25 ml of medium. Feeding 

medium was MEM-supplemented with 10% FBS, 20 µg/ml gentamicin, 0.1% dextrose, 

1x nonessential amino acids, 10 µM glutamine, and 1 mM sodium pyruvate. All medium 

constituents were from Life Technologies. To obtain neuron-enriched cultures, cells in 

the T75 flasks were subjected, immediately upon seeding, to 3 cycles of 25 µM cytosine 

arabinoside to kill dividing astrocytes. Each cycle consisted of 2 days of treatment with 
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cytosine arabinoside, followed by 3 days of non-cytosine arabinoside containing feeding 

medium. Neuron-enriched cultures, in excess of 90% purity and containing <5% of 

astrocytes, were then plated onto 16-well Lab-tek (Nunc, Naperville, IL) slides at a 

density of 50,000 cells per 100 µl of medium per well.  

 

Primary rat oligodendrocyte cultures 

Primary OLG cultures were isolated from 1-3 day old Wistar rats as described previously 

(Baron et al., 2002, Maier et al., 2005). Briefly, rats were decapitated, forebrains were 

collected and by mechanical and enzymatic (papain) digestion a single cell suspension 

was obtained. Cells were cultured in DMEM, supplemented with 10% FCS, L-glutamine, 

penicillin and streptomycin for 10-14 days on PLL-coated tissue culture flasks (Nalge 

Nunc, Naperville, IL). OPCs, growing on top of an astrocyte monolayer, were then 

isolated by a shake off procedure (McCarthy and de Vellis, 1980). After a 1hr pre-shake 

to remove contaminating microglia, flasks were shaken overnight at 240 rpm on an 

orbital shaker. The floating OPCs obtained by this procedure were further purified via 

differential adhesion. Isolated OPCs were plated on Fn (10 µg/ml), Ln2 (10 µg/ml), 

mixed Fn/Ln2 (both 10 µg/ml) or ‘Fn on top of Ln2’ (both 10 µg/ml) precoated 8 well 

chamber slide (15.000 cells/well) for immunocytochemical studies. Tissue culture 

plastics were pre-coated for at least 3 hrs at 37ºC. A previous study by Milner and 

Campbell (2002) showed that a mixture of Fn and Ln does not interfere with either 

deposition on the culture dish, as we confirmed with immunostaining (data not shown). 

After plating, the enriched OPCs were synchronized in SATO medium (Maier et al., 

2005), containing PDGF-AA (10 ng/ml) and FGF-2 (10 ng/ml) for 2 days. Differentiation 

was induced by growth factor withdrawal and cells were grown for 7 days in SATO 

medium supplemented with 0,5 % FCS with medium changes twice a week.  

 

Human astrocyte cultures 

Human fetal astrocytes were prepared essentially as described in Vecil et al. (2000).  

Briefly, the initial mixed culture of neurons, astrocytes and other cell types contained 

within the T75 flasks were subjected to 4 trypsinizations over 2 – 3 weeks, resulting in 

the selective loss of neurons and in astrocytes of over 95% purity as assessed using 

immunohistochemistry for glial fibrillary acidic protein (Vecil et al., 2000).  

 

Histological and immunocytochemical analysis 

 

Luxol fast blue staining of tissue sections 

Sections were stained for myelin using Luxol fast blue (Solvent blue 38). Briefly, 

sections were left at room temperature for 15 min, washed in PBS for 10 min, incubated 
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in the solvent blue solution for 3 hrs at 60°C, destained with 0.05% lithium carbonate, 

and counterstained with hematoxilin/eosin.  

 

Immunohistochemistry of mouse spinal cord and human tissue 

Fluorescent immunohistochemistry was performed on slides containing sections of 3, 7, 

and 21 d lysolecithin postinjured mouse spinal cord sections, or human tissue. Briefly, 

slides were removed from - 20°C and allowed to warm up to room temperature by 

incubating for at least 15 min in PBS and permeabilized by incubation for 30 min in 

0.25% Triton-X 100 in PBS. After three 5 min washes in PBS, slides were incubated in 

blocking solution (10% fetal calf serum in MEM, 10% goat serum and 2% horse serum) 

for minimum 1 hr at room temperature. Slides were afterwards incubated overnight at 

4°C with primary antibodies (MBP 1:500, Iba1 1:250, fibronectin Ab-3 1:100, monoclonal 

fibronectin 1:40, laminin 1:50). After overnight incubation, slides were washed two times 

for 5 minutes in PBS and incubated for 1 hr at room temperature with Cy3-conjugated 

goat anti-mouse IgG secondary antibody (1:400) and Alexa Fluor 488 goat anti-rabbit 

IgG secondary antibody (1:400). Slides were then washed two times for 10 minutes in 

PBS, mounted and stored for 30 minutes at 4°C before observing using an Olympus 

confocal microscope. 

 

Immunohistochemistry of cultured human neurons  and astrocytes 

In general, cells were fixed in 4% ice-cold PFA for 20 minutes and twice washed with 

PBS. Cells were permeabilized for 10 minutes with 0.1% Triton X-100 in deionized water 

and washed with PBS for 2 minutes. Then cells were incubated for 30 minutes at room 

temperature in blocking solution (as described above). Primary antibodies (MAP-2 

1:5000, fibronectin (monoclonal) 1:40, laminin 1:50) were applied as described above 

and incubated overnight at 4°C. After 5 min washes in PBS, slides were incubated with 

Cy3-conjugated goat anti-mouse IgG secondary antibody and Alexa Fluor 488 goat anti-

rabbit IgG secondary antibody as described above, followed by three times 5 min 

washes in PBS. Cells were mounted and stored as described above and photographed 

using fluorescence microscope Leica DM RBE. Images were acquired by a Spot digital 

camera with computer-imaging program (Image-Pro Plus). To examine ECM molecules 

deposited by human primary neurons and astrocytes in culture, cells were lysed using 

deionized water at 37°C for 1hr. After all cells were removed, ECM layer was rinsed with 

PBS and incubated for 1 hr at room temperature with blocking solution, and stained as 

described above. An identical staining procedure was performed on empty PLL -coated 

slides as a negative control. 
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Primary oligodendrocytes  

Antibody staining of cell surface components was performed on live cells at 4°C. After 

blocking aspecific binding with 4% BSA in PBS for 10 min, primary OLGs were 

incubated with R-mAb (1:10; Ranscht et al., 1982) for 30 min, washed three times with 

PBS and incubated for 25 min with TRITC-conjugated goat-anti-mouse 1:50. The cells 

were fixed with 4% PFA in PBS for 20 min at room temperature (RT). After washing with 

PBS, the nuclei were stained with DAPI. Staining of Fn and Ln was performed on fixed 

and permeabilized cells as described above. Cells were covered with 2.5% 1, 4-

diazobicyclo[2.2.2]octane (DABCO) in 90 % glycerol/ 10% phosphate buffered saline, to 

prevent image fading. The cells were analyzed with a conventional fluorescence 

microscope (Olympus ProVis AX70) equipped with analySIS software. Data were 

processed using Adobe Photoshop 7.0 software. Differences in morphology were 

analyzed by scoring R-mAb positive OLG morphology either as moderate (1) or complex 

(2). Typical cells resembling these morphological criteria are shown in figure 4E. At this 

developmental stage, i.e. 7 days of differentiation, hardly any R-mAb myelin sheets are 

observed on either ECM substrate.  At least 500 cells from at least 4 independent were 

analyzed. Data are expressed as mean ± SE, and statistical analysis was performed 

using the Student’s t-test (* p<0.05, ** p<0.01, *** p<0.001). 

 

Results 

 

Fibronectin deposits in MS lesions are correspondent with lack of myelination  

ECM cues have attracted considerable attention in many diseases of the CNS (Morgan 

and Inestrosa, 2001; van Horssen et al., 2002, 2005; Alldinger et al., 2006). To assess 

whether changes in the ECM environment could be  associated with remyelination 

failure in MS lesions, serial sections of cervical spinal cord MS lesions and normal 

appearing white matter (NAWM) from corpus callosum were co-immunolabeled for MBP, 

a major myelin protein, and either Fn or Ln (fig.1). 

 
Figure 1. Expression of fibronectin and laminin in NAWM and MS lesions. Normal 
appearing white matter (NAWM) (A-C and G-I) and MS lesions (D-F, J-L) were analyzed for 
expression of ECM proteins fibronectin (B, E) and laminin (H, K)  together with the myelin marker, 
MBP (A, D, G, J) using confocal microscopy, as described in the Materials and Methods. Note 
that fibronectin expression (E) is significantly elevated within demyelinated MS lesion areas (as  
identified by the loss of MBP staining (D)) as compared to NAWM (B) in demyelinated areas. 
Note that two distinct fibronectin deposits are observed, vasculature associated (arrow) and small 
deposits (arrowhead). In contrast, laminin is present within lesion areas (K), although to a lesser 
extent, as well as in normal appearing white matter (H) and colocalizes with the myelin marker 
MBP both in lesion areas (J) and normal appearing white matter (G), in contrast to fibronectin, 
which was never detected in close proximity to MBP (A, D). 
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Figure 2. Expression of fibronectin in lysolecithin-induced lesions. Lysolecithin (A-C, D-F, 
J-L and M-O) or saline (G-I) were injected into the spinal cord of 6-8 weeks old male mice. 
Sections were analyzed by confocal microscopy for expression of fibronectin (E, H, K and N) 
together with the myelin marker, MBP (D, G, J, M), 3 days (D-F), 7 days (J-L) and 21 days (M-O) 
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after injection. Serial sections were stained with luxol fast blue staining (A, B and C) to confirm 
the MBP staining and visualize the onset of ongoing demyelination and remyelination. Aspecific 
staining of fibronectin to the slide was observed with the anti-Fn antibody. Arrows indicate the 
needle track. Note that fibronectin expression appeared specifically at the period of active 
demyelination, i.e. 7 days after lysolecithin injection (J-L), whereas its clearance precedes 
remyelination (M-O). Fibronectin is hardly, if at all, expressed in saline-injected animals, i.e. no 
lesions are formed (G-I). 
 

 

Demyelinated areas were further assessed by LFB staining. In all lesions examined, 

there was negligible co-localization of Fn (fig. 1E) with MBP (fig. 1D). Note that in normal 

appearing white matter hardly any Fn was present (fig. 1B), whereas in MS lesions, Fn 

accumulation was strongest around capillaries (fig.1E, arrow). Interestingly, small Fn 

deposits were present throughout the lesion (fig.1E, arrowhead).  In contrast to Fn, Ln 

staining (fig. 1H, K), both in NAWM (fig. 1 G-I) and in MS lesions (fig. 1 J-K), was always 

in close proximity of myelin (as assessed by MBP staining). Intriguingly, immunostaining 

showed that although to a lesser extent, Ln is still present in the lesions, suggesting that 

Ln signals are available for OLG progenitors, but apparently insufficient for inducing 

remyelination. Hence, these data corroborate previous studies, showing that Fn 

accumulated in MS lesions, and importantly, that myelin is absent from these areas 

(Sobel and Mitchell, 1989). Since it is difficult in histological sections to determine 

whether Fn deposition directly correlates with an inhibition of remyelination, this issue 

was further addressed in a defined demyelination-remyelination mouse model. 

Therefore, we next examined if in a defined chemical demyelination-remyelination 

mouse model, Fn is deposited and involved in delayed remyelination. 

 

Remyelination in lysolecithin-induced lesions is associated with fibronectin 

clearance  

To examine if Fn inhibits remyelination in vivo, we investigated next the deposition of Fn 

at different time points after lysolecithin-induced injury. Injection of lysolecithin into spinal 

cord in 6-8 weeks old mice leads to formation of local demyelinated lesions, without 

significant axonal loss, followed by subsequent remyelination (Hall, 1973; Blakemore et 

al., 1977; Pavelko et al., 1998). In the current study, mice receiving lysolecithin showed 

loss of LFB (fig. 2 A-C) and MBP staining indicative of demyelination at day 3; this loss 

became more prominent at day 7, but had significantly recovered at day 21 (fig. 2, 

arrows). Strikingly, as in MS lesions, Fn accumulated specifically in the demyelinated 

area at day 7 (fig. 2 J-L). The accumulation was not due to disruption of the blood-brain- 

barrier (BBB), but to lysolecithin treatment, as in the saline injected areas, neither 

demyelination nor Fn staining at the needle track area was observed (fig. 2 G-I). At an 

earlier time point, i.e. 3 days after lysolecithin injection, some Fn was detected, 

suggesting that Fn deposition proceeded in a time-dependent manner. At day 21, 
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significant remyelination had occurred (fig. 2 C, M), with a concomitant reduction of Fn 

deposition (fig. 2 M-O). 

 
Figure 3. Expression of laminin in lysolecithin-induced lesions. Lysolecithin (D-F) or saline 
(A-C) were injected into the spinal cord of 6-8 weeks old male mice. Sections were analyzed  by 
confocal microscopy, 7 days after injection, for expression of laminin (B, E) together with the 
myelin marker, MBP (A, D). Arrows indicate the needle track. Note that laminin is expressed 
within the lesion area (E) and is also abundantly present in saline-injected animals (B). 
 

 
Figure 6. Astrocytes and microglia distribution in lysolecithin-induced lesions.  
Lysolecithin was injected into the spinal cord of 8 weeks old male mice and the presence of 
astrocytes (A) and microglia (B) was analyzed 7 days after injection by immunostaining with 
GFAP and Iba1, respectively. Colocalization of microglia with fibronectin expression (C-E) in 7 
day old lysolecithin-induced lesions was examined as described in Materials and Methods. 
Arrows indicate the needle track. Note, that microglia (E) colocalize with fibronectin deposits in 
lysolecithin-induced lesions (B, E).  
 

 

Ln was still present in the lesions, together with Fn at day 7 (fig. 3 D-F). Indeed, the 

expression of Ln did not significantly alter upon lysolecithin injection, as a similar 

distribution was observed upon saline injection (fig. 3 A-C). Collectively, these data 

suggest that Fn is an inhibitory factor for CNS remyelination, as its elimination correlates 
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with remyelination in vivo. To further address the expression of Fn and Ln in 

myelination, we examined the effect of a mixed Ln/Fn substrate on myelin biogenesis in 

vitro. 

 
Figure 4. Fibronectin precludes laminin directed signals. Morphological differentiation of 
primary rat oligodendrocytes, cultured on laminin-2 (A, Ln2), fibronectin (B, Fn), a laminin-
2/fibronectin mixture (C, Ln2+Fn) or fibronectin, layered on top of laminin-2 (D, Ln2, Fn). Cells 
were examined by immunostaining with R-mAb, as described in Materials and Methods. E. 
Quantification of morphological differentiation on the different ECM substrates, as indicated 
above. The morphological appearance of at least 500 cells, in at least 4 independent 
experiments, were scored and identified as ‘typical Fn’ morphology (1) or as a ‘typical Ln2’ 
complex morphology (2). Data are expressed as means ± SE. Statistical differences with laminin-
2 alone (Ln2) are indicated by asterisks (* p<0.01, ** p<0.05). Note that when fibronectin is 
present, in addition to laminin-2 (C, D), laminin-2 signals for promoting myelination are 
suppressed.  
 

 
Figure 5. Fibronectin and laminin-2 expression in primary rat oligodendrocytes, human 
astrocytes and human neurons. Primary oligodendrocytes (A, D), astrocytes (B, E), and 
neurons (C, F) were analyzed for their ability to express and deposit laminin (A-C) and/or 
fibronectin (D-F) by  immunostaining, as described in Materials and Methods. Note that 
astrocytes are expressing both laminin and fibronectin (B, E) on their surface, whereas neurons 
are only positive for laminin (C) and not for fibronectin (F). In oligodendrocytes, laminin (A) and 
fibronectin (D) are primarily expressed intracellularly in the cell body. 
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Fibronectin prevents laminin-2-mediated myelin membrane formation  

In both MS and lysolecithin-induced lesions, OPCs encounter a mixed ECM, i.e., Ln/Fn, 

environment. Since Ln2 promotes myelin membrane formation (Buttery and ffrench-

Constant, 1999; Chun et al., 2003) whereas Fn retards OLG differentiation (Maier et al., 

2005; Šišková et al., 2006 (chapter 3); Šišková et al., submitted (chapter 4)), we 

examined in vitro the influence of a mixed ECM environment on the morphological 

differentiation of OPCs. In vitro, OPCs tend to clump on Ln1 substrates at the onset of 

myelination (unpublished observations), while Ln2 enhances myelination. We therefore 

used Ln2 for these experiments. Primary rat OPCs cultured on Fn alone, Ln2 alone or a 

mixed solution of Ln2 and Fn were allowed to differentiate for 7 days. Morphological 

differentiation was examined by immunofluorescence staining with the OLG specific cell 

surface marker R-mAb (fig. 4), which detects the myelin-typical galactosphingolipids, 

galactosylceramide and sulfatide (Ranscht et al., 1982). OLGs were scored either as 

cells with a moderate morphology (fig. 4 E (1)), typically observed when exposed to Fn, 

or as  cells with a more complex morphology (fig. 4 E (2)), characteristic for OLGs 

cultured on Ln2. As shown in figure 4, morphological differentiation of OLGs is 

enhanced on Ln2 (fig. 4A) as compared to Fn (fig. 4B). On a mixed Ln2/Fn substrate 

(fig. 4C), the morphology of OLGs resembled the morphology of cells exposed to Fn 

alone (fig. 4B). Similarly, when Fn was layered on top of an Ln2 substrate, a situation 

that could be valid in MS lesions and lysolecithin-induced lesions, the morphology of the 

cells is similar to the morphology on Fn alone. Quantitative analysis confirmed these 

results (fig. 4E), corroborating the finding that Fn dominated Ln-derived signaling. 

Having determined that Fn prohibited Ln-mediated myelin-like formation in vitro, we next 

examined the source of Fn deposition upon injury.  

 

Astrocytes deposit fibronectin 

Since the Fn accumulation in the lysolecithin model appeared not to be due to disruption 

of the BBB (fig. 2 G-I), we next determined whether neural cell type(s) contributed to the 

altered ECM environment upon injury. Thus, cellular expression and extracellular 

deposition of Fn and Ln by primary astrocytes, neurons and OLGs were studied by 

immunocytochemical analysis. As shown in figure 5 primary rat OLGs express Ln (fig. 

5A) and Fn (fig. 5D) in vitro; expression is primarily intracellular, confined to the cell 

body rather than localized at the cell surface. Indeed, cell lysis revealed that OLG are 

not able to deposit Fn and Ln at these culture conditions (data not shown).  However, 

primary human neurons do express Ln, but not Fn, on their surface (fig. 5C and 5F, 

respectively) and actively deposit Ln (data not shown). Interestingly, astrocytes possess 

the ability to synthesize and deposit both Ln and Fn in vitro (fig. 5B and 5E). These data 

therefore suggest that astrocytes are likely primary candidates for causing Fn 

accumulation in demyelinated areas. Consistent with this notion, we found that 
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astrocytes are relatively enriched in lysolecithin-induced lesions (fig. 6A). Interestingly, 

microglia, as reflected by the marker, Iba1, were also enriched in the lysolecithin-lesion 

area (fig. 6B), and appeared to be associated with the Fn deposits (fig. 6C-E). As 

microglia do not secrete Fn in considerable amounts (data not shown), these data 

suggest that accumulated Fn attracts or activates microglia, thereby contributing to early 

lesion pathology. Together the data thus indicate that neurons and astrocytes may act 

both as a source for Ln in the CNS, whereas astrocytes are responsible for Fn deposits, 

observed upon CNS injury.   

 

Discussion 

 

Remyelination is a crucial factor for functional neurological recovery in demyelinating 

and neurodegenerative diseases. Incomplete remyelination, as occurs in lesions of MS 

patients, will be eventually devastating, and damage axonal connections. An 

unfavourable signaling microenvironment, due to an altered ECM composition, likely 

contributes to remyelination failure (Back et al., 2005; Sobel, 1998, 2001). In the present 

study, we detected the ECM molecule fibronectin in areas of demyelination, both in 

inflammatory-mediated MS lesions and in chemical-induced lesions in mice, and this 

apparently competed with the functions of another ECM component, laminin. Indeed, 

Fn-mediated myelination-inhibiting signals appeared dominant over Ln-mediated 

(re)myelination-promoting signals. Thus, strategies aimed at interfering with Fn 

deposition in MS lesions may improve the capacity for remyelination.   

Following injury, an altered ECM often contributes to the observed pathologies. In the 

CNS, upregulation of the expression of the resident ECM molecules, such as laminin 

(Liesi et al., 1984; Frisen et al., 1995, Giftochristos and David, 1988), fibronectin (Egan 

and Vijayan, 1991; Pasinetti et al., 1993; Jones et al., 1996; Sobel, 1998, 2001), 

hyaluronan (Back et al., 2005) and HSPGs (Giftochristos and David, 1988) has been 

reported. In the present study an increased Fn deposition around blood vessels was 

observed in MS lesions, corroborating previous observations (Sobel and Mitchell, 1989; 

Sobel, 1998, 2001; van Horssen et al., 2005). Intriguingly, we observed two different 

distribution patterns for Fn, as revealed by immunocytochemical staining. Thus, next to 

typical vasculature localization, Fn was also detectable as small deposits, distributed 

throughout the lesions. This latter type of Fn deposits was also observed in lysolecithin-

induced lesions and these findings may hint to different cellular sources of Fn 

accumulation. Staining around the capillaries would be consistent with the entry of 

blood-derived Fn as a consequence of the leukocyte-mediated disruption of the BBB. 

