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Abstract 

The extracellular matrix (ECM) provides protection, rigidity and structure 

towards cells. It consists, among others, of a wide variety of glycoproteins and 

proteoglycans, which act together to produce a complex and dynamic 

environment, most relevant in transmembrane events. In the brain, the ECM 

occupies a notable proportion of its volume and maintains central nervous 

system (CNS) homeostasis. Remodelling of the ECM, i.e., transient changes in 

ECM proteins, for example regulated by matrix metalloproteinases (MMPs), is 

also an important process that modulates cell behaviour, thereby facilitating 

recovery after injury to the CNS. Importantly, failure of ECM remodelling 

plays a role in the pathogenesis of CNS diseases, including multiple sclerosis 

(MS). MS is a neurodegenerative demyelinating CNS disease, with an 

inflammatory response against protective myelin sheaths, surrounding the 

axons, representing a major contribution towards demyelination. 

Remyelination of denuded axons improves the neuropathological conditions of 

MS, but this regeneration process fails over time, leading to chronic 

progression of the disease. In this review, we compare ECM composition and 

MMP expression in the parenchyma of distinct white matter MS lesion stages 

to physiological alterations in ECM composition and MMP expression upon 

CNS white matter demyelination. These issues will be discussed in terms of 

consequences for oligodendrocyte behaviour and remyelination failure.  
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Introduction 

The extracellular space of all organs and tissues is composed of a network of 

molecules, essential for physical support of cellular components and many 

cellular processes. This highly organized three-dimensional molecular network 

is called the extracellular matrix (ECM). The ECM composition is specific for 

each organ or tissue, but the majority of components is comprised of 

proteoglycans, hyaluronan, and fibrous (glycol)proteins, such as collagens, 

elastin, fibronectin and laminin, and non-structural regulators, i.e., matricellular 

proteins such as tenascins, CCNs, SPARCs, fibulins, osteopontins, and 

thrombospondins (Theocharis et al., 2016). These components act together to 

produce a complex and dynamic environment, involved in cell surface and 

transmembrane events. Next to being a physical scaffold in which cells are 

embedded, ECM binds to adhesion receptors on cells, such as integrins, thereby 

regulating numerous cellular processes, including cell migration, 

differentiation, proliferation and survival (Rozario et al., 2010). Furthermore, 

the ECM functions as a reservoir for growth factors or other signalling 

molecules, thereby influencing cell behaviour indirectly. It may also act as a 

diffusion and migration barrier. Essentially all cell types synthesize and secrete 

ECM molecules. Variations in the composition and structure of the ECM 

components affect both the overall structure and bioactive properties, and 

thereby signal transmission and thus the cellular response. The ECM is crucial 

to normal homeostasis, and is actively involved in repairing injury, whereas 

pathological conditions emerge from abnormalities in the ECM components.  

 

In the central nervous system (CNS), the ECM takes up 17-20% of the adult 

brain volume (Cragg, 1979, Nicholson & Syskova, 1998). Remarkably, while 

the ECM undergoes dynamic and continuous remodelling, mediated by 

matrix-degrading enzymes at normal and pathological conditions, ECM 

remodelling in the healthy adult CNS is very limited (Rauch, 2007, Dityatev & 
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Fellin, 2008). As in all tissues, the ECM in the CNS can be classified in two 

major types that vary in structure, composition and regional appearance: the 

interstitial matrices that surround cells, and the pericellular matrices that are in 

close contact with cells. Examples of pericellular matrices in the CNS include 

(i) the vascular and astroglial basement membranes that are present at the 

interface between endothelial cells and astrocytes, which play an important role 

in blood-brain barrier maintenance (van Horssen et al. 2007, Lau et al., 2013) 

and (ii) neuronal-associated perineuronal nets that emerge during 

synaptogenesis, which preserve neuronal health by maintaining synaptic 

plasticity (Frischknecht & Seidenbecher, 2008, Kwok et al., 2011, Oohashi et 

al., 2015). The dispersed ECM in the CNS parenchyma is a representative 

example of an interstitial matrix. The interstitial ECM in healthy adult CNS 

contains relative low levels of fibrous matrix proteins, like collagen, fibronectin 

and laminin, which are mainly restricted to basement membranes (Ruoslahti, 

1996, van Horssen et al., 2007). Instead, the adult interstitial ECM contains 

high levels of glycosaminoglycans (GAGs), either covalently attached to 

proteins, forming mainly chondroitin sulphate proteoglycans (CSPGs), 

particular lecticans, such as aggrecan, versican and neurocan, or as unbound 

entities in the form of hyaluronan (Rauch, 2007, Kwok et al., 2011, Ruoslahti, 

1996). Hyaluronan is the major component of healthy CNS, and is connected to 

CSPGs via linker proteins (Bignami et al., 1993). Additional components of the 

adult ECM include the matricellular proteins of which tenascin-R and 

thrombospondin are most prominent in the CNS (Kwok et al., 2011, Jones & 

Bouvier, 2014). The perineuronal nets are enriched in hyaluronan, tenascin-R, 

and CSPGs. All cell types of the CNS, i.e., astrocytes, microglia, 

oligodendrocytes and neurons, as well as endothelial cells and neurons, 

contribute to the pool of proteins that eventually constitute the ECM (Lau et al., 

2012).  
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The ECM of the CNS plays an important role in many regulatory processes 

during development and in the homeostasis of healthy adult CNS. In response 

to injury, the composition of the ECM changes, results in a transient ECM 

environment that may be either stimulatory or inhibitory to regeneration. 

Different neuropathological conditions are associated with a dysregulation of 

alterations in the expression pattern of ECM molecules, thereby impeding the 

process of regeneration. For example, a role of the dynamics and the distinct 

involvement of ECM components is becoming apparent in the demyelinating 

disease multiple sclerosis (MS), showing an association between ECM 

alterations and white matter MS lesions stages (Satoh et al., 2009) and 

progression of the neuropathological state (Bonneh-Barkay & Wiley, 2009). 

ECM remodelling is tightly regulated by an interplay between several proteins 

and enzymes of which the family of matrix metalloproteinase (MMP) is a 

prominent proteolytic system in the spatiotemporal regulation of the ECM 

(Page-McCaw et al., 2007, Lu et al., 2011). Functional dysregulation of these 

enzymes contributes to the pathogenesis and progression of several 

inflammatory demyelinating diseases, including MS (Kieseier et al., 1999). 

Here, we review the role of interstitial ECM remodelling in remyelination, i.e., 

the regeneration of myelin membranes, and ECM dysregulation in MS. More 

specifically, the expression patterns of ECM molecules and MMPs upon 

successful CNS remyelination in MS are compared and discussed in terms of 

how they regulate the behaviour of cells that produce myelin, i.e., 

oligodendrocytes. Also, the interactions between ECM molecules and MMPs 

and potential mechanisms leading to incorrect ECM remodelling in MS, will be 

reviewed. Before discussing this in more detail, we will first present a brief 

overview of the pathology of MS. 
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Multiple sclerosis: a non-permissive environment for remyelination failure 

Pathological hallmarks 

MS is a neurodegenerative inflammatory disease of the CNS. It is one of the 

most common central demyelinating diseases with an incidence of 

approximately 0.1% worldwide, while the prevalence varies greatly, based on 

geographical and ethnical differences (Rosati, 2001). Variable patterns of the 

clinical course of MS are observed. The most common form is 

relapsing-remitting MS, which is diagnosed in about 80% of the MS patients 

(Lubin et al., 1996). Relapsing-remitting MS is characterized by relapses 

followed by full or partial recovery at the onset of the disease, but incomplete 

recovery arises over time and the majority of patients develop secondary 

progressive MS with minor remissions (Compston & Coles, 2008). Primary 

progressive MS is diagnosed in 10-20% of the patients (Lublin et al., 1996), 

has an onset at a later age, and is characterized by gradual accumulation of 

deficits, starting already at the onset of the disease (Compston & Coles, 2008).  

 

The disease is characterized by chronic and progressive loss of myelin sheaths 

surrounding the axons in the brain and spinal cord. The primary causative 

mechanism(s) resulting in demyelination and progression of MS, is (are) still 

unclear. However, genetic predisposition, i.e., mainly genes implied in 

(cell-mediated) immunity, and several environmental factors, such as vitamin 

D deficiency and viral infections, appear to play an important role in the 

development of MS (Compston & Coles, 2008, Correale & Gaitan, 2015, 

Olsson et al., 2017). These factors contribute to the inflammatory process 

occurring in MS, which is associated with disruption of the blood-brain barrier. 

Whether this inflammation is a primary or secondary event in the pathogenesis 

of MS is unknown (Compston & Coles, 2008, Stys et al., 2012). An 

autoimmune response might be initiated in the periphery through (as yet 

unknown) processes. Molecular mimicry might underlie such an event, 

resulting in activation of auto-reactive T-cells against self-antigens, which 
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migrate to the CNS. Subsequently, this might initiate an immune response, thus 

causing damage and degeneration. On the other hand, cytodegenerative 

processes in the CNS through (as yet, equally unknown) factors may activate 

auto-reactive T-cells by presentation of self-antigens and subsequently induce a 

secondary immune response. In MS, these autoreactive T-cells are directed to 

self-antigens that include specific proteins, present on the surface of mature 

oligodendrocytes and/or in myelin (Mallucci et al., 2004). This results in 

(additional) demyelination due to the destruction of myelin and/or mature 

oligodendrocytes, the glial cells that produce the myelin in the CNS. 

 

The formation of white matter MS lesions is a dynamic process. More 

specifically, distinct lesions are histopathologically classified in inflammatory 

and demyelinating activity (van der Valk & de Groot, 2000, Kuhlmann et al., 

2017). While different classification systems have been described, mainly three 

distinct lesions stages can be distinguished: active, chronic active and chronic 

inactive lesions. Active lesions are the early demyelinating phenotype, and are 

most frequently found in relapsing-remitting MS (Frischer et al., 2015). Active 

lesions are defined by indistinct margins, harbor inflammatory activity, and 

contain a hypercellular lesion center with hypertrophic astrocytes, 

(myelin-laden) microglia/macrophages and lymphocytes. Chronic active 

lesions have a sharp border and consist of a hypocellular demyelinated lesion 

center with fibrous astrocytes that is surrounded by a broad hypercellular 

inflammatory rim that contains microglia/macrophages and reactive astrocytes. 

The final lesion stage is a chronic inactive MS lesion. These lesions contain a 

hypocellullar demyelinated center, containing mainly reactive astrocytes and 

no signs of infiltration of microglia/macrophages or lymphocytes. The chronic 

active lesions are mainly observed in progressive MS, in which also chronic 

inactive lesions are predominating (Frischer et al., 2015).  
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Failure of remyelination  

Myelin is an insulating layer around axons that provides axonal protection and 

electrical isolation, and mediates saltatory conduction of action potentials. The 

loss of activity is partially compensated for by a redistribution of sodium 

channels along the demyelinated parts of the axon, which allows for 

non-saltatory conduction with reduced velocity (Felts et al., 1997). However, 

this compensatory effect is only temporal and in conjunction with a lack of 

axonal protection, the loss of myelin sheaths leads to axonal damage and 

degeneration (Compston & Coles, 2008, Fünfschilling et al., 2008, Lee et al. 

2012). The rate of impulse transduction is reduced or worse, the impulses 

cease, which results in clinical signs and symptoms of MS that reflect the 

affected area of the CNS (Compston & Coles, 2008). In addition, accumulation 

of axonal degeneration is the main process that contributes to progression of 

neurological dysfunction and disease severity (Papadopaulos et al., 2006, 

Compston & Coles, 2008). Progressive axonal loss is key to the continuous and 

irreversible neurological decline in progressive MS (Trapp & Nave, 2008). 

Next to primary axon damage, a major cause of axonal loss in chronic stages of 

MS is secondary neurodegeneration as a consequence of remyelination failure 

(Irvine & Blakemore, 2008). Indeed, in addition to ensure saltatory axonal 

conduction, myelinating oligodendrocytes secrete metabolic and trophic factors 

that maintain the integrity and survival of axons (Fünfschilling et al., 2008, Lee 

et al. 2012). Therefore, prevention of axonal degeneration might be beneficial 

to resolve the functional deficits and progression of MS. 

 

Thus, a regenerative process to restore myelin is required to ensure the survival 

of demyelinated axons. This process is called remyelination, which 

re-establishes saltatory conduction, protects axons from degeneration and 

improves clinical features of MS (Smith et al., 1979, Irvine & Blakemore, 

2008, Jeffery & Blakemore, 1997, Franklin, 2002, Franklin & 

ffrench-Constant, 2008). The myelin sheaths generated in the process of 



Chapter 1 

19 

 

remyelination are shorter and thinner, compared to myelin sheaths produced 

during myelination, but these newly formed sheaths suffice for axonal 

protection and improved functioning (Kornek et al., 2000). Remyelination is 

executed by local oligodendrocyte progenitor cells (OPCs) (Zawadzka et al., 

2010), while OPCs present in the adult subventricular zone (SVZ) contribute 

predominantly to remyelination of lesions in their proximity (Menn et al., 

2006). In response to damage, astrocytes and microglia are activated (Franklin, 

2002, Franklin & ffrench-Constant, 2008). These changes lead to activation of 

OPCs, resulting in morphological changes and enhanced gene expression of 

factors involved in oligodendrocyte differentiation and maturation (Reynolds et 

al., 2002, Ferent et al., 2013, Watanabe et al., 2004, Arnett et al., 2004, Moyon 

et al., 2015). In addition to OPC activation, microglia and astrocytes recruit and 

mediate migration of OPCs to the demyelinated areas, where they further 

proliferate (Levine & Reynolds, 1999, Franklin, 2002, Franklin & 

ffrench-Constant, 2008). The final essential step is the generation of new 

myelin sheaths, and involves the differentiation of OPCs into mature 

oligodendrocytes. The process includes contact between the oligodendrocyte 

and the axon, upregulation of myelin-specific genes and generation and 

compaction of the myelin membranes (Franklin, 2002, Franklin & 

ffrench-Constant, 2008). A plethora of molecules play an important role in the 

different phases of remyelination, as well as several mediators of the 

inflammatory response, featuring in MS (Franklin, 2002, Franklin & 

ffrench-Constant, 2008, Hanafy & Sloane, 2011, Gaesser & Fyffe-Maricich, 

2016, Miron, 2017). Although remyelination is a natural response to 

demyelination in most cases, this regenerative process often fails in chronic and 

progressive MS (Compston & Coles, 2008, Franklin & ffrench-Constant, 2008, 

Kuhlmann et al., 2008, Goldschmidt et al., 2009). In a subset of lesions, 

insufficient migration and/or proliferation of OPCs likely accounts for 

remyelination failure. However, remyelination mainly fails due to defective 
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OPC differentiation (Franklin, 2002, Franklin & ffrench-Constant, 2008, 

Kuhlmann et al., 2008). In fact, in approx. 70% of both active and chronic MS 

lesions, OPCs are abundantly present (Wolswijk, 1998, Luchinetti et al., 1999, 

Kuhlmann et al., 2008, Goldschmidt et al., 2009, Chang et al., 2012, Strijbis et 

al., 2017). However, remyelination not always fails in MS, given the presence 

of partly or complete remyelinated shadow plaques. Although remyelination is 

more frequent at early stages of MS, extensive remyelination is occasionally 

observed at late-stage progressive MS (Patrikios et al., 2006, Patani et al., 

2007). However, in contrast to the demyelinated MS lesion stages, and likely as 

a reflection of remyelination failure at later stages, the frequency of 

remyelinated white matter shadow plaques (approx. 20%) is similar in 

relapsing-remitting MS and the progressive forms, and is present at all stages 

of white matter lesion development (Goldschmidt et al., 2009, Frischer et al., 

2015, Kuhlmann et al., 2017).  

 

Remyelination failure is thus thought to be a consequence of perturbations in 

the different phases of remyelination, i.e., activation, recruitment and 

differentiation of OPCs, in which ageing also plays an important role (Sim et 

al., 2002, Franklin & ffrench-Constant, 2008, Goldschmidt et al., 2008). The 

signalling and cellular environment, established by the state of the disease and 

lesion stage regulating these phases, is a crucial factor. Remyelination failure in 

MS is likely due to the presence of inhibitory signals in the damaged area or 

the lack of stimulatory signals. Indeed, various factors in the signalling 

environment of MS lesions are dysregulated, and together with ensuing cellular 

changes contribute to the failure of remyelination (Franklin, 2002, Williams et 

al., 2007, Franklin & ffrench-Constant, 2008, Hanafy & Sloane, 2011, Miron, 

2017). In this regard, a role of the dynamics and distinct interstitial ECM 

components in remyelination failure in MS lesions, is becoming increasingly 

apparent (Satoh et al., 2009, Lau et al., 2013).  
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The interstitial ECM in MS lesions: role in remyelination failure 

Dynamic remodelling of the ECM, i.e., transient expression and/or degradation, 

is an effective mechanism to regulate glia cell behaviour, including OPCs, 

upon injury. Analysis of mRNA expression of ECM proteins and the MS lesion 

proteome reveals that chronic active and chronic inactive MS lesions have a 

unique ECM composition, both when compared among each other and in 

control white matter and active MS lesions (Satoh et al., 2009, Mohan et al., 

2010). Thus, dysregulated ECM remodelling plays an important role in the 

pathogenesis of MS, i.e., the composition and expression of ECM proteins is 

persistently altered upon MS lesions progression. Experimental toxin-induced 

demyelination models show robust remyelination and are most instructive to 

obtain insight into cellular and molecular responses during demyelination of 

the CNS, and subsequent successful recovery in the absence of the complex 

inflammatory background in MS. In the following, we provide a detailed 

overview of ECM proteins, present or absent in the interstitial matrix, i.e., 

parenchymal ECM, upon white matter demyelination at healthy conditions and 

in the distinct white matter MS lesion stages (summarized in table 1). We will  

Table 1: Expression of interstitial ECM proteins upon toxin-induced demyelination and in distinct white 

matter MS lesions stages 
 healthy multiple sclerosis 

 demyelination remyelination active chronic active chronic inactive 

ECM protein   edge center edge center  

CSPGs 

- neurocan 

- aggrecan 

- versican 

- phosphocan 

 

n.d. 

= 

 

 

= 

n.d. 

n.d. 

= 

 =. 

 

 

 

 

= 

 

 

 

 

= 

 

 

 

 

= 

 

 

 

 

= 

 

 

 

 

= 

hyaluronan = = (LMW) (HMW) (HMW) 

collagen (V) = =  = = 

fibronectin  =   (aggregates)**  (aggregates)) 

vitronectin  =   = = 

laminin =  = = = 

tenascins 

- tenascin-C 

- tenascin-R 

 

 

 

 

= 

= 

 

 

 

 

 

 

 

= 

= 

 

= 

= 

thrombospondin  n.d. =* * =* 

osteopontin  =    
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- increased (), decreased () and similar (=) expression compared to control; n.d. is not determined; * based on MS lesion 

proteome (Satoh et al., 2009), data on localization are not available yet; ** based on biochemical analysis 

discuss their direct effects on OPC behaviour (summarized in Fig. 1) and how 

this may contribute to remyelination (failure). We only briefly touch upon 

alterations in ECM composition of basement membranes, as 

remyelination-predetermined OPCs in general do not face the ECM in 

basement membranes. For irregularities and alterations of ECM in basement 

membranes, we refer to two excellent reviews by van Horssen et al. (2007) and 

Lau et al. (2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig 1. Effect of ECM proteins on OPC behaviour relevant for remyelination. Successful remyelination upon CNS 

demyelination involves the activation of adjacent oligodendrocyte progenitor cells (OPCs), followed by recruitment 

(migration and proliferation) to and maturation (process arborization, differentiation and myelin membrane formation) in the 

demyelinated area. The effect of ECM proteins present in toxin-induced CNS white matter and/or distinct white matter MS 

lesions are shown. ECM proteins depicted in green increase and ECM proteins depicted in red decrease the indicated OPC 

behaviour. 
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Structural CNS ECM proteins  

CSPGs are the main proteoglycans of the CNS and consist of core proteins 

with covalently linked sulphated chrondroitin GAG side chains. The individual 

secreted CSPGs, i.e., neurocan, aggrecan, versican and phosphocan, differ in 

the composition of their core protein and/or the number and type of attached 

GAG chains. CSPGs can be produced by astrocytes, microglia/macrophages, 

neurons and oligodendrocytes (Asher et al., 2002, Hibbits et al., 2012, Lau et 

al., 2012, Keough et al., 2016). CSPG expression, including versican and 

phosphocan, but not aggrecan, transiently increases upon lysolecithin- (Lau et 

al., 2012, Keough et al., 2016) and/or cuprizone-induced demyelination 

(Hibbits et al., 2012). Remarkably, in lysolecithin-induced lesions, CSPGs are 

present in microglia/macrophages at the lesion center, while astrocytes harbour 

CSPGs at the lesion edges (Lau et al., 2012). Depositions of CSPGs, including 

aggrecan, neurocan and versican, are present in astrocyte-enriched edges of 

active and chronic inactive MS lesions, while their expression is downregulated 

in the center of active, chronic active and in chronic inactive lesions (Dahl et 

al., 1989, Sobel & Ahmed, 2001). The ECM components in active MS lesions 

are suggested to be phagocytosed by foamy macrophages together with myelin 

debris (Sobel & Ahmed, 2001), although expression of CSPGs by macrophages 

cannot be excluded (Lau et al., 2012). Strikingly, phosphacan expression, 

which is a CNS-specific CSPG, is more or less preserved in active lesions, and, 

in general, less reduced in chronic inactive MS lesions compared to the other 

CSPGs (Sobel & Ahmed, 2001). Also, in situ hybridization studies showed the 

presence of phosphacan mRNA in remyelinating oligdodendrocytes in MS 

lesions (Harroch et al., 2002). Of interest, granular aggregates of versican and 

aggrecan, and to a lesser extent of neurocan, but not phosphacan are evident in 

normal appearing white matter (NAWM) (Sobel & Ahmed, 2001), indicating 

that ECM alterations in MS are not limited to the lesions themselves. In vitro 

studies revealed that CSPG coatings, including aggrecan, neurocan, and 



ECM remodelling in MS lesions 

  24 

phosphacan, inhibit OPC adhesion, process outgrowth and differentiation, 

likely by activating Rho-kinase dependent signalling pathways via PTP 

(Siebert & Osterhout, 2011, Lau et al., 2012, Pendleton et al., 2013, Keough et 

al., 2016), as well as OPC migration in vivo (Siebert et al., 2011). Exposure to 

soluble CSPGs impairs process outgrowth, but not differentiation (Lau et al., 

2012, Pendleton et al., 2013). Moreover, soluble phosphacan is a ligand for 

oligodendroglial contactin and this complex inhibits OPC proliferation, and 

promotes OPC differentiation (Lamprianou et al., 2011). Thus, demyelination 

of normal CNS leads to upregulation of CSPGs, which may have beneficial 

functions at early stages of recovery, i.e., to prevent premature OPC 

differentiation. Moreover, CSPGs are cleared in order to enable remyelination. 

Deposition of CSPGs in MS lesion edges may lead to the formation of a barrier 

for OPC migration into the lesions, and loss of CSPGs in the center may 

preclude their beneficial actions after recovery (Sobel & Ahmed, 2001, Lau et 

al., 2012, Keough et al., 2016). 

 

Hyaluronan is a specialized nonsulfated GAG that functions as free, i.e., 

independent GAG molecule without protein core, or engages in non-covalent 

interactions with proteoglycans, including CSPGs (Sherman et al., 2002). 

