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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.   

 



Fibronectin perturbs process outgrowth in oligodendrocytes 

 

91 

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. 

 



Fibronectin perturbs process outgrowth in oligodendrocytes 

 

93 

 
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 
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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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