Indeed, serum contains high levels of Fn, but not Ln (Felding-Habermann and Cheresh, 

1993), which will become available to the CNS upon local BBB damage, a hallmark of 

MS pathology. In contrast, the small Fn deposits in MS lesions and in lysolecithin-
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induced lesions are probably due to synthesis and secretion by cellular sources within 

the CNS, induced by inflammation, since there was no detectable Fn in saline-injected 

animals where minimal demyelination or leakage of blood exclude occurred. Indeed, the 

results suggest a role for astrocytes in the origin of the small deposits since Fn is 

actively deposited by primary human astrocytes in vitro. Astrocytes also secrete Ln, 

which is also present at demyelinated lesions. Previous work has implicated ECM 

deposition by astrocytes as well, including Fn (Price and Hynes, 1985; Liesi et al., 1986; 

Oh and Yong, 1996), and Ln (Liesi et al., 1983; Liesi and Silver, 1988).  Although OLGs 

also synthesize Fn, this source is less likely since expression is mainly intracellularly, 

and deposits have not been observed in vitro. However, an involvement of OLGs in Fn 

deposition upon injury cannot entirely be excluded since deposition of other ECM 

proteins may occur upon injury, as reported for the chondroitin sulfate proteoglycans 

versican, phosphocan and neurocan (Asher et al., 2000, 2002). Therefore, it would be 

interesting to examine ECM deposition of CNS cells, including astrocytes and OLGs, 

upon conditions mimicking injury, an approach which is currently undertaken in our 

laboratory. Taken together, these findings suggest that astrogliosis as observed in 

chronic MS lesions together with BBB damage could contribute to persistent Fn 

deposition and limited Fn clearance in MS lesions and in this manner cause 

remyelination failure. In contrast, lysolecithin-induced lesions may retain the capacity to 

degrade Fn deposits which is accompanied by subsequent remyelination. Why 

clearance of the Fn deposits in MS lesions is limited remains to be determined, and 

requires detailed studies of the mechanism of Fn clearance in the CNS. Evidently, such 

studies should be an intricate part of approaches aimed at developing novel strategies in 

promoting remyelination as a therapeutic tool in MS.  

During CNS development, Ln2 facilitates myelination (Relvas et al., 2001; Chun et al., 

2003). Interestingly, we observed the presence of Ln in both MS lesions and 

lysolecithin-induced lesions. However, inhibition of myelination by Fn might have 

dominated over the potential of Ln to promote remyelination. Indeed, when OPCs were 

plated on a mixed Fn/Ln2 substrate, morphological differentiation was severely retarded, 

resembling morphological differentiation on Fn alone. This observation is, however, in 

contrast to a previous study by Buttery and ffrench-Constant (1999), demonstrating that 

on a mixed Fn/Ln2 substrate, Ln2 signals dominate over Fn inhibitory signals. Different 

culture conditions, i.e., a 2.5 fold higher concentration of Fn and Ln, higher cell density 

and a different method of analysis, might account for these differences. Indeed, at 

higher cell densities or at a higher Fn concentration the effect of Fn appeared less 

pronounced under our culture conditions. Interestingly, these findings suggest that Fn 

myelination-inhibitory effects could be overcome, a promising observation in light of 

remyelination-based therapies. Our study does not identify the mechanism as to how Fn 

overrides Ln-mediated signaling. However, in vitro Fn interferes with the assembly of 
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membrane microdomains (Baron et al, 2002; Maier et al., 2005), localization of MMP-9 

activity (Šišková et al., submitted, chapter 4), and myelin sheet-directed traffic pathways 

in OLGs (Šišková et al., 2006, chapter 3). 

Taken together, our data support the notion that Fn is a key molecule that is negatively 

involved in remyelination failure upon CNS injury. Demyelination is correlated with Fn 

accumulation, whereas its clearance preceded remyelination. Continuous deposition or 

inadequate clearance might provide the basis for persistent Fn deposits in MS lesions 

along with reduced remyelination. Thus, strategies aimed at degradation, prevention or 

overcoming the inhibitory signal of Fn deposits might be an attractive approach to 

improve remyelination in MS, as well as in neurodegenerative diseases. 
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Abstract 

 

Differentiation of oligodendrocytes results in the formation of the myelin sheath, a 

dramatic morphological alteration that accompanies cell specialisation. Here, we 

demonstrate that changes in the extracellular microenvironment may regulate these 

morphological changes by altering intracellular vesicular trafficking of myelin sheet-

directed proteins. The data reveal that fibronectin, in contrast to laminin-2, decreased 

membrane directed transport of endogenous NCAM 140 and the model viral protein 

VSV G, both proteins normally residing in the myelin membrane. The underlying 

mechanism relies on an integrin-mediated activation of PKC, which causes stable 

phosphorylation of MARCKS. As a result, dynamic reorganization of the cortical actin 

cytoskeleton necessary for the targeting of vesicular trafficking to the myelin sheet is 

precluded, a prerequisite for morphological differentiation. These data are discussed in 

the context of the demyelinating disease multiple sclerosis, i.e., that leakage of 

fibronectin across the blood brain barrier may impede myelination by interference with 

intracellular myelin sheet-directed membrane transport. 
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Introduction  

 

Cellular differentiation is often associated with morphological alterations, including 

changes in cell surface membrane structure and organization. Such changes may 

involve the formation of small membrane protrusions, such as the sprouting of microvilli, 

but also  the biogenesis of extensive membrane structures, like myelin, which are 

formed upon differentiation of oligodendrocytes (OLGs) in the central nervous system. 

The formation of the myelin sheath and its wrapping around axons, necessary for 

mediating rapid and saltatory nerve impulse conduction, is an extreme example of cell 

specialisation, and depends on a dramatic increase in total cell surface area. Although 

myelin is still continuous with the oligodendroglial plasma membrane, both membrane 

domains display major differences in molecular composition (Podulso, 1981, Norton and 

Cammer, 1984, Deber and Reynolds, 1991). In fact, OLG may be regarded as polarized 

cells, like (polarized) epithelial and neuronal cells, with myelin sheaths as specialized 

subdomains of their plasma membranes (de Vries and Hoekstra, 2000, Kroepfl and  

Gardiner, 2001). Indeed, in parallel with apical and basolateral sorting in epithelial cells, 

our previous work (de Vries et al., 1998) revealed that vesicle-mediated delivery of 

myelin specific membrane proteins to the ‘myelin’ sheet, which is the in vitro equivalent 

of the non-compacted myelin sheath in vivo, shows typical properties of a basolateral-

like trafficking mechanism whereas transport to the OLG plasma membrane shows 

features typical of an apical-like transport mechanism. During differentiation, myelin 

sheets are further locally 'polarized', presumably during compaction of the myelin 

membrane layers, as evidenced by the gradual acquirement of distinct molecular 

compositions of membrane subdomains within the sheet, thus adding to the potential 

complexity of traffic regulation in OLG (de Vries and Hoekstra, 2000, Kroepfl and 

Gardiner, 2001, Kramer et al., 2001).  

However, little is known about how de novo myelin assembly and/or transport during 

maintenance are regulated. Previous work revealed that protein kinase C (PKC) 

activation inhibits morphological differentiation of OPCs (oligodendrocyte precursor 

cells) (Baron et al., 1999), implying that regulation of trafficking could involve activation 

or downregulation of PKC-mediated signaling pathways. Along such a mechanism, 

several extracellular cues might be envisioned as regulating factors in the onset of 

myelination. For example, fibroblast growth factor (FGF) completely blocks myelin sheet 

formation in OPCs, possibly via a PKC-dependent block in membrane traffic and 

inhibition of myelin gene expression (McKinnon et al., 1990, Asotra and Macklin, 1993, 

Baron et al., 2000). In contrast, the extracellular matrix (ECM) substrate, laminin-2, 

which is present on axons (Colognato et al., 2002), may promote myelin membrane 

formation, and its receptor, α6β1 integrin, appears to be instrumental in this process, as 

both anti β1 blocking antibodies and a dominant-negative approach inhibited laminin-
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mediated myelination (Buttery and ffrench-Constant, 1999, Relvas et al., 2001). 

Interestingly, fibronectin, another ECM macromolecule, severely delays or even inhibits 

myelin sheet formation (Buttery and ffrench-Constant, 1999, Maier et al., 2005), 

suggesting a negative role of αv integrins, the only known fibronectin receptors present 

in OLGs. Intriguingly, fibronectin, absent in adult brain at normal conditions, enters the 

tissue upon disruption of the blood-brain-barrier at pathological conditions (Inoue et al., 

1997), which occurs during multiple sclerosis, a demyelinating disease (Sobel and 

Mitchell, 1989).  

Here, we have investigated whether ECM molecules such as laminin and fibronectin 

regulate intracellular vesicular traffic pathways of sheet-directed proteins in primary OLG 

cultures and an OLG-derived cell line, OLN 93. We show that fibronectin abrogates 

transport to the myelin sheet by activating an integrin β1-PKC-MARCKS-actin signaling 

pathway, thereby inhibiting morphological differentiation of OLGs and hence, 

myelination. 

 

Materials and Methods 

 

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, penicillin/streptomycin were 

from GIBCO BRL (Life Technologies, Paisley, Scotland). Fetal calf serum (FCS) was 

obtained from Bodinco (Alkmaar, The Netherlands). PDGF-AA and FGF-2 were from 

Peprotech (Rocky Hill, NJ). Nonidet P40 (NP40) was purchased from Fluka BioChemica 

(Buchs, Zwitserland). Phorbol-12-myristate-13-acetate (PMA) and bisindolylmaleimide I 

(BIM) were obtained from Calbiochem-Novabiochem Corporation (La Jolla, CA). 

Paraformaldehyde (PFA) was supplied by Merck (Darmstadt, Germany). Sulfo-NHS-LC-

Biotin was obtained from Pierce (Rockford, IL). Streptavidin–agarose was obtained from 

Upstate Lake Placid (New York, NY). Protease inhibitor cocktail tablets (Complete Mini) 

were obtained from Roche Diagnostics GmbH (Mannheim, Germany). All other 

chemicals were supplied by Sigma Chemical Co. (St. Louis, MO).  

 

Antibodies 

Polyclonal anti-rat-MARCKS antibody was a kind gift from Dr. Angus Nairn, New York, 

NY (Albert et al., 1986). Anti-VSV-G (IgG1) and anti-NCAM 140/180 (IgG2b) were 

purchased from Sigma Chemical Co. (St. Louis, MO).  Anti-integrin β1 (CD29, Ha2/5, 

Hamster IgM) and anti-integrin β3 (CD61, F11, mouse IgG1) were supplied by BD 

Biosciences PharMingen. Anti-β5 integrin (P1F6, mouse IgG1) was purchased from 

Chemicon (Temecula, Ca). FITC- and TRITC-conjugated antibodies were obtained from 

Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Secondary HRP-
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conjugated antibodies were provided by Amersham Biosciences (Buckinghamshire, 

UK). 

 

Cell culture 

The oligodendroglia derived cell line OLN 93, a kind gift of Dr. Christiane Richter-

Landsberg (Richter-Landsberg and Heinrich, 1996), were cultured in DMEM 

supplemented with 10% heat-inactivated FCS, L-glutamine, and the antibiotics penicillin 

and streptomycin (proliferation medium). Cells were trypsinized when they reached 

near-confluency and experiments were performed with passage 26-38. To test the effect 

of ECM components, the cells were cultivated on pre-coated poly-l-lysine (PLL, 5 µg/ml), 

laminin-2 (Ln2, 10 µg/ml) or fibronectin (Fn, 10 µg/ml) tissue culture flasks (Corning 

Incorporated Corning, NY). Flask were pre-coated for at least 3 hrs at 37ºC. For 

immunocytochemical studies cells were grown overnight on Lab-Tek chamber slides 

(Nalge Nunc) at a density of 10,000-15,000 cells per well. For the biochemical assays, 

cells were plated at a density of 1x106 cells per dish and grown for 24 hrs. Cells used for 

PKC experiments were plated at a density of 500,000 cells/dish and grown on ECM 

coated dishes for 36 hrs or three days. 

 

Primary oligodendrocyte culture  

Primary mixed brain cell cultures were isolated from 1-3 day old Wistar rats as described 

previously (Baron et al., 2002). Briefly, rats were decapitated, forebrains were collected 

and by mechanical and enzymatic (papain) digestion a single cell suspension was 

obtained. Cells were cultured in DMEM, supplemented with 10% FCS, L-glutamine, 

penicillin and streptomycin for 10-14 days on PLL-coated tissue culture flasks (Nalge 

Nunc, Naperville, IL). OLG progenitors, growing on top of an astrocyte monolayer, were 

then isolated by a shake off procedure (McCarthy and de Vellis, 1980). After a 1hr pre-

shake to remove contaminating microglia, flasks were shaken overnight at 240 rpm on 

an orbital shaker. The floating OLG progenitor cells obtained by this procedure were 

further purified via differential adhesion. Enriched OLG progenitors were synchronized in 

SATO medium (Maier et al., 2005), containing PDGF-AA (10 ng/ml) and FGF-2 (10 

ng/ml) for 2 days. Differentiation was induced by growth factor withdrawal and cells were 

grown for 9 days (mature myelinating stage) in SATO medium supplemented with 0,5 % 

FCS with medium changes twice a week.  

 

Immunocytochemical studies 

Cells were first gently fixed with 2% paraformaldehyde (PFA) in phosphate buffered 

saline (PBS) for 15 min at room temperature (RT), followed by 4% PFA for 15 min at RT, 

after which they were permeabilized and blocked with 0.1% Triton X-100 and 10% FCS, 

respectively for 30 minutes at RT. Incubation with the primary antibody (MARCKS 1:100, 
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VSV G 1:50, NCAM 140/180 1:50) was then carried out for 30 min in the presence of 

0.1% Triton X-100 and 2.5% FCS. This was followed by a wash and incubation for 

another 25 min with the appropriate fluorescently-conjugated secondary antibodies 

(FITC- and TRITC-conjugated antibodies 1:50-1:75). For actin filament staining, cells 

were fixed and permeabilized, and incubated for 30 min at RT with TRITC-labeled 

phalloidin (1 �g/ml). Nuclei were stained with DAPI. Mounting medium (1 mg/ml DABCO 

in 90% glycerol) was added to prevent image fading. The cells were analyzed with either 

a conventional fluorescence microscope (Olympus ProVis AX70) or a Leica TCS SP2 

confocal system (Leica DMRXE microscope). Data were processed using Paint Shop 

Pro or Adobe Photoshop 7.0 software.   

 

Western blot analysis 

The cells were washed three times with PBS and harvested by scraping into PBS. Cells 

were centrifuged at 10.000 rpm at RT and pellets were lysed in TNE-lysis buffer (50mM 

Tris-HCL, 5mM EDTA, 150 mM NaCl, 1% Triton X-100 and protease inhibitor cocktail). 

Protein determination was performed by a Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories, Hercules, CA), using BSA as a standard. Equal amounts of protein were 

mixed with 2x reducing SDS sample buffer, heated for 5 min at 98ºC and applied onto 

10 % SDS-polyacrylamide gels. Proteins were transferred to a nitrocellulose membrane 

using a semi-dry blotting system for 1 hr (Bio-Rad, Hercules, CA) using a glycine-Tris-

methanol buffer. The membranes were rinsed with Tris-buffered saline (TBS) and 

incubated for 1 hr at RT in blocking solution (5% nonfat dry milk in TBS). After washing, 

the membranes were incubated overnight with primary antibody (VSV G 1:1000, NCAM 

140 1:250) in 1% nonfat dry milk in TBS containing 0.1% Tween 20 (incubation). The 

membranes were washed three times with TBS containing 0.1% Tween 20 (wash buffer) 

and incubated for 2 hrs with appropriate HRP-conjugated antibodies 1:2000) in 

incubation buffer and washed three times afterwards with wash buffer. Signals were 

detected by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech), 

scanned and processed using Paint Shop Pro and quantified with Scion Image software. 

To statistically analyze the data, PLL was set at 100% and Ln2 and Fn samples were 

determined as a percentage of this. Statistical analysis was performed using the 

appropriate Student’s t-test. Values are expressed as means ± standard error of the 

mean (SEM). In all cases a p-value ≤ 0.05 was considered significant. 

 

Viral infection   

OLN 93 cells grown in proliferation medium were infected as described previously (de 

Vries et al., 1998). OLN 93 cells were infected when grown on non-coated tissue culture 

flasks, i.e. in the absence of any substrate for cell adhesion in order to prevent the effect 

of ECM substrates on the uptake of viral particles. Briefly, cells were infected for 1 hr at 
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37ºC with VSV virus (VSV strain San Juan A, a kind gift of Dr. Peter Rottier, Utrecht, 

The Netherlands) in serum-free culture medium, pH 6.8, without CO2 . Then the virus 

was removed, fresh culture medium of pH 7.4 added, and the cells were incubated for 

an additional 1 hr at 37ºC and 5% CO2 in the absence of FCS. After this, cells were 

trypsinized and plated on tissue culture dishes pre-coated with Fn, PLL and Ln2, and 

kept for 24 hrs at 37ºC and 5% CO2  in serum-free medium. The PKC inhibitor BIM (0.5 

µM),  PKC activator PMA (200 nM)  and the integrin functional blocking antibodies (10 

µg/ml) were added immediately after cell trypsinization to the cell suspension and 

incubated for 30 min at 37ºC and 5% CO2 in serum-free conditions, i.e. prior to plating 

on the different ECM substrates.  

Primary OLG cultures were infected with VSV at the mature myelinating MBP stage as 

described above, except that SATO medium (pH 6.8) containing 0% serum was used for 

infection. After 1 hr, the SATO medium was refreshed, readjusted to standard pH, and,  

cells were incubated for 5-6 hrs at 37ºC and 5% CO2 in the absence of serum. 

  

PKC activation assay 

A non-radioactive assay from Promega Corporation (Madison, WI) was used for 

detection of PKC activity. Briefly, cells were plated on the different substrates and the 

assay was carried out after approx 36 hrs or 3 days, according to the manufacturer’s 

instructions. The cells were scraped in 1 ml of PBS, centrifuged at 7000 rpm, and the 

pellets were solubilized with TNE lysis buffer. Equal amounts of protein (60 �g) were 

loaded onto agarose gels and separated according to the electric charge of the 

fluorescent peptide, used as the PKC specific substrate that acquires the charge based 

on its phosphorylation. Gels were visualized under UV; pictures were scanned using 

Paint Shop Pro and quantified with Scion Image Software. To statistically analyze the 

data, PLL was set at 100% and Ln2 and Fn samples were determined as a percentage 

of this. A Student’s t-test was applied for analysis. Values are expressed as means ± 

standard error of the mean (SEM). In all cases a p-value ≤ 0.05 was considered 

significant. 

 

Surface biotinylation assay 

Cells were washed twice with cold PBS and incubated with 0.1 mg/ml sulfo-NHS-LC-

biotin for 25 min at 4ºC. Cells were washed three times for 2 min with cell wash buffer 

(65 mM Tris, 150 mM NaCl, 1mM CaCl2, and 1mM MgCl2, pH 7, 5) on ice, to remove 

excess biotin. Then cells were washed twice with PBS, scraped in 1 ml of PBS and 

centrifuged at 4ºC at 7000 rpm for 15 min. Protein concentrations were determined as 

described above. Equal amounts of proteins (50 �g) were adjusted to 250 �l with TNE-

lysis buffer. To determine the intracellular/surface ratio, streptavidin–agarose (SA-

agarose, 100 �l) was washed twice with 1ml IP wash buffer (cell wash buffer 
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supplemented with 0.35 M NaCl and 1% NP40). In between the wash steps, SA-

agarose was centrifuged at 4ºC at 6000 rpm for 2 min. Samples were added to the 

washed SA-agarose and incubated overnight in a head over head tumbler at 4ºC. SA-

agarose was separated from the non-bound supernatant fraction. The agarose 

(biotinylated proteins, i.e. surface localized) was washed four times with ice cold IP 

wash buffer, once with PBS, and boiled for 5 min at 100 ºC in 2x reducing sample buffer. 

Non-bound fractions (supernatant, non-biotinylated proteins, i.e. the fraction localized 

intracellularly) were concentrated by TCA precipitation. To each fraction 25 mg/ml of  

sodiumdeoxycholate was added, incubated for 5 minutes on ice, followed by 

precipitation with 6.5% trichloric acid (TCA) for 15 minutes on ice. Precipitates were 

centrifuged for 20 minutes at 13 000 rpm at 4ºC and the dry pellet was resuspended in 

2x reducing SDS sample buffer. Samples from agarose and supernatant fractions were 

loaded onto SDS-PAGE gels and blotted as described above. To determine the 

expression of the integrin β subunits, the subunits were immunoprecipitated using 

protein-G sepharose similarly as described above for SA-agarose, followed by Western 

blotting and ECL detection, using HRP-conjugated SA.  