Hyaluronan is expressed in different sizes, performing its functions in cell 

growth and motility and interactions between different ECM molecules to 

stabilize the ECM (Bignami et al., 1993). Upon lysolecithin-induced 

demyelination only a minimal accumulation of hyaluronan is noticed (Back et 

al., 2005), suggesting that there is no major upregulation of hyaluronan after 

demyelinating injury to normal CNS. However, and in contrast to other 

glycosaminoglycans (Sobel & Ahmed, 2001), hyaluronan accumulates in the 

core of inflammatory demyelinating active MS lesions (Back et al., 2005). In 

early lesions, infiltrating T cells and microglia probably produce hyaluronan 

and in chronic lesions, astrocytes are the likely source (Back et al., 2005). Most 

interesting, T cells and microglia produce low molecular weight hyaluronan 
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ranging from 200-400 kDa (LMW-hyaluronan), whereas astrocytes produce 

hyaluronan with high molecular weight, ranging from 900-1000 kDa 

(HMW-hyaluronan) (Back et al., 2005). In fact, HMW-hyaluronan and 

astrocyte-derived hyaluronan, but not LMW-hyaluronan coatings inhibit OPC 

maturation in vitro, and showed detrimental effects to remyelination, when 

injected in lysolecithin-induced demyelinated lesions (Back et al., 2005). 

Soluble HMW-hyaluronan also inhibits OPC maturation (Back et al., 2005). 

Hence, the accumulated astrocyte-derived HMW-hyaluronan likely prevents 

OPC maturation in MS lesions, and thereby contributes to remyelination 

failure.  

 

Collagens are trimeric proteins that contain long triple helical sequences that 

have the ability to form stable fibrils. They are arranged into networks, and are 

involved in structuring of and providing rigidity to the ECM. In the adult CNS, 

collagen is mainly limited to the basement membranes (e.g., collagen IV) and 

is hardly present in the interstitial matrix, which makes the brain a relatively 

soft tissue. While fibrillar collagens are not present in CNS parenchyma upon 

cuprizone-induced demyelination (Hibbits et al., 2012), fibrillar collagen V is 

closely associated with astrocytes in the interstitial matrix of active lesions 

(Mohan et al., 2010). Also, fibrillary collagen I and II accumulation is 

associated with perivascular inflammation in the center of active and chronic 

active MS lesions, and mainly restricted to basement membranes, playing a 

role in limiting the enlargement of MS lesions (Mohan et al., 2010). MS 

proteome analyses demonstrated an enrichment of collagen IV, primarily 

localizing to the basement membranes in chronic inactive lesions (Satoh et al., 

2009). Although OPCs lack collagen-recognizing integrins, OPC migration is 

inhibited on collagen I substrates (Milner et al., 1996), and collagen I 

microspheres support OPC differentiation (Yao et al., 2013). Therefore, the 
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contribution of interstitial collagen to remyelination failure via direct 

modulation of OPC behaviour in MS lesions, is likely negligible.  

 

Fibrous ECM glycoproteins 

Fibronectins are high molecular weight glycoproteins that are produced by a 

single gene (Hynes & Yamada, 1982, Pankov & Yamada, 2002). There are two 

types of fibronectin, plasma fibronectin and cellular fibronectin. Plasma 

fibronectin is a soluble compound and circulating in the periphery, generated 

by hepatocytes (Owens & Cimino, 1982). Cellular fibronectin is insoluble and 

locally produced; in the CNS it is deposited by astrocytes, 

microglia/macrophage and endothelial cells (Zhao et al., 2009, Hibbits et al., 

2012; Stoffels et al., 2013). In normal healthy adult CNS, fibronectin is nearly 

absent in the interstitial ECM and only localizes to the vasculature (Sobel & 

Mitchell, 1989, van Horssen et al., 2005, Zhao et al., 2009, Stoffels et al., 

2013). Fibronectin is a major component of the transient ECM in various 

tissues upon injury guiding tissue repair, where it binds many other ECM 

components to form matrices. In this manner, it regulates cell behaviour, in 

particular cell migration and proliferation, via integrin receptors (Singh et al., 

2010, Pankov & Yamada, 2002). Also, in various experimental toxin-induced 

lesions undergoing efficient remyelination, fibronectin is transiently expressed 

in the white matter CNS parenchyma and upregulated in the vasculature. Its 

level declines as remyelination proceeds (Zhao et al., 2009, Hibbits et al., 2012, 

Stoffels et al., 2013, Espitia Pinzon et al., 2017). In active, chronic active, and 

chronic inactive white matter MS lesions, however, the increased vascular and 

extracellular fibronectin expression persists, and the protein is present in 

perivascular infiltrates (Sobel & Mitchel, 1989, van Horssen et al., 2005, 

Stoffels et al., 2013). In addition, fibronectin is associated with 

inflammation-mediated aggregation in chronic lesions (Stoffels et al., 2013). In 

remyelinated shadow plaques, fibronectin expression is still increased, but does 

not aggregate (Stoffels et al., 2013). Astrocytes are the predominant source of 
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cellular fibronectin upon lysolecithin-induced demyelination (Stoffels et al., 

2015), while in MS lesions fibronectin levels increase within demyelinated 

regions by both leakage from the blood circulation and production by reactive 

astrocytes (Sobel & Mitchell, 1989, van Horssen et al., 2005, Stoffels et al., 

2013). Interestingly, white matter astrocytes, isolated from MS patients, show 

enhanced fibronectin aggregation compared to normal astrocytes that mainly 

deposit dimeric fibronectin (Stoffels et al., 2013). In vitro, dimeric fibronectin 

mediates OPC migration and proliferation (Milner et al., 1996, Frost et al., 

1996, Baron et al., 2002, Tripathi et al., 2017), while fibronectin coatings 

prevent myelin membrane formation, likely by perturbing (secondary) process 

outgrowth, myelin-directed vesicle transport and formation of functional 

membrane microdomains (Buttery & ffrench-Constant, 1999, Maier et al., 

2005, Siskova et al., 2007, 2009, Maier et al., 2005, Lafrenaye & Fuss, 2010, 

Stoffels et al., 2013, Baron et al., 2014). Similar to dimeric fibronectin, 

aggregates of fibronectin inhibit myelin membrane formation and myelination 

in co-culture systems (Stoffels et al., 2013, Qin et al., 2017). Thus, upon CNS 

white matter demyelination, transient expression of fibronectin precedes 

successful remyelination, and may be beneficial in OPC recruitment, whereas 

the pathological fibronectin aggregates impair remyelination in MS lesions.  

 

Vitronectin is another glycoprotein that is mainly localized in the vasculature 

of the adult CNS. The expression of vitronectin, derived from 

microglia/macrophages, is transiently enhanced upon ethidium 

bromide-induced demyelination, (Zhao et al., 2009). In MS, vitronectin is 

deposited in active lesions and at the edges of chronic active demyelinating 

lesions, where it is localized on the microvasculature, on demyelinated axons, 

and is present in a subset of hypertrophic astrocytes (Sobel et al., 1995). Next 

to localized synthesis, part of the vitronectin acquires access into the brain, 

following passage across the disrupted blood–brain barrier (Sobel et al. 1995). 
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Vitronectin is absent in chronic inactive lesions (Sobel et al., 1995). It 

promotes migration and proliferation of cultured OPCs (Frost et al., 1996, 

Baron et al., 2002), indicating that vitronectin may regulate OPC recruitment, 

and that the absence of the compound in chronic lesions may contribute to the 

reduced number of OPCs in white matter MS lesions.  

 

Laminins are self-polymerized and heterotrimeric glycoproteins that serve as 

major adhesive proteins in basement membranes. Multiple genes code laminin 

subunits, known as , , and  polypeptide chains that assemble into distinct 

laminin variants (Colognato & Yurchenco, 2000). In the healthy adult CNS, 

laminins are predominantly found at the vascular endothelial (mainly 

laminin-5, -8, and -10) and astroglial (mainly laminin-1 and -2) basement 

membranes (Sixt et al., 2001, van Horssen et al., 2005, Zhao et al., 2009). 

Upon CNS development, laminin-2 is localized to axons where it promotes 

maturation of OPCs into oligodendrocytes, OPC proliferation, survival of 

oligodendrocytes and myelination (Frost et al., 1999, Colognato et al., 2002, 

Colognato & Tzvetanova, 2011, Relucio et al., 2009, 2012, Leiton et al., 2015). 

Laminin-2 expression is not immediately upregulated upon CNS white matter 

demyelination, but it may promote remyelination at later time points (Zhao et 

al., 2009). In active and chronic MS lesions, the expression of laminin is 

mainly enhanced at the vascular and not in the lesion parenchyma (Esiri & 

Morris, 1991, Sobel et al., 1998, van Horssen et al., 2005), indicating that 

beneficial effects of laminin on oligodendrocyte behaviour and remyelination 

may be negated in MS. 

 

Matricellular proteins 

Matricellular proteins are non-structural regulators of the ECM that contain 

binding sites for other ECM proteins as well as cell surface receptors, and 

therefore play important roles in controlling cell behaviour and ECM 

remodelling (Bornstein & Sage, 2002). Tenascin-C and tenascin-R are large 
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hexameric and trimeric glycoproteins, respectively, assembled from monomers 

via disulphide bridges (Erickson & Inglesias, 1984, Norenberg et al., 1996). 

The proteins are expressed in the normal adult CNS (Bartsch et al., 1992, 

Gutowski et al., 1999, Garcion et al., 2001) and bind to CSPGs, hyaluronan and 

fibronectin (Chiquet-Ehrismann, 1991; Midwood et al., 2016). Tenascin-R 

expression is restricted to the CNS, where it is produced by oligodendrocytes, 

and during development by neurons as well (Pesheva et al., 1989, Fuss et al., 

1993), while tenascin-C is a more ubiquitous ECM protein (Midwood et al., 

2016). In the CNS, it is expressed by astrocytes and oligodendrocytes (Prieto et 

al., 1990, Bartsch et al., 1992, Gutowski et al., 1999, Gotz et al., 1997, 

Garwood et al., 2004, Czopka et al., 2009). Upon ethidium bromide-induced 

demyelination, both tenascin-C and tenascin-R are upregulated and produced 

by reactive astrocytes and recruited OPCs, respectively (Zhao et al., 2009). 

While tenascin-C and tenascin-R are enhanced at the gene expression level 

upon cuprizone-induced demyelination in one study (Zendedel et al., 2016), in 

another it has been shown that tenascin-C mRNA is not strongly upregulated 

(Hibitts et al., 2012). In active MS lesions, both tenascin-C and tenascin-R are 

significantly downregulated, extending even beyond the edge of the lesion, i.e., 

at NAWM areas where the presence of macrophages is abundant (Gutowski et 

al., 1999). In the center of chronic inactive MS lesions, the levels of tenascin-C 

and tenascin-R are almost similar to NAWM, while being reduced at the lesion 

rim (Gutowski et al., 1999). In chronic inactive lesions the expression of 

tenascin-C and tenascin-R resembles adjacent NAWM (Gutowski et al., 1999). 

Reactive astrocytes are likely the main producers of both tenascins in chronic 

lesions. Tenascin-R coatings function as a stimulator of OPC differentiation 

and upregulate myelin proteins (Pesheva et al., 1997, Czopka et al., 2009), 

while at least in vitro the formation of myelin membranes is retarded (Czopka 

et al., 2009). Tenascin-C inhibits OPC migration (Frost et al., 1996, Kiernan et 

al., 1996, Garcion et al., 2011) as well as differentiation and myelin membrane 
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formation (Garwood et al., 2004, Czopka et al., 2009, Czopka et al.,2010), 

while promoting OPC proliferation (Garcion et al., 2001) and survival 

(Garwood et al., 2004). Oligodendroglial contactin is involved in the 

tenascin-C-mediated inhibition of OPC differentiation (Czopka et al., 2010). 

Thus, while its degradation in active MS lesions may initially benefit OPC 

migration, premature re-expression by reactive astrocytes in chronic lesions 

may maintain OPCs in an immature state. 

 

Thrombospondin-1 is a trimeric matricellular protein that is present in the adult 

CNS (Asch et al., 1986), expressed by astrocytes (Scott-Drew and 

ffrench-Constant, 1997) and involved in CNS synaptogenesis (Christopherson 

et al., 2005). Upon ethidium bromide-induced demyelination, 

thrombospondin-1 mRNA and protein are slightly upregulated at early 

demyelination (Zhao et al., 2009). Immunohistochemical analysis of 

thrombospondin in MS lesions has not been reported thus far. However, 

thrombospondin-1 mRNA levels are increased in active and inactive MS 

lesions (Mohan et al., 2010), while thrombospondin-1 protein levels are 

enriched in chronic active and chronic inactive MS lesions (Satoh et al., 2009, 

chapter 3). Also, thrombospondin binds to fibronectin (aggregates) and 

collagen V (Aho & Uiito, 1998, Adams & Lawler, 2011, chapter 3), which are 

present in the interstitial ECM of chronic MS lesions. In vitro, 

thrombospondin-1 coatings promote migration of an OPC-like cell line 

(Scott-Drew & ffrench-Constant, 1997), indicating that thrombospondin-1 may 

be involved in OPC recruitment. 

 

Osteopontin is a secreted matricellular protein that binds directly to fibronectin 

and collagen (Giachelli & Steitz, 2000), and is expressed in grey but not white 

matter in the normal adult CNS (Shin et al., 1999, Selvaraju et al., 2004, Zhao 

et al., 2008). The protein is however transiently upregulated in white matter 

upon cuprizone- (Selvaraju et al., 2004) and ethidium bromide-induced (Zhao 
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et al., 2008) demyelination. Microglia/macrophages and astrocytes show 

osteopontin immune reactivity (Selvaraju et al., 2004, Zhao et al., 2008), while 

only microglia/macrophages harbor osteopontin mRNA (Zhao et al. 2008), and 

likely secrete osteopontin in the demyelinated areas. Microarray analyses 

showed that osteopontin mRNA is higher in active MS lesions than in control 

white matter (Chabas et al., 2001), and proteomic analyses revealed that 

osteopontin protein is enriched in chronic active MS lesions compared to 

control white matter and chronic inactive MS lesions (Satoh et al., 2009). 

Within active MS lesions, osteopontin is mainly present in macrophages and 

microvasucular endothelial cells, while reactive astrocytes also express 

osteopontin in active lesions and chronic active MS lesions (Sinclair et al., 

2005, Diaz-Sanchez et al., 2006). Moreover, osteopontin is also present in 

astrocytes in NAWM at areas with high levels of microglia activation (Chabas 

et al., 2001, Sinclair et al., 2005) and occasionally in white matter 

oligodendrocytes (Chabas et al., 2001, Diaz-Sanchez et al., 2006). Remarkably, 

while protein levels are increased, gene expression analysis of adjacent 

NAWM, rim and center of chronic active and chronic inactive lesions revealed 

a downregulation in osteopontin transcript levels (Koning et al., 2007). In vitro 

studies demonstrated that soluble osteopontin induced proliferation of 

OPC-like cell lines, increased MBP expression and enhanced myelin 

membrane formation in mixed cortical cultures (Selvaraju et al., 2004). Hence, 

osteopontin may be beneficial to remyelination at both the level of OPC 

recruitment and OPC differentiation. Of note, given that mixed cultures were 

applied in the studies of Selvaraju et al., the effect on OPC differentiation may 

be indirect. 

 

The involvement of other matricellular proteins, including CCNs, SPARCs, 

and fibulins in ECM remodelling upon demyelination and in remyelination 

failure in MS, remains to be determined. Of interest is that Cyr61/CCN1 and 
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CTGF/CNN2 associate with fibronectin aggregates (chapter 3), and that 

CTGF/CNN2 inhibits OPC differentiation (Lamond & Barnett, 2013, Ercan et 

al., 2017), adding another level of complexity to fibronectin 

aggregate-mediated perturbation of OPC maturation.  

 

The interstitial ECM in MS lesions: role of glial scar and inflammation  

When comparing the expression pattern of ECM molecules at the distinct MS 

lesion stages with the expression pattern of ECM molecules, altered upon 

successful CNS remyelination (table 1), both similarities and abnormalities are 

noticed. Similar to demyelinating injury in the normal CNS, ECM molecules 

that are absent in the healthy adult CNS are upregulated upon demyelination in 

MS lesions, indicating a ‘normal’ initial response to demyelination in MS 

lesions. These interstitial ECM proteins in general contribute to OPC migration 

and proliferation (Fig. 1), and prevent premature OPC differentiation. In 

normal CNS, the proteins are cleared at the onset of remyelination to allow for 

OPC differentiation, among others by the expression of laminin. In MS lesions, 

the transient increased ECM proteins persist, while laminin is virtually absent 

in the interstitial ECM MS, indicating that the ‘normal’ ECM remodelling 

response in MS lesions is derailed and not converted to a 

‘remyelination-favoring mode’. Another striking difference is that CSPGs, 

present in the interstitial ECM CNS, are upregulated upon demyelination in the 

healthy CNS, and downregulated at the center of MS lesions. CSPG proteins 

are merely inhibitory for OPC recruitment and differentiation (Fig. 1), which in 

healthy CNS may keep the adult OPCs at their location in an immature state. 

Therefore, their transient degradation may be beneficial for remyelination. 

However, these ECM proteins are upregulated and not downregulated upon 

demyelination in the healthy CNS, although their expression at early time 

points, i.e., immediately upon induction of demyelination, has not been 

examined thus far. Intriguingly, with regard to ECM expression, the edges of 

active and chronic active MS lesions, resemble demyelinated areas in normal 
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CNS more than the core of MS lesions, with the exception of tenascins. Indeed, 

remyelination at the rim is more pronounced than that at the MS lesion center 

(Raine & Wu, 1993), suggesting that the interstitial ECM at the edges of active 

and chronic active lesions is more permissive for remyelination than the ECM 

in the center of the lesions.  

 

Astrocytes are the main producers of ECM proteins, and the astrocyte response 

in MS lesions is of dual nature. Both astrocyte loss and astrogliosis are 

associated with remyelination failure (Williams et al., 2007, Nair et al., 2008, 

Correale & Farez, 2015). Major barriers that contribute to remyelination failure 

in MS are glial scars, i.e., astrogliosis, which parallels ECM alterations, and the 

ensuing inflammation. The changes of reactive astrogliosis are regulated in a 

context-specific manner (Sofroniew & Vinters, 2010), and given that the 

distinct cellular composition between the edge and center of e.g., chronic active 

MS lesions, this may result in a different signalling environment and different 

extent of gliosis, and hence differences of ECM compositions. Indeed, in MS 

lesions, antigenic differences that reflect the state of reactive astrocytes, i.e., 

between astrocytes at the lesion edge and center, exist (Holley et al., 2003), 

indicating that at least two distinct glial scars are formed. The glial scar around 

the lesions is formed as a neuroprotective response to disruption of the 

blood-brain barrier, and mainly prevents further expansion of the lesion (Nair 

et al., 2008). If so, it is tempting to suggest that the glial scar formed within the 

lesion center is a result of the fact that the required cells for tissue repair, i.e., 

cells that express the appropriate proteases that clear the transient ECM, could 

not reach the lesion site. Indeed, the edge of active and chronic inactive MS 

lesions is mainly composed of CSPGs (table 1) that prevent the entry of 

inflammatory cells, including lymphocytes and macrophages in chronic MS 

lesions.  
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Thus, the different responses of astrocytes likely result in different reactive 

phenotypes that are present in the distinct MS lesions (John et al., 2002, Nair et 

al., 2008), which may account for the distinct ECM profile. Major contributors 

to the formation of glial scars are inflammatory mediators, such as IL-1, IL-10, 

TNF, IFN and TGF, as well as endogenous TLR ligands (Asher et al., 2000, 

John et al., 2005, Sofroniew & Vinters, 2010). Importantly, the different levels 

and distinct composition of inflammatory cues are present in the distinct 

lesions and at the borders of expanding active MS lesions (Woodroofe & 

Cuzner, 1993, Cannella & Raine, 1995, Koning et al., 2007). A glial scar 

barrier is absent in cuprizone-induced demyelination models, where 

inflammation does not play a major role (Hibbits et al., 2012) while removing 

the toxin leads to clearance of ECM molecules and enables remyelination. In 

contrast, glial scars are formed in immune-mediated demyelination models 

such as experimental autoimmune encephalomyelitis (EAE) and Theiler’s 

murine encephalomyelitis (TME) that more closely resemble the situation in 

MS, including an inflammatory environment, and where remyelination is 

insufficient (Smith & Eng, 1987, Haist et al., 2012). For example, similar to 

MS lesions, in chronic relapsing EAE, but not upon toxin-induced 

demyelination, astrocyte-derived HMW-hyaluronan (Back et al., 2005), and 

fibronectin aggregates (Stoffels et al., 2013) accumulate in lesioned areas. In 

TME, which is characterized by mild inflammation and insufficient OPC 

differentiation (Ulrich et al., 2008), ECM alterations correlated with the 

development of astrogliosis, and includes among others intralesional deposition 

of laminin, tenascin-C, neurocan and fibronectin, while phosphacan expression 

decreases and aggrecan expression remains similar (Haist et al., 2012).  

 

Next to reactive astrocytes, other major cellular components that contribute to 

the dysregulated remodelling of the ECM in MS lesions, are the resident 

microglia and the infiltrating macrophages. Microglia and macrophages, next 
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to secreting ECM molecules, are main producers of MMPs, i.e., proteases that 

are able to degrade and remodel the ECM. Given that the phenotype of 

microglia and macrophages is not appropriate for remyelination (Vogel, et al., 

2013, Miron et al., 2013, Peferoen et al., 2015), the persistent or incorrect 

expression of ECM molecules in MS lesions stages might result from altered 

expression patterns of MMPs. Indeed, MS is one of the CNS diseases in which 

altered expression levels of MMPs play a role in the pathogenesis of the 

disease (Kieseier et al., 1999). 

 

MMPs in MS lesions: dual role in demyelination and remyelination  

MMPs are a family of proteolytic enzymes, also referred to as endopeptidases, 

that are essential for ECM remodelling in many processes. These include 

migration, wound healing, tissue morphogenesis, cell differentiation, neuronal 

growth and several signaling processes (Page-McCaw et al., 2007, Lu et al., 

2011). This family consists of 26 members, of which 24 are present in 

mammalian, divided into six subgroups: collagenases (MMP1, MMP8, 

MMP13), gelatinases (MMP2, MMP9), stromelysins (MMP3, MMP10, 

MMP11), matrilysins (MMP7, MMP26), membrane-type (MT)-MMPs 

(MMP14, MMP15, MMP16, MMP17, MMP24, MMP25) and other MMPs. All 

MMPs are synthesized with a signal peptide, which is cleaved during transport 

via the secretory pathway. There are small differences in the structure of the 

MMPs, but three common domains are identified (Fig. 2, Page-McCaw et al. 

2007). A propeptide region is located at the N-terminus of the protein, which 

prevents proteolytic activity through interaction with the catalytic domain. This 

domain is removed to activate the enzyme. The catalytic domain is also located 

at the N-terminus, in which a zinc-binding motif is inserted. The catalytic 

domain of gelatinases contains an additional domain, called fibronectin type 

II-like domain. Except for matrilysins, the C-terminal part of MMPs contains a 

haemopexin-like domain, which is involved in substrate recognition and 
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anchoring, and interacts with the catalytic domain via a hinge region. The 

MT-MMPs are membrane proteins, whereas all other MMPs are secreted into  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Schematic structure of the matrix metalloproteinases family. Matrix metalloprotainases (MMPs) share a conserved 

domain structure of a N-terminal pro-peptide and catalytic domain and a C-terminal hemopexin domain that is connected via 

a hinge region. MMPs are secreted or are membrane type (MT-MMPs) that are linked to the plasma membrane via 

transmembrane domain of by a GPI anchor. 

the extracellular space. Here, they are able, however, to localize at the cell 

surface by binding to MT-MMPs and other cell surface molecules. MMPs have 

overlapping substrates, and in addition these enzymes are jointly capable of 

degrading virtually all ECM proteins. MMPs play also a crucial role in the 
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shedding of growth factors, cytokines, chemokines, receptors, cell-adhesion 

molecules and activation of other MMPs (Page-McCaw et al. 2007). Obviously, 

given this diversity, the activity of MMPs is tightly regulated. For expression, 

cells have to be activated for transcription of MMPs. The secreted forms 

require cleavage of the propeptide for activation, while MMP activity can be 

inhibited by tissue inhibitors of metalloproteinases (TIMPs) (Page-McCaw et 

al., 2007, Lu et al., 2011). 

