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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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