 

 Results 

 

Fibronectin inhibits myelin sheet directed protein transport in primary 

oligodendrocytes 

To determine whether ECM adhesive proteins could affect intracellular transport in 

OLGs, the flow of a viral protein, VSV G,  previously shown to reflect myelin-directed 

transport (de Vries et al., 1998), was examined. Thus, primary OLG were cultivated on 

the ECM proteins laminin-2 (Ln2) or fibronectin (Fn), allowed to differentiate to the 

myelinating stage, and subsequently infected with VSV. Using the experimental protocol 

as described in Experimental Methods, the infection efficiency was nearly 100%, 

irrespective of the substrate on which the cells had been grown, and no significant 

differences in cell survival were observed (not shown; cf. de Vries et al., 1998). After 6 

hrs, the intracellular distribution of VSV G was examined by immunofluorescence 

microscopy. In cells grown on Ln2, VSV G was distributed throughout the OLG cell 

body, and also localized to primary processes as well as the myelin sheet (fig.1A-C). 

This distribution is very similar as observed when the cells are grown on the inert 

substrate poly-l-lysine (PLL; not shown, cf. fig.1A-C), By contrast, in cells grown on Fn 

(fig. 1D-F), VSV G distribution was largely restricted to the cell body and only a very 

minor fraction reached the myelin sheet. Importantly, OLG differentiation per se, as 

defined by the expression of the myelin specific markers MBP and PLP, was not 

affected, nor did ECM substrates affect cell survival (not shown, cf. fig. 1). However, 

MBP-positive myelin sheets were less frequently observed (fig.1E), since in cells grown 
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on Fn, morphological differentiation, as assessed by myelin sheet formation, was usually 

dramatically retarded (Buttery and ffrench-Constant, 1999, Maier et al., 2005).  

 
Figure 1.  ECM-mediated effect on the transport of myelin sheet-directed protein VSV G in 
primary mature oligodendrocytes. Primary mature oligodendrocytes in the MBP-stage were 
infected with VSV as described in Experimental Methods. After 6 hrs,  the localization, i.e. cell 
surface or intracellular, of the viral protein VSV G was determined by immunofluorescence 
microscopy (A and D). In order to visualize myelin sheets, co-labeling with the major myelin 
specific protein MBP was performed (B and E). A-C) laminin-2; D-F) fibronectin. C) and F) 
merged pictures of VSV G and MBP using Adobe Photoshop software. At least 100 
oligodendrocytes per well were analyzed in duplicate in three independent experiments of which 
representative pictures are shown.  Scale Bar is 20 µm. Note that VSV G and MBP colocalize in 
myelin sheets when cells are grown on laminin-2, but not on fibronectin.  
 

 

In this context, it is relevant to emphasize that MBP is locally expressed in the sheet, 

following sheet-directed transport of its mRNA, which is presumably accomplished in a 

non-vesicular manner (de Vries et al., 1997). Since VSV G, being a transmembrane 

protein, is transported to the sheet by vesicule-mediated transport, exiting from the 

Golgi, the data thus imply that Fn in particular hampers the biogenesis of the myelin 

sheet, and/or its maturation, by impeding de novo membrane transport from body to 

sheet. To obtain further insight into the mechanism of this ECM-mediated impediment of 

membrane transport, the distinct transport steps following biosynthesis of sheet-specific 

macromolecules, were further investigated in an OLG-derived cell line OLN 93 which, 

under defined conditions, represents an established model for OPCs (Richter-Landsberg 

and Heinrich, 1996).  

 

Fibronectin inhibits cell surface transport of myelin sheet directed proteins in 

OLN 93   

A limited number of cells and difficulties in their biochemical handling and manipulation 

often frustrate research, using primary OLG cultures. Since pilot experiments revealed 

that blocking ECM-integrin interactions affected VSV uptake in OLG (data not shown), 
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while OLGs are difficult to remove from culture dishes, thus precluding viral infection 

prior to ECM exposure, we next examined whether the results obtained above could be 

reproduced in OLN 93 cells. OLN 93 is a cell line (Richter-Landsberg and Heinrich, 

1996), derived from spontaneously transformed OLGs in primary rat brain glial cultures. 

In culture medium with high FCS levels (>5%), OLN 93 cells rapidly proliferate and 

resemble morphologically bipolar primary OPCs. At lower FCS levels (<1%), OLN 93 

proliferate less and at lower cell densities acquire a morphology resembling newly-

formed, premyelinating primary OLGs.  

 
 
Figure 2.  ECM-mediated effect on the transport of myelin sheet-directed proteins in OLN 
93 cells. Proliferating OLN 93 cells were infected with VSV on non-coated culture flasks as 
described in Experimental Methods, trypsinized and re-plated on PLL, fibronectin or laminin-2. 
After 24 hrs,  the expression levels of the viral marker protein VSV G in total cell lysates were 
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determined by Western blotting and the localization, i.e. at the cell surface or intracellularly, was 
determined by immunofluorescence microscopy and biochemically by making use of the ability to 
specifically label surface proteins with membrane impermeable biotin (see Experimental 
Methods). For visualization of endogenous NCAM 140, OLN 93 cells were treated and analyzed 
similarly, except for infection. A) VSV G localization on laminin-2, B) VSV G localization on 
fibronectin, C) NCAM 140 localization on laminin-2, D) NCAM 140 localization on fibronectin. In 
E) and F), the overall expression levels of VSV G and NCAM 140, respectively,  are shown in 
cells grown on different substrates, as indicated. In G) and H), the fractional distribution of VSV G  
and NCAM 140, respectively, present at the cell surface (lower, grey bar) and intracellularly 
(upper, white bar), is shown, as determined by biotinylation and immunoprecipitation (for details, 
see Experimental Methods). The data are expressed as a fraction of the total expression (set at 
100%).  Data represent means of at least three independent experiments ± SEM (* p<0.05, and 
** p<0.01). Representative pictures and blots of at least three independent experiments are 
shown. Note that in cells grown on fibronectin  the fraction of VSV G (fig. 2B, arrow and fig. 2G) 
and NCAM 140 (fig. 2D and fig. 2H) associated with the plasma membrane was significantly 
decreased, as compared to the fractional distribution of VSV G in cells, grown  on laminin-2 and 
PLL.  
 
 

To exclude an ECM-dependent interference with the efficiency of VSV infection, 

proliferating OLN 93 cells, growing on non-coated culture flasks, were infected with the 

virus. The cells were subsequently trypsinized and further cultured on the desired ECM 

substrate, as described in Experimental Methods. After 24 hrs, the intracellular 

distribution of VSV G was examined by immunofluorescence microscopy. It should be 

noted that at these experimental conditions, i.e., when cells were plated at a relatively 

high density, and at only 1 day after the onset of differentiation, OLN 93 cells do not 

acquire a complex morphology. Yet, as shown in figure 2A,  in cells grown on Ln2,  VSV 

G predominantly localizes to the plasma membrane, as reflected by bright rings marking 

the plasma membrane boundary, whereas on Fn a large proportion of the protein 

accumulates intracellularly (fig. 2B, arrow). A similar plasma membrane-localized 

appearance was seen when the cells were grown on (inert) PLL (data not shown). 

Hence, as observed for ECM dependent transport in primary cultures of OLGs, when 

cells were grown on Fn, but not Ln2, membrane directed transport, i.e., to plasma 

membrane and/or myelin sheet, is impeded. 

To obtain further support for a genuine localization of VSV G in the plasma membrane of 

the OLN 93 cells, a quantitative biochemical analysis, relying on biotinylation of cell 

surface localized VSV G, was carried out. As shown in Figure 2G at least 70-80% of the 

total pool of VSV G  was present at the surface of cells grown on either PLL or Ln2, 

whereas approximately 40-50 % of the protein reached the surface in cells grown on Fn. 

Interestingly, the distribution of the major fraction of VSV G corresponded to the 

localisation of the trans-Golgi marker APA-1, suggesting that the observed frustration in 

plasma membrane directed transport may at least in part rely on a delay in exit from the 

Golgi (data not shown).  It should also be noted that the overall expression of VSV G  

was decreased by approx. 50% in cells grown on Fn, as compared to that obtained for 

Ln2 (fig. 2E). This difference in expression level is due to interference of the Fn matrix 

with VSV G synthesis, and not to differences in viral entry, as OLN 93 cells were 

exposed to Fn after VSV infection.  
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To corroborate these data for endogenous proteins, we next investigated the effect of 

the ECM on the cell surface expression of NCAM 140, typically present in the myelin 

sheath in OLGs (Massaro, 2002). As shown in fig. 2H, in OLN 93 cells grown on Fn, the 

cell surface appearance of NCAM 140 is substantially reduced, indicating that transport 

of an intrinsically expressed myelin-directed protein is also regulated by the ECM. 

Similarly as observed for myelin protein expression in primary OLG, no significant 

differences in NCAM 140 expression levels were observed in OLN 93 cells grown on 

either Fn or Ln2 (fig. 2F). On all substrates, the NCAM 180 isoform was not detectable 

in OLN 93 cells. As observed for VSV G, NCAM 140  is primarily localized to the plasma 

membrane in cells grown on Ln2 (fig. 2C), whereas on Fn (fig. 2D) NCAM 140 is 

localized intracellularly. Taken together, these results imply that distinct ECM 

compounds are able to modulated intracellular traffic pathways in OLN 93 cells, similarly 

as observed for myelin sheet directed transport in primary OLGs. We therefore 

considered OLN 93 cells to represent an appropriate cell model to further clarify the 

ECM-dependent regulation of surface transport of myelin-sheet directed proteins. In fact, 

it was also noted that when OLN 93 cells were plated at a low density, Ln2 promoted 

cell spreading, which might be suggestive of attempts to make myelin-sheet like 

structures (unpublished observations). Next, we examined in OLN 93 whether integrins, 

the main receptors by which cells bind and respond to ECM molecules, were involved as 

intermediates in regulating ECM-dependent trafficking.  

 

Inhibition of plasma membrane directed transport on fibronectin is mediated by ββββ1 

integrin 

αv integrins i.e. integrin αvβ1, αvβ3, αvβ5 and αvβ8, have been identified as Fn 

receptors on the surface of OLGs (Milner and ffrench-Constant, 1994, Milner et al., 

1997), whereas the traditional Fn receptors, such as integrin α4β1, α5β1and α8β1 are 

not detectable on cells of the OLG lineage (Milner and ffrench-Constant, 1994). In figure 

3D it is shown that OLN 93 cells expressed the αv integrins, integrin αvβ1, αvβ3, and 

αvβ5, as determined by surface biotinylation. To determine, therefore, whether integrin 

ligation might be responsible for the impeded intracellular membrane flow on fibronectin, 

we next examined whether function-perturbing antibodies against the integrin subunits 

β1, β3, and β5 could restore plasma membrane directed transport in OLN 93 cells. To 

our knowledge, appropriate functional blocking antibodies against rat β8 subunits are 

not available, which are therefore not included in this study. Interestingly, as opposed to 

a prominent intracellular localization of VSV G in  cells grown on Fn per se (cf fig. 2A), a 

predominant plasma membrane localization was apparent when the cells had been 

cultured on the same ECM substrate, but in the presence of β1 integrin functional 

blocking antibody (fig. 3A). In contrast, functional blocking antibodies against β3 and β5 

integrin were unable to relieve the traffic block, and major fractions of  VSV G were still 
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largely localized in intracellular compartments (fig. 3B and 3C, respectively). Importantly, 

these effects were strictly related to adhesion of the cells to the Fn substrate, since VSV 

G localization in cells grown on Ln2 was not altered by any of these compounds (data 

not shown). Furthermore, the steady-state surface expression of αv integrins as 

determined by surface biotinylation, was not affected by Fn, thus serving as a useful 

control, suggesting that not all membrane proteins are repressed by Fn and, moreover, 

that integrins follow a different traffic pathway to the membrane than myelin-sheet 

directed proteins. Taken together, these data suggest that a β1 integrin is transducing 

the Fn signal across the membrane thereby preventing surface directed vesicular 

transport of myelin-sheet directed proteins.  

 

Figure 3. Effect of functional integrin blocking antibodies on VSV G trafficking on 
fibronectin. Proliferating OLN 93 cells grown on non-coated dishes were infected with VSV, 
trypsinized, and subsequently cultured on fibronectin in the continuous presence of functional 
integrin blocking antibodies  (β1, β3, and β5) as described in Experimental Methods. After 24 hrs 
VSV G localization was determined by immunofluorescence microscopy. A) �1,  B) �3,  and C) 
�5. Representative pictures of three independent experiments are shown. Scale bar is 20µm. 
Note that �1 perturbing antibodies were able to reverse the block in cell surface transport on 
fibronectin (fig.3A cf fig.2B), whereas in the presence of �3 and �5 functional antibodies transport 
is still inhibited (fig. 3B and 3C cf fig. 2B). D) Cell surface expression of integrin β1, β3, and β5 
subunits in proliferating OLN 93 cells (non-coated dishes) as determined biochemically by 
surface biotinylation and immunoprecipitation. Representative blots of at least three independent 
experiments are shown.  
 

 

In previous work, studying the regulation of intracellular trafficking in relation to OLG 

differentiation, we identified PKC as a potent negative regulator in plasma membrane 
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directed transport in OLGs (Baron et al., 1999). Therefore, we next examined whether 

PKC activation might act as the intracellular signal target of the Fn-integrin interaction in 

OLN 93 cells. 

 

PCK activity is involved in fibronectin-mediated impediment of cell surface 

protein transport  

In both OPCs (Baron et al., 1999) and mature OLGs (unpublished observations), PKC 

activation impedes cell surface integration of VSV G by inhibiting docking of VSV G-

containing transport vesicles to the plasma membrane.  

 
Figure  4.  Role of PKC in modulation of intracellular trafficking routes by ECM in OLN 93 
cells. A) ECM-mediated effects on PKC activity were determined by a non-radioactive PKC 
assay as described in Experimental Methods. As illustrated in a representative picture, cells 
grown on fibronectin showed an increased PKC activity. The PKC activity was quantified, and 
bars represent means of five independent experiments ± SEM, * p<0.05,  ** p<0.01, and  *** 
p<0.001.  PKC activation on PLL has been set to 100%. B) Cell surface and intracellular 
distribution of NCAM 140 in OLN 93 cells  were determined by surface biotinylation. Cell surface 
fraction (lower grey bar) and intracellular fraction (upper white bar) of total expression (set at 
100%) are shown. Bars represent means of three independent experiments * p<0.05,  ** p<0.01, 
and  *** p<0.001. Note that the cell surface fraction of NCAM 140 on fibronectin is significantly 
higher after BIM treatment as compared to control. C) and D) proliferating OLN 93 cells were 
infected, trypsinized and cultured on fibronectin in the presence of BIM (C), or on laminin-2 in the 
presence of the PKC activator, PMA (D). Appearance of VSV G protein 24 hrs after infection is 
shown, representative of three independent experiments. Scale bar is 20 µm. Note that the 
plasma membrane fraction of VSV G substantially increased, when cells cultivated on fibronectin 
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were incubated in the presence of the PKC inhibitor BIM (C, arrows). In contrast, PKC activation 
on laminin-2 resulted in intracellular accumulation (D,  arrows). 
 
 

We therefore determined whether the level of PKC activity was affected in OLN 93 cells, 

when grown on different ECM. Remarkably, as shown in figure 4A, in cells grown on Fn, 

PKC activity was significantly increased compared to cells grown on either PLL or Ln2. 

To establish whether the enhanced PKC activity in cells grown on Fn was instrumental 

in frustrating intracellular protein traffic, we next determined whether PKC inhibition 

could counteract the block in cell surface-directed protein transport. Quantitative 

biochemical analysis of cell surface localized protein fractions of NCAM 140 by means 

of biotinylation and immunoprecipitation (see Experimental Methods) revealed that the 

PKC inhibitor BIM indeed counteracted the inhibitory effect of Fn on cell surface 

transport. Thus, in the presence of BIM the fraction of NCAM 140 that reached the cell 

surface in cells grown on Fn was similar to that in cells grown on Ln2 (fig. 4B). 

Consistent with these data were immunofluorescence microscopy observations, 

showing that in the presence of BIM, the cells typically display a ring of fluorescence 

marking the plasma membrane boundary of the cells, very reminiscent as observed for 

cells grown on Ln2 (fig. 4C compare to  fig. 2A, arrows). As a control, PKC inhibition by 

BIM did not significantly affect the plasma membrane appearance of VSV G when cells 

were cultured on Ln2 or PLL (data not shown). In contrast, upon PMA (200 nM)-induced 

activation of PKC, protein transport to the plasma membrane of OLN 93 cells, grown on 

Ln2, was effectively impeded, very similar as observed in cells grown on Fn (fig. 4D, 

compare to fig. 2B, arrows). Taken together, these data underscore the importance of 

PKC in regulating intracellular trafficking routes.  

 

MARCKS phosphorylation on fibronectin prevents dynamic actin cytoskeleton 

remodelling  

To further assess the underlying mechanism downstream of the Fn-mediated activation 

of PKC, we next examined the cellular distribution of a major PKC substrate in OLGs, 

MARCKS. Previous work has shown that activation of PKC induced the predominant 

phosphorylation of MARCKS, which in turn regulates the structuring of the actin 

cytoskeleton, both in OPCs (Baron et al., 1999, Baron et al., 2000) and myelinating 

OLGs (Baron, unpublished observations). As shown in figure 5A, in OLN 93 cells 

cultured for 36 hrs on Ln2 or PLL (not shown), MARCKS is largely plasma membrane 

associated. By contrast, in cells grown for 36 hrs on Fn (fig. 5B), a considerable fraction 

of the protein was detected in the cytoplasm.  
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Figure 5.  ECM-mediated effect on MARCKS and cytoskeleton distribution in OLN 93 cells.  
A) – D) and I) Cellular distribution of MARCKS in proliferating OLN 93 24 hrs after trypsinization 
was determined by immunofluorescence microscopy. A) laminin-2, B) fibronectin, C) fibronectin 
and BIM, D) fibronectin and  �1 functional blocking antibody. Representative pictures of three 
independent experiments are shown. Scale bar is 20 µm. Note that cells grown on fibronectin 
show a predominant MARCKS localization in the cytosol, in contrast to laminin-2. PKC inhibitor 
BIM and �1 blocking antibody treatment counteracted the cytosolic localization. E)-H) Actin 
appearance of proliferating OLN 93 cells 24 hrs after trypsinization is visualized by TRITC-
labeled phalloidin and confocal microscopy. E) laminin-2, F) fibronectin, G)  fibronectin and BIM 
and H) fibronectin and �1 functional blocking antibody. Representative pictures of three 
independent experiments are shown. Scale bar is 20 µm. Note, that on fibronectin the continuous 
line of cortical actin is perturbed as compared to the actin distribution in cells grown on laminin-2, 
an effect which was counteracted by BIM and �1 functional blocking antibody.  
 

 

This cytosolic localization of MARCKS appeared to be permanent, as even after 3 days 

MARCKS still largely localized to the cytosol of cells, grown on Fn (data not shown). 

This distribution of MARCKS is entirely consistent with the PKC activity data, taking into 

account that upon phosphorylation MARCKS translocates from the plasma membrane to 

the cytosol. Indeed, following treatment of the cells grown on Fn with the PKC inhibitor 

BIM, a considerable fraction of MARCKS was no longer present in the cytosol and 

reallocated to the plasma membrane (fig. 5C). Similarly, in the presence of β1 integrin 

blocking antibody, MARCKS was predominantly plasma membrane localized (fig. 5D), 

indicating that MARCKS translocation is mediated by PKC activation, downstream of β1 

integrin signaling. Integrin β3 and β5 function-perturbing antibodies were not able to 

counteract the permanent translocation of MARCKS in cells grown on Fn, thus 

emphasizing β1 integrin specificity (data not shown).  

Since dephosphorylated MARCKS is an actin filament cross-linking protein that is 

particularly involved in the interaction between actin cytoskeleton and plasma 

membrane,  the organization of actin filaments in OLN 93 cells, grown on the different 

ECM, was examined next. In OLN 93 cells cultured on Ln2 (fig. 5E) or PLL (not shown), 

the actin cytoskeleton, as visualized by confocal microscopy after staining with TRITC-

labeled phalloidin, is apparent as a sharp, continuous aligning on the edges of the 
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plasma membrane. The apparent continuity of this pattern of cortical actin distribution 

appears to be perturbed in cells grown on Fn (fig 5F), and the actin cytoskeleton is partly 

redistributed to the cytosol. As for MARCKS translocation, this perturbation of cortical 

actin cytoskeleton distribution is persistent, as after 3 days in culture similar results were 

obtained (data not shown). However, in the presence of BIM (fig. 5G) and even more 

pronounced in the presence of β1 integrin blocking antibody (fig. 5H), actin filaments 

became aligned again with the plasma membrane in cells grown on Fn, and their 

appearance is similar as observed in cells grown on Ln2 (fig. 5E). Inhibition of PKC 

activity had no effect on cortical actin distribution when cells were grown on Ln2 or PLL 

(data not shown). Hence, on Fn, permanently phosphorylated MARCKS, downstream of 

β1 integrin-mediated PKC activation, is unable to properly orient actin filament 

distribution.  

 

Discussion 

 

The present work has provided novel insight into mechanisms by which ECM proteins 

regulate myelin sheet development in OLGs. Thus, the data reveal that in contrast to 

Ln2, Fn impeded biosynthetic protein trafficking to the myelin sheet, and that the 

underlying mechanism is most likely related to a β1 integrin mediated activation of PKC. 