 

In the healthy adult CNS, MMP activity is crucial in supporting cognitive 

processes, such as learning and memory, due to ECM remodelling and the 

regulation of synaptic plasticity and long-term potentiation (Agrawal et al., 

2008, Huntley, 2012). Also, the physiology of axons, myelin turnover and 

angiogenesis are regulated by several MMPs. In addition, differential 

expression of MMPs in the development of the CNS is essential for 

neurogenesis and axonal growth as well as for the function of oligodendrocytes 

and myelinogenesis. MMPs also play important roles in repair processes and in 

pathology, and both beneficial and detrimental functions have been assigned to 

MMPs in the injured CNS (Yong et al., 2001, Yong, 2005, Javaid et al., 2013). 

Demyelination and subsequent remyelination require a transient alteration in 

the expression pattern of MMPs to remodel the ECM. In addition, MMPs may 

affect OPC behavior by modulating the bioavailability of several proteins, 

including growth factors and cytokines (Dubois-Dalcq & Murray, 2000, 

McCawley & Matrisian, 2001). However, uncontrolled and abundant 

expression of MMPs may damage the blood-brain barrier, induce inflammation, 

and neurotoxicity, which may lead to (demyelinating) injury (Yong et al., 2001, 

Yong, 2005, Aggrawal et a.l, 2008). Of interest, synergism between MMP2, 

MMP9 and MMP7 genes may be a susceptibility factor for MS (Rahimi et al., 

2016). In the following, we will provide an overview of current insight into the 

role of MMPs in (re)myelination and their expression in the distinct MS white 
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matter lesions. The consequences for demyelinating MS pathology, ECM 

remodelling and remyelination failure (table 2) will be discussed.  

 
Table 2: Expression of MMPs upon toxin-induced demyelination and in distinct white matter MS lesions stages and their MS 

relevant ECM targets 

  healthy multiple sclerosis 

MMP MS relevant ECM targets demyelination remyelination active chronic 

active 

chronic 

inactive 

MMP2 aggrecan, versican, neurocan, 

collagen V, fibronectin, laminin, 

vitronectin, tenascin-C (large)  

= = * 

 

* 

 

= 

MMP3 aggrecan, versican, neurocan, 

phosphacan, collagen V, 

fibronectin, laminin, vironectin, 

tenascin-C (large), osteopontin 

 

 

 

 

 

 

** 

 

= 

MMP7 aggrecan, fibronectin, laminin, 

vitronectin, tenascin-C (large, 

small), osteopontin 

=  * 

 

** 

 

** 

 

MMP9 aggrecan, collagen V, fibronectin 

vitronectin, osteopontin 

= =  

 

* 

 

= 

MMP12 aggrecan, fibronectin, laminin, 

vitronectin, osteopontin  
 

 

 

 

 

 

* 

 

= 

MMP19 aggrecan, fibronectin, laminin, 

tenascin-C (large),  

n.d. n.d.  

 

* 

 

= 

- increased (), decreased () and similar (=) expression compared to control; n.d. is not determined; * marked expression at 

the edge; ** based on biochemical analysis. 

 

MMP3 

Škuljec et al. (2011) investigated the expression prolife of eleven MMPs 

(MMP2, MMP3, MMP7, MMP9, MMP10, MMP11, MMP12, MMP13, 

MMP14, MMP15 and MMP24) upon cuprizone-induced demyelination and 

subsequent remyelination. At early demyelination, MMP3 mRNA is 

upregulated, followed by a return to normal levels during late stages of 

demyelination. A second more prominent upregulation of MMP3 mRNA, 

which is also reflected at the protein level, is observed upon remyelination 

(Škuljec et al., 2011, chapter 2). MMP3 mRNA levels, but not protein levels, 

are also increased upon early remyelination in the lysolecithin-induced 

demyelination model (chapter 2). At the protein level, MMP3, also referred to 

as stromelysin-1, is predominantly expressed by astrocytes, but, following 

other types of CNS injury, may also be produced by damaged neurons, 

microglia and oligodendrocytes (van Hove et al., 2012). An (early) 

upregulation of MMP3 is also observed in the inflammatory TME model 
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(Ulrich et al., 2006, Hansmann et al., 2012), and in EAE (Weaver et al., 2005). 

In these inflammatory models with insufficient remyelination, MMP3 may aid 

to the disruption of the blood-brain barrier. In addition, the early upregulation 

of MMP3 may cause the breakdown of myelin and exacerbate demyelination 

(Chandler et al., 1995, Shiryaev et al., 2009). In contrast, the upregulation of 

MMP3, observed at remyelination in the toxin-induced models, may facilitate 

myelin regeneration. MMP3 modulates several signaling pathways, such as the 

bioavailability of several soluble growth factors, including IGF-1, that facilitate 

oligodendrocyte differentiation and myelin production (Dubois-Dalcq & 

Murray, 2000, McCawley & Matrisian, 2001, D’Ercole et al., 2002, Fowlkes et 

al., 2004, Zeger et al., 2007). In addition, MMP3 degrades several ECM 

proteins, including CSPGs and fibronectin, and myelin debris, which are 

components that inhibit differentiation and maturation of oligodendrocytes (Fig. 

1, Muir et al., 2002, Kotter et al., 2006, Lau et al., 2012, van Hove et al., 2012, 

Stoffels et al., 2013). Hence, MMP3 may be beneficiary for ECM remodelling 

to facilitate remyelination. MMP3 mRNA is not upregulated in the MS lesion 

stages compared to white matter of healthy subjects (Lindberg et al., 2001). 

MMP3 protein is however present in hypertrophic astrocytes in active and 

chronic lesions, in microglia/macrophages and on vasculature in active and 

chronic active lesions (Maeda & Sobel, 1996, chapter 2). Biochemical analysis 

revealed that MMP3 protein levels were increased in chronic (active) MS 

lesions, but not chronic inactive lesions (chapter 2) compared to control white 

matter. Of interest, MMP3 is a potent activator of other MMPs, such as MMP7 

and MMP9 (Lu et al., 2011, van Hove et al., 2012), which are also prominently 

present in MS lesions (see below).  

 

MMP12 

The expression level of MMP12, or macrophage elastase, is significantly 

altered in cuprizone-treated mice. At demyelination, MMP12 mRNA is 
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predominantly produced by microglia/macrophages. In this phase, MMP12 

may function in cellular migration of macrophages through ECM remodelling 

and degeneration of myelin membranes through cleavage of myelin basic 

protein (MBP), one of the major myelin components (Shipley et al., 1996, 

Chandler et al., 1996, Gronski et al., 1997). The elevated expression pattern 

continued during remyelination, where MMP12 is produced by astrocytes and 

to some extent by oligodendrocytes, rather than microglia/macrophages 

(Škuljec et al., 2011). Upon remyelination, MMP12, expressed by astrocytes, 

may contribute to clearance of myelin debris and the transient expressed ECM 

proteins, and thus induce a stimulatory environment for remyelination. Also, 

during CNS development, MMP12 releases IGF-1 from IGF binding protein 6 

and is required for process elongation and OPC differentiation (Larsen & Yong, 

2004, Larsen et al., 2006). Studies in EAE and TME models demonstrated an 

upregulation of MMP12 by microglia/macrophages and a suggested role in 

disease progression and chronic phases of demyelination, respectively (Dasilva 

& Yong, 2008, Ulrich et al., 2006, Hansmann et al., 2012). On the other hand, 

the disease course is worse in MMP12 knockout than in wild type mice, which 

is mediated in part by modulating the Th1/Th2 effector cytokine balance 

(Weaver et al., 2005) and MMP12-mediated cleavage of osteopontin 

(Goncalves DaSilva et al., 2010). In fact, osteopontin is linked to relapses by 

enhancing the survival of activated T-cells (Hur et al., 2007). This indicates 

that MMP12 is a protective molecule in EAE. In TME, MMP12 is likely 

involved in demyelination and extravasation of macrophages, and not in 

blood-brain barrier damage or ECM remodelling (Hansmann et al., 2012). In 

MS lesions, MMP12 protein is present in foamy macrophages and upregulated 

within active demyelinating lesions, and at the rim of chronic inactive MS 

lesions and to a lesser extent in the center of chronic active and inactive lesions 

(Vos et al., 2003). In contrast, upon cuprizone-induced demyelination, MMP12 

is not observed in astrocytes and oligodendrocytes. Hence, the predominant 

macrophage expression of MMP12 in active demyelinating MS lesions may 
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have a dual role with regard to demyelination, i.e., it may induce death of 

activated T-cells by cleaving osteopontin, but may also induce bystander 

demyelination by cleaving MBP. 

 

MMP9 

MMP9, also called gelatinase B, is one of the most studied MMPs in MS. 

While MMP9 mRNA expression is unaltered upon cuprizone-induced 

demyelination compared to unlesioned white matter tissue (Škuljec et al., 2011), 

MMP9 mRNA and protein are upregulated in active and chronic active 

demyelinating MS lesions (Maeda & Sobel, 1996, Cuzner et al., 1996, Cossins 

et al., 1997, Anthony et al., 1997, Lindberg et al. 2001, Mohan et al., 2010). 

MMP9 mRNA expression is also upregulated in an EAE model for MS 

(Clements et al., 1997, Kieseier et al., 1998, Weaver et al., 2005), but not in the 

TME model (Ulrich et al., 2006). It is hypothesized that MMP9 is important for 

the infiltration of inflammatory cells into the CNS. Thus, the level of MMP9 is 

significantly increased in cerebrospinal fluid (CSF) and serum of MS patients 

with active disease, compared to healthy individuals (Waubant et al., 1999, 

Bar-Or et al., 2003, Fainardi et al., 2006, Benesova et al., 2009). Injection of 

recombinant MMP9 into the CNS parenchyma resulted in breakdown of the 

blood-brain barrier, neuronal and myelin loss (Anthony et al., 1998). The 

localization of MMP9 in cells present in perivascular areas, such as endothelial 

cells and the infiltrating cell population, including lymphocytes and 

macrophages, is also in favor of its contribution to the disruption of the blood 

brain barrier in MS (Cossins et al., 1997, Lindberg et al., 2001). In addition, 

resident CNS cells, such as microglia/macrophages and astrocytes in active MS 

lesions also express MMP9, mainly around the perivascular areas but also in 

the CNS parenchyma (Cuzner et al., 1996, Maeda & Sobel, 1996). In chronic 

active lesions, MMP9 is more prominently localized at the edge of the lesions 

(Anthony et al., 1997), while this protease is occasionally also present in 
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astrocytes in chronic inactive lesions. These data further suggest that MMP9 is 

upregulated and exert its functions in active demyelinating lesions during 

inflammation. In addition to the stimulation of inflammatory cell infiltration 

through blood-brain barrier disruptions, MMP9 derived from leukocytes 

cleaves MBP and may be involved in degradation of myelin membranes 

(Proost et al., 1993, Gijbels et al., 1993). On the other hand, MMP9 has also 

beneficial roles for remyelination (Uhm et al., 1998, Oh et al., 1999, Larsen et 

al., 2003, Siskova et al., 2009). Localization of MMP9 at the tips of the 

extending processes of oligodendrocytes is essential for their outgrowth, i.e., 

process elongation and arborization is reduced in absence of MMP9 (Uhm et 

al., 1998, Oh et al., 1999) and upon its mislocalization (Siskova et al., 2009). In 

addition, MMP9 produced by macrophages and microglia in the remyelination 

phase degrades NG2, a membrane bound CSPG present on OPCs that inhibits 

maturation of oligodendrocytes (Larsen et al., 2003). Hence, MMP9 plays a 

dual role in MS. The activity of this enzyme in active demyelinating lesions 

may be detrimental and contribute to the pathogenesis and progression of MS, 

but beneficial functions of MMP9 are observed for remyelination, in which it 

facilitates oligodendrocyte maturation via ECM remodelling.  

 

MMP2 

MMP2, is another member of the gelatinase family, also referred to as 

gelatinase A, and is in contrast to MMP3, MMP9, and MMP12, constitutively 

expressed in the CNS and CSF (Anthony et al., 1997, Rosenberg, 2002). 

mRNA expression of MMP2 is not altered during demyelination and 

remyelination in a cuprizone-induced demyelination model (Škuljec et al., 

2011), and only minor upregulation is observed in EAE (Weaver et al., 2005), 

in TME (Ulrich et al., 2006) and active MS lesions (Lindberg et al., 2001, 

Mohan et al., 2010). However, MMP2 protein is present in macrophages and 

infiltrating cells in the perivascular area of active MS lesions (Maeda & Sobel, 

1996, Anthony et al., 1997, Diaz-Sanchez et al., 2006). MMP2-expressing 
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macrophages are also present at the border of chronic active lesions, while its 

expression in chronic lesions was only perivascular (Anthony et al., 1997, 

Diaz-Sanchez et al., 2006). As MMP9, MMP2 is likely involved in disruption 

of the blood-brain barrier (Rosenberg et al., 1992) and has the highest activity 

in MBP degradation (Chandler et al., 1995). MMP2 appears to be more 

abundant in MS lesions than MMP9, and its expression is predominant in areas 

where damaged axons are abundant, particular at lesion borders (Diaz-Sanchez 

et al., 2006). Interestingly, MMP2 is also upregulated in NAWM areas adjacent 

to the lesions (Maeda & Sobel, 1995, Anthony et al., 1997, Diaz-Sanchez et al. 

2006). Also, higher levels of MMP2 are present in serum of MS patients 

(Bar-Or et al., 2003, Benesova et al., 2009). Whether MMP2 may play a role in 

regeneration of myelin other than its potential to locally degrade only CSPGs, 

but not laminin, which is present in the same area (Zuo et al., 1998), remains to 

be determined.  

 

MMP7 

MMP7, also called matrilysin, is constitutively expressed in the brain (Anthony 

et al., 1997, chapter 2). However, its mRNA levels are at the lower limit of 

detection (Clements et al., 1997, Mohan et al., 2010). Given that MMP7 has a 

potent activity and a broad substrate specificity, it has been suggested that 

MMP7 may be a regulator of ECM turnover in the healthy brain (Anthony et 

al., 1997). MMP7 mRNA expression is neither increased upon 

cuprizone-induced demyelination (Škuljec et al., 2011) nor in the TME (Ulrich 

et al., 2006) model, while MMP7 mRNA levels were increased upon 

lysolecithin-induced demyelination, and early remyelination (chapter 2). In the 

latter model, MMP7 is localized extracellularly and present in macrophages 

(chapter 2). Contrasting findings are reported in EAE models. In a mouse 

MOG-peptide induced EAE model MMP7 mRNA levels remain similar 

(Weaver et al., 1995), while MMP7 mRNA is increased by 500-fold during the 
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course and as protein present in invading macrophages in a MOG-induced rat 

EAE model (Clements et al., 1997) and increased at the peak of an 

adoptive-transfer rat EAE model (Kieseier et al., 1998). Also, contrasting 

findings have been reported for MMP7 mRNA levels in MS lesions: MMP7 

mRNA expression is increased at all lesions stages in one study (Lindberg et al., 

2001), while it was undetectable in active and chronic MS lesions (Mohan et al., 

2010). MMP7 protein is localized to parenchymal macrophages and 

occasionally observed in astrocytes in active MS lesions with a weaker 

expression in the center than at the edge of the lesion (Cossins et al., 1997, 

chapter 2). MMP7 expression in macrophages is also prominent at the lesion 

borders of chronic active MS lesions (Anthony et al., 1997) and not as 

prominent in the center (Cossins et al., 1997), while biochemical analysis 

reveals that proMMP7 expression is reduced in chronic active and chronic 

inactive lesions (chapter 2). In remyelinated lesions, total expression levels of 

MMP7 are comparable to control white matter of healthy subjects with 

occasional expression in macrophages (chapter 2). MMP7 is not elevated in 

serum of MS patients, which is in contrast to MMP9 and MMP2 (Bar-Or et al., 

2003). The exact role of MMP7 is not well understood, but like the other 

MMPs, a role in extravasation of monocytes into the tissue and migration of 

macrophages through remodelling of basement membrane ECM, such as 

proteoglycans, fibronectin, laminin and elastin, can be foreseen. In addition, 

MMP7 potentially induces bystander demyelination and axonal loss, although 

likely to a lesser extent than MMP2 and MMP9 (Anthony et al., 1998). 

However, when expressed in the CNS parenchyma in a timely manner, MMP7 

may also be beneficial in clearing the transiently expressed ECM components 

and myelin debris (Chandler et al. 1995).  

 

Other MMPs 

Other MMPs that have been analyzed at the protein level in MS lesions are 

MMP1 (Maeda & Sobel, 1996), MMP19 (van Horssen et al., 2006) and 
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MMP28 (Werner et al., 2008). MMP1 is expressed in the majority of 

macrophages in active MS lesions (Maeda and Sobel, 1996). MMP19 is 

constitutively expressed by microglia in the healthy adult CNS, and highly 

expressed in macrophages in the parenchyma and perivascular areas in active 

MS lesions and the rim of chronic active lesions, and occasionally by reactive 

astrocytes (van Horssen et al., 2006). Also, MMP19 mRNA levels are 

increased in active and chronic inactive MS lesions (Mohan et al., 2010). While 

the function of MMP19 in MS pathology remains to be established, it is 

interesting to note that MMP19 specifically degrades the large isoform of 

tenascin-C (Stracke et al., 2000) of which the expression is reduced in active 

MS lesions and chronic active lesions borders (table 1). Upregulated MMP28 

expression has been shown in one demyelinated, uncharacterized MS lesion, 

and in EAE (Werner et al., 2008). In addition, MMP28 mRNA is increased in 

chronic inactive MS lesions (MMP28). Moreover, Western blot analysis shows 

also a marked upregulation in NAWM as compared to control white matter 

(Werner et al., 2008). Interestingly, MMP28 mRNA levels are upregulated in 

active MS lesions and downregulated in chronic inactive MS lesions (Mohan et 

al., 2010). In the adult CNS, MMP28 is mainly expressed in neurons and is a 

negative regulator of myelination (Werner et al., 2008) and macrophage 

recruitment (Manicone et al., 2009), justifying more research on this protein.  

 

In addition to the marked altered expression patterns of MMP3 and MMP12, 

several other MMPs, including MT-MMPs, show altered expression patterns 

upon cuprizone-induced demyelination. Thus, MMP11 mRNA is upregulated 

at remyelination, while MMP14 mRNA, is upregulated upon both 

demyelination and remyelination. MMP15 mRNA has been reported to be 

downregulated at conditions of demyelination, while MMP24 mRNA is 

downregulated at demyelination but upregulated at remyelination (Škuljec et al., 

2011). Mohan et al., 2010 performed an extensive qPCR analysis of 23 MMPs 
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in control white matter, active and chronic inactive MS lesions. In addition to 

the discussed MMPs, the mRNA levels of MMP11 and MMP14 are more than 

2-fold higher in active lesions than in control white matter and MMP11, 

MMP14, and MMP17 mRNAs are increased in inactive lesions (Mohan et al., 

2010). In contrast, the mRNA levels of 2 MMPs (MMP15 and MMP23) and 1 

MMP (MMP23) were downregulated by at least 50% in active and inactive 

lesions, respectively (Mohan et al., 2010). Validation at the protein level, their 

cellular localization, and the significance for ECM remodelling, remyelination 

and MS lesion pathology remains, however, to be largely established. Of note, 

the expression levels of most of these MMPs are also altered in TME and EAE 

models (Weaver et al., 2005, Ulrich et al., 2006).  

 

MMPs in MS: interstitial ECM remodelling for remyelination?  

The expression pattern of MMPs mainly reflects the inflammatory activity of 

the lesions. In fact, the distribution patterns of MMPs closely resemble each 

other, mainly localizing in macrophages, often in close association with 

vasculature, predominantly present in active lesions. Concomitantly, a more 

pronounced expression at the rim of chronic active MS lesion compared to the 

core of the lesion is usually observed. Furthermore, MMPs in MS lesions are 

only occasionally present in astrocytes, with the exception of MMP3, which is 

primarily localized to astrocytes. Likely, most MMPs in MS lesions are 

implicated in disruption of the blood-brain barrier by affecting its permeability 

upon enzymatic cleavage of ECM molecules in the basement membrane, such 

as type IV collagen, fibronectin and laminin, which enables the inflammatory 

cells, i.e., lymphocytes and monocytes to infiltrate the CNS (Leppert et al., 

2001). Also, most MMPs present in inflammatory lesions degrade MBP, which 

may enhance demyelination and which, in turn, contributes to axonal damage 

(Anthony et al., 1998). However, since MBP is an intracellular, peripheral 

protein, prior myelin degeneration is obviously required to allow proteolytic 

accessibility of the protein. In fact, the potential of MMPs to degrade MBP 
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may indirectly facilitate clearance of remyelination-inhibiting myelin debris 

(Kotter et al., 2006).  

 

Functional in vivo evidence for a role MMP-mediated remodelling upon 

demyelination is currently lacking, and therefore it is unclear whether the 

mainly macrophage-derived MMPs in MS are involved in the dynamic 

turnover of interstitial ECM upon demyelination. As remyelination fails, 

among others by the persistent presence of interstitial ECM components (table 

1, Fig. 1), a dysfunction in MMP expression and/or their activation are more 

likely relevant parameters in this regard. As discussed above, the composition 

of both ECM molecules and ECM-degrading MMPs differ between 

demyelinating injury to the normal CNS and the distinct white matter MS 

lesion stages (summarized in tables 1 and 2). The tightly and temporal (cellular) 

expression of several MMPs regulate the clearance of the transiently expresses 

ECM molecules to enable regeneration of myelin. In contrast, in MS lesions, 

where remyelination fails, a different and more persistent pattern of MMPs and 

ECM molecules is observed (van Horssen et al., 2007, Aggrawal et al., 2008). 

For example, the mRNA levels of gelatinases MMP2 and MMP9 are not 

upregulated upon demyelination and remyelination in the normal CNS (Škuljec 

et al., 2011), but these enzymes are expressed in active and chronic active MS 

lesions (Maeda & Sobel, 1996, Cuzner et al., 1996, Cossins et al., 1997, 

Anthony et al., 1997, Lindberg et al. 2001). The disturbed ECM in MS lesions 

may regulate the expression of these MMPs. Fibronectin increases the 

expression levels and proteolytic activity of MMP2 and MMP9 by T 

lymphocyte cell lines (Esparza et al., 1999). Also, fibronectin and vitronectin 

induce the expression of MMP9 in microglia (Milner et al., 2007). Moreover, 

gelatinases, and MMP9 in particular, are not the most efficient proteases in 

proteolysis of ECM proteins (Murphy et al., 1991, Fosang et al., 1992, Imai et 

al., 1995, Siri et al., 1995, Muir et al., 2002). Rather, spatial temporal 
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regulation of MMP2 and MMP9 expression may be more important. Thus, 

MMP9 cleaves membrane-bound CSPG NG2, allowing (morphological) 

oligodendrocyte differentiation (Larsen et al., 2003), while incorrect 

localization of MMP9, as mediated by fibronectin, perturbs oligodendrocyte 

process branching (Siskova et al., 2009). Also, MMP2, present at the tips of the 

axonal extensions, eliminate the CSPG-mediated inhibition of laminin through 

specific proteolytic cleavage of CSPGs rather than laminin, which is beneficial 

for regeneration (Zuo et al., 1998). However, MMP2 and MMP9 are also 

potent inducers of blood-brain barrier disruption and axonal injury (Anthony et 

al., 1998, Diaz-Sanchez et al., 2006), and may induce bystander demyelination 

via degradation of MBP (Chandler et al., 1995). Hence, MMP2 and MMP9 

may contribute more to a demyelinating MS pathology than in interstitial ECM 

remodelling for remyelination.   

 

MMP7 and MMP3 are more potent proteases to degrade the interstitial ECM, 

present in MS lesions (Murphy et al., 1991, Imai et al., 1995, Siri et al., 1995, 

Muir et al., 2002). Therefore, these MMPs are potentially able to reintroduce a 

permissive environment for remyelination and improve the neuropathological 

conditions in MS. Indeed, both MMPs are upregulated at remyelination 

following demyelination in normal CNS (Škuljec et al., 2011, chapter 2). 

MMP3 degrades the CSPGs, aggrecan, versican, neurocan and phosphacan, 

while MMP7 cleaves aggrecan (Fosang et al., 1992, Muir et al., 2002). 

However, while CSPG expression is reduced in the center of active MS lesions, 

where MMP3-expressing astrocytes and MMP7-expressing macrophages are 

located, there is still accumulation of CSPGs at the lesions borders, where 

MMP7 expression is more prominent. Therefore, it may be hypothesized that 

MMP3 and MMP7 are actively degrading CSPGs in the center of active lesions, 

while these MMPs are not active at the lesion edges. Indeed, 

immunohistochemistry identifies and spatially localizes MMP, but it does not 

distinguish active from inactive MMP. Moreover, in MS lesions, most of the 
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MMPs reside within cells and often no extracellular staining is noticed, while 

for interstitial ECM remodelling MMPs have to be secreted and activated. 

Activation of MMPs by other proteases is spatially focused and regulated by 

other MMPs or plasmin, which is locally generated by tissue-type plasminogen 

activator (t-PA). (Page-McCaw et al., 2007, Lu et al., 2011). While absent in 

control white matter, in MS lesions t-PA is expressed in macrophages and its 

expression pattern is comparable to MMP expression, i.e., present in active and 

absent in chronic lesions (Cuzner et al., 1996). Another tightly regulated 

mechanism for MMP actions, is the regulation of its activity by TIMPs 

(Page-McCaw et al., 2007, Lu et al., 2011). Upon toxin-induced demyelination, 

increased mRNA levels of TIMP1 and TIMP2 are observed at demyelination, 

followed by a gradual decline during remyelination (Škuljec et al., 2011, 

chapter 2). TIMP3 is transiently upregulated in the first week during 

demyelination, whereas TIMP4 is upregulated during remyelination (Škuljec et 

al., 2011). Lindberg et al. (2001) showed that the mRNA levels of these TIMPS 

are not significantly altered at all MS lesion stages. In contrast, Mohan et al.  

(2010) showed that both TIMP1 and TIMP3 mRNA are upregulated in active 

and chronic inactive lesions, while TIMP3 mRNA are downregulated in 

chronic inactive lesions. Immunohistochemistry of TIMPs may reveal the 

expression patterns and cellular localization of TIMPs, and whether the delicate 

balance between MMP and their inhibitors is disturbed in MS lesions, i.e., 

interfere with interstitial ECM remodelling. Also, an in situ MMP activity 

assay on MS lesions may provide insight in localized MMP activity levels. Of 

note, inhibiting MMP activity reduced the clinical symptoms in an EAE model 

by reducing the breakdown of the blood-brain barrier and demyelinating 

pathology (Gijbels et al., 1994, Liedtke et al., 1998). Hence, although 

modulation of MMP activity can be an advantageous approach, it remains to be 

determined whether MMP activity within the CNS is actually inhibited in this 

model.  
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In contrast to CSPGs, tenascin expression is reduced in active lesions and the 

lesion border of inactive lesions tenascin expression, indicating proteolytic 

activity at these sites. Upon alternative splicing, a large and small isoform of 

tenascin-C are generated. The small variant is more resistant to degradation, 

but cleaved by MMP7, while MMP3, MMP7, MMP12 and MMP19 degrade 

large tenascin-C. Also, other, yet undefined, MMPs, or even non-related 

proteases, such as cathepsin B (Bever & Garver, 1995, Mai et al., 2002), may 

clear tenascins in active MS lesions and at the border of chronic active lesions.  

 

Strikingly, MMPs are hardly present in chronic inactive and in the center of 

chronic active lesions, which may be the main reason why the ECM proteins 

fibronectin and osteopontin persist. While loss of function studies demonstrated 

that fibronectin (Stoffels et al., 2015) and osteopontin (Zhao et al., 2008), are 

redundant for remyelination, the persistence of otherwise transient ECM 

proteins in MS lesions, such as fibronectin (aggregates), results in a gain of 

function, i.e., they perturb OPC differentiation. Why MMPs are not 

upregulated in chronic MS lesions is not known. It may be hypothesized that 

the cellular source of MMPs might determine whether these enzymes perform 

beneficial or detrimental roles in MS lesions. This is supported by observations 

that MMP12 is initially produced by microglia/macrophages, while the 

protease localizes to astrocytes and oligodendrocytes, as observed at successful 

remyelination, which is beneficial for remyelination. Also, the CSPG-enriched 

barrier at the lesion border may prevent the migration of cells that produce a 

suitable MMP to the lesion center. Strikingly, CSPGs are reduced in the lesion 

center, indicating that they are cleared, but not resynthesized to reestablish the 

interstitial ECM in adult healthy CNS. Indeed, mRNA levels of CSPGs are 

reduced in chronic inactive MS lesions (Mohan et al., 2010), which may be due 

to the lack of sufficient and/or the presence of misactivated 

microglia/macrophages, the main producers of CSPGs in the center of 

lysolecithin-induced lesions (Lau et a. 2012). In this regard, it will be of 
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interest to analyze the ECM composition of remyelinated lesions. In 

remyelinated lesions, MMP7 levels are comparable to control white matter 

(chapter 2), while fibronectin levels are still increased (Stoffels et al., 2013). Of 

note, astrocyte-derived HMW-hyaluronan, which is highly expressed in chronic 

MS lesions, is degraded by the hyaluronidase family rather than by MMPs.   

 

Concluding remarks 

Taken together, remodelling of the interstitial ECM in MS, including the 

expression patterns of ECM molecules and MMPs, is dependent on the nature 

of and the localization within MS lesions, and differs from ECM remodelling 

upon demyelinating injury to the normal CNS and subsequent successful 

recovery. More specifically, the transient upregulation of ECM proteins, as a 

natural response to demyelination, persists in MS lesions, among others by 

dysregulation of MMP expression, their localization and, likely, their 

activation. Several MMPs are upregulated in a seemingly uncontrollable 

manner (MMP2 and MMP9) while others (MMP3, MMP7 and MMP12) that 

perform beneficial functions for remyelination in the normal injured CNS, are 

absent or incorrectly located in MS lesions. In addition, the phenotype of 

astrocytes, the main producers of ECM molecules, is changed as a consequence 

of the ensuing spatially focused inflammation, leading to the formation of at 

least two glial scars: one at the border of active and chronic inactive lesions, 

which is enriched in CSPGs, and one within the center of MS lesions that is 

devoid of CSPGs, but enriched in fibronectin aggregates, osteopontin and 

HMW-hyaluronan. Taking the effect on OPC behavior into account, the 

persistent presence of mainly OPC differentiation-inhibiting ECM proteins and 

the absence of myelination-promoting laminin in MS lesions, also contribute to 

remyelination failure. As a therapeutic strategy, it is essential to clear these 

OPC differentiation-inhibiting ECM proteins, as targeted upregulation of 

remyelination-promoting laminin may not be efficient. In vitro 
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fibronectin-derived inhibitory signals dominate over myelination-promoting 

laminin signals (Baron et al., 2014), while only very high amounts of laminin 

can overcome the inhibitory effect of CSPGs on OPC differentiation (Lau et 

al., 2012). In fact, in some studies, the effect of CSPGs on OPC behaviour have 

been performed on a relative high laminin background (Siebert & Osterhout, 

2011, Pendelton et al., 2013), further indicating that CSPG-effects are likely 

dominant over laminin. Thus, given that aggregates of fibronectin accumulate 

in chronic MS lesions and CSPGs at the edge of (chronic) active lesions, these 

remyelination-inhibiting obstacles have to be removed. Furthermore, the ECM 

environment in MS lesions should also be taken into account, when 

determining the effectiveness of potential remyelination-inducing compounds 

that are based on stimulating endogenous OPCs. Local activation of MMPs, 

i.e., with an appropriate substrate specificity, may be a means to degrade ECM 

depositions and reinstate a permissive environment for remyelination, as is the 

case in recovery upon demyelination to the normal CNS. However, the dual 

role of MMPs, such as their ability to degrade vascular basement membrane 

ECM components, and to induce axonal injury and myelin loss, complicates 

the development of treatment strategies, aimed at correct interstitial ECM 

remodelling in favor of remyelination. Thus, MMPs contribute to damage at 

early lesions stages, while their absence at later stages is detrimental to 

interstitial ECM remodelling, which, in turn, is essential for the regeneration of 

myelin. In fact, as microglia/macrophages have also receptors for ECM 

proteins, the dysregulated interstitial ECM in MS lesions also affect 

microglia/macrophage activation (Milner et al., 2007, Austin et al., 2012, Rolls 

et al., 2008, chapter 3), which may not only affect MMP expression, but also 

indirectly contribute to OPC differentiation and therefore remyelination (Miron 

et al., 2013). Hence, means to overcome the dysregulated activation of 

microglia/macrophages in MS lesions (Vogel et al., 2013, Peferoen et al., 2015) 

may indirectly also reinstall correct ECM remodelling.  
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Scope of this thesis 

Fibronectin, a relevant extracellular matrix molecule (ECM), may cluster and 

form fibronectin aggregates (aFn), which inhibits remyelination. Failure of the 

latter is a hall mark in the etiology of the disease Multiple Sclerosis (MS). To 

device means for overcoming the inhibitory effects of this ECM molecule, a 

detailed understanding of the underlying mechanism(s) is essential. Potential 

options include interference of aggregated fibronectin with the differentiation 

and maturation of precursor cells of oligodendrocytes (OPCs), the 

myelin-producing cells in the brain. Alternatively, elimination of the 

aggregated fibronectin clusters by metalloproteases (MMPs) might reactivate 

OPC maturation and if so, activation of these proteases in vivo might serve as 

an attractive therapeutic approach. Aberrant ECM remodelling in demyelinated 

MS lesions, its role in remyelination failure and challenges and options to 

overcome this, are outlined and summarized in chapter 1. In the work 

presented in chapter 2 of this thesis, MMP3, MMP7 and MMP9 were studied 

to clarify whether they are able to cleave remyelination-impairing aFn and 

whether their expression levels are altered in MS lesions. In addition, cellular 

sources of these MMPs were examined, including astrocytes, microglia, bone 

marrow-derived macrophages (BMDMs), OPCs and oligodendrocytes 

(chapter 2). Since beneficial environmental conditions for remyelination 

require an appropriate phenotype of the microglia and infiltrating macrophage, 

it was of next interest to examine whether aFn could interfere with the ability 

of microglia and BMDMS to convert to such a remyelination-promoting 

phenotype (chapter 3). Apart from aFn, other ECM molecules, such as plasma 

fibronectin and chondroitin sulfate proteoglycans (CSPGs) may induce both 

pro-inflammatory and regenerative features in microglia and BMDMs, 

interfering with OPC maturation. In chapter 4, we therefore investigated 

whether aFn, pFn and CSPGs affect pro-inflammatory and regenerative 

features of microglia and BMDMs and whether this could modulate the 
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differentiation of OPCs, as a potential underlying mechanism in the failure of 

remyelination. In our work, we observed that especially aFn, might modulate 

microglia and BMDMs to give rise to an intermediate phenotype. Therefore, in 

chapter 5, the cytokines IFNγ and IL-4, as stimulators of the pro-inflammatory 

and pro-regenerative phenotype respectively, were applied in demyelinated 

organotypic forebrain slice cultures to assess whether these cytokines modulate 

the ability of aFn to trigger a microglia/BMDM phenotype and overcome 

failure of remyelination. Finally, in chapter 6, the main conclusions and future 

perspectives are summarized.  
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Abstract 

Upon demyelination, transient expression of fibronectin precedes successful 

remyelination. However, in chronic demyelination observed in multiple 

sclerosis (MS), aggregates of fibronectin persist and contribute to 

remyelination failure. Accordingly, removing fibronectin (aggregates) would 

constitute an effective strategy for promoting remyelination. Matrix 

metalloproteinases (MMPs) are enzymes known to remodel extracellular 

matrix components, including fibronectin. Here, we examined the ability of 

MMPs to degrade fibronectin aggregates. Our findings reveal that MMP7 

cleaved fibronectin aggregates resulting into a prominent 13 kDa EIIIA (16 

kDa EDA)-containing fragment. MMP7 was upregulated during 

lysolecithin-induced demyelination, indicating its potential for endogenous 

fibronectin clearance. In contrast, the expression of proMMP7 was 

substantially decreased in chronic active and inactive MS lesions compared to 

control white matter and remyelinated MS lesions. Microglia and macrophages 

were major cellular sources of proMMP7 and IL-4-activated, but not 

IFN+LPS-activated, microglia and macrophages secreted significant levels of 

proMMP7. Also, conditioned medium of IL-4-activated macrophages most 

efficiently cleaved fibronectin aggregates upon MMP-activating conditions. 

Yet, coatings of MMP7-cleaved fibronectin aggregate fragments inhibited 

oligodendrocyte maturation, indicating that further degradation and/or 

clearance by phagocytosis is essential. These findings suggest that MMP7 

cleaves fibronectin aggregates, while reduced (pro)MMP7 levels in MS lesions 

contribute to their persistent presence. Therefore, upregulating MMP7 levels 

may be key to remove remyelination-impairing fibronectin aggregates in MS 

lesions. 
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Introduction 

Myelination of axons is not only essential for saltatory nerve conduction, but 

also required for neuronal survival as myelin provides trophic and metabolic 

support (Irvine & Blakemore, 2008; Fünfschilling et al., 2012). Hence, the 

persistent loss of intact myelin, as observed in the chronic demyelinating 

disease multiple sclerosis (MS), promotes secondary axonal degeneration, 

significantly contributing to disease progression (Compston & Coles, 2008; 

Irvine & Blakemore, 2008). Therefore, regeneration of myelin, i.e. 

remyelination, is essential to support and retain axons, and to prevent 

progressive decline. 

 

Remyelination is dependent on precise and timely regulation of local signalling 

events, which control recruitment of activated oligodendrocyte progenitor cells 

(OPCs) to the demyelinated area and their subsequent differentiation into 

myelinating oligodendrocytes (Franklin & ffrench-Constant, 2008). The 

extracellular matrix (ECM) is a major component of the signaling 

microenvironment and participates in the regulation of OPC behavior, its 

remodelling serving as an effective mechanism to regulate repair. Specifically, 

following CNS demyelination, extensive ECM remodelling leads to alterations 

in ECM expression profiles (Back et al., 2005; Zhao et al., 2009; Lau et al., 

2012;  Hibbits et al., 2012; Stoffels et al., 2013). For example, following 

lysolecithin-induced demyelination and in chronic-relapsing (cr-)EAE, 

remyelination-impairing fibronectin and chrondroitin sulfate proteoglycans 

(CSPGs), and remyelination-promoting laminin are readily expressed (Milner 

et al., 2007; Lau et al., 2012; Stoffels et al., 2013). Evidently, the regulation 

and transient expression of these distinct ECM molecules, is essential in 

maintaining the proper physiological environment for timely development of 

OPCs into mature, myelinating oligodendrocytes. Indeed, a dysbalance in 

expression of these ECM entities contribute to an impaired differentiation of 



MMP7 cleaves fibronectin aggregates 

  66 

OPCs, as observed in 70% of MS lesions (Lucchinetti et al., 1999; Kuhlmann 

et al., 2008; Chang et al., 2012). More specifically, in chronic MS lesions, but 

not in toxin-induced lesions, fibronectin is persistently present as aggregates, 

which frustrate OPC differentiation, and thereby impede remyelination 

(Stoffels et al., 2013). Moreover, fibronectin precludes the ability of laminin, 

also present in MS lesions (van Horssen et al., 2005), to facilitate myelin 

membrane formation (Baron et al., 2014), emphasizing the necessity to remove 

aggregated fibronectin to allow remyelination.  

 

Interestingly, fibronectin mRNA was hardly present in chronic MS lesions 

(Stoffels et al., 2013) and aggregates are formed extracellularly (Mao & 

Schwarzbauer, 2005, our unpublished observations), indicating that a perturbed 

clearance, rather than an altered expression of fibronectin is responsible for its 

accumulation. Selective removal of astrocyte-derived fibronectin from the 

lesion site revealed that although dimeric fibronectin promotes OPC 

proliferation following demyelination, reduced numbers of OPCs suffice for 

successful remyelination (Stoffels, et al., 2015). Therefore, removal of dimeric 

or aggregated fibronectin may represent a therapeutic strategy to promote 

remyelination in MS. 

 

Important players in controlled ECM degradation are matrix metalloproteinases 

(MMPs). Commonly, MMPs are synthesized and secreted as pro-enzymes that 

are subsequently activated by various proteinases, including other MMPs and 

plasmin (Lu et al., 2011). Under healthy conditions, MMPs are transiently 

involved in the regulation of ECM dynamics upon injury, and are under strict 

(local) control at various levels, including gene transcription, synthesis, 

secretion, pro-peptide activation, and inhibition by physiological tissue 

inhibitors of MMPs (TIMPs). MMPs are implicated in the pathogenesis of MS, 

and some MMPs, including MMP3, MMP7, and MMP9, are upregulated in MS 

lesions (Cuzner et al., 1996; Maeda & Sobel, 1996; Cossins et al., 1997; 
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Anthony et al., 1997; Lindberg et al., 2001). While fibronectin is a substrate for 

at least 14 distinct MMPs (Lu et al., 2011), it is unknown whether they 

dissociate, cleave and/or degrade fibronectin aggregates.  

 

Given the role of MMPs in ECM remodelling in injured CNS, we examined 

here whether a perturbed expression and/or malfunctioning of MMP3, MMP7 

or MMP9 contributes to the inability to clear dimeric fibronectin and/or 

fibronectin aggregates in MS lesions. We demonstrate that MMP7 cleaved 

fibronectin aggregates and that proMMP7 is weakly expressed in chronic MS 

lesions compared to remyelinated lesions. IL-4-activated microglia and 

macrophages were major cellular sources of proMMP7. Hence, local targeting 

of MMP7 levels in chronic MS lesions may represent a first step to remove 

remyelination-inhibiting fibronectin aggregates.  

 

Materials and Methods 

Multiple sclerosis lesions 

Autopsy samples of human brain material were obtained from the Netherlands 

Brain Bank and with the approval of the VU University Medical Ethical 

Committee (Amsterdam, The Netherlands). Patients and controls, or their next 

of kin, had given informed consent for the use of their brain tissue and clinical 

details for research purposes. For immunohistochemical analysis 

paraffin-embedded (n=12) or snap-frozen (n=5) tissue from MS patients and 

non-neurological controls (n=3) were used. Western blot studies were 

performed on 9 control white matter (CWM), 8 (chronic) active MS lesion 

[(c)aMS)], 9 chronic inactive MS lesion (ciMS), and 2 remyelinated MS lesion 

(rMS) homogenates. Brain tissue was homogenized as previously described 

(Maier et al., 2007). CWM did not show any histological signs of inflammation 

and demyelination and was obtained from subjects without clinical signs of 
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neurological disease. MS lesions were classified as previously described (van 

der Valk & De Groot, 2000).  

 

Toxin-induced demyelination 

Lysolecithin. To induce local demyelination 8-10-week-old female C57BL/6 

mice (for RT-qPCR) or Sprague Dawley rats (for Western blot) were injected 

with 1 µl of 1% lysolecithin (Sigma) in spinal cord white matter (Zhao et al., 

2006). At indicated time points, animals were sacrificed and tissue processed 

for Western blot and qPCR analysis as previously described (Zhao et al., 2006; 

Stoffels et al., 2013). For immunohistochemistry, animals were perfused with 

4% paraformaldehyde via the left ventricle, after which the dissected spinal 

cord containing lesions was treated with 20% sucrose in phosphate-buffered 

saline (PBS) overnight. The brains were cryosectioned at 12 μm thickness and 

stored at -80°C until further processing. Control spinal cord tissues were taken 

from non-lesioned thoracic segments of spinal cord, distant from the lesion site. 

Experiments were performed in compliance with UK Home Office regulations.  

 

Cuprizone. To induce robust and reproducible demyelination of the corpus 

callosum, 9-week old male C57BL/6 mice (Harlan) were individually housed 

and subjected to a standard powder chow diet containing 0.2% cuprizone 

[bis(cyclohexanone)-oxaldihydrazone, Sigma]. After 5 weeks, animals returned 

to standard chow. Tissue was processed as described for lysolecithin-induced 

lesions. Demyelination of the corpus callosum was confirmed by Sudan black 

staining (0.1% in 70% ethanol for 5 min). All experimental procedures were 

approved by the Animal Ethical Committee of the University Medical Center 

Groningen (the Netherlands).   

 

Primary cell cultures 

CNS-resident cells. Primary cultures were derived from forebrains of 1-2 

day-old Wistar rats (Charles River) as described (Bsibsi, et al., 2012). A single 
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cell suspension was obtained by mechanical and enzymatic (papain) digestion. 

Cells were cultured for 10-12 days on poly-L-lysine (PLL, 5 µg/ml, 

Sigma)-coated tissue culture flasks (Nalge Nunc). OPCs and microglia grown 

on top of an astrocyte monolayer were isolated by a shake-off procedure. First, 

microglia was detached by rotation on an orbital shaker (Innova 4000, New 

Brunswick Scientific) at 150 rpm for 1 hour. Upon centrifugation for 5 min at 

150 x g, cells were resuspended in microglia medium [DMEM (Life 

Technologies); 10% fibronectin-free fetal bovine serum (FBS, Capicorn, see 

below); 1% antibiotics (Life Technologies) and 1% glutamine (Life 

Technologies)]. Microglia were plated at a density of 2.0 × 10
6
 cells per 10-cm 

dish (Corning) and cultured with rat recombinant macrophage 

colony-stimulating factor (M-CSF, 10 ng/ml, Peprotech). After 3 days, 

microglia were gently scraped, centrifuged for 5 min at 150 x g, and plated in 

6-well-plates at a density of 1.0 × 10
6
 cells per well (in 1 ml). Microglia (>95% 

Iba1-positive) were left untreated, or treated with either rat IFN (400 ng/ml, 

Peprotech) and lipopolysaccharide (LPS from E.coli O111:B4, 200 ng/ml, 

Sigma), or rat IL-4 (40 ng/ml, Peprotech) for 6 hours (qPCR analysis) or 48 

hours (Western blot analysis).  

 

The mixed glia flasks were shaken overnight on the orbital shaker at 240 rpm, 

and the floating OPCs obtained by this procedure were further purified via 

differential adhesion (Bsibsi et al., 2012). Isolated OPCs (>97% Olig2-positive) 

were plated at a density of 1.0 × 10
6
 per 10-cm dish (in 6 ml) for Western 

blotting or on 8-well Permanox chamber slides (Nunc) at a density of 30,000 

cells per well for the maturation assays. OPCs were cultured for 2 days in 

SATO medium (Maier et al., 2005) supplemented with growth factors FGF-2 

(10 ng/ml, Peprotech) and PDGF-AA (10 ng/ml, Peprotech). To obtain mature 

oligodendrocytes, OPC maturation was initiated by growth factor withdrawal 

and culturing in SATO supplemented with 0.5% FBS for 7 days. 
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To obtain astrocytes, the remaining astrocyte monolayer in the mixed glia 

flasks was shaken on the orbital shaker at 240 rpm overnight, followed by one 

passage to T162 flasks. At 90% confluency, the astrocytes were trypsinized and 

plated in 6-well plates at a density of 0.5 × 10
6
 cells per well (in 1 ml) in 

DMEM and 10% fibronectin-free FBS (see below). Astrocytes (>97% 

Aldh1L1-positive) were untreated, or treated with a pro-inflammatory cytokine 

cocktail containing rat TNF (10 ng/ml, Peprotech), rat IFN (400 ng/ml) and 

rat IL1 (10 ng/ml, Peprotech) for 6 hours (RT-qPCR analysis) or 48 hours 

(Western blot analysis).  