As a result, the major PKC substrate, MARCKS, becomes permanently phosphorylated, 

causing its translocation into the cytosol, which in turn will lead to an inhibition of 

dynamic actin cytoskeleton remodelling. The data imply that these events, which occur 

just underneath the cell body plasma membrane, are apparently highly relevant for 

myelin sheet-directed protein transport, since in cells grown on Fn, myelin sheet 

biogenesis is aberrant or is at least strongly delayed (Buttery and ffrench-Constant, 

1999, Maier et al., 2005). This is reflected by the impediment of MBP integration and 

transport of myelin sheet proteins, including the marker protein VSV G and endogenous 

NCAM 140, rather than an effect on the de novo biosynthesis of myelin specific proteins, 

which thus causes their accumulation within the cell body. Since Fn may gain access 

into sclerotic lesions during inflammation at pathophysiological conditions (Sobel and 

Mitchell, 1989), the present work also bears relevance to developments seen in the 

demyelinating disease multiple sclerosis, where myelin is degraded and remyelination of 

axons precluded. It is of interest in this context that Ln2, which associates with axons at 

regular physiological conditions (Colognato et al., 2002), enhances myelin membrane 

formation by permitting myelin sheet directed transport, which correlates well with 

strongly reduced PKC activity levels.  

PKC is known to be involved in OLG differentiation and myelination at various levels, 

including the regulation of proliferation, differentiation, myelin sheet formation, and 

myelin protein gene expression (Avossa and Pfeiffer, 1993, Asotra and Macklin, 1993, 
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Baron et al., 1998, Baron et al., 2002). In particular, pharmacological activation of PKC 

suppresses myelin protein expression (Asotra and Macklin, 1993) and plasma 

membrane insertion of newly synthesized proteins (Baron et al., 1998, this study). 

Evidently, Fn-mediated PKC activation did not suppress the expression of myelin 

proteins, as both the amount of MBP expressing cells and levels of the myelin specific 

proteins MBP and PLP were very similar in cells grown on either Fn or Ln2 (Buttery and 

ffrench-Constant, 1999, Maier et al., 2005, and our unpublished observations). This 

would suggest that perturbation of transport and downregulation of myelin protein 

synthesis are not causally related. In addition, it is possible that pharmacological 

activation leads to a higher PKC activity than Fn-activation, which would thus imply that 

regulation of transport is more sensitive to PKC activity than protein expression.  

The increased PKC activity on Fn that perturbs cell surface directed transport, is likely 

due to ligation of a β1 integrin. In contrast to β3 and β5 blocking antibodies, a β1 integrin 

functional blocking antibody was able to counteract the Fn-mediated block in myelin 

sheet protein directed transport. There is mounting evidence that PKC is also able to 

regulate the expression and distribution of integrins themselves. In fact, different PKC 

isoforms have been shown to regulate the cellular distribution of β1 integrin, actively 

contributing to cell motility (Ivaksa et al., 2005, Ng et al., 1999). However, in OLGs, 

surface levels of αv integrins are not affected by Fn, and PKC-integrin interactions have 

been shown to be very important for OLGs development and behaviour. For example, 

physiological concentrations of PDGF stimulate a PKC dependent activation of integrin 

αvβ3, which in turn induces OLG proliferation (Baron et al., 2002). Here, we report the 

reverse process to occur, i.e., integrin control over PKC activity. Thus, Fn-mediated 

activation of PKC downstream of integrin β1 perturbs myelin sheet directed traffic. 

Whether β1 integrin activates PKC directly or via intermediate signal transducers, such 

as PI-PLC and PI3K, remains to be determined. In summary, in OLGs, bi-directional 

PKC-integrin linkages appear to exist, involving different integrin heterodimers and 

probably different  PKC isoforms (Asotra and Macklin, 1994). Thus, a  PKC-mediated 

control over integrin αvβ3 and α6β1 activity  (Baron et al., 2002, Decker and ffrench-

Constant, 2004, Baron et al., 2005) and β1 integrin-mediated control over PKC activity 

can be discerned. 

Our data further suggest that Fn-activated PKC causes a permanent displacement of 

MARCKS, due to its phosphorylation, into the cytosol, thereby eliminating its 

concomitant interaction with plasma membrane and cytoskeleton. This results in a 

‘frozen’ actin cytoskeleton that interferes with vesicular trafficking towards the myelin 

sheet.  The persistent cytosolic localization of MARCKS on Fn might be related to the 

fact that PKC activity is difficult to downregulate in OLGs (Yong et al., 1991, Asotra and 

Macklin, 1994, Baron et al., 1998) and in OLN 93 cells (our unpublished observations). 

Interestingly, dynamic MARCKS phosphorylation has been shown to be a key event in 
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regulating morphological changes during initial adhesion and subsequent cell spreading 

(Disatnik et al., 2004), the latter requiring inactivation of PKC, and reallocation of 

MARCKS to the plasma membrane. As extension of myelin sheets entails continuous 

cell spreading requiring membrane-associated MARCKS, the persistent cytosolic 

localization of MARCKS on Fn could explain the perturbation of myelin biogenesis.  

The present system may also serve as a convenient but simplified model to understand 

as to how pathophysiological changes in the ECM microenvironment may influence OLG 

differentiation, and hence myelination. Disruption of the blood brain barrier, as occurs 

during multiple sclerosis, facilitates the deposition of Fn (Sobel and Mitchell, 1989), 

raising the issue to what extent this and other matrix proteins may interfere with 

remyelination events. The current study strongly supports the possibility that leakage of 

Fn across the blood brain barrier indeed may influence myelin formation of the OPCs 

present within MS lesions by interference with fundamental cellular events like polarized 

membrane directed transport.  

In conclusion, this study demonstrates a connection between ECM-dependent adhesion 

and (polarized) vesicular trafficking, necessary for the biogenesis of myelin. Such a 

coupling seems also necessary for cell motility, since the myelin marker protein VSV G 

is selectively transported to the leading edge of a migrating cell (Bergmann et al., 1983, 

Kupfer et al., 1987). Also from a therapeutic point of view, integrin-mediated control of 

myelination is worth considering. For example, in vivo, myelin membrane formation 

appears to be initiated upon contact of the tips of OLG processes with axonal Ln2. In 

line with the present work, these observations emphasize the potential role of ECM in 

triggering localized membrane polarity development, involving exclusive myelin-specific 

targeting to an OLG process in contact with an axon. 
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Abstract 

 

During the early stages of myelination, an important event is the extension of multiple 

oligodendroglial processes towards axons that are targeted for myelination. To 

accomplish this, the increase in activity of matrix metalloproteinases (MMPs) in 

oligodendrocytes (OLGs) is likely required. Previously, we have shown that the 

fibronectin-mediated activation of protein kinase C (PKC) perturbed myelin sheet 

formation by altering intracellular vesicular traffic of myelin directed proteins. The 

present study was undertaken to address whether the perturbation of myelin sheet 

formation on fibronectin is related to matrix metalloproteinases (MMPs) activity. We 

show that fibronectin enhanced MMP-9 activity when compared to laminin-2. However, 

the fibronectin-enhanced MMP-9 activity was confined to the cell body and was not 

sufficient to induce secondary process outgrowth. In contrast, on laminin-2, MMP-9 

activity was localized along extending processes of OLGs. These results suggest that 

extracellular matrix molecules influence the spatial distribution of MMP activity and the 

elaboration of processes at the onset of OLGs differentiation. The findings may also 

account for the failure of remyelination in pathological conditions, such as in multiple 

sclerosis (MS) lesions, where fibronectin is deposited.  
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Introduction 

 

Oligodendrocytes (OLGs), the myelinating cells of the central nervous system (CNS), 

extend highly branched processes to myelinate axons. Upon contact with axons, the 

secondary and tertiary processes of OLGs retract and the remaining primary process 

forms the insulating myelin membrane sheath that enwraps an axon in a very precisely 

regulated manner (Pfeiffer et al., 1993; Hardy and Reynolds, 1993; Baron et al., 2005). 

The number of extending processes is extensive, since one OLG can myelinate up to 40 

different axons. Damage to the myelin membrane is found in several neurological 

disorders, such as (MS). Remyelination does occur and since it may recapitulate events 

in developmental myelination, knowledge about the initial steps of myelination, such as 

the regulation of morphological differentiation of OLGs, is important for designing 

therapeutic interventions.  

In order to establish and maintain its proper morphology, an OLG likely needs to 

remodel and extend processes through its microenvironment, including the surrounding 

extracellular matrix (ECM). MMPs are a family of zinc-dependent endopeptidases that 

are capable of degrading ECM proteins, as well as releasing membrane-bound proteins 

from the plasma membrane or the ECM (Nagase and Woessner, 1999; Visse and 

Nagase, 2003; Yong, 2005). So far, at least 24 mammalian MMP members have been 

identified that are encoded each by a unique gene (reviewed in Yong et al, 1998; 

Sternlicht and Werb, 2001; Yong, 2005; Lemaitre and D'Armiento, 2006). Most MMPs 

are expressed upon cellular signals and secreted into the extracellular space either as 

latent proforms (zymogens) or as active MMPs (Lemaitre and D'Armiento, 2006). 

Localization in the plasma membrane has been reported as well, where MMPs are able 

to associate with cell adhesion receptors such as integrins and CD44 (Brooks et al., 

1996; Olson et al., 1998; Hofmann et al., 2000; Dumin et al., 2001; Yu et al., 2002; 

Stefanidakis et al., 2004; Stefanidakis and Koivunen, 2006). In the CNS, MMPs are 

known to play a crucial role during development (reviewed in Yong et al., 2001; Yong, 

2005) and numerous studies report the importance of precise control of MMP 

expression and activity during OLG process formation. Specifically, the expression of 

MMP-9 and MMP-12 is upregulated during the onset of myelination and their activities 

are necessary for OLG process outgrowth both during developmental myelination and 

remyelination (Uhm et al., 1998; Oh et al., 1999; Larsen and Yong, 2004; Larsen et al., 

2003, 2006). A protein kinase C (PKC)-mediated MMP-9 expression and localized 

activity at the tips of the growing process appear to account for the MMP-induced 

process extension in OLGs (Uhm et al., 1998; Oh et al., 1999).  

Another important factor in morphological differentiation of OLGs and myelin sheet 

formation is the ECM itself. Laminin-2 (Ln2) that is present on axons at the onset of 

developmental myelination (Colognato et al., 2002), for example, promotes myelin 
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membrane formation in vitro (Buttery and ffrench-Constant, 1999; Relvas et al., 2001; 

Colognato et al., 2002). Moreover, Ln2 deficiency is associated with white matter 

changes in humans (Farina et al., 1998) and with a reduction in the pool of maturing 

OLGs in mice (Chun et al., 2003). Fibronectin (Fn), an ECM constituent often present in 

pathological conditions including MS (unpublished observations; Sobel and Mitchell, 

1989; van Horssen et al., 2005), retards myelin membrane formation in vitro (Buttery 

and ffrench-Constant, 1999; Maier et al., 2005) by perturbing myelin sheet-directed 

vesicular transport (Šišková et al., 2006, chapter 3). Hence, the accumulation of Fn at 

MS lesions could account for the failure of endogenous OLG differentiation.   

In the present study, we have addressed whether Fn deposition impacts MMP 

expression and/or activity. Our results suggest that Fn perturbs process formation not by 

decreasing MMP-9 expression or its activity, but by misregulating the localization of its 

activity.  

 

Materials and Methods 

 

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, penicillin/streptomycin were 

from GIBCO BRL (Life technologies, Paisley, Scotland). Fetal calf serum (FCS) was 

from Bodinco (Alkmaar, the Netherlands). Phorbol-12-myristate-13-acetate (PMA), 

bisindolylmaleimide I (BIM), MMP9 inhibitor I and MMP-1/MMP-9 fluorogenic substrate 

were obtained from Calbiochem-Novabiochem Corporation (La Jolla, Ca).  Batimastat 

(BB-94) was supplied from British Biotech Pharmaceuticals Limited (Oxford, UK). 

Gelatin was purchased from Becton Dickinson Microbiology systems (Sparks, MD). 

Alpha-Casein was supplied by Worthington Biochemical Corporation (Lakewood, NJ). 

30% Acryl amide solution and TEMED were obtained from Bio-Rad Laboratories 

(Hercules, CA). All other chemicals were supplied by Sigma Chemical Co. (St. Louis, 

MO). 

 

Antibodies 

The R-mAb hybridoma (Ranscht et al., 1982) was a kind gift of Guus Wolswijk (NIBR, 

Amsterdam, the Netherlands). The rat monoclonal antibody anti-MBP and anti-rat MMP-

9 antibody were purchased from Serotec (Oxford, UK) and Torrey Pines Biolabs 

(Houston, TX), respectively. TRITC-conjugated antibodies were obtained from Jackson 

Immunoresearch Laboratories, Inc. (West Grove, PA). Secondary HRP-conjugated 

antibodies were provided by Amersham Biosciences (Buckinghamshire, UK). 
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Cell culture 

The rat oligodendroglia derived cell line, OLN 93, a kind gift of Dr. Christiane Richter-

Landsber, (University of Oldenburg, Germany, Richter-Landsberg and Heinrich, 1996) 

were cultured as described (Šišková et al., in press). Experiments were performed with 

passage 28-35. Cells were plated on pre-coated poly-L-lysine (PLL, 5 µg/ml), Ln2 (10 

µg/ml) or Fn (10 µg/ml) cell tissue culture 96 well plates (Becton Dickinson Labware, NJ) 

for the fluorogenic assay and substrate zymography  at a density of 100.000 cells per 

well and incubated in serum free medium for the indicated times. In order to examine the 

inhibition and activation of PKC activity, BIM (0.5 �M) and PMA (200 nM) respectively 

were added immediately after plating on the pre-coated ECM wells. In situ zymography 

and immunofluorescence experiments were performed on ECM – coated 8 well 

chambers slides (Nalge Nunc, Naperville, IL, USA). Cell were plated at density 15.000 

cells per well in serum free medium and incubated for 12 hrs.  

 

Primary oligodendrocyte culture 

Primary OLG cultures were isolated from 1-3 day old Wistar rats as described previously 

(Baron et al., 2002; Maier et al., 2005). For both the immunocytochemical studies and in 

situ zymography, primary OLGs were cultured grown on ECM-coated 8 well chamber 

slides at a density of 15.000 cells per well and cultured for 2 days in SATO (Maier et al., 

2005) supplemented with 10 ng/ml PDGF-AA and 10 ng/ml FGF-2 for 2 days (OLG 

progenitors), followed by 3 (GC-stage) or 7 days differentiation in SATO (MBP-stage, 

Baron et al., 2005). 

 

Gelatin gel zymography  

To determine the amounts of proform and active form of MMP-2 and MMP-9, gelatin gel 

zymography was used. Equal volumes of the cell-conditioned media were mixed with 4× 

loading buffer (10% SDS, 5% �-mercapto-ethanol, 50% glycerol, 0.25 M Tris pH 6.8, 

0.01% brom phenol blue) and samples were loaded into 10% SDS-polyacrylamide gels, 

containing 1mg/ml gelatin and electrophoresed. The gels were incubated for 6-12 hrs in 

rinse buffer (50mM Tris, pH 7.5, 5mM CaCl2 and 2.5% Triton X-100) at room 

temperature, in order to renature the gelatinase (MMP-2 or -9) and restore its activity. 

The gel was then placed into a reaction buffer (50mM Tris, pH 7.5 and 5mM CaCl2) for 

18-24 hrs to allow gelatinase to degrade its substrate (gelatin). Next, gels were 

incubated for 4-6 hrs in coomassie blue stain solution. The gels were then destained 

with 10% isopropanol and 10% acetic acid and areas of gelatinase activity, by virtue of 

gelatin degradation, were observed as clear bands against a dark background. Further 

identification of pro- and active- MMP-2 and MMP-9 was based on molecular weight and 

pattern of human recombinant MMP-2 and MMP-9.  For MMP-12, casein was used as a 

substrate (Larsen and Yong, 2004). Densitometry analyses of the bands were 
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performed using NIH-image analysis software. Data of at least 3 independent 

experiments was expressed as mean ± SE, and statistical analysis was performed using 

the Student’s t-test (* p<0.05, ** p<0.01, *** p<0.001) 

 

Fluorogenic MMP-9 activity assay  

Since gelatin zymography measures the amount of pro- and active MMP-2 or -9, but not 

their intrinsic activity, we utilized an activity assay based on the ability of MMP-9 to 

degrade its substrate in real time. Conditioned media from OLN 93 cells were collected 

and equal volumes were combined with 130 µM of the MMP-1/MMP-9 fluorogenic 

substrate in a black, 96-well plate. As positive control 290 ng/ml of recombinant, active 

MMP-9 was used together with 130 µM of the MMP-1/MMP-9 fluorogenic substrate and 

93 µl of vehicle – serum free medium. Vehicle and 130 µM of the MMP-1/MMP-9 

fluorogenic substrate were used as a negative control. Cleavage of the fluorogenic 

substrate was measured at 37°C in a Gemini SpectraMax Pro (Molecular Devices, 

Sunnyvale, California) over 3 hrs at excitation wavelength of 330 nm and emission 

wavelength of 450 nm. 25 µM of MMP-9 inhibitor I and 1 µM of Batimastat BB-94 were 

used to exclude effect of MMP-1 on degradation of the fluorogenic substrate and the 

involvement of other enzymes, respectively. Involvement of PKC signaling was 

determined by incubating cells at defined time points with 0.5 µM BIM, a specific PKC 

inhibitor. All experiments were performed in quadruplicates in at least 3 independent 

repetitions. Data was expressed as mean ± SE, and statistical analysis was performed 

using the Student’s t-test (* p<0.05, ** p<0.01, *** p<0.001). 

 

In situ zymography  

The technique of in situ zymography, which localizes protease activity to cellular 

compartments, was performed as described by Oh et al., 1999. Briefly, to investigate 

localization of gelatinolytic activity of gelatinases (MMP-2 and MMP-9) in OLN 93 cells 

and primary cells, FITC-labeled DQ gelatin (gelatinase/collagenase assay kit EnzChek; 

Molecular probes, Eugene, OR) was used as a substrate. Living primary OLGs and OLN 

93 cells were incubated for 3 hrs at 37°C with reaction buffer (50 mM Tris-HCl, 150 mM 

NaCl, 5 mM CaCl2, and 0.2 mM NaN3, pH 7.6) containing 40 µg/ml DQ gelatin.  Where 

gelatinase (MMP-2 and -9) activity was present, gelatin would be degraded in that 

location to exposed the FITC. After incubation living cells were rinsed with PBS and then 

with water. Slides were mounted and photographed using a fluorescence microscope 

and images were acquired by a Spot digital camera with computer-imaging program 

(Image-Pro Plus). Primary OLGs were analyzed with a conventional fluorescence 

microscope (Olympus ProVis AX70) equipped with analySIS software. Data were 

processed using Paint Shop Pro or Adobe Photoshop 7.0 software.   
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Immunocytochemical studies 

Antibody staining of cell surface components was performed on live cells at 4°C. After 

blocking aspecific binding with 4% BSA in PBS for 10 min, primary OLGs were 

incubated with R-mAb (1:10; Ranscht et al., 1982) for 30 min, washed three times with 

PBS and incubated for 25 min with TRITC-conjugated goat-anti-mouse 1:50). The cells 

were fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature 

(RT). For staining of intracellular antigens, cells were first gently fixed with 2% PFA in 

PBS for 15 min at (RT), followed by 4% PFA for 15 min at RT, after which they were 

permeabilized and blocked with 0.1% Triton X-100 and 4% BSA, respectively for 30 

minutes at RT. Incubation with the primary antibody MBP (1:25) or MMP-9 (1:50) was 

then carried out for 1-2 hrs at RT, followed by three washes and incubation with 

appropriate TRITC-conjugated secondary antibody (1:50). After washing with PBS, the 

cells were covered with 2.5% 1, 4-diazobicyclo[2.2.2]octane (DABCO) in 90 % glycerol/ 

10% phosphate buffered saline, to prevent image fading. Nuclei were stained with DAPI. 

Mounting medium (1 mg/ml DABCO in 90% glycerol) was added to prevent image 

fading. The cells were analyzed with a conventional fluorescence microscope (Olympus 

ProVis AX70) equipped with analySIS software. Data were processed using Adobe 

Photoshop 7.0 software.   

 

Morphological analysis 

In order to analyze differences in morphology, mature OLGs (MBP-stage) cultured on 

fibronectin or laminin-2 and stained with the R-mAb were analyzed as follows: 1) the 

number of primary processes per OLG, i.e. processes which directly bud from the cell. 

2) the number of secondary processes per primary process. A process was considered 

as secondary when it arises directly from a primary process. Thin short filipodia, which 

were occasionally found along the entire primary process, were not considered as 

secondary. 3) the length of primary processes. The percentage of primary processes 

with a length of at least 3 cells soma diameters was determined. The morphological 

parameters were obtained from 50 mature OLGs from at least 5 independent cultures. 

Data are expressed as mean ± SE, and statistical analysis was performed using the 

Student’s t-test (* p<0.05, ** p<0.01, *** p<0.001). 