 

Bone marrow-derived macrophages. Macrophages were derived from the bone 

marrow of 1-2 day old Wistar rats (Charles River). The femorae and tibiae 

bone marrow were flushed with BMDM medium (Roswell Park Memorial 

Institute (RPMI)-1640 medium [Life Technologies]). Subsequently, all 

suspensions were centrifuged for 5 min at 150 x g, and cell pellets were 

resuspended in BMDM medium supplemented with 10% fibronectin-free FBS, 

1% sodium pyruvate (Life Technologies), and 1% antibiotics. Macrophages 

(>95% isolectin-B4-positive) were plated at a density of 2.0 × 10
6
 cells per 

10-cm dish and cultured with rat M-CSF (10 ng/ml) for 5-7 days. For 

experimental analysis, macrophages were plated and treated as described for 

microglia.  

 

Generation of fibronectin aggregates 

Deoxycholate (DOC)-insoluble aggregated fibronectin was prepared from 

primary rat astrocytes or MS lesions homogenates. Astrocytes were plated at a 

density of 1 × 10
6
 cells per 10-cm dish, and after 1 hour treated with Toll-like 

receptor 3 agonist poly(I:C) (50 μg/mL, GE Healthcare). After 48 hours, 

astrocytes were removed by water-lysis for 2 hours at 37C. The remaining 

astroglial matrices were scraped into ice-cold DOC buffer [2% deoxycholate 
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(Sigma) in 20mM Tris-HCl supplemented with complete Mini Protease 

inhibitor cocktail (Roche), pH 8.0]. For extraction of fibronectin aggregates 

from MS lesions, tissue homogenates (100 μg) were incubated in ice-cold DOC 

buffer for 30 min. To separate DOC-insoluble fractions that contain fibronectin 

aggregates from the suspension, centrifugation was performed at 16,300 x g for 

30 min. The fibronectin aggregate-containing pellet was washed three times in 

PBS, followed by resuspension in PBS with a syringe and 25-gauge needle. 

The quality of the fibronectin aggregates, i.e., the lack of dimeric fibronectin 

and/or smaller products, and the extent of aggregation, was routinely checked 

by Western blot. 

 

Fibronectin-free serum 

Fibronectin was depleted from serum with a gelatin sepharose 4B column (GE 

healthcare) according to manufacturer’s instructions. The generated 

fibronectin-free serum was filtered (0.2 μm) and stored in aliquots at -20C. The 

absence of fibronectin in serum was confirmed by Western blot. 

 

Fibronectin degradation assay 

Plasma bovine fibronectin (5 μg, Sigma), human cellular fibronectin (5 μg, 

Sigma) and rat and human fibronectin aggregates (5 μg, see above) were 

respectively incubated with 100 ng recombinant human active MMP3 

(Abcam), MMP7 (Millipore), and MMP9 (Millipore) in 50 µl MMP-reaction 

buffer (50 mM Tris-HCl, 0.15 M NaCl, 5 mM CaCl2, 0.05% Brij-35, pH 7.5) at 

37℃ for 24 hours. For Western blot, the reaction was terminated by adding 

non-reducing SDS sample buffer. For coating purposes, the reaction was 

terminated by heating at 95℃ for 10 min. Alternatively, fibronectin structural 

variants were incubated with PBS or cell conditioned media (35 µl) in the 

presence or absence of general MMP-activator, 4-aminophenylmercuric acetate 
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(APMA, 2 mM, Sigma) in 50 μl MMP reaction buffer and incubated at 37C 

for 72 hours.  

 

Lactate dehydrogenase and MTT assay 

OPCs were cultured in 24-wells plates at a density of 50,000 cells per well on 

the indicated substrates. After 48 hours, the medium (lactate dehydrogenase 

(LDH) assay) and cells [3- (4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide; MTT assay] were analyzed as described (Stoffels et al., 2013). 

Briefly, the release of LDH into the medium was measured using a commercial 

LDH assay kit (Roche) according to manufacturer’s instructions. The effect on 

cell viability was determined with an MTT assay, for which cells were 

incubated with MTT diluted in culture medium (0.5 mg/ml, Sigma) for 4 hours. 

MTT-formazan crystals were collected in dimethyl sulphoxide and absorption 

measured at 560 nm.  

 

Immunohistochemistry 

Toxin-induced lesions. Sections were blocked and permeabilized with PBS 

containing 5% normal donkey serum and 0.1% Triton-X-100. Sections were 

incubated with a mixture of primary antibodies (table 1) overnight at 4°C, 

followed by a 2 hours incubation with appropriate Alexa-conjugated secondary 

antibodies. Nuclei were visualized by Hoechst 33342 or DAPI (1 µg/ml, 

Sigma). Sections were analyzed with confocal laser scanning microscopy 

(Leica SP8 AOBS). 

 

MS lesions. Luxol-fast blue staining was used to identify shadow plaques. To 

visualize myelin loss, microgliosis and (pro)MMP3 and (pro)MMP7 

expression, 5 µm serial sections of active (n=3), chronic active (n=3) and 

inactive lesions (n=3), shadow plaques (n=3) and healthy controls (n=3) were 

single-stained or double-stained. Slides were deparaffinized in xylene and 

descending ethanol concentrations. After endogenous peroxidase inhibition 
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with H2O2, antigen retrieval and/or blocking (table 1), sections were incubated 

with primary antibodies for 1 hour or overnight (table 1). The sections were 

washed and incubated with appropriate horseradish peroxidase-conjugated 

secondary antibodies (Dako) for 1 hour and visualized with 

3,3'-diaminobenzidine (DAB, 1:50, Dako) for 10 min. For single staining, 

sections were counterstained with haematoxylin, dehydrated in ascending 

concentrations of alcohol and xylene and mounted with Quick-D mounting 

medium (Merck). For double-staining, slides were heated to detach the first 

primary antibody or directly incubated with appropriate alkaline phosphatase 

(AP)-conjugated second primary antibody for 1 hour or overnight. AP-labelled 

cells were visualized with liquid permanent red (Dako, 1:100) for 10 min. 

Sections were counterstained with haematoxylin and mounted with Aquatex 

(Merck). For MMP-7 and CD40/CD206 double-staining, 5 µm cryosections 

containing active MS lesions (n=5) were dried overnight, fixated for 10 min in 

4% paraformaldehyde and incubated with 0.1% glycine for 10 min. After 

blocking with H202, slides were incubated overnight with both primary 

antibodies (table 1), which were visualized with DAB and liquid permanent red 

(LPR) as described above. Sections were analyzed and representative pictures 

were taken with an Olympus BX41 microscope, equipped with a Leica MC170 

HD camera. 

 

Western blot analysis 

Cells were collected by scraping with PBS and centrifuged at 9,200 x g for 5 

min. Cell pellets were sonicated in TNE buffer (50 mM Tris-HCl, 150 mM M 

NaCl, and 5 mM EDTA, pH 7.5) for 10 seconds on ice. Total protein 

concentration was measured by a Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories) using BSA as standard. Equal amounts of protein (50 μg for cell 

lysates and brain homogenates) or equal volumes of medium (40 µl) were 

mixed with SDS-reducing loading buffer, denatured at 95C for 5 min and 
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subjected to Western blotting as previously described (Bsibsi et al., 2012). 

Primary antibodies used are indicated in table 1. The signals were detected 

using the Odyssey Infrared Imaging System (LI-COR Biosciences) and 

analyzed using Scion image software.  

 
Table 1: Primary antibodies used during WB, ICC and IHC 

 company WB ICC/IHC antigen retrieval 

(ICC/IHC) 

Blocking 

(ICC/IHC) 

anti-actin (mAb) Sigma 1:1000 n.a. n.a. n.a. 

anti-arginase (mAb) BD Bioscience 1:250 n.a. n.a. n.a. 

anti-CD40 (mAb) AbDSerotec n.a. 1:800 No no 

anti-CD206 (mAb) BD Bioscience n.a. 1:800 No no 

anti-EIIIA-fibronecti

n (mAb) 

Sigma 1:500 n.a. n.a. n.a. 

anti-fibronectin 

(pAb) 

Millipore 1:1000 n.a. n.a. n.a. 

anti-HLA-DR Ebioscience n.a. 1:1000 (single) 

1:2000 (double) 

citrate buffer (pH 6.0) no 

anti-MBP (mAb) Serotec n.a. 1:250 No 4% BSA 

anti-MMP3 (pAb) Abcam 1:1000 n.a. citrate buffer (pH 6.0) no 

anti-MMP7 (pAb) Gene Tex and 

Bioworld  

1:1000 1:500 TRIS/EDTA (pH 9.0) antibody diluent 

with 10% 

normal human 

serum 

anti-MMP9 (pAb) Torrey Pines 

Biolabs 

1:1000 n.a. n.a. n.a. 

anti-iNOS (mAb) BD Biosciences 1:500 n.a. n.a. n.a. 

anti-PLP (mAb) Bio-rad n.a. 1:3000 No no 

anti-vimentin (mAb) In house (V9) n.a. 1:6000 citrate buffer (pH 6.0) no 

n.a.: not applicable; mAb: monoclonal antibody; pAb: polyclonal antibody; WB: Western blot; ICC: immunocytochemistry; 

IHC: immunohistochemistry 

 

Immunocytochemistry  

Cells were fixed with 4% paraformaldehyde in PBS for 20 min, permeabilized 

for 5 min in ice-cold methanol and blocked with 4% BSA for 30 min. The cells 

were incubated for 1-2 hours with anti-MBP, followed by incubation with an 

appropriate TRITC-conjugated secondary antibody (1:50, Jackson 

ImmunoResearch) and DAPI for 25 min. Cells were covered with mounting 

medium (Dako) to prevent image fading and analyzed with conventional 

immunofluorescence microscopy (Olympus AX70 or Leica DMI 6000 B). 

Oligodendrocytes were characterized by morphology, i.e., cells with typical 

astrocytic morphology were excluded (<3%), and in each experiment at least 

250 cells were manually scored as either MBP-negative or MBP-positive, 

while in addition MBP-positive cells were classified as myelin 

membrane-forming or non-myelin membrane-forming. 
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Real-time quantitative polymerase chain reaction reaction (RT-qPCR) 

Total RNA was extracted from cells with the RNeasy Micro Kit (Qiagen), 

according to manufacturer’s instructions. Total RNA (1 μg) was reverse 

transcribed using oligo (dT)12-18 (500 μg/ml, Invitrogen), 10 mM dNTP Mix 

(Invitrogen), 0.1 M dithiothreitol (DTT, Sigma), 5× first strand buffer and 

Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, 

Invitrogen). RT-qPCR was performed by an Applied Biosystems 7900HT 

Real-Time PCR System. For each reaction, 10 ng cDNA, 10 pM primers (table 

2) and absolute SYBR Green Rox Mix (Thermo Scientific) were mixed. Gene 

expression was calculated by the 2
-ΔΔct

 method. GADPH and HMBS were used 

as housekeeping genes. 

 
Table 2: Primer pair set sequences used during RT-qPCR 

 Forward primer Reverse primer Length (bp) 

MMP2 (Rn) GCTTCTGTCCTGACCAAG CAGGGTCCTGAGAGTGTTC 90 

MMP3 (Mm) TGGAGATGCTACTTTGACG AGCCTTGGCTGAGTGGTAGA 121 

MMP3 (Rn) GCGGGGAGAAGTCTTGTTCT AGACGGCCAAAATGAAGAGA 100 

reMMP7 (Mm) TAGGCGGAGATGCTACTTT GTGGCAGCAAACAGGAAGTT 82 

MMP7 (Rn) CGGAGATGCTCACTTTGACA CATGAGTGGCAACAAACAGG 83 

MMP8 (Rn) TTGGACATTCCTTGGGACTC AGGTTGGACAGGGTTGTCTG 155 

MMP9 (Rn) TGTATGGTCGTGGCTCTAAAC GTGGGACACATAGTGGGAG 91 

MMP11 (Rn) GGCAACTTGTAAGGGAGCAG AAGTTGTCCCCATGCCAGTA 148 

MMP12 (Rn) TGGTACCTTAGCCCATGCTT AGGAACAGGTTTGTGCCTTG 108 

MMP13 (Rn) GCCAGAACTTCCCAACCA CCGCAGCACTGAGCCTT 176 

MMP14 (Rn) AATAAGTACTACCGCTTCATG GAGACTCAGGGATTCCTTC 91 

ADAMTS4 (Rn) GCCCGATTCATCACTGACTT GCGGTCAGCATCATAGTCCT 117 

TIMP1 (Mm) TCCCCAGAAATCAACGAGAC CATTTCCCACAGCCTTGAAT 88 

TIMP1 (Rn) GGTTCCCTGGCATAATCTGA ATGGCTGAACAGGGAAACAC 99 

TIMP2 (Rn) TGGACGTTGGAGGAAAGAAG TCCCAGGGCACAATAAAGTC 97 

TIMP3 (Rn) GACCACAGCAGCTACCATGA GCTTCTTTCCCACCACTTTG 167 

TIMP4 (Rn) TGCCAAATCACCACTTGCTA ATAGAGCTTCCGTTCCAGCA 93 

tPA (Rn) ACGTACAGCTCCCTGACTGG CAGCCGGTCAGAGAAGAAAG 86 

uPA (Rn) TGCCCAAAGAAATTCAAAGG CGGCCTTTGGTGTCAGTATT 110 

HBMS (Mm/Rn) CCGAGCCAAGCACCAGGAT CTCCTTCCAGGTGCCTCAGA 107 

GAPDH (Mm/Rn) CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG 204 

Mm, mus muculus, Rn, rattus norvegicus; RT-qPCR: real-time quantitative analysis 
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Statistics 

Data are expressed as mean ± standard error of the mean (SEM) for at least 

three independent experiments. Statistical analysis was performed with a one 

sample t-test when relative values of conditions were calculated by setting the 

control as 1 in each independent experiment. When absolute values of two 

means were compared, statistical significance was calculated by Student’s 

t-test, and when more than two means were compared, by one-way analysis of 

variance (ANOVA), followed by Newman-Keuls Multiple Comparison Test 

post-test. In all cases, p < 0.05 was considered significant.  

 

Results  

proMMP3 and MMP7 are upregulated upon toxin-induced demyelination 

Immunohistochemical analysis and in-situ hybridization studies revealed that 

expression of fibronectin-degrading proteinases MMP3 and MMP7 is enhanced 

in active demyelinating MS lesions (Anthony et al., 1997; Cossins et al., 1997; 

Lindberg et al. 2001). To examine whether the enhanced expression of these 

MMPs in MS lesions is a natural response to a demyelinating insult, we first 

examined their expression levels in two different animal models of 

toxin-induced demyelination. Notably, we and others have previously shown 

that upon toxin-induced demyelination, dimeric fibronectin is transiently 

increased during demyelination, and its clearance commensurate with 

remyelination (Zhao et al., 2009; Hibbits et al., 2012; Stoffels et al., 2013; 

Espitia Pinzon et al., 2017), making it an ideal model to examine the regulation 

of ‘natural’ fibronectin-degrading proteolytic enzymes involved in ECM 

remodelling upon CNS demyelination. Focal demyelination in spinal cord 

white matter is induced by a single injection of the detergent lysolecithin, being 

maximal at 5 days post lesion (DPL), which is followed by robust 

remyelination at 14-21 DPL (Zhao et al., 2006). As shown in figure 1A, upon 

lysolecithin-induced demyelination MMP7 mRNA levels were increased at 
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demyelination (3 and 5 DPL), while both MMP3 and MMP7 mRNA levels 

were significantly enhanced at remyelination (14 DPL). Coincidentally, mRNA 

levels of TIMP1, a natural inhibitor of MMPs, were substantially increased at 

demyelination, and decreased at remyelination (14 DPL) compared to 5 DPL 

(Fig. 1A). This indicates that MMP3 and MMP7 may exhibit higher activity at 

14 DPL. Western blot (Fig. 1B,D) and immunohistochemical (Fig. 1E) 

analyses confirmed the increased expression of MMP7 protein at remyelination 

(14 DPL) compared to demyelination (5 DPL). A clear shift from proMMP7 to 

MMP7 was observed at remyelination (Fig. 1B,D), and double staining with 

the microglia/macrophage marker Iba1 demonstrated that (pro)MMP7 is 

present in microglia/macrophages (Fig. 1E, arrow), as well as extracellularly, 

which may represent secreted (pro)MMP7. The increased level of MMP3 

mRNA was not reflected by an increased protein level of proMMP3 and 

MMP3 at 5 and 14 DPL (Fig. 1B,C). Next, the expression of MMP3 and 

MMP7 upon cuprizone-induced demyelination was examined. Feeding animals 

with the copper-chelator cuprizone for several weeks induces reproducible 

demyelination of the corpus callosum, while withdrawal of cuprizone is 

followed by remyelination (Gudi et al., 2014). Upon 3 and 5 weeks of 

cuprizone treatment, demyelinated areas were readily visible in the corpus 

callosum, while remyelination, as reflected by the reappearance of Sudan Black 

staining occurs 2 weeks after cuprizone removal (Fig. 2A). Western blot 

analysis of total corpus callosum homogenates demonstrated increased 

proMMP3 levels during remyelination, compared to control and demyelinating 

conditions (Fig. 2B,C), consistent with previous reports (Ulrich et al., 2006; 

Škuljec et al., 2011). Also, (pro)MMP7 and MMP7 were present during 

demyelination and remyelination, while in contrast to lysolecithin-induced 

demyelination, no difference in their ratio was observed (Fig. 2B,D). 

Immunohistochemical analysis confirmed the similar (pro)MMP7 expression 
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levels (Supplementary Fig. 1). In contrast to lysolecithin-induced lesions, 

(pro)MMP7 scarcely localized to Iba1-positive microglia/macrophages and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. MMP expression upon lysolecithin-induced demyelination. A. Real-time quantitative PCR analysis of (pro)MMP3, 

(pro)MMP7 and TIMP1 against GAPDH (shown) and HMBS (not shown, but yielding comparable findings) in non-lesioned 

spinal cord white matter and lysolecithin-induced lesions. DPL is days post lesion. Bars depict relative mean expression 

levels + standard error of the mean (SEM) versus 1 control animal which was set at 1. Statistical differences as assessed with 

a one-way ANOVA (compared to ctrl ** p<0.01, *** p<0.001; compared to 14 DPL ## p<0.01, Newman-Keuls, n3). B. 

Western blot showing (pro)MMP3 and (pro)MMP7 expression in non-lesioned and lysolecithin-induced lesions (50 µg). 

Actin serves as a loading control. Representative blots of three animals per condition are shown. C,D. Quantitative analysis 

of proMMP3 and 35 and 50 kDa MMP3 (C) and proMMP7, MMP7 and MMP7/proMMP7+MMP7 (D) expression of B. 

Bars depict mean + SEM of the relative MMP expression to actin. Statistical differences as assessed with a one-way 

ANOVA are indicated (* p<0.05, Newman-Keuls, n=3). E. Double staining of non-lesioned and lysolecithin-induced lesions 

for MMP7 (red) and the microglia marker Iba1 (green). Hoechst-stained nuclei are indicated in blue. Scale bars are 100 or 20 

m (insets).  
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Fig 2. MMP expression upon cuprizone-induced demyelination. A. Sudan Black staining of control mice (ctrl), mice fed with 

0.2% cuprizone for 3 or 5 weeks (3 or 5 wks DM), and mice 2 weeks after removal of 5 wks cuprizone feeding (2 wks RM). 

Note the absence of Sudan Black staining, indicating prominent demyelination (DM), at the corpus callosum at 3 and 5 wks, 

and the reappearance of Sudan Black staining, i.e., remyelination (RM), upon 2 wks of cuprizone removal. Scale bar is 200 

µm. B. Western blot showing (pro)MMP3 and (pro)MMP7 expression in total corpus callosum homogenates (50 µg) of mice 

indicated in A. Actin serves as a loading control. Representative blots of four animals per condition are shown. C,D. 

Quantitative analysis of proMMP3 and MMP3 (C) and proMMP7, MMP7 and MMP7/proMMP7+MMP7 (D) expression of 

B. Bars depict mean + standard error of the mean (SEM). Statistical differences as assessed with a one-way ANOVA (* 

p<0.05, Newman-Keuls). 
 

appears to localize extracellularly (Supplementary Fig. 1, insets), while a 

prominent increase in Iba1-positive microglia/macrophages was evident at 3- 

and 5- weeks demyelination. Of note, whereas in the lysolecithin-induced 

lesions (pro)MMP7 levels were examined during early remyelination, in the 

cuprizone model (pro)MMP7 levels were analyzed at conditions of nearly 

complete remyelination. Therefore, the presence of (pro)MMP7 during 

remyelination upon cuprizone-induced demyelination may be underestimated. 

Hence, these findings show that (pro)MMP3 and (pro)MMP7 are present in 

demyelinated areas, and that their expression levels are enhanced during the 

remyelination process, indicating that they may be involved in ECM 

remodelling upon injury, including fibronectin clearance, which we examined 

next. 

 

MMP7 cleaves fibronectin aggregates into a 13 kDa EIIIA (rat)/16 kDa 

EDA (human)-containing fragment 

Both plasma and cellular fibronectin are assembled into fibronectin aggregates 

(Stoffels et al., 2013). Therefore, to examine the ability of MMPs to digest 
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fibronectin, we incubated different fibronectin structural variants, including 

fibronectin aggregates, with active human recombinant MMP3, MMP7 and 

MMP9. When plasma (bovine) and cellular (human) fibronectin were 

incubated with recombinant MMP7, the protein was degraded, and multiple 

fragments, as detected by Western blot (Fig. 3A), were obtained after 24 hours 

incubation. Intriguingly, the molecular weight (Mw) of the generated 

fibronectin fragments obtained with the distinct structural variants recognized 

by a polyclonal anti-fibronectin antibody, differed. More specifically, 

MMP7-mediated degradation of plasma fibronectin generated 6 prominent 

fragments with a Mw between 154 and 82 kDa, and a fragment with an 

apparent Mw of 23.5 kDa, while MMP7-mediated cleavage of cellular 

fibronectin resulted in fragments of 110, 60 and 28 kDa (Fig. 3A, arrows). 

MMP3 and MMP9 were less efficient in the degradation of dimeric plasma and 

cellular fibronectin within the 24-hours time frame. Although MMPs and 

fibronectin are well-conserved among species and while human cellular 

fibronectin is also not degraded, it cannot be excluded that the lack of bovine 

plasma fibronectin degradation by MMP3 and MMP9 is due to species 

differences. When aggregated fibronectin was incubated with the recombinant 

MMPs, an approx. 9 kDa fragment appeared as major product following 

incubation with MMP7, but not with MMP3 and MMP9. Silver staining 

showed a similar degradation profile of the MMPs, as well as additional bands 

apart from the recombinant MMPs themselves (data not shown). Fibronectin 

aggregates were obtained from poly(I:C)-stimulated astrocytes and consists of 

both bovine plasma and rat cellular fibronectin. Plasma and cellular fibronectin 

are distinguished by the sole presence of extradomain EIIIA and/or 

extradomain EIIIB (EDA and EDB in human) in cellular fibronectin (Paul et 

al., 1986). To visualize cellular fibronectin-derived degradation products, the 

degradation fragments of cellular and aggregated fibronectin were analyzed 

with a monoclonal antibody that specifically recognizes the EIIIA/EDA 

domain. A fragment with an apparent Mw of 13 kDa was clearly visible upon  
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Fig 3. Degradation of fibronectin structural variants by recombinant MMPs. A,B. Bovine plasma fibronectin (pFn, 5 µg), 

human cellular fibronectin (cFn, 5 µg) and aggregated rat fibronectin (aFn, 5 µg) were incubated with vehicle (PBS, -), or 

recombinant human MMP3, MMP7 or MMP9 for 24 hrs at 37C and subjected to Western blotting (non-reducing) using a 

polyclonal anti-Fn antibody (A, total Fn) or an antibody directed against the EIIIA domain of cFn (B, EIIIA/EDA-Fn). 

Representative blots of three independent experiments are shown. Note that MMP7 efficiently degrades pFn, cFn and aFn, 

while different Mw degradation products of either structural variant are obtained. C. MMP7-mediated degradation of human 

fibronectin aggregates obtained from 100 µg of 3 distinct chronic active and chronic inactive MS lesions of 3 different MS 

patients as assessed with Western blot (non-reducing, anti-EIIIA Fn antibody). Arrow indicates main fibronectin degradation 

products. 

 

MMP7-mediated degradation of aggregated fibronectin (Fig. 3B), which is 

similar to the predicted Mw of the full EIIIA domain (Shinde et al., 2008). This 

suggests that MMP7-catalyzed cleavage of aggregated fibronectin involves the 

release of the EIIIA domain. MMP7-mediated cleavage of human cellular 

fibronectin generated three major degradation products of approx. 102, 59, and 
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16 kDa. The 16-kDa product is likely the EDA domain, i.e., the human 

equivalent of the EIIIA domain (Stine et al., 2015). To assess, whether MMP7 

is able to degrade MS lesion-derived fibronectin aggregates, aggregates 

obtained from three chronic active and three chronic inactive MS lesions from 

different patients were incubated with recombinant MMP7. Using the 

anti-EIIIA/EDA-fibronectin antibody, a 16-kDa degradation product was 

visible, which is likely the human equivalent of the 13-kDa EIIIA-containing 

fragment, generated from rat-derived astrocytes (Fig. 3C). In contrast to 

rat-derived astrocytes, significant quantities of intact aggregates exist, 

indicating that MS lesion-derived aggregates are more stable or reflecting a 

limited MMP7-induced cleavage. Together, the data demonstrate that 

recombinant MMP7 catalysed the cleavage of fibronectin aggregates into a 

small EIIIA/EDA-domain containing fragment. 

 
MMP7-cleaved fibronectin aggregate coatings inhibit OPC maturation   

To assess whether the MMP7-mediated proteolytic digestion of fibronectin 

aggregates is sufficient to overcome the aggregated fibronectin-mediated 

inhibition of myelin membrane formation, OPCs were plated on intact 

fibronectin aggregates or aggregates that were cleaved with recombinant 

MMP7 (see Fig. 3). As shown in figure 4, MMP7-cleaved fibronectin 

aggregate coatings inhibited OPC differentiation as reflected by a decrease in 

the percentage of MBP-positive cells compared to cells grown on PLL. In fact, 

on MMP7-cleaved fibronectin aggregate coatings the percentage of 

MBP-positive cells was reduced compared to cells that were cultured on intact 

fibronectin aggregates (Fig. 4A,B). Consistent with previous findings (Buttery 

and ffrench-Constant, 1999, Siskova et al., 2007, 2009, Stoffels et al., 2013), 

oligodendrocytes plated on fibronectin structural variants are morphologically 

immature compared to oligodendrocytes plated on PLL (Fig. 4A, see insets). 

Similar experiments with MMP7-cleaved plasma and cellular fibronectin  
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Fig 4. OPC maturation on MMP7-cleaved plasma fibronectin, cellular fibronectin and fibronectin aggregates. 

Oligodendrocyte progenitor cells (OPCs) were differentiated on poly-L-lysine (PLL), intact plasma fibronectin (pFn), 

cellular fibronectin (cFn), fibronectin aggregates (aFn) or MMP7-degraded plasma fibronectin (pFn-MMP7), cellular Fn 

(cFn+MMP7) or fibronectin aggregates (aFn-MMP7) for 6 days. The experiments on the structural variants are performed in 

independent experiments, while PLL is used as a positive control in each experiment. A. Representative overview and single 

cell (insets) images of MBP immunocytochemistry (red) of oligodendrocytes (OLGs, 6 days in differentiation) cultured on 

the indicates substrates. DAPI-stained nuclei are indicated in blue. Scale bar is 75 m. B,C. The percentage of MBP-positive 

cells (B) and the percentage of MBP-positive cells bearing myelin membranes (C) were assessed 6 days after initiating 

differentiation. Bars depict mean + standard error of the mean (SEM) of at least five independent experiments. In each 

experiment, the data of cells cultured on PLL was set at 100% (horizontal line). The percentages of MBP-positive cells or 

myelin membranes in cells cultured on PLL were respectively 33.6.8±9.5% and 24.0±10.2% for the pFn-related experiments, 

34.9.8±8.6% and 26.1±8.2% for the cFn-related experiments, and 43.8±11.9% and 29.1±8.7% for the aFn-related 

experiments. Statistical differences with cells cultured on PLL (one sample t-test, *** p< 0.001, n=5) and intact fibronectin 

(Student’s t-test, ## p< 0.01) are indicated. Note, that MMP7-cleaved plasma, cellular and aggregated fibronectin inhibited 

OPC differentiation compared to their intact counterparts. D,E. Cytotoxicity (D, LDH release in culture medium) and cell 

viability (E, MTT reduction) assays of OPCs cultured for 2 days at the indicated substrates. Bars depict mean + SEM of four 

independent experiments. In each experiment, the data of respective intact substrates was set at 100% (horizontal line). 

Statistical analyses were performed using the one-sample t-test when compared to the intact substrate (not significant). 

 

coatings revealed an augmented inhibition of OPC differentiation when plated 

on MMP7-cleaved fragments compared to intact fibronectin (Fig. 4B). Notably, 

coatings of fibronectin fragments do not contain MMP7 (data not shown), 

excluding a potential effect of MMP7. This indicates, that fibronectin 

fragments, either plasma or cellular fibronectin-derived, more prominently 
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decreased OPC differentiation compared to intact fibronectin. In addition, 

intact fibronectin aggregate, and to a lesser extent cellular fibronectin, but not 

plasma fibronectin coatings, inhibited OPC differentiation compared to PLL 

(Fig. 4B). We have previously shown that aggregated fibronectin is not toxic to 

oligodendrocytes (Stoffels et al., 2013). To exclude that MMP7-cleaved 

fibronectin fragments were toxic and/or affected the viability of cells, we 

performed LDH and MTT assays. Coatings of MMP7-cleaved cellular 

fibronectin and aggregated fibronectin fragments scarcely affected the release 

of LDH (Fig. 4D) or levels of MTT reduction (Fig. 4E) compared to their intact 

counterparts, while MMP7-cleaved plasma fibronectin coatings were slightly 

toxic. However, the concomitant increase rather than decrease in MTT 

reduction, suggests an increase in the number of cells on an MMP7-cleaved 

plasma fibronectin coating, which is likely due to an increase in OPC 

proliferation rather than cell death. MMP7-cleaved fibronectin aggregate, 

cellular fibronectin and plasma fibronectin coatings inhibited myelin membrane 

formation compared to PLL to a similar extent as their intact counterparts, as 

indicated with the similar percentage of cells that extended MBP-positive 

myelin membranes of total MBP positive cells (Fig. 4C). Hence, 

MMP7-mediated cleavage of fibronectin (aggregates) is a first step to remove 

fibronectin (aggregates), but as the remaining degradation products inhibit OPC 

differentiation, further clearance by, for example, astrocytes, microglia or 

macrophage-mediated phagocytosis and/or other proteases is required.  

 

Levels of proMMP7 are reduced in chronic active and chronic active MS 

lesions 

Although enhanced presence of MMP7 in active demyelinating MS lesions is 

well documented (Anthony et al., 1997; Cossins et al., 1997; Lindberg et al. 

2001), the persistence of fibronectin (aggregates) in chronic MS lesions 

suggests that the inability to clear fibronectin is due to the lack of expression 

and/or impairment of its activity. Therefore, we next analyzed the presence of 
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MMP7 in post-mortem MS and control tissue. Of note, the anti-MMP7 

antibody does not distinguish proMMP7 from MMP7 (Figs. 1B, 2B). In control 

tissue, (pro)MMP7 is diffusely expressed throughout the white matter (Fig 5A). 

In active MS lesions, characterized by HLA-DR-expressing 

microglia/macrophages in the demyelinated area (Fig. 5A, van der Valk & De 

Groot, 2000), (pro)MMP7 localized to HLA-DR-positive 

microglia/macrophages (Fig. 5A, arrow), corroborating previous studies 

(Anthony et al., 1997; Cossins et al., 1997). Co-stainings of MMP7 with human 

phenotype-specific differentially-activated microglia/macrophages markers 

(Peferoen et al., 2015) in active MS lesions showed that (pro)MMP7 was not 

restricted to and only occasionally present in both classical CD40-positive and 

pro-regenerative CD206-positive microglia/macrophages (supplementary Fig. 

2A,B). In chronic active MS lesions, characterised by a hypocellular lesion 

centre and a rim of HLA-DR-positive microglia/macrophages (Fig. 5A), 

(pro)MMP7 is less abundantly expressed in the rim and lesion centre compared 

to active lesions. In addition, (pro)MMP7 is occasionally present in cells with 

an astrocyte-like morphology (Fig. 5A, arrowhead). This occasional presence 

of (pro)MMP7 in astrocytes was confirmed by double labelling with the 

activated astrocyte marker vimentin (Supplementary Fig. 2C). In chronic 

inactive MS lesions, which lack HLA-DR-positive microglia/macrophages, 

(pro)MMP7 immunoreactivity is absent or only weakly expressed. 

Remarkably, in remyelinated MS lesions, identified as a myelinated area with a 

less intense LFB staining (Fig. 5A), HLA-DR-positive macrophages harbor 

(pro)MMP7 immunoreactivity, while also a more diffuse immunoreactivity of 

(pro)MMP7 as in CWM was observed. To confirm this differential expression, 

we next analyzed MMP7 expression levels in chronic active and chronic 

inactive MS lesions homogenates, previously shown to contain fibronectin 

aggregates (Stoffels et al., 2013) by Western blotting. While present in CWM 

and remyelinated lesions, proMMP7 levels were significantly reduced in 
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homogenates of chronic active and inactive MS lesions (Fig. 5B,D). In 

contrast, proMMP3, in its active form known to be an activator of MMP7 (Imai 

et al., 1995) was slightly increased in chronic active MS lesion homogenates 

compared to CWM and chronic inactive MS lesion homogenates (Fig. 5B,C). 

Immunohistochemical analysis revealed that (pro)MMP3 was only 

occasionally present in HLA-DR-positive microglia/macrophages in active and 

remyelinated MS lesions, whereas (pro)MMP3 was prominently present in 

vimentin-positive astrocytes (Fig. 5E). Hence, these findings indicate that the 

absence of sufficient levels of (pro)MMP7 in chronic active and inactive MS 

lesions correlates to the persistent presence of fibronectin (aggregates). The 

decreased (pro)MMP7 expression in chronic MS lesions may be a result of 

inappropriate or impaired activation of cells that produce MMP7 upon myelin 

injury. Therefore, we next examined in vitro which type(s) of resident cells, 

present in MS lesions, is (are) the major source(s) of these MMPs. 
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Fig 5. MMP protein localization and expression in control white matter and MS lesions. A. Serial cryosections of 

post-mortem control white matter (n=3), active MS lesions (n=3), chronic active MS lesions (n=3), chronic inactive MS 

lesions (n=3) and remyelinated MS (n=3) lesions of distinct MS patients were stained for PLP or luxol fast blue (LFB), and 

MHC II (HLA-DR), and double-stained for HLA-DR and MMP7. Lesion activity was characterized by HLA-DR and PLP 

expression; remyelinated lesions were characterized by LFB. Arrow indicates a HLA-DR and MMP7 positive 

microglia/macrophage; arrowhead indicates a cell that morphologically resembles astrocytes. Scale bars are 20 (double 

stainings) or 200 m (single staining). Note that in active and remyelinated MS lesions MMP7 is clearly present in 

microglia/macrophages. B. Protein levels of (pro)MMP3 and (pro)MMP7 in brain white matter homogenates (50 µg) of 
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human control white matter (CWM, n=9), (chronic) active [(c)aMS, n=8], chronic inactive (ciMS, n=9) and remyelinated 

(rMS, n=2) MS lesions as determined by Western blotting. Demyelination was confirmed by the decreased MBP expression. 

Actin serves as loading control. C,D. Quantification of proMMP3 (C) and proMMP7 (D). Statistical differences were 

assessed with a one-way ANOVA (* p<0.05, Newman-Keuls, n8). Note the decreased levels of proMMP7 in MS lesions 

compared to CWM, and the slight increase of proMMP3 expression in (chronic) active MS lesions. E. Serial cryosections of 

A double-stained for HLA-DR and MMP3 or vimentin (astrocyte marker) and MMP3. Arrow indicates a HLA-DR-positive 

and (pro)MMP3-negative microglia/macrophage; arrowhead indicates a cell that morphologically resembles astrocytes. Note 

the prominent presence of (pro)MMP3 in vimentin-positive astrocytes in (chronic) active lesions. Scale bars are 20 m. 

 

IL-4-activated microglia and macrophages are a major cellular source of 

secreted proMMP7 

Several in vitro and in vivo studies reveal that resident microglia and 

astrocytes, as well as infiltrating macrophages produce MMPs (Anthony et al., 

1997; Cossins et al., 1997; Škuljec et al., 2011). To identify cellular sources of 

(pro)MMP7 expression and release, and to explain its impaired expression in 

chronic MS lesions, we examined the presence MMP7 in lysates and in 

conditioned medium of cultured microglia and astrocytes, as well as bone 

marrow-derived macrophages (referred to as ‘macrophages’) under resting 

(control) and/or MS-relevant conditions that do not affect cell viability. In 

addition, given their role in MS pathology and/or their ability to activate 

MMP7, we also examined cellular sources of (pro)MMP3 and (pro)MMP9. 

Models of microglia and macrophage activation are often simplified to classical 

activation, evoked by exposure to IFN and LPS, or alternative activation, 

generated by exposure to IL-4. These phenotypes are regarded as the two 

extremes of a continuum of microglia/macrophage activation states (Wolf et 

al., 2017; Murray, 2017). As shown in figure 6A-C, the expression levels of 

proMMP3 and proMMP7 in cell lysates of IFN+LPS-activated and 

IL-4-activated microglia were similar, while proMMP7 and proMMP9 levels 

were enhanced in conditioned medium of IL-4-activated compared to 

IFN+LPS-activated and non-stimulated control microglia. ProMMP3 was not 

detectable in conditioned microglia medium (data not shown). IL-4-activated 

macrophages showed a significant increase in proMMP7 levels, while 

proMMP3 levels were similar at all conditions (Fig. 6D-F). As in microglia, 

proMMP9 was weakly detectable in lysates of macrophages. Similar to 
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microglia, proMMP7 and proMMP9 levels were increased in conditioned 

medium of IL-4-activated macrophages (Fig. 6, D,F), whereas proMMP3 was 

hardly detectable (data not shown). Both (active) MMP7 and MMP9 were 

hardly present in microglia and macrophages lysates and conditioned medium. 

Importantly, consistent with the corresponding phenotype, iNOS expression 

was increased upon exposure to IFN+LPS, and arginase-1, a marker for 

alternative activated microglia and macrophages, was expressed upon IL-4 

treatment (Fig. 6A, D). Pro-inflammatory-activated astrocytes, a condition that 

is relevant to MS lesions (Nair et al., 2008; Sofroniew & Vinters, 2010), 

showed increased levels of MMP7, but not proMMP3 and proMMP7 compared 

to control astrocytes (supplementary Fig. 3). ProMMP7 and proMMP9, but not 

MMP7, are detected in pro-inflammatory-activated astrocyte conditioned  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. MMP expression in microglia and bone-marrow derived macrophages. A-C. Protein levels of (pro)MMP3, 

(pro)MMP7, and (pro)MMP9 in control, IFN+LPS-activated and IL-4-activated microglia in total cell lysates (50 µg) and 

cell-conditioned medium (CM, 40 µl) as determined by Western blot. Representative blots of three to eight independent 

experiments (A), quantitative analysis of proMMP3 and proMMP7 in cell lysates (B), and proMMP7 and proMMP9 levels in 

medium (C). Actin serves as a loading control. D-F. Protein levels of MMP3, MMP7, and MMP9 in control, 

IFN+LPS-activated and IL-4-activated bone marrow-derived macrophages in total cell lysates (50 µg) and cell-conditioned 

medium (CM, 40 µl) as determined by Western blot. Representative blots of six to fifteen independent experiments (D), 

quantitative analysis of proMMP3 and proMMP7 in cell lysates (E), and proMMP7 and proMMP9 levels in medium (F) are 

shown. Actin serves as a loading control. Bars depict mean + standard error of the mean (SEM) relative to control. Statistical 

differences as assessed with a one-sample t-test are indicated (* p<0.05, n4). 
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medium, while the MMPs were virtually absent in conditioned medium of 

control astrocytes (supplementary Fig. 3). While OPCs are present in most MS 

lesions, their differentiation seems to be inhibited (Lucchinetti et al., 1999, 

Kuhlmann et al., 2008, Chang et al., 2012), which may account for the 

observed alterations in MMP expression levels. Upon differentiation of OPCs 

to myelinating oligodendrocytes, proMMP3 expression significantly increased, 

while proMMP7 and proMMP9 were hardly detected at either differentiation 

stage (supplementary Fig. 3). proMMP3 was virtually absent in conditioned 

medium of primary oligodendrocyte cultures (data not shown). Hence, 

pro-inflammatory cytokine-activated astrocytes, and IL-4-activated microglia 

and macrophages secrete proMMP7 levels that may potentially degrade 

fibronectin aggregates. 

 

MMP-activated conditioned medium of IL-4-activated microglia and 

macrophages cleaves fibronectin aggregates  

As IL-4-activated microglia, macrophages, and cytokine-activated astrocytes 

secreted significant proMMP7 levels, we next determined whether MMPs 

present in the conditioned medium of either cell type were sufficient to cleave 

aggregated fibronectin. Incubation with aggregated fibronectin for 72 hous at 

37C showed that conditioned medium of either cell type was insufficient in 

cleaving aggregated fibronectin (Fig. 7). As Western blot analysis revealed that 

MMP7 was present as proenzyme (Fig. 6), we treated the conditioned medium 

with APMA, a general activator of MMPs. Interestingly, APMA-treated, i.e., 

MMP-activated, conditioned medium from IL-4-activated macrophages, and to 

a lesser extent microglia cleaved aggregated fibronectin (Fig 7A,B). In 

IL-4-activated macrophages and microglia, similar to recombinant 

MMP7-mediated cleavage of aggregated fibronectin, a major degradation 

product visualized with the anti-EIIIA fibronectin antibody was a 13 kDa 

fragment (Fig 7B cf Fig. 3B). Also, the 9 kDa product that appears upon 

recombinant MMP7-cleavage of aggregated fibronectin using the polyclonal 
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fibronectin antibody was visible (Fig. 7A cf Fig 3A), indicating that MMP7 

present in macrophage-conditioned medium likely cleaved the aggregated 

fibronectin. In addition, and in contrast to cleavage with recombinant MMP7, 

prominent fragments at 164, 103, 88 and 32 kDa were visualized with the 

polyclonal anti-fibronectin antibody. This may relate to the presence of 

macrophage-secreted fibronectin in the conditioned medium. Macrophages and 

astrocytes, and to a lesser extent microglia secrete pronounced levels of 

fibronectin (supplementary Fig. 4). However, these fragments and the 13 kDa 

fragment are not detected upon MMP-activation (APMA) of conditioned 

medium only (supplementary Fig. 4), indicating that these degradation 

fragments are derived from aggregated fibronectin and not from cellular 

fibronectin. Of note, conditioned medium was made with plasma fibronectin-free serum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. Degradation of aggregated fibronectin by conditioned medium. A,B. Aggregated fibronectin (aFn, 5 µg) was 

incubated with non-conditioned (-) or conditioned medium of control (ctrl), and IFNγ+LPS- and IL-4-actived bone 

marrow-derived macrophages and microglia, or control and pro-inflammatory cytokine (TNF, IFN and IL-1) activated 

astrocytes for 72 hrs at 37ºC and subjected to Western blotting (non-reducing) using a polyclonal fibronectin (total Fn, A) or 

anti-EIIIA-fibronectin (EIIIA-Fn, B) antibody. MMPs present in medium are not activated or activated by the general MMP 

activator APMA. Representative blots of three independent experiments are shown. Arrow indicates main fibronectin 

degradation products. 
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Complete MMP-mediated degradation of the aggregates was not observed 

indicating that cleavage of aggregated fibronectin with IL-4-activated 

macrophage conditioned medium was less efficient than recombinant MMP7. 

Notably, with the polyclonal anti-fibronectin antibody different fibronectin 

degradation products (160 and 151 kDa) are visualized with IL-4-activated 

microglia-conditioned medium but not in IL-4-activated 

macrophage-conditioned medium (Fig 7A). To examine whether 

fibronectin-degrading proteinases other than MMP7 and MMP9, e.g., other 

metalloproteinases (MMPs, ADAMTS) and serine proteinases (plasmin), were 

expressed and potentially secreted by these cells and that may explain the 

difference with the recombinant MMP7-degradation profile, a comprehensive 

RT-qPCR analyses was performed. In addition, the mRNA levels of TIMPs, 

which are natural inhibitors of MMPs, were determined. As shown in table 3, 

MMP3, MMP13, ADAMST4 (only macrophages) and TIMP1 (only 

macrophages) were enhanced in IFN+LPS-activated microglia and/or 

macrophages, and consistent with the Western blot data (Fig. 6) only MMP7 

mRNA is enhanced upon IL-4 treatment. This further supports the likelihood of 

MMP7 being secreted by IL-4-activated microglia and macrophages that 

cleaved aggregated fibronectin. 

Table 3: RT-qPCR analysis of primary microglia, bone marrow-derived macrophages and astrocytes 

 microglia Macrophages astrocytes 

 IFNγ+LPS IL-4 IFNγ+LPS IL-4 TNF+IFN+IL1 

MMP3 5.34±1.25* 0.76±0.06*** 9.16±2.56* 0.76±0.12 25.36±6.78*** 

MMP2 1.09±0.19 0.98±0.10 0.85±0.06 0.89±0.10 1.61±0.37 

MMP7 0.52±0.16* 4.45±0.90* 0.27±0.04*** 3.17±0.38*** 2.96±1.46 

MMP8 1.43±0.69 0.67±0.37 0.27±0.12*** 0.65±0.21 1.93±0.41 

MMP9 1.57±0.31 1.34±0.23 1.06±0.16 1.04±0.12 15.87±5.72* 

MMP11 0.72±0.14 0.87±0.10 1.02±0.22 1.18±0.13 0.72±0.22 

MMP12 1.03±0.28 1.05±0.12 0.66±0.16 1.10±0.12 17.67±5.52* 

MMP13 4.31±0.94* 0.96±0.11 2.44±0.53* 0.90±0.14 16.14±4.57* 

MMP14 1.16±0.20 0.59±0.10* 1.05±0.18 0.54±0.10*** 0.87±0.13 

ADAMST4 1.21±0.40 0.96±0.07 3.88±0.77* 0.67±0.12* n.d. 

TIMP1 1.88±0.41 1.25±0.13 3.00±0.30*** 1.00±0.08 2.92±0.38*** 

TIMP2 0.60±0.05* 1.16±0.07 0.52±0.11* 1.11±0.03* 1.24±0.27 

TIMP3 1.45±0.46 0.78±0.10 1.47±0.15* 1.00±0.22 2.27±0.42* 

TIMP4 0.91±0.16 1.19±0.12 0.58±0.15 1.24±0.15 n.d. 

tPA 4.2±1.60 1.51±0.30 1.80±0.36 0.72±0.05* 2.07±0.21*** 

uPA 3.51±2.19 2.00±1.00 0.59±0.43 0.82±0.08 3.62±1.68 

All data relative to (untreated) control are shown, which was set to 1 at each independent experiment; Data are expressed as 

mean±SEM (n4); Statistical differences with control as assessed with a one sample t-test are indicated (in bold, * p<0.05. 