 

Western blot analysis 

OLN 93 cells cultured for 36 hrs at a density of 200.000 cells/10 cm dish were washed 

three times with PBS and harvested by scraping into PBS. Cells were centrifuged at 

10.000 rpm at RT and pellets were lysed in TNE-lysis buffer (50 mM Tris-HCL, 5 mM 

EDTA, 150 mM NaCl, 1% Triton X-100 and protease inhibitor cocktail). Protein 

determination was performed by a Bio-Rad DC Protein Assay (Bio-Rad Laboratories, 

Hercules, CA), using BSA as a standard. Equal amounts of protein were mixed with 2x 



Chapter 4 

 

92 

reducing SDS sample buffer, heated for 5 min at 98ºC and applied onto 10% SDS-

polyacrylamide gels. Proteins were transferred to a nitrocellulose membrane using a 

semi-dry blotting system for 1 hr (Bio-Rad, Hercules, CA) using a glycine-Tris-methanol 

buffer. The membranes were rinsed with Tris-buffered saline (TBS) and incubated for 1 

hr at RT in blocking solution (5% nonfat dry milk in TBS). After washing, the membranes 

were incubated overnight with anti-MMP-9 primary antibody (1:1000) in 1% nonfat dry 

milk in TBS containing 0.1% Tween 20 (incubation buffer). The membranes were 

washed three times with TBS containing 0.1% Tween 20 (wash buffer) and incubated for 

2 hrs with appropriate HRP-conjugated antibody (1:2000) in incubation buffer and 

washed three times afterwards with wash buffer. Signals were detected by enhanced 

chemiluminescence (ECL; Amersham Pharmacia Biotech), scanned and processed 

using Paint Shop Pro.  

 

Results 

  

Fibronectin perturbs process outgrowth in oligodendrocytes 

In the first stages of OLG differentiation towards myelin sheet formation, elaboration and 

branching of multiple OLG processes play an important role. We and others have found 

that morphological differentiation, as assessed by myelin membrane formation, is 

severely retarded on Fn (Buttery and ffrench-Constant, 1999, Maier et al., 2005, Šišková 

et al., in press). Remarkably, the expression of the myelin-specific proteins MBP (fig. 1) 

and PLP (data not shown) is not altered on Fn (fig. 1B) as compared to Ln2 (fig. 1A).  

A closer examination at the morphology of these cells by phase contrast revealed that 

primary processes, i.e. the processes arising from the cell body, are consistently longer 

on Fn, whereas hardly any secondary and tertiary processes were observed as 

compared to OLGs cultured on Ln2 (fig 4). These differences were even more evident 

when OLGs were stained with the OLG specific cell surface marker R-mAb (fig. 1C and 

1D), which detects the myelin-typical galactosphingolipids, galactosylceramide and 

sulfatide (Ranscht et al., 1982). The qualitative results were confirmed by quantitative 

counts, whereby the amount of primary process per OLG (fig. 1E) and the amount of 

secondary process per primary process (fig. 1F) was significantly reduced on Fn as 

compared to Ln2. Further quantitative analysis revealed that on Fn 36% of the primary 

processes were at least 3 soma diameters in length, whereas on Ln2 only 19% of the 

process were more then 3 soma diameters in length (p=0.016). Hence, these data 

suggest that next to myelin sheet formation, process budding, but not its extension as 

such is perturbed on Fn. As MMPs, and in particular MMP-9 and MMP-12, have been 

implicated in OLG process outgrowth, we next examined if MMP expression and activity 

were altered on Fn. 
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Figure 1. Morphological analysis of primary oligodendrocytes on different extracellular 
matrix molecules. Primary OLGs were cultured on laminin-2 (A, C) or fibronectin (B, D) for 7 
days and immunolabeled with anti-MBP (A,B) or R-mAb (C, D). Morphological analyses (E, F) on 
primary and secondary process outgrowth were performed on OLGs labelled with the R-mAb as 
described in Materials and Methods. Each bar represents the mean ± SE of 50 cells obtained 
from at least 5 independent experiments. Statistical differences with OLGs cultured on Ln2 are 
indicated by asterisks (*** p<0.001). Note that the number of primary processes (PP) per OLG 
(E) and secondary processes (SP) per primary process (F) is significantly lower in OLGs cultured 
on Fn as compared to Ln2.  
 
 

Fibronectin does not influence MMP-2 and -9 expression levels under basal non-

PMA treated conditions  

In order to examine MMP expression and activity on different ECM substrates, the 

oligodendrocyte rat-derived OLN 93 cell line (Richter-Landsberg and Heinrich, 1996), 

previously shown to behave similar on ECM substrates as primary OLGs, was used 

(Šišková et al, 2006). MMPs are synthesized in an inactive form (proform), which can be 

activated by proteolytic cleavage. Most MMPs are secreted, and therefore, the latent 

proform as well as the active form can be detected in conditioned media with (substrate) 

zymography. In order to examine the effect of ECM on MMP expression, conditioned 

media of OLN 93 cells at different time points after plating were subjected to gelatin 

(MMP-2 and –9) or casein zymography (MMP-12).  
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Figure 2.  Expression of MMP-2 and -9  in OLN 93 cells on different extracellular matrix 
molecules over time. A-D. Conditioned media of OLN 93 cells cultured at serum-free conditions 
were collected 3, 6, 12 and 24 hrs after exposure to Fn (bold line), Ln2 (dashed line) and PLL 
(regular line) in the presence or absence of the phorbol ester, PMA. The expression of MMP-2 
and MMP-9 was determined with gelatin gel zymography followed by densitometry analysis as 
described in Materials and Methods.  Each point (in arbitrary units) represents the mean ± SE of 
at least 3 independent experiments. Statistical differences with cells cultured on Ln2 are indicated 
by asterisks (**p<0.01). A. MMP-2 proform, in absence of PMA, B. MMP-9 active form, in 
absence of PMA, C. MMP-9 active form in the presence of PMA, D. representative gelatin gel 
zymographs at 12 hrs after plating. Note that no ECM-related differences have been observed in 
amount of the MMP-2 proform (A, D) and MMP-9  active form (B, D). PMA treatment resulted in a 
significant decrease in level of MMP-9 active form on Fn as compared to Ln2 and PLL (C). E. 
OLN 93 cells cultured in serum-free conditions for 12 hrs on the indicated ECM molecules were 
harvested and subjected to Western blot analysis as described in Materials and Methods. A 
representative blot is shown. Note the similar levels of MMP-9 on the different substrates.   
 
 
As shown in figure 2A, the expression of the MMP-2 proenzyme increases slightly over 

time on the different substrates, but no significant differences in the levels of MMP-2 

proform between the substrates were observed.  The active form of MMP-2 was not 

detected. In contrast, the active form of MMP-9 was abundantly present (fig. 2D), 

however no significant differences in the levels were found in the conditioned media on 

the different ECM substrates over time (fig. 2B). On all substrates the level of active 

MMP-9 peaked at 12 hrs after plating (fig. 2B). Similarly, as in conditioned media, MMP-

9 levels in the cells at 12 hrs after plating as determined with Western blotting did not 



Fibronectin perturbs process outgrowth in oligodendrocytes 

 

95 

differ between the different ECMs (fig. 2E), further corroborating that ECM does not 

influence MMP-9 expression. Using casein zymography, we were not able to detect 

MMP-12 expression in conditioned medium obtained from OLN 93 cells (data not 

shown), probably due to the fact that OLN 93 cells do not completely mature till a stage 

comparable to mature myelinating OLGs (Richter-Landsberg and Heinrich, 1996). 

Hence, these data suggest that ECM molecules do not affect the expression levels of 

MMP-2 and MMP-9 in OLN 93 cells. However, this does necessarily mean that the net 

MMP-9 activity is unaltered, as the activity of MMPs can be regulated by cellular signals 

(reviewed by Chakraborti et al., 2003), interaction with the endogenous tissue inhibitors 

of MMPs (TIMPs, Nagase and Woessner, 1999; Yoshizaki et al., 2001; Baker et al., 

2002; Bernado and Fridman, 2003), and its localization in the membrane (Mira et al., 

2003; Yu et al., 2002). Therefore, we next determined if the perturbation of process 

outgrowth on Fn could be linked to differences in the actual MMP-9 activity. 

 
Figure 3.  MMP-9 real-time activity on different extracellular matrix molecules over time.  
A. Conditioned media of OLN 93 cells cultured without any serum were collected 3, 6, 12 and 24 
hrs after exposure to Fn (bold line), Ln2 (dashed line) and PLL (regular line). The net MMP-9 
activity was determined using a fluorogenic assay as described in Materials and Methods. Each 
point (in arbitrary units) represents the mean ± SE of at least 3 independent experiments. 
Statistical differences with cells cultured on Ln2 are indicated by asterisks (** p<0.01,*** 
p<0.001). Note that conditioned media from cells cultured for 12 hrs on Fn (bold line) are more 
capable of cleaving MMP-9/MMP-1 specific substrate when compared to Ln (dashed line) and 
PLL (regular line).  B. At 12 hrs after plating on the different ECM substrates with or without (ctrl) 
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PMA, conditioned media of OLN 93 cells were analyzed for net MMP-9 activity (see A). Statistical 
differences with control cultures (ctrl) are indicated by asterisks (*** p<0.001). Note that PKC 
activation increases MMP-9 activity on Ln2 and PLL, whereas its activity on Fn could not be 
further increased. C. At 12 hrs after plating on the different ECM substrates with or without (ctrl) 
BIM (PKC inhibitor) or MMP-9 inhibitor I (specific MMP-9 inhibitor), conditioned media of OLN 93 
cells were analyzed for net MMP-9 activity (see A). Statistical differences with cells cultured on 
Ln2 are indicated by asterisks (*** p<0.001). Note that the net MMP-9 activity on Fn could be 
counteracted by both BIM and MMP-9 inhibitor to the levels as observed on Ln2.  
 
 
Fibronectin increases the net MMP-9 activity in conditioned media of OLN 93 cells  

As the activity of MMPs is regulated by the presence and activity of other molecules 

including their natural inhibitors, TIMPs, we performed a fluorogenic degradation assay 

to measure the actual MMP activity in time. Conditioned media of OLN 93 cells cultured 

for 1, 3, 6, 12 and 24 hrs on Fn, Ln2 or PLL, were examined for their ability to cleave a 

MMP-9/MMP-1 specific substrate, which becomes fluorogenic upon cleavage. 

Interestingly, after 12 hrs, concomitant with the peak of the expression level of the active 

form of MMP-9 (fig. 2B), conditioned medium from OLN 93 cells that have been cultured 

on Fn showed a significant increase in MMP activity as compared to Ln2 and PLL (fig. 

3A). The activity measured was due to MMP-9, as the specific MMP-9 inhibitor I 

completely abrogated the measured activity (fig. 3B). No significant differences in the 

MMP-9 activity at the other time-points were observed. Thus, on Fn the net MMP-9 

activity is increased at 12 hrs after plating as compared to Ln2. Since PKC activity has 

been shown to increase OLG process outgrowth by increasing MMP-9 activity (Uhm et 

al., 1998; Oh et al., 1999) and we have previously shown that PKC activity is elevated in 

cells on Fn (Šišková et al., in press), we further explored the role of PKC in the 

enhanced MMP-9 activity on Fn.   

 

Fibronectin-mediated increase in net MMP-9 activity is PKC-dependent 

To investigate the involvement of PKC in the increased net MMP-9 activity on Fn, we 

have examined the effect of the PKC inhibitor, BIM, on the real-time MMP-9 activity in 

OLN 93 cells 12 hrs after plating on the different ECM substrates using the fluorogenic 

degradation assay. In figure 3B it is shown that BIM was able to counteract the 

increased MMP-9 activity on Fn to the level of activity on Ln2. Interestingly, PKC 

activation by PMA increased the net MMP-9 activity in cells grown on Ln2 and PLL, but 

did not further upregulated MMP-9 activity in OLN 93 cells exposed to Fn (fig. 3C).  

Furthermore, the levels of the active form of MMP-9 in the conditioned media of PMA 

treated OLN 93 cells, as measured with gelatin zymography, were significantly higher on 

Ln2 and PLL as compared to Fn (fig. 2C). Therefore, the observed increase in the net 

MMP-9 activity on Fn is PKC-dependent, which apparently is not a result of increased 

expression of the active MMP-9 form. 
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Figure 4. Cellular distribution of MMP-9 on the different extracellular matrix molecules.  
The localization of MMP-9 in OLN 93 cells (12 hrs, A and B) and primary OLGs (7 days, C-F) 
cultured on Fn  (B, D and F (phase contrast)) or Ln2 (A, C and E (phase contrast)) in serum free 
conditions have been visualized in living cells using immunofluorescence as described in 
Materials and Methods. Representative pictures of at least 3 independent experiments are 
shown.  Note that the cellular MMP-9 distribution in both OLN 93 cells and primary OLGs 
exposed to Fn is similar to cells cultured on Ln2.   
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Figure 5. Cellular localization of MMP-9 activity on the different extracellular matrix 
molecules. The localization of active MMP-9 in OLN 93 cells (12 hrs A, B, C, and D) and primary 
OLGs (7 days, E, F, G and H) cultured on Fn (C, D, G, and H) or Ln2 (A, B, E and F) in serum 
free conditions have been visualized in living cells using in situ zymography as described in 
Materials and Methods. Representative pictures of at least 3 independent experiments are 
shown. Note that when both OLN 93 cells (A, B (phase contrast)) and primary OLGs (E, F (phase 
contrast)) are grown on Ln2, MMP-9 activity of MMP-9 is localized along the primary processes 
as indicated by arrows, whereas MMP-9 activity in OLN 93 cells (C, D (phase contrast)) and 
primary OLGs (G, H (phase contrast)) cultured on Fn is restricted to the cell body (arrows).    
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As PKC-induced MMP-9 activity has been shown previously to enhance OLG process 

outgrowth, the inhibition of process outgrowth and enhanced MMP-9 activity on Fn 

appear to be conflicting. However, to allow OLG process outgrowth and branching, 

MMP-9 should be localized along and at the tips of OLG processes (Oh et al., 1999). 

Therefore, we next examined the cellular localization of MMP-9 in OLGs adhered on the 

different ECM substrates.    

 

Fibronectin prevents activation of MMP-9 along oligodendrocyte processes  

In order to examine the cellular distribution of  MMP 9 expression, i.e. both pro-MMP-9 

and active MMP-9, on the different ECMs, immunocytochemical analysis was 

performed. In figure 4 it is shown that both in OLN 93 cells (fig. 4A,B) and  primary 

mature OLGs (fig. 4C-F) MMP-9 is predominantly present in the cell body along with 

distribution along the processes. Importantly, hardly any differences in the distribution of 

MMP-9 on Fn or Ln2 were observed. Both in primary OLGs and OLN 93 cells, MMP-9 

aligned with the processes (fig. 4), which was evident in all OLG developmental stages 

on either substrate (data not shown). In order to visualize the spatial distribution of 

MMP-9 activity on the different ECM molecules, we used in situ zymography. Primary 

OLGs and OLN 93 cells incubated for 3 hrs with FITC-labeled DQ gelatin were analyzed 

by conventional fluorescence microscopy. As on all ECM substrates no active form of 

MMP-2 was detectable, and could not even be induced with PMA (fig. 2D), the 

visualized degradation of FITC-quenched DQ gelatin (cleaved fluorescent peptides) at 

cellular level is most likely due to MMP-9 activity.  As shown in figure 5, on Ln2, the 

MMP-9 activity in both OLN 93 cells (fig. 5A) and primary mature OLGs (fig. 5E) is 

localized along the extending processes, whereas on Fn the MMP-9 activity remains 

strictly localized to the cell body, both in OLN 93 cells (fig. 5C) and in primary OLGs (fig. 

5G). This restrictive localization of MMP-9 activity at the cell body plasma membrane on 

Fn was evident in OLG progenitors and at the onset of myelination as well (data not 

shown). Hence, these data suggests that on Fn MMP-9 activity, but not its expression, is 

constrained to the cell body, and thereby not able to create a permissive environment for 

process outgrowth, especially which involves budding or sprouting.  

 
Discussion 

 

It is an obvious prerequisite that for myelination to occur, OLG progenitors must be able 

to extend their processes to search for axons targeted for myelination. Elaborating OLG 

processes extend towards axons and therefore must be able to adjust adhesion to their 

surrounding ECM substrates that is the most likely controlled by MMP activity. On the 

other hand OLG receive signals from the surrounding environment, including ECM 

molecules that influence their morphological differentiation and behaviour (Frost et al., 

1999; Corley et al., 2001; Garcion et al., 2001; Relvas et al., 2001; Colognato et al., 
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2002; Baron et al., 2002, 2003, 2005; Maier et al., 2005; Šišková et al., 2006, chapter 3). 

This study demonstrate that the ECM molecule fibronectin increased the length of 

primary OLG process as compared to laminin-2, whereas the number of primary and 

more explicitly of secondary process is severely perturbed on Fn. This deficiency in 

budding ability on Fn, but not process length as such appeared to be the result of an 

enhanced but misregulated MMP-9 activity, i.e. on Fn MMP-9 activity is confined to the 

cell body and excluded from the primary processes. As a consequence, the surrounding 

microenvironment at the presumed budding sites of the processes could not be 

remodelled, leading to an impaired morphological differentiation limiting axonal 

adhesion. Upon developmental myelination the expression and activity of MMPs in 

OLGs are tightly controlled. For example, MMP-9 and MMP-12 proteolytic activity are 

upregulated at the onset of myelination (Uhm et al., 1998; Oh et al., 1999; Larsen and 

Yong, 2004; Larsen et al., 2006) and myelin formation during development is delayed in 

MMP-9 and -12 null mice (Larsen et al., 2006). Moreover, MMP-9 facilitates 

remyelination after lysolecithin-induced demyelination by clearing NG2 (Larsen et al., 

2003). These MMPs appear to be essential for OLG process outgrowth on PLL or along 

astrocyte-derived ECM (Uhm et al., 1998), as their absence and inhibition of their 

activity perturbs process outgrowth (Oh et al., 1999). As shown here and unexpectedly, 

the net MMP-9 activity is significantly increased on Fn despite the defect in budding 

ability. Fn has been shown to upregulate MMP-9 activity in human T lymphocytes by 

inducing its production and secretion (Esparza et al., 1999; Yakubenko et al., 2000; 

Wang et al., 2003). As we show here, in OLGs, the Fn-induced increase in net MMP-9 

activity is not regulated at the transcriptional level given the similar levels of MMP-9 and 

active-MMP-9 on all ECM substrates. The enhanced net MMP-9 activity on Fn could, 

however, be reversed by BIM, a PKC inhibitor, indicating the involvement of a PKC-

dependent signaling pathway in regulating the net activity of MMP-9, but not its 

induction. In contrast, on Ln2 and PLL, PMA-mediated activation of PKC increased the 

levels of active MMP-9 in conditioned media as compared to Fn along with enhanced 

net MMP-9 activity. Interestingly, in several cell types it is known that phorbol esters 

induce MMP-9 production (Xie et al., 1998; Esteve et al., 2002) via AP-1 binding 

elements in the MMP-9 promotor (Gum et al., 1996). Thus, this data suggests that 

MMP-9 activity on Fn and Ln2/PLL is differently regulated by PKC. On Fn PKC acts on 

the activity level, whereas on Ln2 and PLL, a PKC-dependent signal route(s) operate at 

the transcriptional level as well. In this context it is important to note that in a previous 

study we have shown that PKC activation is induced upon exposure to Fn, but not to 

PLL or Ln2 (Šišková et al., 2006, chapter 3). As the activity of MMPs is controlled by the 

presence of endogenous TIMPs, cytokines, other MMPs or autocatalysis, (Nagase and 

Woessner, 1999; Vecil et al., 2000; Yoshizaki et al., 2001; Baker et al., 2002; Bernado 
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and Fridman, 2003; Chakraborti et al., 2003), the enhanced PCK-mediated net MMP-9 

activity on Fn could therefore be indirect.  

On first glance our data appear to be conflicting, i.e. enhanced MMP-9 activity on Fn 

concomitant with perturbed process outgrowth. However, it is known that the cellular 

localization and concentration of MMPs to specific areas at the cell surface is important 

for cellular function and MMP-activity. For example, properly localized MMPs at the 

leading edge of migrating cells will facilitate proteolysis of the ECM and allow migration 

(reviewed by VanSaun and Matrisian, 2006). Similarly, it could be envisaged that MMP 

activity at presumed branching/budding points at OLG process is necessary to allow 

process ‘migration’, i.e. the onset of process outgrowth.  Indeed, MMP activity has been 

observed on the tips of growing OLG processes (Oh et al., 1999) as well as on growth 

cones of neurite extensions (Ahmed et al., 2005; Shubayev and Myers, 2004). We show 

here that in OLGs exposed to Fn, MMP-9 activity, but not its expression is restrained at 

the cell body, as MMP-9 activity is virtually absent from the primary processes. On Ln2, 

however, MMP-9 activity is primarily focalized along the primary processes. Hence, 

membrane location influences MMP-9 activity in OLGs. The restricted cellular 

localization of active MMP-9 could very well explain the branching disability on Fn.  