*** p<0.001); RT-qPCR: real-time quantitative PCR 
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Upon MMP-activating conditions, conditioned medium of cytokine-activated 

astrocytes, known to contain proMMP7 and proMMP9 (supplementary Fig. 3), 

was not able to fragment aggregated fibronectin (Fig. 7A,B). This indicates that 

other factors present in astrocyte-conditioned medium may prevent 

MMP7-mediated cleavage, or that expression levels of MMPs are too low. 

Expression profiling showed that upon pro-inflammatory cytokine exposure, 

next to transcripts of MMP3, MMP7, MMP9, MMP12, MMP13 and 

ADAMST, also the natural inhibitors of MMPs, TIMP1 and TIMP3, were 

increased compared to ‘resting’ astrocytes (table 3). Hence, macrophages and 

microglia are potential cellular sources to degrade fibronectin aggregates, and 

once secreted by IL-4-activated microglia/macrophages, MMPs, most likely 

MMP7, require an appropriate, extracellular activation, for example by other 

cellular sources, to cleave aggregated fibronectin. 

 

Discussion 

Fibronectin aggregates present in chronic MS lesions impair OPC maturation, 

and contribute to remyelination failure (Stoffels et al., 2013). Here, we 

demonstrated that MMP7, cleaved aggregated fibronectin, releasing an 

EIIIA/EDA-containing 13 (rat)/16 (human) kDa fragment. proMMP7 levels 

were reduced in chronic active and chronic inactive MS lesions compared to 

control white matter and remyelinated MS lesions, which may explain the 

persistence of fibronectin aggregates in demyelinated MS lesions. Alternative 

(IL-4-)activated microglia and macrophages expressed and secreted proMMP7, 

and cleaved fibronectin aggregates in vitro at proper MMP-activating 

conditions. Hence, given that microglia/macrophage activation is perturbed in 

MS lesions (Vogel et al., 2013; Peferoen et al., 2015), upregulation of local 

MMP7 expression levels, for example by priming microglia/macrophages 

towards the alternative activated phenotype, may be an attractive approach to 

locally provoke degradation of fibronectin (aggregates) and thus promote 

remyelination in MS . 
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Immunohistochemistry and in situ hybridization have shown that several 

fibronectin-degrading MMPs, including MMP3, MMP7, and MMP9 are 

upregulated in active demyelinating lesions (Maeda & Sobel, 1996; Anthony et 

al., 1997; Cossins et al., 1997; Lindner et al., 2001). These MMPs are present 

at the rim of active lesions, and less so or confined to perivascular cuffs, in 

chronic MS lesions (Maeda & Sobel, 1996; Lindberg et al., 2001). The 

upregulated MMPs are likely part of the neuroinflammatory response that also 

encompasses disruption of the blood-brain barrier, allowing entry of 

blood-derived cells (Rosenberg et al., 1995; Buhler et al., 2009). However, 

MMPs also have beneficial roles for remyelination, including ECM 

remodelling, degradation of myelin debris, and regulation of outgrowth of 

oligodendrocyte processes (Chandler et al., 1995; Oh et al., 1999; Rosenberg et 

al., 2002b; Larsen & Yong, 2004; Šišková et al., 2009). Our present findings 

show that MMP7 cleaved fibronectin aggregates into small, EIIIA/EDA 

containing fragments. Previous studies revealed that MMP7 is present in 

macrophages in  active demyelinating lesions (Anthony et al., 1997; Cossins 

et al., 1997). Our findings confirmed the presence of (pro)MMP7 in activated 

microglia/macrophages in active MS lesions, and in addition 

immunohistochemical and Western blot analysis revealed that MMP7 

expression was reduced in chronic active and inactive lesions, i.e., where 

fibronectin aggregates are prominently present, compared to control white 

matter and remyelinated MS lesions. In contrast, MMP3, known to activate 

MMP7, was increased in chronic active MS lesions and prominently present in 

astrocytes. Therefore, the inability to clear fibronectin aggregates in chronic 

MS lesions is likely attributed to the lack of an appropriate protease, e.g. 

MMP7, rather than to the inability to clear dimeric fibronectin. Whether MMP7 

degrades fibronectin aggregates in vivo remains to be determined.    

 

MMP7 is the smallest MMP, and is particularly upregulated upon 

neuroinflammation in microglia/macrophages, i.e. in active demyelinating MS 
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lesions, and in EAE, an animal model of MS (Anthony et al., 1997; Clements et 

al., 1997; Cossins et al., 1997; Kieseier et al., 1998; Lindberg et al., 2001). 

MMP7 is implicated in blood-brain barrier disruption, axonal injury and is 

involved in shedding of signaling molecules, including TNF, that contribute to 

the pathology of MS (Chandler et al., 1995; Gearing et al., 1995; Kieseier et al., 

1998; Newman et al., 2001; Buhler et al., 2009). On the other hand, in the 

present work, we demonstrated that upon lysolecithin-induced demyelination, 

MMP7 was upregulated during remyelination, and also present in remyelinated 

MS lesions. Furthermore, others have shown that MMP7 levels also remain 

elevated during the remission phase of EAE (Kieseier et al., 1998). As MMP7 

efficiently degrades CSPGs and fibronectin, both known to inhibit OPC 

maturation and transiently expressed upon demyelination while being persistent 

in MS lesions (Lau et al., 2012; Stoffels et al., 2013), MMP7 may aid to their 

timely degradation. In addition, since MMP7 is able to degrade MBP (Chandler 

et al., 1995), this proteinase may aid clearance of remyelination-inhibiting 

myelin debris. Nevertheless, MMP7 expression is not noticeably enhanced 

upon cuprizone-induced demyelination, consistent with previous findings at the 

mRNA level (Škuljec et al., 2011). Similar to Škuljec et al., we observed 

increased expression of proMMP3 upon remyelination in the cuprizone model. 

Hence, in addition to its detrimental effect in MS lesions, a second local wave 

of MMP7 activity may be beneficiary by aiding remyelination by clearing OPC 

maturation-inhibiting ECM molecules and degrading MBP in myelin debris. Of 

interest, is that pericellular MMP7-mediated degradation of fibronectin is 

accelerated by cells that express sulfatide on their surface (Yamamoto et al., 

2014). Given that late-stage OPCs and mature oligodendrocytes are highly 

enriched in surface sulfatide this may augment local fibronectin degradation.  

 

The enhanced MMP7 mRNA and protein expression upon neuroinflammatory 

conditions and lysolecithin-induced demyelination, which is not evident upon 
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cuprizone-induced demyelination, suggests that MMP7 expression depends on 

the injury-mediated activation of local cells. Indeed, expression of MMPs is 

regulated by a variety of biologically active agents, including growth factors, 

hormones and cytokines (Clark et al., 2008). Our results indicate that 

alternative (IL-4-)activated microglia and macrophages, but not classical 

(IFN+LPS-)activated microglia and macrophages, secreted proMMP7 and 

proMMP9, but not proMMP3. Fibronectin degradation assays demonstrated 

that alternative (IL-4-)activated macrophages and to lesser extent microglia 

degraded fibronectin aggregates upon MMP-activating conditions. This 

indicates that cells other than macrophages and microglia are required to 

properly activate secreted proMMPs. For example, proMMP7 is activated by 

MMP3 (Imai et al., 1995), which is highly expressed by astrocytes upon 

demyelination (Škuljec et al., 2011). Yet, although the investigated cell types 

expressed proMMP3 in vitro, and proMMP3 was particularly upregulated upon 

OPC maturation, proMMP3 was hardly, if at all present in conditioned medium 

of either cell type. Also, a central role for plasmin in the activation cascade of 

MMPs is well documented (Lu et al., 2011), and may be a rate limiting step in 

proper MMP7 activation. Furthermore, while proMMP7 was secreted by 

pro-inflammatory cytokine-activated astrocytes, fibronectin aggregates 

remained virtually intact upon incubation with astrocyte conditioned medium at 

MMP-activating conditions. Our RT-qPCR analysis showed that 

pro-inflammatory cytokines increased TIMP1 and TIMP3 mRNA expression in 

astrocytes suggesting that such inhibitory molecules may attenuate MMP 

activity, adding complexity to regulation of local MMP7 activity.  

 

The decreased MMP7 levels in chronic active and inactive MS lesions may be 

due to dysfunctional activation of microglia and macrophages. Indeed, 

microglia and macrophages in inflammatory MS lesions have an intermediate 

activation status, expressing classical and alternative activated phenotypes 

(Vogel et al., 2013; Peferoen et al., 2015). The presence of alternative activated 
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microglia/macrophages is essential for remyelination (Miron et al., 2013), and 

this may rely on appropriate ECM remodelling (Agrawal et al., 2011). Hence, 

therapeutically inducing local MMP7 expression in microglia/macrophages 

may be an attractive approach to promote remyelination by resident OPCs in 

MS lesions. Intriguingly, in other cell types in addition to IL-4, other 

inflammatory mediators, including IL-1, IL- α, have been 

implicated in the regulation of MMP7 expression (Klein et al., 1997; 

Rosenberg, 2002b; Kato et al., 2004; Nagorsen et al., 2005; Clark et al., 2008; 

Krstic & Santibanez, 2014). 

 

MMP7-mediated cleavage of fibronectin aggregates was not sufficient to 

overcome aggregate-induced inhibition of OPC maturation but rather 

differentiation is decreased when OPCs were plated on MMP7-treated 

fibronectin aggregate coatings, compared to intact fibronectin aggregate 

coatings. This may be due to exposure of OPCs to EIIIA/EDA-containing 

fragments, released upon MMP7-induced cleavage of the aggregates. The 

EIIIA/EDA domain, particularly when it is present as a fragment, acts as an 

endogenous ligand for TLR4 (Okamura et al., 2001; Bhattacharyya et al., 

2014). However, OPCs do not express TLR4 (Lehnardt et al., 2003; Sloane et 

al., 2010; Bsibsi et al., 2012), suggesting that upon release of 

EIIIA/EDA-containing fragment the remaining aggregate may be remodeled, 

which altered the binding and signalling activity to OPCs in a different fashion. 

Also, MMP7-treated EIIIA-lacking plasma fibronectin coatings inhibited OPC 

differentiation compared to intact plasma fibronectin, corroborating that other 

fragments than an EIIIA-containing fragment inhibit OPC differentiation. 

Therefore, the remaining aggregates may require further processing and 

clearance by other proteases, e.g., MMP12 (Škuljec et al., 2011), and/or 

phagocytosis. It is of particular interest in this regard that fibronectin 
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fragments, including EIIIA/EDA itself, can activate MMP expression (Saito et 

al., 1999; Yasuda et al., 2003).  

 

Thus, local addition, and specific and timely activation of MMP7 may be a 

therapeutic option to clear remyelination-inhibiting fibronectin aggregates from 

MS lesions. However, due to potential side effects such as MMP7-induced 

cleavage of (beneficial) laminin (Rosenberg et al., 2002a; Lu et al., 2001), 

MMP7-mediated activation of harmful cytokines (Gearing et al., 1995; 

Yamamoto et al., 2014), or its toxicity to axons (Newman et al., 2001), such an 

approach will require careful targeting and timing of MMP7 activation. 

Accordingly, further knowledge as to why the cleavage pattern of aggregated 

fibronectin differs from that of plasma fibronectin, as well as identification of 

MMP7 cleavage sites in the aggregates will be key to induce MMP7 

specifically to cleave aggregated fibronectin and enhance remyelination. 
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Supplementary Fig 1. Double stainings of MMP7 with the microglia/macrophage marker Iba1 upon cuprizone-induced 

demyelination. Immunohistochemical staining of control mice (ctrl), mice that were fed with 0.2% cuprizone for 3 or 5 

weeks (3 or 5 wks DM), and mice 2 weeks after removal of 5 wks cuprizone feeding (2 wks RM).  Double staining for 

(pro)MMP7 (red) and the microglia marker Iba1 (green). DAPI-stained nuclei are indicated in blue. Note that while a clear 

increase in Iba1-positive cells in the demyelinated, but not remyelinated corpus callosum was observed, (pro)MMP7 hardly 

if at all localized to Iba1-positive microglia/macrophages. Scale bar is 25 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Supplementary Fig 2. Double immunohistochemistry of MMP7 with macrophage phenotype and astrocyte markers in active 

MS lesions. Cryosections of active MS lesions were double stained for CD40(classical macrophage marker) and (pro)MMP7 

(A), for CD206 (mannose receptor, pro-regenerative macrophage marker) and (pro)MMP7 (B) or for vimentin (astrocyte 

marker) and (pro)MMP7 (C). Scale bars are 20μm. 
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Supplementary Fig 3. MMP expression in oligodendrocytes and astrocytes. A-D. Protein levels of (pro)MMP3, 

(pro)MMP7, and (pro)MMP9 in oligodendrocyte progenitor cells (OPCs, A), mature oligodendrocytes (OLGs, 7 days of 

differentiation, A), control astrocytes (ctrl, B) and pro-inflammatorycytokine (TNFα, IFNγ and IL-1β)-activated astrocytes 

(act, B) in total cell lysates (50 µg) and cell-conditioned medium (CM, 40 µl). Representative blots of 4-6 independent 

experiments are shown in A and B. quantitative analysis of proMMP3, proMMP7 and MMP7 levels in cell lysates are shown 

in C, and quantitative analysis ofproMMP7 and proMMP9 levels in medium in D. Bars depict mean + standard error of the 

mean (SEM) relative to OPC (C) or control astrocytes (C, D). Statistical differences as assessed with a one-sample t-test are 

indicated (* p<0.05, ** p<0.01, n=4-6).    
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Supplementary Fig 4. Degradation of soluble fibronectin secreted by macrophages, microglia and astrocytes. A,B. 

Non-conditioned medium (-) or conditioned medium of control (ctrl) and IFNγ+LPS- and IL-4-actived bone marrow-derived 

macrophages and microglia or control and pro-inflammatory cytokine (TNFα,IFNγand IL-1β) activated astrocytes for 72 hrs 

at 37ºC and subjected to Western blotting (non-reducing) using a polyclonal fibronectin(total Fn, A) or 

anti-EIIIA-fibronectin (EIIIA-Fn, B) antibody. MMPs present in medium are not activated or activated by the general MMP 

activator APMA. Fibronectin degradation was visualized by Western blotting (non-reducing) using a polyclonal fibronectin 

(total Fn) or anti-EIIIA-fibronectin (EIIIA-Fn) antibody. Representative blots of 5 independent experiments are shown. An 

apparent non-cell specific band at approx. 130 kDa appears with the anti EIIIA-Fn antibody, as it appears also in 

non-conditioned medium. Note that macrophages and astrocytes secrete prominent levels of soluble fibronectin into the 

medium, which is hardly if at all degraded by conditioned medium in MMP activating conditions. 
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Abstract  
Means to promote endogenous remyelination in multiple sclerosis (MS) benefit 

from insights into the role of inhibitory molecules that preclude remyelination. 

Fibronectin assembles into aggregates in MS, which impair oligodendrocyte 

differentiation and remyelination. Microglia and macrophages are required for 

complete remyelination, and normally switch from a pro-inflammatory 

classical phenotype upon demyelination to a supportive alternative phenotype 

during remyelination. Here, we investigated the role of fibronectin aggregates 

in modulating microglia and macrophage behavior and phenotypes. Bone 

marrow-derived macrophages and microglia from newborn rats were exposed 

to a) plasma fibronectin coatings, b) coatings of deoxycholate-insoluble 

fibronectin aggregates, c) interferon-γ (IFNγ) treatment, as an inducer of the 

pro-inflammatory classically-activated phenotype, d) interleukin-4 (IL-4) 

treatment, to promote the anti-inflammatory alternatively-activated phenotype, 

or e) left unstimulated on uncoated plastic. To examine the in vitro effects of 

the different stimulations on cell behavior and phenotype, proliferation, 

phagocytosis, morphology and pro- and anti-inflammatory features were 

assessed. In line with a classically-activated phenotype, exposure of microglia 

and bone marrow-derived macrophages to both plasma fibronectin and 

fibronectin aggregates induced an amoeboid morphology, and stimulated 

phagocytosis by macrophages. Furthermore, as observed upon IFNγ treatment, 

coatings of aggregated, but not plasma fibronectin, promoted nitric oxide 

release by microglia and macrophages. In addition, fibronectin aggregates, but 

not plasma fibronectin, increased the expression and activity of the 

alternatively-activated phenotype marker, arginase-1, similarly as observed 

upon treatment with IL-4. Proteomic analysis revealed that fibronectin 

aggregates present in MS lesions act, among others, as a scaffold for Hsp70 

and thrombospondin, which clarifies the induction of both pro-inflammatory 

and anti-inflammatory features in macrophages cultured on fibronectin 

aggregate, but not plasma fibronectin coatings. Macrophages and microglia 
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grown on aggregated fibronectin coatings adopt a distinct phenotype compared 

to plasma fibronectin coatings, showing both pro-inflammatory and 

anti-inflammatory features. Therefore, the pathological fibronectin aggregates 

in MS lesions may impair remyelination due to the presence of several features 

of the classically-activated phenotype in microglia and macrophages.  
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Introduction 

Multiple sclerosis (MS) is a chronic disabling central nervous system (CNS) 

disease, of which inflammation, demyelination and neurodegeneration are 

major pathological features (Trapp et al., 1998; Barnett et al., 2004; Lassmann 

et al., 2007). Myelin regeneration, i.e., remyelination, by oligodendrocyte 

progenitor cells (OPCs) (Zawadzka et al., 2010) is apparent in early stages of 

MS (Patrikios et al., 2006). However, remyelination fails in chronic 

demyelinated lesions, despite a relative excess of OPCs in the majority of MS 

lesions (Wolswijk et al., 1998; Wolswijk et al., 2002; Kuhlmann et al., 2008). 

Chronic demyelination leads to neurological disability in MS (Trapp et al., 

1998). Hence, promoting endogenous remyelination is an attractive therapeutic 

strategy for structural and functional recovery of MS lesions. However, 

successful development of such a strategy will require a detailed insight into 

the mechanism(s) of remyelination failure. 

 

Innate immune activity is an important feature of MS, as signified by activation 

of resident microglia and invasion of macrophages from the circulation through 

the disrupted blood-brain barrier (Bruck et al., 1995; Carson et al., 2002). It is 

estimated that 45% of the macrophages in active MS lesions is derived from 

microglia (Zzravy et al., 2017). Effector functions of microglia and infiltrated 

macrophages depend on their phenotype, of which two major utmost categories 

of a continuum of phenotypes can be discerned. First, the classically-activated 

phenotype is characterized by secretion of reactive oxygen species and 

pro-inflammatory cytokines, such as tumor necrosis factor-α (TNFα), 

interleukin-1β (IL-1β) and IL-12. The classically-activated phenotype is 

induced in vitro by stimulation with interferon-γ (IFNγ) or lipopolysaccharide 

(LPS). Conversely, the alternatively-activated regenerative phenotype involves 

predominantly anti-inflammatory properties, including expression of 

arginase-1, the mannose receptor, and growth factors such as insulin-like 

growth factor-1 (IGF-1) and platelet-derived growth factor (PDGF) (Gordon 
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2003; Martinez et al., 2009). The alternative phenotype results from stimulation 

with interleukin-4 (IL-4) or IL-13. Although the classical/alternative activation 

concept was originally defined for macrophages, microglia are capable of 

adopting similar phenotypes (Durafourt et al., 2012). Upon demyelination, 

microglia and macrophages acquire a predominantly classical phenotype, 

which leads to an increase of phagocytosis as well as expression of 

pro-inflammatory features, among others, TNFα, IL-1β and inducible nitric 

oxide synthase (iNOS). However, at later stages of remyelination, 

oligodendrocyte differentiation benefits from a switch to the alternative 

regenerative phenotype, characterized by expression of arginase-1 and the 

mannose receptor (Olah et al., 2012; Voss et al., 2012; Miron et al., 2013). 

Signals from the micro-environment largely determine the nature of the 

microglia and macrophage adopted phenotype (Zhang et al., 2008). 

 

Demyelination alters the expression and nature of extracellular matrix (ECM) 

molecules (van Horssen et al., 2007; Zhao et al., 2009), such as the 

glycoprotein fibronectin (Fn). Fn is transiently expressed as a dimer in 

demyelinated lesions (Zhao et al., 2009; Stoffels et al., 2013), resulting from 

plasma leakage across the blood-brain barrier (Sobel & Mitchell 1989; van 

Horssen et al., 2005), and synthesis by local cells, including astrocytes (Hibbits 

et al., 2012; Stoffels et al., 2013). However, in MS lesions, plasma (pFn) and 

cellular-derived (cFn) assemble into stable aggregates (aFn), which is likely 

mediated by ongoing inflammation. Aggregated Fn impairs oligodendrocyte 

differentiation and remyelination (Stoffels et al., 2013). Current evidence 

suggests that soluble dimeric plasma Fn (pFn), which is transiently expressed 

in demyelinated lesions (van Horssen et al., 2005; Stoffels et al., 2013), 

promotes several pro-inflammatory functions of microglia (Milner et al., 2003; 

Milner et al., 2007; Goos et al., 2007; Summers et al., 2009; Ribes et al., 2010). 

Given that remyelination likely benefits from a switch between a 
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pro-inflammatory phenotype of microglia and macrophages upon 

demyelination to a regenerative phenotype at later stages of remyelination 

(Miron et al., 2013), we investigated here how aFn, persistently present in MS 

lesions, affects microglia and macrophage behavior and phenotypes. Our data 

revealed that deposited aFn induce a distinct phenotype of bone 

marrow-derived macrophages (BMDMs) compared to pFn, supporting several 

pro-inflammatory features such as an amoeboid morphology and nitric oxide 

(NO) release, and anti-inflammatory features such as increased arginase-1 

expression. This dual feature of aFn appears to be integrin-independent, and is 

likely due to accumulation of other proteins within the aggregates, including 

Hsp70 and thrombospondin-1 (TSP1), which use the aggregates as a scaffold. 

By sustaining distinct pro-inflammatory features of macrophages and 

microglia, aFn may further contribute to remyelination failure in MS. 

 

Material and Methods 

MS tissue 

Tissues were obtained from the Netherlands Brain Bank. Autopsy samples of 

human brain material were obtained from the Netherlands Brain Bank and with 

the approval of the VU University Medical Ethical Committee (Amsterdam, 

The Netherlands). All donors from whom material was collected had signed 

written informed consent for brain autopsy and the use of material and clinical 

information for research purposes. Studies were performed on brain tissue 

taken at autopsy from nine healthy subjects (without clinical or histological 

signs of neurological diseases), eight subjects with chronic (active) multiple 

sclerosis lesions [c(a)MS] and nine with chronic inactive lesions (ciMS). 

Characteristics and selection of the subjects are described previously (Stancic 

et al., 2001; Maier et al., 2007). Active MS lesions were identified by excessive 

infiltration of T lymphocytes, prominent presence of microglia/macrophages in 

the center and the presence of hypertrophic astrocytes. Chronic active lesions 

have a sharp lesion border, where a hypocellular center with fibrous astrocytes 
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is surrounded by a rim of microglia/macrophages. Chronic inactive lesions 

contained a hypocellular center and the absence of macrophages and 

lymphocyte and a sharp lesion border. For Western blot analysis, samples were 

homogenized and extracted for protein as described (Maier et al., 2007; 

Stoffels et al., 2013). 