What prevents MMP-9 activation in the processes, despite the presence of pro-MMP-9 

(fig. 4), remains to be determined. An enriched localization of TIMPs, or altered 

association with cellular adhesion molecules in the primary processes as compared to 

the cell body, are possible explanations. It has been shown, for example that several 

integrins can modulate activity of different MMPs (reviewed Stefanidakis and Koivunen, 

2006) and that CD44, known to be expressed in OLGs (Moretto et al., 1993; Bouvier-

Labit et al., 2002; Tuohy et al., 2004), contribute in other cells to localized MMP-7 

activity at the surface (Yu et al., 2002). Furthermore, it has been recently reported that 

MMP-9 activity could be modulated by its sequestering to membrane microdomains 

(Mira et al., 2004), which appears to be ganglioside and integrin-dependent (Zhang et 

al., 2006). Interestingly, in previous studies, we found that membrane microdomain 

formation in OLGs on Fn differs from Ln2 and PLL (Baron et al., 2003; Maier et al., 

2005). Whether and how membrane microdomains in the cell body and processes differ 

remains to be determined. Preliminary experiments suggest that function blocking 

antibodies to β5 integrin, and to a lesser extent β3 integrin, are able to counteract the 

net increase in MMP-9 activity on Fn, but whether this is on the transcriptional, activity or 

localization level remains to be determined.  

In conclusion, our present data show that high levels of MMP-9 activity are not sufficient 

to induce morphological differentiation of OLGs, as proper localization of MMP-9 activity 

along the processes is required. Although the mechanisms of spatial MMP-9 activation 

are not completely clear, these findings implicate that Fn, known to accumulate in MS 

lesions (Sobel and Mitchell, 1989; van Horssen et al., 2005; our unpublished 
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observations), induces misbalance in MMP-9 activity and this may be one of the factors 

that limits remyelination in MS lesion by perturbing the first step in (re)myelination: OLG 

processes outgrowth. Thus therapeutic interventions aimed to enhance remyelination 

should not be solely focused on enhancing MMP activity but rather to direct MMP-

activity towards OLGs. 
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Abstract 

 

Studies with transgenic animals lacking complex gangliosides show impaired myelin 

stability, which has been suggested to be due to disturbed axo-glial interactions. 

Gangliosides expression in axon appears to be essential, however, a role for 

gangliosides in the integrity of oligodendrocyte (OLG) derived myelin membranes has 

not been properly defined yet. Here, we addressed this issue in primary OLGs and an 

OLG-derived cell line, OLN 93. Pharmacological inhibition of glycosphingolipid (GSL) 

biosynthesis influenced the stability of OLG membranes, resulting in the formation of  

extracellular galactosylceramide (GalCer) containing deposits, surrounding OLG cell 

bodies, which had detrimental consequences on morphological OLG differentiation. 

Moreover, in GalCer-over expressing OLN 93 cells that lack complex gangliosides 

similar deposits were formed, as visualized by immunocytochemical and 

electronmicroscopical analyses. The deposits contained components of the outer leaflet 

(GalCer), transmembrane spanning proteins (NCAM 140) and β-tubulin cytoskeleton, 

whereas actin cytoskeleton and components associated with the inner leaflet (CNP) 

were absent. Additional work indicated that GalCer deposition could be prevented by 

exogenous administration of the ganglioside GT1b, but not ganglioside GM1. Taken 

together, the results suggest that a proper ratio of GalCer/ ganglioside (GT1b) needs to 

be maintained for the formation of stable myelin membranes.  
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Introduction 

 

Gangliosides are a major class of glycosphingolipids (GSLs) that contain one or more  

sialic acid residues, and are abundantly present in vertebrate brain (Stults et al., 1989). 

Thus, it is not surprising that defects in their metabolism could have a most severe 

impact on this organ. In fact, inherited defects in degradation of gangliosides cause two 

types of disease in human, i.e., the GM1 and GM2 gangliosidoses (Gravel et al., 1979; 

Itoh et al., 2001). Furthermore, other genetically determined diseases, not directly 

related to defects in ganglioside metabolism, such as Niemann-Pick and Gaucher 

disease, may be associated with a significant accumulation of specific gangliosides 

(Siegel and Walkley, 1994; Schuchman and Miranda, 1997; Gornati et al., 2002). 

Differences in ganglioside levels have also been observed in neuroinflammatory 

pathologies, like the demyelinating disease multiple sclerosis (MS). In MS, the levels of 

ganglioside GM1, the most abundant ganglioside in myelin (Ueno et al., 1978; Cochran 

et al., 1982a,b), decreases (Yu et al., 1974), whereas elevated levels of ganglioside 

GD3 have been reported in the cerebrospinal fluid of MS patients (Miyatani et al., 1990). 

Likely, activated microglia secrete GD3, which triggers OLG apoptosis (Simons et al., 

2002), thus raising the issue as to how gangliosides modulate MS pathology, and 

remyelination in particular.  

However, next to a potentially detrimental role in MS pathology, gangliosides are 

nevertheless important for myelin stability. For example a role of gangliosides in the 

maintenance of myelin stability in vivo has been suggested by several studies. In 

Galgt1-null mice that fail to express complex brain gangliosides, including GD1a and 

GT1b, a selective and progressive decrease in expression of myelin-associated 

glycoprotein (MAG) results in demyelination, and is accompanied by motor behavioral 

deficits (Sun et al., 2004). Furthermore, the spinal cord of mice lacking complex 

gangliosides are characterized by disordered myelination and degeneration of nerve 

fibers (Ma et al., 2003), further suggesting involvement of brain gangliosides in myelin 

stability. Interestingly, complex ganglioside GT1b mediates axo-glia interactions (Vinson 

et al., 2001), whereas its level decreases during development of chronic relapsing 

experimental allergic encephalomyelitis (EAE), an animal model for MS (Zaprianova et 

al., 1998), and thus might impair remyelination events in MS.  

In OLGs, the myelin forming cells of the central nervous system (CNS), the expression 

of gangliosides is developmentally regulated. In particular, gangliosides (GT3, O-

acetylated-GT3 and GD2) recognized by the A2B5 antibody (Farrer and Quarles, 1999) 

and GD3 are present on precursor cells, whereas their expression is lost upon cell 

differentiation (Levine et al., 1993; Farrer and Quarless, 1999). Furthermore, 

gangliosides GM1, GM2, GM3, GD1a and GT1b are expressed in OLGs throughout 

development (Satoh et al., 1996), GM1 ganglioside being the major ganglioside in 
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myelin (Ueno et al., 1978; Cochran et al., 1982a,b). The function of developmentally-

regulated gangliosides in OLG differentiation is not yet known. However, gangliosides 

almost exclusively localize to the outer leaflet of the membrane (Hansson et al., 1977), 

and in other cell types a role in cell adhesion (Blackburn et al., 1986; Probstmeier et al., 

1999), process outgrowth (Cannella et al., 1998) and transmembrane signaling by 

participation in the formation of membrane microdomains (McKerracher, 2002; Sorice et 

al., 2004) has been reported. These reported functions are important for OLG 

development as well, and a role for gangliosides in these functions could thus be readily 

envisioned. Membrane microdomains, for example, have been shown to be important 

signaling platforms for OLG survival (Baron et al., 2003, Decker and ffrench-Constant, 

2004) and myelination (Kramer et al., 1999). Moreover, adhesion of OLG to its target, 

the axon, is necessary for OLGs to survive in vivo (Barres et al., 1993; Barres and Raff, 

1999) and an important mediator in this axo-glia adhesion is the axonally-derived 

extracellular matrix molecule, laminin-2 (Ln2, Colognato et al. 2002). Ln2 also appears 

to be important in myelin membrane formation (Buttery and ffrench-Constant, 1999; 

Relvas et al., 2001) and process outgrowth (Šišková et al., submitted (chapter 4)). For 

example, OLG adherence to fibronectin (Fn), which is normally absent in healthy CNS 

and present under pathological conditions (Sobel and Mitchell, 1989; Šišková et al., 

chapter 2), results in impaired process outgrowth and myelin membrane formation 

(Buttery and ffrench-Constant, 1999; Maier et al., 2005; Šišková et al., 2006 (chapter 3); 

Šišková et al., submitted (chapter 4)).  

Taken together, although knowledge about gangliosides structure, metabolism and 

function gradually emerges, knowledge of how gangliosides control OLG behavior and 

myelin membrane integrity, is fairly scanty. In the present in vitro study, evidence is 

provided that highlights the importance of ganglioside GT1b in myelin membrane 

integrity, a prerequisite for myelin compaction. Based on these results, we propose a 

mechanism, explaining the role of GT1b in myelin stability, which is impaired in complex 

ganglioside deficient animals.  

 

Materials and Methods 

 

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM), L-glutamine, penicillin/streptomycin and 

geneticin (G418) were from GIBCO BRL (Life Technologies, Paisley, Scotland).  Fetal 

calf serum (FCS) was obtained from Bodinco (Alkmaar, Netherlands). 

Paraformaldehyde (PFA) and Triton-X 100 (TX100) were obtained from Merck 

(Darmstadt, Germany).  FGF-2 and PDGF-AA were purchased from Peprotech (Rocky 

Hill, NJ). Protease inhibitor cocktail tablets (Complete Mini) were obtained from Roche 

Diagnostic Corp (Mannheim, Germany). DL-threo-1-phenyl-2-palmitoylamino-3-
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pyrrolidino-1-propanol-HCL (PPPP) and N-butyldeoxynojirimycin-HCL (NBDNJ) were 

obtained from Biomol international, L.P. (Exeter, UK). Gangliosides GT1b and GM1 

were from Alexis Corp. (Läufelfingen, Switzerland). Sep-Pak 18 cartridges were 

purchased from Waters Corp. (Milford, MA). HRP-conjugated cholera toxin subunit B 

(CTB) was from EMD biosciences Inc. (La Jolla, CA, USA). HPTLC plates, chloroform 

and methanol were from Merck (Amsterdam, The Netherlands). All other chemicals 

were supplied by Sigma Chemical Co. (St. Louis, MO). 

 

Antibodies 

The R-mAb and O1 hybridoma (Ranscht et al., 1982) were kind gifts of Guus Wolswijk 

(NIBR, Amsterdam, The Netherlands). Mouse anti-CNPase (IgG1), mouse anti-β-tubulin 

(IgG1) and mouse NCAM 140/180 (IgG2b) were purchased from  Sigma Chemical Co. 

(St. Louis, MO). Rat anti-MBP was obtained from Serotec (Oxford, UK). FITC and 

TRITC-conjugated antibodies were purchased from Jackson ImmunoResearch (West 

Grove, Pa., USA).  

 

Constructs 

The cDNA encoding ceramide galactosyltransferase (cgt) was a kind gift of Dr. Brian 

Popko (Chapel Hill, NC). For cloning, the cgt gene was inserted into the EcoRI 

restriction site of the retroviral vector pLXIN (Clontech Biosciences, Mountain View, CA). 

Recombinant plasmids were grown in TOP10 cells, and plasmids with the cDNA insert 

in the correct orientation with respect to transcription were identified by restriction 

analysis. The orientation and the integrity of the obtained pLXIN constructs were 

confirmed by DNA sequencing. The production of retroviral particles and the subsequent 

infection and selection of OLN 93 cells were performed according to Maier et al. (2006). 

An OLN-MOCK and an OLN-G, overexpressing GalCer, were generated. OLN-MOCK 

was obtained by retroviral infection with vector only (pLXIN). OLN-G is retrovirally 

infected with the pXLIN-cgt and selected for at least 14 days with 2 mg/ml G418. 

Infection efficiency was in all cases nearly 100%.   

 

OLN 93 cultures 

The oligodendroglia derived cell line OLN 93, a kind gift of Dr. Christiane Richter-

Landsberg (Richter-Landsberg and Heinrich, 1996), were cultured in DMEM 

supplemented with 10% heat-inactivated FCS, L-glutamine, and the antibiotics penicillin 

and streptomycin (proliferation medium). Retroviral infection (see above) was performed 

on passage 28. Cells were trypsinized when they reached near-confluency and 

experiments were performed with passage 30-38. To test the effect of ECM 

components, the cells were cultivated on pre-coated poly-L-lysine (PLL, 5 µg/ml), 

laminin-2 (Ln2, 10 µg/ml) or fibronectin (Fn, 10 µg/ml) tissue culture plastics (Corning 
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Incorporated Corning, NY). Tissue culture plastics were pre-coated for at least 3 hrs at 

37ºC. For TLC analysis OLN 93 cells were plated at a density of 500.000 per T75 flask 

and cultured till 70% confluency in 10% FCS. For immunocytochemical and 

electronmicrosopical studies cells were grown overnight on Lab-Tek chamber slides 

(Nalge Nunc) at a density of 4.000 cells per well and grown for at least 3 days in either 

10 or 0.5% FCS. To determine the influence of gangliosides on the membrane integrity, 

25 µM GT1b or 25 µM GM1 were added directly after attachment of OLN 93 cells to the 

substrate and kept in culture medium for the duration of the experiment.   

Primary oligodendrocyte culture 

Primary OPCs were obtained from 1-3 day old Wistar rats as described previously 

(Baron et al., 2002, Maier et al., 2005). Briefly, rats were decapitated, forebrains were 

collected and a single cell suspension was obtained by mechanical and enzymatic 

(papain) digestion. Cells were cultured in DMEM, supplemented with 10% FCS, L-

glutamine, penicillin and streptomycin for 10-14 days on PLL-coated tissue culture flasks 

(Nalge Nunc, Naperville, IL). OPCs, growing on top of an astrocyte monolayer, were 

then isolated by a shake off procedure (McCarthy and de Vellis, 1980). After a 1 hr pre-

shake to remove contaminating microglia, flasks were shaken overnight at 240 rpm on 

an orbital shaker. The floating OPCs obtained by this procedure were further purified by 

differential adhesion on bacterial culture dishes, to remove astrocytes and microglia. 

Enriched OPCs were plated on pre-coated dishes (see above) or well chamber slides, 

and synchronized in SATO medium (Maier et al., 2005), containing PDGF-AA (10 ng/ml) 

and FGF-2 (10 ng/ml) for 2 days. Differentiation was induced by growth factor 

withdrawal and cells were grown for 7 days (mature myelinating stage) in SATO medium 

supplemented with 0,5 % FCS with medium changes twice a week. For 

immunocytochemical studies, primary OPCs were plated on ECM-precoated 8 well 

chamber slides at a density of 15.000 cells per well, whereas for GM1 quantification, the 

cells were plated at the density of 250.000 cells per PLL-precoated 35 mm dish (Nalge 

Nunc). To inhibit the de novo synthesis of gangliosides, 200 �M NBDNJ and 0.5 �M P4 

(unless otherwise indicated) were added to the culture medium immediately after initial 

adhesion and have been re-applied every 72 hrs till the duration of the experiment.  

 

Immunohistochemistry 

Antibody staining of cell surface components was performed either on live cells at 4°C or 

on PFA-fixed cells. After blocking aspecific binding with 4% BSA in phosphate buffered 

saline (PBS) for 10 min, primary OLGs or OLN 93 cells were incubated with R-mAb 

(1:10; Ranscht et al., 1982) or O1 (1:20) for 30 min, washed three times with PBS and 

incubated for 25 min with appropriate TRITC or FITC-conjugated secondary antibodies 

(1:50). After washing with PBS, the nuclei were stained with DAPI. For internal staining, 

the cells were first gently fixed with 2% PFA in PBS at room temperature (RT) for 20 
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min, followed by 15 min fixation with 4% PFA. Cells were permeabilized and blocked 

with 0.1% TX100 and 4% BSA, respectively and subsequently incubated with the 

appropriate antibody (NCAM 140/180 1:50, CNP 1:100, β-tubulin 1:200) for 60 min in 

4% BSA. After  washing with PBS, cells were incubated for 30 min at RT with the 

appropriate fluorescently-conjugated secondary antibodies (FITC- and TRITC- 

conjugated antibodies 1:50) in combination with DAPI. Actin filament staining on fixed 

and permeabilized cells was performed with TRITC-labeled phalloidin (1�g/ml, 30 min) 

as described previously Šišková et al., 2006 (chapter 3). For all stainings, mounting 

medium (1 mg/ml DABCO in 90% glycerol) was added to prevent image fading. The 

cells were analyzed with a conventional fluorescence microscope (Olympus ProVis 

AX70) and data were processed using Paint Shop Pro or Adobe Photoshop 7.0 

software.   

 

Transmission electron microscopy 

Cells were fixed with  2% glutaraldeyde in  0.1 M phosphate ( pH 7.4) for  20 min at RT. 

Cells were washed once with  0.1 M phosphate pH 7.4  containing  6.8% sucrose, after 

which the cells were osmificated with 1% OsO4 in 0.1 M phosphate for 2 hrs at RT. Cells 

were dehydrated in a graded series of ethanols (30, 50, 70 and 100% respectively), and 

embedded in a 1:1 Epon / propylene oxide mixture overnight, followed by embedding in 

pure Epon. Ultra thin sections were counterstained with uranyl acetate and lead citrate 

and samples were examined using a Philips CM 100 (FEI electron optics, Eindhoven, 

The Netherlands).   

 

Analysis of cellular glycosphingolipids 

Cells were washed three times with PBS and harvested by scraping in 1 ml PBS. Cells 

were centrifuged at 10.000 rpm at RT, followed by lipid extraction from the cell pellet 

according to Bligh and Dyer (1959). Briefly, the cell pellet was resuspended in water and 

sonicated. Total lipid extraction was performed with 3 volumes CHCl3/CH3OH (2:1, v/v). 

The chloroform layer was washed once with 1 volume of CH3OH/water (1:1, v/v and 

dried with a nitrogen flow. Phospholipid content was determined according to B�ttcher et 

al. (1961), using phosphate (Pi) as a standard. From equal amounts of phospholipid, 

acylglycerolipids  were hydrolyzed in CHCl3/CH3OH (1:1, v/v) containing 0.1 M NaOH 

(0.1M) for 1 hr at 37 °C The remaining lipids were re-extracted as described above and 

applied onto high performance thin layer chromatography (HPTLC) plates. Lipids were 

separated in C3H6O2/CH3CH(OH)CH3/CHCl3/CH3OH/25% KCl (25:25:25:10:9, v/v/v/v/v), 

after which the plates were dried, and sprayed with 10% H2SO4 and 5% CH3OH and 

heated to 120 °C to visualize lipids. Glycosphingolipids were quantified using Scion 

Image software (Scion Corp., Frederick, MD).  

Gangliosides extraction 



Chapter 5 

 

114 

Cells were washed three times with PBS and harvested by scraping in 1 ml PBS. Cells 

were centrifuged at 10.000 rpm at RT, and gangliosides were isolated from cell pellets, 

as described (Senn et al., 1998). Briefly, cell pellets were extracted in CHCl3/CH3OH 

(1:1, v/v) and CHCl3/CH3OH (2:1, v/v). The supernatants were pooled and dried with a 

nitrogen flow. Lipids were redissolved and sonicated in CHCl3/CH3OH (1:1, v/v). After 

centrifugation and overnight storage at –20°C, the supernatants were collected and 

dried, and their phospholipid content was determined as described above. Equal 

amounts of phospholipid were redissolved in diisopropylether-1-butanol (3:2, v/v) by 

sonication after which 17 mM NaCl was added. The aqueous phase was re-extracted 

with diisopropylether-1-butanol and subsequently dried. Samples were dissolved in 

CH3OH/water (1:1, v/v) and loaded onto prewashed Sep-Pak C18 cartridges. After 

washing with water, gangliosides were eluted with CH3OH followed by  CHCl3/CH3OH 

(1:1, v/v). The eluate was concentrated by drying and loaded onto HPTLC plates. 

Gangliosides were separated in CHCl3/CH3OH/0.2% (w/v) CaCl2 (11:9:2, v/v/v). Dried 

plates were sprayed with Ehrlich reagent, covered with a glass plate and heated to 

180°C. Gangliosides were quantified using Scion Image software (Scion Corp., 

Frederick, MD).  

 

GM1 quantification (dot blot)  

The cells were washed three times with PBS and harvested by scraping into 1 ml PBS. 

Cells were centrifuged at 10.000 rpm at RT and pellets were lysed in TNE-lysis buffer 

(50mM Tris-HCL, 5mM EDTA, 150 mM NaCl, 1% Triton X-100 and protease inhibitor 

cocktail). Protein determination was performed by a Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories, Hercules, CA), using BSA as a standard. Equal amounts of protein in 

equal volumes (max. 10 µl) were applied onto nitrocellulose membrane. When dried, 

membranes were incubated for 1 hr at RT in blocking solution (5% nonfat dry milk in 

PBS). After washing, the membranes were incubated incubated for 2 hrs with HRP- 

conjugated in 1% nonfat dry milk in PBS containing 0.1% Tween 20. The membranes 

were washed three times with PBS containing 0.1% Tween 20. Signals were detected 

by enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech), scanned and 

processed using Paint Shop Pro and quantified with Scion Image software (Scion Corp., 

Frederick, MD).  
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Results 

 

Glycosphingolipid characterization of primary rat oligodendrocytes and OLN 93 

cells 

In previous studies we and others have shown that ECM molecules play an important 

role  in myelin membrane formation (Buttery and ffrench-Constant, 1999; Maier et al., 

2005; Šišková et al., 2006 (chapter 3)). Whereas Ln2 is beneficial, Fn severely retards 

morphological OLG differentiation, and therefore myelin formation (Maier et al., 2005; 

Šišková et al., submitted (chapter 4)). As laminin is able to upregulate ganglioside 

synthesis in primary Schwann cells (Farrer and Quarles, 1996), the myelinating cells of 

the PNS, a role of gangliosides in ECM-dependent myelination could be anticipated.  

 
Figure 1. Glycosphingolipid  expression in  primary OLGs and OLN 93 cells on different 
extracellular matrix molecules. Primary OLGs (A, B) and OLN 93 (C, D, 10% FCS) cells were 
cultured on laminin-2, fibronectin or poly-L-lysine for 7 days and 3 days respectively, after which 
neutral glycosphingolipids (A, C) and ganglioside (acidic glycosphingolipids, B, D) expression 
was analyzed as described in Materials and Methods. Representative TLCs of at least 3 
independent experiments are shown. Note, the slight increase in the general expression of 
gangliosides, and GM3, GM1, GD3 and GT1b in particular, on laminin-2 as compared to poly-L-
lysine and fibronectin in primary OLGs. In OLN 93 cells only ganglioside GM3 is expressed in 
detectable levels.  
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Therefore, we examined ganglioside expression in mature myelinating OLGs, cultured 

on different ECM substrates, i.e. inert poly-L-lysine (PLL), Fn and Ln2. In parallel, the 

expression of the galactosphingolipids, galactosyl ceramide (GalCer) and its sulfated 

derivate, sulfatide, were analyzed, both of which are abundant in primary OLGs (Menon 

et al., 2003) and important for OLG maturation (Pfeiffer et al., 1993; Bansal et al., 1999; 

Hirahara et al., 2004). As shown in figure 1A, in primary OLGs major ECM-mediated 

differences in glycosphingolipid (GSL) expression were not observed. In contrast, 

ganglioside expression (GM3, GM1, GD3 and GT1b) on Ln2 as compared to PLL and 

Fn was slightly increased. (fig.1B). Next, we determined the GSL profiles in OLN 93 

cells, previously shown to express similar properties in terms of trafficking of myelin 

proteins and cell differentiation as primary OLGs, when grown on different ECM 

substrates (Šišková et al., 2006 (chapter 3); Šišková et al., submitted (chapter 4)). As 

shown in figure 1C, proliferating OLN 93 express on all substrates similar levels of 

glucosylceramide (GlcCer), ceramide and the phospholipid sphingomyelin (SM), and 

hardly, it at all, the myelin typical lipids GalCer or sulfatide. Interestingly, on Ln2 and Fn 

additional yet unidentified lipids appeared. Intriguingly, however, ganglioside GM3 is the 

only detectable ganglioside in OLN 93, implying that these cells are completely lacking 

structurally more complex gangliosides (fig. 1D). Again, no quantitative effect on the 

extent of GM3 was seen when the cells were grown on different substrates. Hence, 

these data suggested that ECM molecules hardly, if at all, modulate glycosphingolipid 

expression in OLGs. To assess if gangliosides are involved in myelin membrane 

formation per se, we next examined, if OLG development is ganglioside-dependent.  

 

Inhibition of glycosphingolipid biosynthesis impedes primary process extension 

in OLGs and gives rise to GalCer positive extracellular deposits 

In order to reveal a role for gangliosides in OLG maturation in vitro, de novo 

biosynthesis of GSL was inhibited using pharmacological inhibitors. GlcCer synthase 

catalyzes the transfer of glucose of UDP-glucose to ceramide to form GlcCer, which is 

the common precursor of high-order glucosylceramide-based, GSL, including 

gangliosides. N-butyldeoxynojirijmycin (NBDNJ) inhibits both ceramide-specific 

glucosyltransferase and �-glucosidases and is a potent and non-cytotoxic inhibitor of 

GlcCer synthesis in vitro (Platt et al., 1998). DL-threo-1-phenyl-2-palmitoylamino-3-

pyrrolidino-1-propanol-HCL (PPPP) is another specific inhibitor of GlcCer synthase, 

thereby also inhibiting ganglioside synthesis, without significantly affecting intracellular 

levels of ceramide (Lee et al., 1999), GalCer and sulfatide (our unpublished 

observations). These inhibitors were added to OPCs, i.e. before the onset of myelin 

sheet formation. Furthermore, their effect was analyzed on all substrates, but only the 

results on the inert PLL substrate are shown, as virtually identical results were obtained 

on all ECMs examined. Given the limited amount of cells available, and hence the need 
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for microanalysis of the lipid pools we improved the sensitivity of lipid detection, a dot 

blot assay was applied.  

 
Figure 2. Localization of GalCer in primary OLGs upon inhibition glucosylceramide 
synthesis. Primary OPCs were plated on poly-L-lysine, allowed to adhere, after which, NBDNJ 
and P4 at the indicated concentrations were added. These glucosylceramide synthesis inhibitors 
were continuously present in the culture medium. The cells were grown for 7 days, after which 
GM1 expression was determined (A) and GalCer distribution visualized (B-D) with 
immunofluorescence as described in Materials and Methods. A) cellular GM1 expression as 
quantified with a dotblot. Note, the dose-dependent decrease in GM1 expression by both 
inhibitors. A representative experiment out of two is shown. B) GalCer distribution in control cells, 
C) GalCer distribution in PPPP (0.5 µM)-treated cells, D) GalCer distribution in NBDNJ (200 µM)-
treated cells. Representative pictures of at least 3 independent experiments are shown. Scale bar 
is 2 µm. Note that inhibition of glycosylceramide synthesis by both inhibitors (C, D) prevented 
morphological differentiation of OLG, and induced extracellular deposition of GalCer. 
 

 

Figure 2A shows a dose-dependent inhibition of GM1 expression with both inhibitors, 

and for further experiments, 0.5 �M PPPP (80-85 % inhibition) and 200 �M NBDNJ (65-

70 % inhibition) were used. Whereas in control cells a highly branched GalCer positive 

network of processes extending from the cell body was formed (fig. 2B), in cells in which 

GlcCer biosynthesis was inhibited, process formation was impeded and extracellular 

deposits containing GalCer appeared, closely surrounding cell bodies. Inhibition of 

morphological differentiation and GalCer positive extracellular deposits were observed 

with both inhibitors (PPPP, fig. 2C, NBDNJ, fig. 2D). Hence, these data suggest that 

GlcCer synthesis is essential for morphological OLG differentiation. To assess if the 

depositing of GalCer-containing membrane structures was due to the absence of de 
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novo GlcCer biosynthesis per se, or due to the absence of a GlcCer-based GSL, such 

as gangliosides, we next examined whether OLN 93 cells, which lack complex 

gangliosides and only express ganglioside GM3 (fig. 1D), could also form similar 

deposits.  

 

GalCer-expressing OLN-G cells, but not OLN-MOCK cells, form extracellular 

deposits  

In order to investigate the relation between a particular GlcCer-based GSL and 

deposition of GalCer positive extracellular membrane structures, we examined GalCer 

deposition in OLN 93 cells that only express the relatively simple gangliosde GM3 

(fig.1D).  As they also express rather low GalCer levels (fig.1C), we first retrovirally 

overexpressed galactosyl ceramide transferase (cgt) to improve GalCer biosynthesis in 

OLN 93 cells, hereafter referred to as OLN-G. As compared to control mock transfected 

cells (MOCK; fig. 3A, line 1), infected OLN-G cells  significantly overexpress GalCer (fig. 

3A). A double band is visible, representing non-hydroxylated (upper band) and 

hydroxylated (lower band) GalCer. In addition, low but detectable levels of sulfatide were 

seen in OLN-G cells, however these levels were too low for immunofluorescent 

detection.  

Figure 3. GalCer localization in GalCer-overexpressing OLN 93 cells. OLN-MOCK (D) and 
GalCer-overexpressing OLN-G cells (B, C, E) were generated as described in Materials and 
Methods. Cells were cultured on poly-L-lysine for 3 days (B, C) or 24 hrs (D, E) in either 10% (B) 
or 0.5% FCS (C-E) and GalCer distribution (B, C) and membrane integrity using transmission 
electronmicroscopy (D, E) were analyzed as described in Materials and Methods.  A) Neutral 
glycosphingolipid expression in OLN-MOCK and OLN-G cells. Note that GalCer is significantly 
overexpressed in OLN-G as compared to OLN-MOCK. B) GalCer distribution in OLN-G cells, 
10% FCS, C) GalCer distribution in OLN-G cells, 0.5% FCS. Representative pictures out of at 
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least 3 independent pictures are shown. Scale bar is 2 µm. Note, that as in primary cells, GalCer-
positive deposits are formed (arrows). D) OLN-MOCK, 0.5% FCS, E) OLN-G, 0.5% FCS. 
Representative images out of at least 3 independent experiments are shown. Note that the 
membrane integrity is severely impeded in OLN-G cells as compared to OLN-MOCK cells, 
indicating that GalCer expression is essential for extracellular deposit formation. Scale bar is 10 
µm.   
 

 

Remarkably, the OLN-G cells were in general more spread and fewer processes were 

formed (data not shown). Interestingly, however, the OLN-G cells spontaneously formed 

GalCer-positive extracellular deposits surrounding the cell body (fig. 3B), similarly as 

observed for primary OLGs, except that in these cells the effect was only seen upon 

inhibition of GlcCer biosynthesis. Furthermore, GalCer deposition was even more 

prominent upon serum withdrawal, i.e. upon triggering differentiation of the cells (fig. 

3C). Importantly, as in OLN 93 cells, only ganglioside GM3 is expressed in OLN-MOCK 

and OLN-G cells (data not shown). Intriguingly, as examined with transmission electron 

microscopy (TEM), in OLN-G cells substantial degeneration of the plasma membrane 

was observed, as evidenced by secreted membranous structures (fig. 3E). These 

secreted membrane-like structures were not detectable in OLN-MOCK cells (fig. 3D) 

that express relatively low levels of GalCer (fig. 3A), thus suggesting that a relative 

excess of GalCer, artificially induced in control cells in which overall GSL biosynthesis is 

impaired, is instrumental in the formation of these deposits.   

 

Extracellular deposits in OLN-G cells contain membrane proteins and cytoskeletal 

components 

To further analyze the composition of the extracellular deposits formed in OLN-G cells,  

the distribution of several plasma membrane proteins at the cell surface was compared 

in control cells and OLN-G cells, using immunofluorescence. Whereas in OLN-MOCK, 

the distribution of the transmembrane spanning protein NCAM 140 randomly localized to 

the plasma membrane (fig. 4A), in OLN-G cells, NCAM 140 is not associated with the 

cell boundaries (fig. 4B) but co-localized with the GalCer positive deposits (fig. 4D). In 

contrast, CNP, known to be associated with the inner leaflet of the plasma membrane 

only (Braun et al., 1991) is similarly distributed in OLN-G (fig. 4F) as in OLN-MOCK (fig. 

4E) cells, i.e. very little if any colocalisation (fig. 4H) with the GalCer positive deposits 

(fig. 4G). As process formation was severely impeded both upon inhibition of GlcCer 

synthesis in primary OLGs and in OLN-G cells, we next analyzed the localization of the 

cytoskeletal proteins actin and β-tubulin. The distribution of the actin cytoskeleton, as 

visualized with phalloidin-TRITC, is similar in OLN-MOCK (fig. 4I) and OLN-G (fig. 4J), 

and no colocalisation of actin with extracellular deposits was detected (fig. 4J-L). In 

contrast, β-tubulin, known to be primarily present in primary processes of OLGs (Wilson 

an Brophy, 1989), colocalised with the extracellular deposits in OLN-G (fig. 4N-P), 

whereas in OLN-MOCK the β-tubulin distribution is confined to the cells (fig. 4M). 
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Therefore, these data suggest that the plasma membrane of OLN-G cells is severely 

disorganized, with a concomitant membrane destabilization, which apparently resulted in 

the extracellular deposition of outer leaflet membrane components (GalCer), 

transmembrane spanning components (NCAM 140) and β-tubulin, whereas the actin 

cytoskeleton, and inner leaflet associated proteins (CNP) remained cell-associated. 

Intriguingly, in spite of this apparent perturbation, OLN-G cells are still capable to grow 

and proliferate. As similar deposits were observed in primary OLGs in which overall 

GlcCer biosynthesis had been inhibited, and spontaneously in OLN-G cells, that 

overexpress GalCer and only express GM3 as the sole ganglioside, we next examined 

whether a complex  ganglioside might be involved in affecting OLG membrane integrity. 

 
Figure 4. Immunofluorescent characterisation of extracellular deposit content. OLN-MOCK 
(A, E, I, M) and OLN-G cells (B-D, F-H, J-L, N-P) were cultured for 3 days on poly-L-lysine in 
0.5% cells were immunolabeled against NCAM 140 (A, B), CNP (E, F)  and β-tubulin (M, N). 
Actin filaments (I, J) were visualized with TRITC-labelled phalloidin. Representative pictures of at 
least 3 independent experiments are shown. Scale bar is 2 µm. In OLN-G cells deposits were 
visualized with O1, an anti-GalCer antibody (C, G, K, O), and co-localisation with the indicated 
components is visualized in the overlay images (D, H, L, P). Note, that NCAM 140 and β-tubulin 
were part of the extracellular deposits, whereas CNP and actin remained cell-associated.  
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Exogenous addition of GT1b counteracts the formation of extracellular deposits  

 
Figure 5. Effect of exogenous ganglioside addition on extracellular deposit formation in 
OLN-G cells. OLN-G cells were plated on poly-L-lysine, allowed to adhere, after which, 25 µM 
GT1b (A, C) or 25 µM GM1 (B, D) were added, after which the cells were cultured for 3 days in 
0.5% FCS and GalCer distribution (A, B) and membrane integrity (C, D) analyzed as described in 
Materials and Methods. A) GalCer distribution upon GT1b addition, B) GalCer distribution upon 
GM1 addition. Representative pictures out of at least 3 independent experiments are shown. 
Scale bar is 2 µm. Note that, in contrast to  GM1 addition (B, arrow), GT1b addition (A)  
prevented extracellular deposit formation, and allowed GalCer incorporation in the plasma 
membrane (arrowhead). C) representative TEM picture upon GT1b addition, D) representative 
TEM picture upon GM1 addition. Note that GT1b but not GM1 addition increased membrane 
integrity in OLN-G cells. Scale bar is 5�m.  
 
 
To examine whether complex gangliosides might be involved in modulating myelin 

membrane integrity, we next determined if exogenous administration of gangliosides 

could prevent GalCer deposit formation. Indeed, exogenously added gangliosides have 

been shown to readily insert into the plasma membrane, participating in ganglioside 

metabolism and  cellular signalling (Keenan et al., 1974; Fishman et al., 1977; Masco et 

al., 1989; Leskawa et al., 1989).  Figure 5 shows that addition of structurally complex 

ganglioside GT1b to OLN-G cells resulted in GalCer positive plasma membranes, i.e., 

marking a clear membrane boundary without  extensive  deposit formation or membrane 

ruffling (fig 5A). Hence, these data suggested that membrane inserted GT1b stabilized 

the membrane structure. The effect of GT1b appears to be specific, as upon addition of 

ganglioside GM1, deposit formation in OLN-G cells was not inhibited (fig. 5B), showing a 

membrane ruffling as in OLN-G control cells (fig. 2). These immunofluorescence data 

were confirmed with TEM. Thus, addition of GT1b (fig. 5C) to OLN-G cells resulted in a 

significant diminishment of membrane disruption, in contrast to addition of GM1 (fig. 5D), 

which was essentially without effect. Administration of GT1b or GM1 had no effect on 
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the morphology and membrane integrity of OLN-MOCK cells (data not shown). Taken 

together these data suggest an important role for complex ganglioside GT1b, in 

membrane integrity, possibly by harbouring excess amounts of GalCer synthesized 

upon OLG differentiation. 

 

Discussion 

 

In the present study we show that modulation of the level of the GSL GalCer, relative to 

that of other GSLs, either by its overexpression per se (in OLN cells) or upon inhibition 

of GlcCer biosynthesis, which also blocks complex ganglioside biosynthesis but not that 

of GalCer, destabilizes the membrane structure of OLG, the myelinating cells in brain. 

The severe degeneration of the membrane is evidenced by extracellular deposition of 

GalCer-positive membranous structures surrounding the cell body. Since exogenous 

addition of the ganglioside GT1b counteracts this disintegration the data might support 

the notion that a perturbation of GSL homeostasis is detrimental for OLG membrane 

stability and hence myelin assembly and stability. The data might thus suggest a role for 

complex gangliosides in adjusting the lateral  membrane environment to harbour high 

GalCer levels. Indeed, excess GalCer, as induced in overexpressing OLN-G cells is 

adequately sequestered within the membrane without extensive disruption upon 

exogenous addition of GT1b, but not GM1. Hence, these data suggest potential 

specificity of a role for particular gangliosides in controlling myelin membrane integrity, 

allowing morphological OLG differentiation and process extension in particular. 

Consistent with this notion, myelination defects are observed in transgenic mice lacking 

complex gangliosides (Sheikh et al., 1999; Kawai et al., 2001; Ma et al., 2003, 

Yasmashita et al., 2005). Furthermore, ganglioside synthesis and expression in axons is 

essential for proper axon to glia communication (Vinson et al., 2001; Vyas and Schnaar, 

2001). Myelin-associated glycoprotein (MAG) localised in the myelin membrane 

adjacent to the axon, is a ligand for neuronal GD1a and GT1b (Yang et al., 1996, Vinson 

et al., 2001; Vyas and Schnaar, 2001; Vyas et al., 2002), and this interaction stabilizes 

axon-myelin interactions (Sun et al., 2004). However, the data in the present study 

indicate that for stabilization of the myelin membrane, ganglioside expression, and 

possibly GT1b in particular, in OLGs is essential as well. Thus our findings that 

membrane integrity appears to be highly dependent on a proper ratio of GalCer and 

complex gangliosides, could provide an indication for possible cellular mechanisms 

underlying the disordered myelination observed in all transgenic animals, lacking 

complex gangliosides, and hence expressing a relative excess of GalCer. The 

observation that the phenotypes of GalCer-deficient or complex ganglioside-deficient 

mice are very similar,i.e., in both cases reflecting a perturbation in GalCer/Ganglioside 
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ratio, is in support of this (Coetzee et al., 1996; Honke et al., 2002; Yamashita et al., 

2005). 

The present study showed also an impaired morphological differentiation of primary 

OLG progenitors upon inhibition of GlcCer synthesis. Strikingly, process outgrowth was 

severely impeded, and primary process were hardly, if at all, observed, suggesting that 

gangliosides may play a functional role in this process. Indeed, exogenous addition of  

ganglioside GM3 stimulates process outgrowth by cultured bovine OLGs, resulting in 

process elongation and extensive process branching (Yim et al., 1991, 1994). Similarly, 

exogenously administered gangliosides to primary neurons in vitro stimulates neurite 

sprouting and extension (Roisen et al., 1981; Ledeen, 1984; Skaper et al., 1985), and 

accumulation of gangliosides within neurons in ganglioside storage diseases results in 

extensive neurite outgrowth (Purpura, 1987). Extensive cytoskeletal remodelling is 

needed for process sprouting and extension, and in OLGs microtubules are specifically 

present in primary processes (Wilson and Brophy, 1989). In this respect, our finding that 

β-tubulin, but not actin, is present in the extracellular deposits, corroborates the notion 

that in the absence of complex gangliosides and high GalCer levels, primary process 

formation is deregulated. Whether ganglioside GT1b is involved in primary process 

formation remains to be determined, however, since GT1b in OLGs is specifically 

localized to the cell body and in a patchy appearance at branching points (Schnaar et 

al., 1996), such a role could be readily foreseen. 

Gangliosides reside in the outer leaflet of the plasma membrane and there is ample 

evidence (Ledeen, 1985; Thomas and Brewer, 1990; Yim et al., 1991; Probstmeier et 

al., 1999) that next to a structural function, ganglioside have a role as active signaling 

partners, especially in regulating cellular interactions. For example, gangliosides may 

participate in the organization of the membrane by directing adhesion receptors to 

discrete areas. Indeed, the function of integrins, the main receptors of ECM molecules, 

are affected by endogenous metabolism and exogenous addition of gangliosides (Ono 

et al., 2001; Satoh et al., 2001). In OLGs, ganglioside-mediated signaling regulates 

integrin-mediated adhesion of OLGs progenitors to the ECM molecule tenascin-R 

(Probstmeier et al., 1999). Intriguingly, previous studies (Matyas et al., 1986) and our 

preliminary experiments suggest that fibronectin binds to ganglioside GT1b, which could 

explain the hampered process formation and myelination on fibronectin (Buttery and 

ffrench-Constant, 1999, Maier et al., 2005, Šišková et al., 2006 (chapter 3); Šišková et 

al., submitted (chapter 4), i.e. fibronectin-mediated adhesion to ganglioside GT1b could 

preclude its role in morphological OLG differentiation. Therefore, ganglioside GT1b-ECM 

interactions may contribute to OLG myelination.  

Interestingly, in an MS animal model, chronic relapsing experimental allergic 

encephalomyelitis, GM1 levels increase and GT1b levels decrease, suggesting a role for 

gangliosides in autoimmune demyelination (Zaprianova et al., 1998). Indeed, numerous 
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studies have focused on the involvement of gangliosides in autoimmune demyelinating 

diseases (Rapport and Huang, 1985; Schwerer et al., 1986; Stevens et al., 1992). In 

fact, an MS-like disease develops in rabbits upon immunization with brain gangliosides 

(Cohen et al., 1981). Moreover, antisera against GM1, GD1a, GD1b and GT1b induce 

demyelination in spinal cord and spinal roots (Schwerer et al., 1986). Intriguingly, the 

cellular mechanisms underlying gangliosides-induced demyelination are unknown. 

However, with the proposed role of complex gangliosides in OLG membrane integrity, it 

is very well possible that modulation of ganglioside levels disturbs the organization of 

myelin membranes, resulting in extracellular GalCer deposition, and leading to 

demyelination. These considerations justify further detailed work on the role of 

glycosphingolipids in determining myelin membrane stability, in particular in the context 

of a search for novel targets in treatment of demyelinating diseases.  
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Multiple sclerosis (MS) is the best known demyelinating disease in young adults.  As in 

all other demyelinating pathologies, the ultimate cure of the disease can likely only be 

provided by replacing or stimulating the cells that malfunction. However, most 

therapeutic approaches still focus on modulating the immune system, which is (also) 

intimately involved in the etiology of the disease. This ‘choice’ seems to be particularly 

dictated by the void of knowledge on cell replacement therapies and environmental 

factors that regulate cellular properties in situ, including myelination. In the central 

nervous system (CNS) oligodendrocytes (OLGs) are the only cells that are capable of 

remyelinating denuded axons, i.e., demyelinated areas called MS lesions, which is the 

cause of the severe disabling symptoms. Accordingly, exploring OLG development and 

all factors that have a potential to influence developmental myelination, and presumably 

remyelination, are of importance in designing novel and more efficient therapeutic 

strategies. The goal of the project described in this thesis was particularly directed 

toward exploring the involvement of extracellular matrix (ECM) components in regulating 

OLG differentiation and myelin membrane formation in particular. These issues were 

examined in several systems, including an OLG-derived cell line, primary OLGs cell 

cultures, animal models and in post mortem human brain tissue. 

 

The composition of the ECM plays an important role in regulating CNS development and 

myelination. The studies described in chapter 2 explore the appearance of laminin and 

fibronectin, two major ECM components, in normal appearing white matter (NAWM), MS 

lesion areas and in lysolecithin-induced demyelinated lesions in mice. Our data reveal 

that whereas laminin (Ln), is required for developmental myelination in NAWM, 

demyelinated lesion areas show the abundant presence of another protein – fibronectin 

(Fn). Remarkably, in lysolecithin-induced demyelinated lesions, where remyelination 

occurred, Fn clearance preceded this event, and the evidence supports the notion that 

its persistent presence in MS lesions, in spite of the simultaneous presence of Ln, 

severely impedes remyelination. Interestingly, it could be shown that such a mixed 

Fn/Ln environment prevented myelination in vitro, corroborating the in vivo observations 

and, moreover, indicating that Fn prevented Ln-mediated signaling, i.e. promoting 

myelination. Astrocytes are very likely responsible for the Fn deposition in the 

demyelinated areas. The data in chapter 2 thus indicate that  upon demyelination in the 

CNS, oligodendrocyte progenitors (OPCs) may not encounter a proper signaling 

environment for active remyelination due to accumulation of myelination-impeding Fn, 

derived from astrocytes. The underlying molecular mechanism(s) as to how Fn 

influenced the behaviour of OPC, thereby eventually interfering with myelin biogenesis, 

was addressed in chapter 3 and 4. 

In chapter 3 we demonstrated that changes in the extracellular microenvironment, 

particularly Fn deposition, may impede myelin biogenesis by altering intracellular 
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vesicular traffic of proteins, destined for assembly of the myelin sheet. The data reveal 

that Fn, in contrast to Ln2, significantly decreased membrane directed transport of 

endogenous NCAM 140 and the viral model protein VSV G, both proteins residing in the 

myelin membrane. The underlying mechanism appears to rely on an integrin-mediated 

activation of protein kinase C (PKC), which causes stable phosphorylation of MARCKS. 

In its phosphorylated state, MARCKS is known to prevent dynamic reorganizations of 

the cortical actin cytoskeleton, which is necessary for the targeting of vesicular 

trafficking to the myelin sheet, a prerequisite for morphological differentiation.  

OLGs are characterized by numerous processes that are extending towards axons for 

myelination. To reach their targets for myelination to occur, the processes have to “cut” 

their way across the ECM, which surrounds OLGs both in vitro and in vivo. Matrix 

metalloproteinases (MMPs) are likely involved in this process and in chapter 4 evidence 

is presented that the molecular nature of the ECM determines MMP activity and 

localization and thereby process protrusion and hence myelination. We observed a 

reduction in the outgrowth and branching of primary processes when OLGs were 

cultured on Fn, with a concomitant increase of MMP-9 activity as compared to cells 

grown on Ln2. PKC has been implicated in various cell types as potential inducer of 

MMPs activity and also in OLGs Fn induces PKC activation (chapter 3), thus readily 

rationalizing the enhanced MMP-9 activity. Interestingly however, whereas on Fn MMP-

9 activity was constrained to the plasma membrane of the cell body, MMP-9 activity was 

localized along extending processes when OLGs were cultured on Ln2, i.e., conditions 

that promote myelination. Clearly, the relevance of a process-associated localization of 

MMP-9 under myelinating conditions is evident, implying that in cells grown on Fn, 

process protrusion necessary for reaching the axon target across the ECM layer will fail, 

and hence myelination.  

Following assembly, myelin integrity needs to be maintained and a role of complex 

gangliosides in this process has been proposed by numerous in vivo studies. However, 

molecular mechanisms underlying this function of gangliosides have not been revealed 

thus far. Therefore we have addressed this issue by studying in vitro whether a potential 

correlation exists between glycosphingolipid metabolism and myelin membrane 

formation (chapter 5). We first examined the consequences of inhibiting de novo 

biosynthesis of glucosylceramide, and therefore gangliosides on myelin membrane 

integrity in primary OLGs. Intriguingly, at such conditions the formation of extracellular 

deposits consisting of mainly galactosyl ceramide (GalCer), the most abundant 

galactolipid of myelin, became apparent. Interestingly, in OLN 93 cells, devoid of 

complex gangliosides, but overexpressing GalCer, similar extracellular deposits were 

observed, emphasizing a need for a proper balance of complex gangliosides and 

GalCer for maintaining membrane integrity. Indeed, exogenous addition of GT1b 

ganglioside to the cells counteracted this effect, presumably due to its insertion into the 
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plasma membrane thereby restoring a proper (glycosphingo)lipid balance. In further 

support of this notion, when OLGs were grown on Ln2, i.e., at myelination promoting 

conditions, but not on Fn, an upregulation of complex gangliosides biosynthesis was 

seen, including that of GT1b. Accordingly, a certain minimal level of gangliosides in 

OLGs seems to be required for stabilizing the myelin membrane. This conclusion is 

consistent with in vivo observations in ganglioside null animals which show an impaired 

stability resulting in failure of myelin compaction (Kawai et al., 2001; Ma et al., 2003).  

 

Perspectives    

 

The studies performed in this thesis reveal a very complex ECM-induced network of 

cellular events that directly or indirectly control OLG behaviour. In our work we have 

focused on investigating the role of two major ECM protein families, laminin and 

fibronectin. However, it is apparent that investigation of additional ECM molecules 

upregulated or re-expressed upon inflammation in the CNS, will be equally relevant for 

obtaining a complete picture of potential alterations in ECM, relevant to MS pathology. 

This knowledge will be crucial for identifying appropriate and necessary targets to be 

aimed at in myelin repair. In this context, the activity of the MMPs that are capable of  

degrading all ECM proteins, represents an interesting target as activation of specific 

MMPs could facilitate the elimination of undesirable proteins, accumulating upon the 

injury/inflammation in the CNS and frustrating (myelin) repair. So far, not many studies 

have explored the potential involvement of alterations in ECM composition in animal 

models of MS. The rodent MS animal model, experimental allergic (autoimmune) 

encephalomyelitis, for example, has been primarily used to clarify molecular 

mechanisms of the autoimmune inflammatory response. Chemical-induced 

demyelinated lesions, are extensively studied in demyelination-remyelination events, but 

are lacking inflammatory intermediates. When taking this drawbacks into account, these 

models may nevertheless provide a useful opportunity to study myelin repair in the 

context of ECM deposition and its clearance. Particularly, a very interesting issue to 

address in these models would be the potential effects following  stimulation of specific 

MMPs.  

Identification of cell types responsible for the production of undesirable ECM molecules 

within the injured/inflammated CNS deserves further investigation as well, as prevention 

of ECM deposition would be another approach in efforts of improving remyelinating 

conditions in vivo. On a more fundamental, cell biological basis, ECM-induced molecular 

mechanisms and their potential impact on the differentiation and behaviour of OPCs 

could bring more insight into the remyelinating capacity of the lesion itself and would be 

helpful for approaches aiming at counteracting ECM-mediated (re)myelination inhibitory 

signals.  
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Samenvatting  

 

Multiple sclerose (MS) is de meest bekende demyeliniserende ziekte in jonge 

volwassenen. In de aangetaste gebieden in de hersenen komen gedemyelininseerde, 

ofwel ‘kale’, axonen voor, die de oorzaak zijn van ernstig invaliderende symptomen. Net 

als bij alle andere demyeliniserende afwijkingen kan de definitieve genezing van de 

ziekte slechts plaatsvinden door de cellen die slecht functioneren te vervangen of te 

stimuleren. De meeste therapeutische benaderingen richten zich echter nog altijd op 

modulering van het immuunsysteem dat ook nauw betrokken is bij het ontstaan van de 

ziekte. Deze ‘keuze’ lijkt voornamelijk te worden ingegeven door de nog gebrekkige 

kennis omtrent celvervangingstherapieën enerzijds en omgevingsfactoren die de 

celeigenschappen in situ reguleren anderzijds. Dit geldt ook voor de myelinisatie. In de 

aangetaste gebieden in het centrale zenuwstelsel (CZS) komen gedemyelininseerde, 

ofwel ‘kale’, axonen voor, die de oorzaak zijn van ernstig invaliderende symptomen. In 

het CZS zijn oligodendrocyten (OLG) de enige cellen die in staat zijn om de ‘kale’ 

axonen te remyeliniseren. Daarom is het van groot belang om de ontwikkeling van OLG 

goed te karakteriseren evenals alle factoren die de myelinisatie, en in het verlengde 

daarvan, de remyelinisatie kunnen beïnvloeden, zodat nieuwe en efficiëntere 

therapeutische strategieën kunnen worden ontwikkeld. Het doel van het project dat in dit 

proefschrift wordt beschreven was vooral de betrokkenheid te onderzoeken van 

componenten van de extracellulaire matrix (ECM) bij de regulering van de differentiatie 

van de OLG en in het bijzonder van de vorming van de myelinemembraan. Deze 

onderwerpen werden onderzocht in verschillende systemen: in een uit OLG ontstane 

cellijn, in primaire OLG in celkweek, in diermodellen en ook in post mortem humaan 

hersenweefsel. 

De samenstelling van de ECM speelt een belangrijke rol in de regulering van  de 

ontwikkeling van het CNS en van de myelinisatie. De experimenten in Hoofdstuk 2 

betreffen de aanwezigheid van laminine en fibronectine, twee belangrijke ECM-

componenten, in normaal uitziende witte stof  (NWS), in MS-laesies en in lysolecithine-

geïnduceerde gedemyeliniseerde laesies in muizen. Onze resultaten laten zien dat 

terwijl het eiwit laminine (Ln) nodig is voor myelinisatie tijdens de ontwikkeling van het 

CZS, gedemyeliniseerde laesies juist gekenmerkt worden door hoge concentraties van 

een ander eiwit, fibronectine (Fn). Opmerkelijkerwijs verdwijnt Fn uit lysolecithine-

geïnduceerde lesies voordat remyelinisatie optreedt. Dit resultaat ondersteunt de theorie 

dat ondanks de gelijktijdige aanwezigheid van Ln de continue aanwezigheid van Fn in 

MS laesies de remyelinisatie ernstig belemmert. In vitro, hebben we kunnen aantonen 

dat zo’n gemengde Fn/Ln-omgeving inderdaad de vorming van myeline voorkomt. Dit 

versterkt de in vivo waarnemingen en geeft bovendien aan dat Fn de Ln-gemedieerde 

signalen, die de myelinisatie bevorderen, blokkeert. Astrocyten zijn naar alle 
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waarschijnlijkheid verantwoordelijk voor de ophoping van Fn in de gedemyeliniseerde 

gebieden. De gegevens van Hoofdstuk 2 geven dus aan dat na demyelinisatie in het 

CZS de OLG voorlopercellen door de ophoping van Fn wellicht niet een correct, actief 

remyelinisatie bevorderende signaal-omgeving detecteren, dat de remyelinisatie 

belemmert. Het moleculaire mechanisme dat verantwoordelijk is voor de invloed van Fn 

op het gedrag van OLG voorlopercellen en dat daardoor interfereert met de biogenese 

van myeline is het onderwerp van Hoofdstukken 3 en 4. 

In Hoofdstuk 3 toonden we aan dat veranderingen in de extracellulaire microömgeving, 

met name ophoping van Fn, de biogenese van myeline kan verhinderen doordat het 

intracellulaire vesiculaire transport van eiwitten die bedoeld zijn als bouwstenen voor de 

myelineschede wordt veranderd. De gegevens laten zien dat Fn, in tegenstelling tot Ln2, 

het membraangerichte transport van endogeen NCAM-140 en van het virale eiwit VSV 

G, twee eiwitten die in  de myelinemembraan terechtkomen, significant remt. Het 

mechanisme daarachter lijkt te berusten op een integrine-gemedieerde activering van 

protein kinase C (PKC), wat een stabiele fosforylering van MARCKS tot gevolg heeft. In 

gefosforyleerde toestand kan MARCKS dynamische veranderingen van het corticale 

actineskelet teweegbrengen, dat noodzakelijk is voor het richten van de vesiculaire 

trafficking naar de myelineschede, wat weer een voorwaarde is voor de morfologische 

differentiatie van OLG.  

OLG worden gekenmerkt doordat talrijke uitlopers zich uitstrekken naar de axonen om 

die te myeliniseren. Om het doelwit te bereiken moeten deze uitlopers hun weg door de 

ECM ‘hakken’, die de OLG zowel in vitro als in vivo omringt. Matrix metalloproteinasen 

(MMP) zijn waarschijnlijk betrokken bij dit proces. In Hoofdstuk 4 wordt bewijs 

gepresenteerd dat de moleculaire aard van de ECM de activiteit en localisatie van MMP-

9 reguleert en daarmee de uitlopergroei en dus de myelinisatie. Wij namen een afname 

waar in de groei en vertakkingsgraad van de uitlopers als OLG welke in aanwezigheid 

van Fn werden gekweekt. Bovendien werd een toename van de MMP-9 activiteit ten 

opzichte van cellen gekweekt in aanwezigheid van Ln2 gevonden. Aan PKC is eerder 

een rol toegeschreven als potentiële activator van MMP in verscheidene celtypen, en 

ook in OLG induceert Fn PKC-activatie (Hoofdstuk 3) wat de verhoogde MMP-9 

activiteit verklaart. Het is echter interessant dat, terwijl in aanwezigheid van Fn de MMP-

9 activiteit beperkt bleef tot de plasmamembraan van het cellichaam, deze werd 

gelocaliseerd langs de groeiende uitlopers indien de OLG werden gekweekt in 

aanwezigheid van Ln2, d.w.z. onder condities die de myelinisatie bevorderen. Het 

belang van een uitloper-geassocieerde localisatie van MMP-9 onder myeliniserende 

condities spreekt voor zich, en deze vinding impliceert dat in op Fn gekweekte OLG de 

uitlopervorming die noodzakelijk is om het doelwit, het axon, door de ECM heen te 

bereiken zal mislukken, en daardoor ook de myelinisatie. 
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Na de assemblage dient de integriteit van myeline bewaard te blijven. Op grond van 

talrijke in vivo studies is hierbij een rol voor complexe gangliosiden voorgesteld. De 

bijbehorende moleculaire mechanismen zijn echter tot nu toe nog niet gevonden. 

Daarom hebben wij dit onderwerp aangepakt door te onderzoeken of er in vitro een 

verband bestaat tussen het metabolisme van glycosphingolipiden en myelinisatie 

(Hoofdstuk 5). Wij onderzochten daartoe eerst de gevolgen van het remmen van de de 

novo biosynthese van glucosylceramide, en daarmee ook gangliosiden, op de integriteit 

van de myelinemembraan in primaire OLG. Wij deden de intrigerende ontdekking dat 

onder die condities duidelijke extracellulaire ophopingen ontstaan die voornamelijk 

bestaan uit galactosylceramide (GalCer), het meest voorkomende galactolipide in 

myeline. Het is interessant dat wij vergelijkbare extracellulaire ophopingen waarnamen 

in OLN-93 cellen, die geen complexe gangliosiden bevatten, maar wel een 

overexpressie van GalCer vertonen. Dit maakt duidelijk dat een juiste balans tussen 

complexe gangliosiden en GalCer noodzakelijk is voor het handhaven van de integriteit 

van de membraan. Inderdaad maakt exogene toevoeging van het ganglioside GT1b aan 

de cellen dit effect ongedaan, waarschijnlijk doordat het na insertie in de 

plasmamembraan de juiste (glycosphingo)lipidenbalans herstelt. Voor deze gedachte 

pleit ook nog dat wij, als we OLG op Ln2, d.w.z. onder myelinisatie-bevorderende 

condities kweekten, maar niet als dat in aanwezigheid van Fn gebeurde, een toename 

van de biosynthese van complexe gangliosiden inclusief die van GT1b waarnamen. Een 

bepaald minimumniveau aan gangliosiden lijkt dus noodzakelijk te zijn om de 

myelinemembraan te stabiliseren. Deze conclusie stemt overeen met in vivo 

waarnemingen in ganglioside-nul-mutante dieren: deze blijken een verminderde 

stabiliteit van hun myeline te hebben die leidt tot een falende myelinecompactie (Kawai 

et al., 2001; Ma et al., 2003). 

 
Vooruitzichten  

 

De studies die in dit proefschrift beschreven worden laten een zeer complex ECM-

geïnduceerd netwerk zien van cellulaire gebeurtenissen die direct of indirect het gedrag 

van OLG beïnvloeden. In ons werk hebben we ons gericht op de rol van twee 

belangrijke ECM-eiwitfamilies, laminine en fibronectine. Het is echter duidelijk dat het 

onderzoek aan andere ECM-moleculen die na ontsteking van het CZS opgereguleerd 

worden of opnieuw tot expressie komen net zo relevant zal zijn om een volledig beeld te 

verkrijgen van de mogelijke veranderingen in de ECM die van belang zijn voor de 

pathologie van MS. Deze kennis zal cruciaal zijn om de juiste en noodzakelijke doelen 

te definiëren waarop men zich moet richten bij myelineherstel. In dit verband zou de 

activiteit van specifieke MMPs die in staat zijn om alle ECM-moleculen af te breken een 

interessant doelwit zijn, omdat de activering van specifieke MMPs de eliminatie van 

ongewenste (ECM) eiwitten die ophopen door de beschadiging of de ontsteking in het 
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CZS en die het myeline-herstel kunnen frustreren zou kunnen bevorderen. Tot dusver 

zijn er weinig studies gewijd aan de mogelijke betrokkenheid van veranderingen in de 

samenstelling van de ECM in diermodellen voor MS. Het knaagdiermodel voor MS, 

experimentele allergische (of: autoimmuun-) encephalomyelitis, bijvoorbeeld, is tot nu 

toe voornamelijk gebruikt om de moleculaire mechanismen van de inflammatoire 

autoïmmuunrespons op te helderen. Chemisch geïnduceerde gedemyeliniseerde 

laesies worden uitgebreid bestudeerd tijdens demyelinisatie-remyelinisatie 

experimenten maar ontberen ontstekings intermediairen. Als we met deze nadelen 

rekening houden kunnen deze modellen niettemin nuttig zijn om myeline-herstel te 

bestuderen in de context van ophoping en verwijdering van ECM-eiwitten. Het zou in 

deze modellen bijzonder interessant zijn om de potentiële effecten van specifieke MMPs 

te bestuderen. 

De identificatie van de celtypes die verantwoordelijk zijn voor de productie van 

ongewenste ECM-moleculen binnen het beschadigde of ontstoken CZS verdient nader 

onderzoek. Immers, de voorkoming van ophoping van ECM-componenten zou een 

goede benadering zou zijn om om de remyelinisatiecondities te verbeteren. Op een 

fundamenteler, celbiologisch niveau zouden de ECM-geïnduceerde moleculaire 

mechanismen en hun potentiële effect op de differentiatie en het gedrag van OLG 

voorlopercellen meer licht kunnen werpen op de remyelinisatie-capaciteit van de laesie 

zelf, wat weer nuttig zou kunnen zijn bij het ontwikkelen van benaderingen die ernaar 

streven om de ECM-gemedieerde signalen die de (re)myelinisatie remmen te blokkeren. 
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