 

Cell culture 

Microglia. Mixed glial cultures were derived from the cerebrum of newborn 

Wistar rats (P0-P2) and cultured in T75 flasks (Nunc, Naperville, IL) in 

Dulbecco’s modified Eagle medium (DMEM; Gibco, Paisley, UK) containing 

10% fetal bovine serum (FBS, Bodinco, Alkmaar, NL) and antibiotics (Life 

Technologies, Paisly, UK) for 10-12 days as described (McCarthy et al., 1980; 

Bsibsi et al., 2012). To obtain shake-off microglia, flasks were mechanically 

shaken on an orbital shaker for 1 hour at 150 rpm, after which the supernatant 

was centrifuged for 10 min at 150 g. Cell pellets were resuspended in microglia 

medium (DMEM (Gibco) containing 10% Fn-free FBS (see below), antibiotics 

(Life Technologies) and rat recombinant macrophage colony-stimulating factor 

(M-CSF; 0.01 μg/ml, Peprotech, Rocky Hill, NJ) to ensure maturation of the 

immature neonatal microglia (Santambrogio et al., 2001). Shake-off microglia 

were cultured for 4 days at 37°C on 10 cm dishes (1,5-2.0 x 10
6
 cells/dish, 

Corning, Lowell, MA). Subsequently, mixed glial culture flasks were shaken 

overnight at 240 rpm, 37°C and floating OPCs were purified by differential 

adhesion on 10 cm dishes (Greiner Bio One, Alphen aan den Rijn, NL), with 

the cells adhering to the bottom of the dish being in vast majority microglia. 

These differential adhesion microglia were cultured in microglia medium for 3 

days at 37°C. Both microglia cultures, obtained from shake-off and differential 

adhesion, were pooled at the start of the experiments. At this stage, microglia 

cultures were typically 95% pure, with approximately 4% astrocytes and 1% 

oligodendrocyte lineage cells as assessed by cell-specific 
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immunocytochemistry (see below) for ionized calcium-binding adaptor 

molecule-1 (Iba1; Abcam, Cambridge, UK), aldehyde dehydrogenase 1, 

member L1 (Aldh1L1; Neuromab, Davis, CA) and Olig2 (Millipore, Billerica, 

MA) respectively.  

 

Astrocytes. To acquire purified astrocyte cultures, the remaining astrocyte 

monolayer of the mixed glial culture flasks was trypsinized and passaged once 

before experimental use (Bsibsi et al., 2012). Regular immunocytochemistry 

for glial fibrillary acidic protein (GFAP; Millipore) was performed as described 

below to assure sufficient purity of the astrocyte cultures (>97%). 

 

Macrophages. To obtain bone marrow-derived macrophages (BMDMs), hind 

legs of newborn Wistar rats (P0-P2, Harlan) were dissected and the bone 

marrow cavity of femur and tibia flushed with BMDM medium, containing 

Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco), 10% Fn-free 

FBS (see below), 1% sodium pyruvate (Gibco), and antibiotics (Life 

Technologies). After centrifuging suspensions for 10 min at 150 g, pellets were 

resuspended in BMDM medium containing M-CSF (0.01μg/ml; Peprotech) to 

differentiate myeloid progenitor cells towards macrophages (Martinez et al., 

2006). Bone marrow-derived macrophages (BMDMs) were incubated for 7-8 

days at 37°C on 10 cm dishes (2.0 x 10
6
 cells/dish) (Boltz-Nitulescu et al., 

1987; Davis et al., 2013). Typical BMDM cultures contained > 95% 

macrophages, as assessed by immunocytochemistry (see below) for 

isolectin-B4 (IB4; Invitrogen, Breda, NL). 

 

Stimulation. At the start of experiments, microglia or BMDMs were gently 

scraped in appropriate medium without M-CSF, and plated for experiments on 

24-well plates (Nunc; 50.000/well in 500 µl of appropriate medium for 24 

hours), 8-well Permanox chamber-slides (Nunc; 30.000/well in 400 µl of 

appropriate medium for 24 hours, except NO assays: 100.000/well in 300 µl of 
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appropriate medium for 24 hours), or 6-well plates (Corning, 1.0 10
6
/well in 

2000 µl for 6 hours). Wells were pre-coated with pFn, aFn (see below) or 

thrombospondin-1 (TSP1, 20 μg/ml R&D systems), and after 1 hour at 37°C, 

cells in uncoated wells were stimulated with either rat recombinant IFNγ (5 

U/μl, Peprotech), rat recombinant IL-4 (10 μg/ml, Peprotech), rat recombinant 

Hsp70/Hsp72 (10 ng/ml, Enzo Life Sciences) or left unstimulated. For the 

integrin blocking experiments, cells were incubated with anti-integrin 1 

(CD29, HA2/5, BD Biosciences), anti-integrin 3 (CD61, F11, BD 

Biosciences) or anti-integrin 5 (P1F6, Millipore) 30 min (adhesion assay) or 

24 hours (NO release) prior to the analysis. 

 

Deoxycholate-insoluble fibronectin aggregates  

Deoxycholate (DOC)-insoluble aFn was prepared from primary rat astrocytes 

or brain tissue (Stoffels et al., 2013). Briefly, astrocytes were cultured on 10 cm 

dishes (1.0 x10
6
 cells/dish; Corning) in DMEM (Gibco) containing 10% 

heat-inactivated FBS (Bodinco) and antibiotics (Life Technologies), stimulated 

with polyinosinic:polycytidylic acid (50 µg/ml, GE Healthcare, Freiburg, 

Germany) for 2 days at 37ºC to induce aggregation. After removal of astrocytes 

by water-lysis for 2 hours at 37ºC the remaining deposited astroglial matrices 

were scraped in ice-cold 2% DOC buffer (2% deoxycholate and Complete Mini 

protease inhibitor cocktail (Roche, Mannheim, Germany) in 20 mM Tris-HCl, 

pH 8.0) and further solubilized for 30 min on ice. For brain material, tissue 

homogenates (100 g) were suspended in DOC buffer and incubated on ice for 

30 min. To separate DOC-insoluble aFn from the suspension, centrifugation 

was performed for 30 min at 16300 g. Pellets were washed three times in 

phosphate buffer saline (PBS) followed by resuspension in PBS using a syringe 

and 25-gauge needle. As a result, a solution of DOC-insoluble proteins was 

obtained from the astroglial matrix or tissue homogenates, containing 

predominantly aFn, and lacking laminin, because laminin is not DOC-insoluble 
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(Stoffels et al., 2013). Protein concentration was determined by Bradford’s 

protein assay (BioRad, Hercules, CA) using bovine serum albumin (BSA) as a 

standard. To confirm the presence of aggregated Fn and the absence of dimeric 

Fn, Western Blot analysis on aFn preparations was routinely performed as 

described (Stoffels et al., 2013). To coat wells, either bovine pFn 

(Sigma-Aldrich) or DOC-insoluble aFn were applied for 3 hours at 37°C, using 

5 µg on 8-well Permanox chamber slides wells (Nunc) and 96 well plates, and 

50 µg on 6-wells plate wells (Corning). For Western blot analysis, pellets were 

resuspended in non-reducing sample buffer, while supernatants were first 

concentrated by TCA-precipitation.  

 

Fibronectin-free serum 

To eliminate Fn from FBS (Bodinco), a Gelatin Sepharose 4B column (GE 

Healthcare) was used according to the manufacturer’s instructions (O'Keefe et 

al., 1984). Resulting Fn-free serum was filter-sterilized for cell culture using 

0.2 μM Whatman filters (GE Healthcare) and stored at -20°C until use. The 

virtual absence of Fn from the filtered serum and presence of Fn in the eluate 

was routinely confirmed with Western blot. 

 

BrdU incorporation assay 

Microglia or BMDMs were allowed to incorporate 5-bromo-2-deoxyuridine 

(BrdU) (10 µM, Roche) for 24 hours. Cells were fixed in 4% paraformaldehyde 

(PFA) for 20 min, and additionally fixed in 5% acetic acid in ethanol for 20 

min. BrdU was detected using reagents from the BrdU Labelling and Detection 

Kit I (Roche) according to the manufacturer’s instructions with the addition of 

Iba1 (Abcam; 1:500) and Alexa Fluor© 546-conjugated anti-rabbit antibody 

(Invitrogen; 1:500) for microglia or Alexa Fluor© 546-conjugated IB4 

(Invitrogen; 1:500) for BMDMs, and visualization of nuclei with DAPI (Sigma, 

1 µg/ml). The numbers of BrdU-positive nuclei were blindly counted relative 
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to the Iba1- or IB4-positive cells (at least 150 cells per condition) from images 

captured with a Leica TCS SP8 Confocal Laser Scanning Microscope. 

 

Immunocytochemistry 

Microglia or BMDMs were fixed with 4% PFA for 20 min. After a 30 min 

block with 4% BSA in PBS containing 0.1% Triton X-100 (Sigma-Aldrich), 

cells were incubated for 60 min with Alexa Fluor© 546-conjugated IB4 

(Invitrogen; 1:500) or primary antibodies in 4% BSA. Primary antibodies used 

were against Iba1 (Abcam; 1:500), Aldh1L1 (NeuroMab; 1:50), Olig2 

(Millipore; 1:1000), and GFAP (Millipore; 1:500). Cells were washed three 

times with PBS and incubated for 25 min with appropriate Alexa 

Fluor©-conjugated secondary antibodies (Invitrogen; 1:500). Nuclei were 

stained with DAPI (1 mg/ml) and fluorescence mounting medium (Dako, 

Heverlee, Belgium) was added to prevent image fading. Images were analyzed 

using an Olympus Provis AX70 fluorescent microscope (Olympus, New Hyde 

Park, NY) or a Leica TCS SP8 Confocal Laser Scanning Microscope. For 

morphology analysis, the morphology of each cell was scored as being 

‘ramified’, ‘amoeboid’ or ‘other’. Microglia or BMDMs were considered 

‘ramified’ if the shape was elongated with processes, ‘amoeboid’ if swollen 

with few processes, and ‘other’ if the shape could not be classified as either 

‘ramified’ or ‘amoeboid’.  

 

Phagocytosis assay 

Microglia or BMDMs were cultured for 24 hours, after which fluorescein 

isothiocyanate (FITC) labeled latex beads (1μm, Polyscience, Eppelheim, 

Germany) were added at a dilution of 10:1 beads:cells. Phagocytosis of the 

beads was allowed to proceed for 1 hour, after which cells were fixed in 4% 

PFA. Cells were incubated with DAPI (1 µg/ml) and Alexa Fluor 

568-conjugated IB4 (Invitrogen; 1:500) in 4% BSA for 2 hours, washed in PBS 
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and mounted using FluorSave (Calbiochem Millipore, Amsterdam, NL). In a 

blinded manner, the numbers of phagocytosed beads per cell were counted for 

100 cells per condition, taking also into account their morphology, using an 

Olympus Provis AX70 fluorescent microscope.   

 

Nitric oxide assay 

Microglia or BMDMs were cultured for 24 hours, after which the medium was 

collected. The medium was briefly centrifuged for 5 min at 1200 rpm to 

eliminate cells from the medium. Then, medium was added to a reagent of 

0.01% N-(1-Naphthyl)-ethylenediamine dihydrochloride (Fluka Analytical, 

Sigma-Aldrich) and 0.001% sulfanilamide (Sigma-Aldrich) in 2M HCl. The 

absorbance was measured at 550 nm and the NO concentration determined 

using a standard curve of sodium nitrite (2000 μmol/L in H2O, Fluka 

Analytical, Sigma-Aldrich) in 1:1 solution of ultrapure water 

(Millipore):culture medium. 

 

Adhesion assay 

BMDMs were pre-incubated with vehicle or the anti-integrin antibodies for 30 

min at 37
o
C and plated at a density of 100,000 cells per well in non-tissue 

culture 96-wells plates pre-coated with plasma Fn or aggregated Fn. Cells were 

left to adhere for 1 hour at 37
o
C. Adherent cells were fixed with ice-cold 

methanol for 15 min. Cells were stained with a crystal violet solution (Sigma, 

20 mg/ml crystal violet in water, 19.6% ethanol, 0.8% ammonium oxalate) for 

10 min. Excess crystal violet was washed away with ample water. The retained 

crystal violet was dissolved in 1% SDS followed by measuring the optical 

density at 570 nm. The adhesion percentage was calculated by using the 

following formula: % adhesion = (Asample – A0%)/(A100% - A0%). Here, Asample 

represents the absorbance of the cells that adhere. A0% is the absorbance of the 

wells with medium without cells, to correct for a-specific crystal violet 

staining. This reflects the background intensity. A100% is the absorbance of all 
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the cells. To this end, 100,000 cells in a 1.5 ml reaction vial underwent the 

same steps as the cells that were plated. This reflects the intensity if 100% of 

the cells adhered to the substrate. 

 

Arginase assay 

Arginase activity was assessed with an arginase assay kit (Abnova) using an 

adapted protocol based on the manufacturer’s instructions. Briefly, cell pellets 

were lysed in 100 µl (10 mM Tris-HCl, pH 7.4) supplemented with protease 

inhibitor without EDTA (Complete, Roche) and 0.1% Triton X-100. After 30 

min of gentle agitation at RT, 5 µl MnCl2 was added to half of each sample 

followed by 10 min incubation at 55
o
C. MnCl2 was subsequently added to the 

control samples. Arginine substrate buffer was added to the MnCl2-primed 

samples. The reaction plate was incubated for 2 hours at 37
o
C. After incubation 

for 2 hours at 37
o
C, substrate buffer was added to the control samples and urea 

production was measured by reading the optical density at 430 nm.  

 

TLR4 activation assay 

Human endothelial kidney (HEK293) cells were co-transfected with 

TLR4/MD2/CD14-encoding constructs (InvivoGen, San Diego CA) using 

Polyfect (Qiagen Benelux, Venlo, The Netherlands). After selection, 

TLR-encoding cells were transfected with a reporter vector expressing 

luciferase under the control of an NF-κB–responsive promoter (pNifty2-luc; 

InvivoGen). Stably transfected clones were selected and used in bioassays. 

Cells were plated in flat-bottom pre-coated 96-wells plates at a density of 

100,000 cells/well and incubated for 16 hours at 37°C. Subsequently, cells 

were lysed in Steady Glo luciferase buffer (Promega Benelux, Leiden, The 

Netherlands), and bioluminescence was measured using a Packard 9600 

Topcount Microplate Scintillation & Luminescence Counter (Packard 

Instrument, Meriden, CT). As a positive control for NF-κB–mediated activation 
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(i.e., the presence of the pNifty2-luc vector), 25 ng/ml TNFα (Peprotech) was 

used (data not shown). LPS (InvivoGen, 1 ng/ml) was used as a positive 

control for TLR4-mediated activation. 

 

Real-time, quantitative polymerase chain reaction (real-time qPCR) 

Microglia or BMDMs were cultured for 6 hours, after which total RNA was 

extracted using the RNeasy Micro Kit (Qiagen, Hamburg, Germany) according 

to the manufacturer’s instructions. 500 ng of RNA was reversely transcribed 

using oligo (dT)12-18 (500 μg/ml), 10 mM dNTP Mix, 0.1 M dithiothreitol 

(DTT), 5x first strand buffer and Moloney Murine Leukemia Virus Reverse 

Transcriptase (M-MLV RT) (all from Invitrogen). Real-time qPCR was 

performed using the Applied Biosystems 7900HT Real-Time PCR System. 

Each reaction contained 5 ng cDNA, 10 pM primers (listed in table 1) and 

ABsolute SYBR Green Rox mix (Thermo Scientific, Landsmeer, NL). 

No-template controls were performed to ensure that amplification was not a 

result of contamination with genomic DNA. Gene expression levels were 

analyzed using the 2
-ΔΔct

 method (Livak et al., 2001), with normalization 

against HMBS or GAPDH. Similar results were obtained for both 

housekeeping genes; graphs shown means from normalization against HMBS.  

 
Table 1. Primer sequences used for real-time, quantitative PCR 

 
Lactate dehydrogenase and MTT assay 

To determine the cytotoxicity of DOC-insoluble fibronectin aggregates, 

microglia or BMDMs were cultured in 24-wells plates (Corning) on different 

concentrations of aFn (2 µg, 5 µg or 10 µg), while cells cultured on uncoated 

plastic were used as control, and wells kept with only culture medium were 

 Sense Antisense 

TNFα ATGGGCTGTACCTTATCTACTC GTATGAAATGGCAAATCGGCT 

IL-1β GAAGAATCTATACCTGTCCTGTG TCTTTGGGTATTGTTTGGGA 

IL-12 CTTTGAAGAACTCTAGGTGG CTTGAGGGAGAAGTAGGAATGG 

arginase-1 ATATCTGCCAAGGACATCGT ATCACTTTGCCAATTCCCAG 

HMBS CCGAGCCAAGCACCAGGAT CTCCTTCCAGGTGCCTCAGA 

GAPDH CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG 
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used for background subtraction. All conditions were prepared in triplicate. 

After 24 hours, the medium (lactate dehydrogenase (LDH) assay) and cells [3- 

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTT assay] were 

analyzed as described (Stoffels et al., 2013). Briefly, the release of LDH into 

the medium was measured using a commercial LDH assay kit (Roche) 

according to manufacturer’s instructions. The effect on cell viability was 

determined with an MTT assay, for which cells were incubated with MTT 

diluted in culture medium (0.5 mg/ml, Sigma-Aldrich) for 4 hours. 

MTT-formazan crystals were collected in dimethyl sulphoxide and absorption 

was measured at 560 nm.  

 

Proteomics study 

Deoxycholate insoluble fibronectin aggregates were subjected to SDS-PAGE 

under reducing conditions. Gel lanes were cut in small pieces followed by in 

gel trypsin digestion. Peptides were extracted and analysed by liquid 

chromatography coupled to a high-resolution LTQ Orbitrap XL mass 

spectrometer (Thermo Fisher Scientic, Germany) using ESI as an ion source. 

Peptide identification was performed with PEAKS software (release 8.5). Of 

the positive hits, only proteins that are known or predicted to be secreted 

according the protein atlas were taken into account.  

 

Western blot analysis 

Cells were sonicated or lysed in lysis buffer containing 150 mM sodium 

chloride, 50 mM Tris-HCl and 5 mM EDTA supplemented with 1% Triton 

X-100, and Complete Mini protease inhibitor cocktail (Roche). Protein 

concentrations were determined in Bradford’s protein assays (Bio-Rad 

Laboratories, Hercules, CA) using BSA as a standard. Samples were subjected 

to SDS-PAGE under reducing conditions. After transfer of the proteins to 

PVDF (Immobilon-FL, Millipore) and blocking with 50% Odyssey blocking 



Fibronectin aggregates promote features in macrophages 

  120 

buffer in phosphate buffered saline (PBS) the membranes were incubated 

overnight at 4
o
C with primary antibodies against iNOS (1:250, BD 

Biosciences), arginase-1 (1:500, BD Biosciences) and actin (1:1000, Sigma). 

Appropriate secondary IRDye-conjugated antibodies were applied for one hour 

at room temperature followed by detection on the Odyssey Infrared Imaging 

system (Li-Cor Biosciences). Quantification was performed with Scion Image 

software.  

 

Statistical analysis 

Data were analyzed using SPSS and GraphPad Prism (GraphPad Inc, 

California, CA) and are reported as mean ± standard error of the mean (SEM) 

of 2-12 experiments. Results of the morphology, Western blot, NO release, 

arginase activity, real-time qPCR, LDH and MTT analyses are presented as a 

relative to the unstimulated cells (ctrl, set to 100% or 1 in each independent 

experiment). Statistical analysis was performed with one sample t-test when the 

relative values of the conditions were calculated. When values of two means 

were compared, statistical significance was calculated by a Student’s t-test, and 

when more than two means were compared, by one-way analysis of variance 

(ANOVA), followed by Newman-Keuls Multiple Comparison Test post-test. 

For categorical variables (morphology), logistic regression was performed to 

compare proportions between the different conditions. P-values lower than 0.05 

were considered statistically significant.  

 

Results 

Fibronectin aggregates and plasma fibronectin promote proliferation of 

microglia, but not of bone marrow-derived macrophages 

During CNS demyelination, microglia and infiltrating macrophages increase 

their numbers by proliferation (Remington et al., 2007), thereby presumably 

maximizing their effector functions. In addition, ECM proteins, such as pFn 

and vitronectin, are upregulated in demyelinated lesions (Zhao et al., 2009; 
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Stoffels et al., 2013; Sobel & Mitchell 1989; van Horssen et al., 2005; Hibbits 

et al., 2012; Satoh et al., 2009), and provide signals that enhance proliferation 

of microglia via integrin β1 (Nasu-Tada et al., 2005). To assess whether aFn, 

which is typically present in MS lesions, also contributes to such an expansion, 

we analyzed the effect of aFn and pFn substrates on proliferation of microglia 

and macrophages, using a BrdU incorporation assay (Fig. 1A-D). To this end, 

microglia or bone marrow-derived macrophages (BMDMs), both derived from 

new born rats, were cultured on either uncoated wells, and wells coated with 

pFn or aFn. This approach revealed that in case of unstimulated Iba1-positive 

microglia, on average 10±1% of the cells incorporated BrdU. However, as 

shown in Fig. 1B, proliferation of the Iba1-positive microglia increased approx. 

two-fold when cultured on both pFn and aFn coatings. Importantly, to 

eliminate a potential contribution of pFn, normally present in serum, microglia 

and BMDMs were cultured in Fn-depleted serum at all conditions. 

Furthermore, to represent the classical and alternative phenotypes, cells were 

also stimulated with IFNγ or IL-4, respectively (Gordon 2003). For microglia, 

IL-4 induced a significant increase in proliferation (approx. 2.5-fold), in line 

with previous observations (Suzumura et al., 1994), whereas IFNγ hardly, if at 

all altered proliferation (Fig. 1B). Proliferation of IB4-positive BMDMs was 

prominent and 20±4% of the unstimulated cells incorporated BrdU (Fig. 1D). 

When the cells were grown on pFn or aFn coatings, proliferation of the 

BMDMs was not markedly altered, when compared to the unstimulated cells 

(control, Fig. 1D), in contrast to the substantial increase seen in case of 

microglia (Fig. 1B). In addition, IL-4 did not alter the proliferation of BMDMs, 

whereas IFNγ reduced their proliferation (Fig. 1D). Because the morphology of 

microglia and BMDMs corresponds to their phenotype (Kreutzberg 1996; 

Vereyken et al., 2011), we next analyzed whether aFn affects microglia and 

macrophage morphology. 
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Fig 1. Fibronectin aggregates and plasma fibronectin tend to promote proliferation of microglia. Microglia (A,B) or bone 

marrow-derived macrophages (BMDMs, C,D) were left unstimulated (ctrl), cultured on plasma fibronectin (pFn) or 

fibronectin aggregates (aFn), or treated with interferon-γ (IFNγ) or interleukin-4 (IL-4). Subsequently, proliferation was 

determined by allowing the cells to incorporate BrdU for 24 hours. BrdU-positive cells (green) that also expressed Iba1 (red, 

microglia, A) or isolectin-B4 (red, macrophages, C) were counted. Compared to control microglia culturing on pFn and aFn 

coatings tend to enhance proliferation of microglia, similarly as observed upon IL-4 treatment (C). Conversely, compared to 

control macrophages, proliferation of BMDMs on pFn and aFn coatings was hardly affected, while IFNγ tend to decrease 

BMDM proliferation (D). Bars in B and D represent mean percentages of cells incorporating BrdU from three (microglia) to 

four (macrophage) independent experiments. Error bars show standard errors of the mean. Statistical analyses were 

performed using one-way ANOVA (not significant). Scale bar is 10 m. 

 

Fibronectin aggregates and plasma fibronectin shift microglia and bone 

marrow-derived macrophage morphologies towards amoeboid 

Classically-activated microglia and BMDMs are characterized by a flat and 

rounded amoeboid morphology (Fig. 2A), whereas alternatively polarized cells 

are predominantly ramified with elongated extensions (Fig. 2B) (Milner et al., 

2003; Vereyken et al., 2011). To investigate whether aFn induces a 

morphology consistent with either phenotype, we performed 

immunocytochemistry, using IB4 as a marker, and blindly classified the 

morphology of the cells at each condition as either ‘amoeboid’ (Fig. 2A), 
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‘ramified’ (Fig. 2B), ‘or ‘other’. The data revealed that both unstimulated 

control microglia and BMDMs displayed for a major part an amoeboid 

morphology. Thus, in case of microglia, the relative contribution to the various 

morphological features were 55±10% amoeboid, 30±9% ramified and 15±5% 

‘other’. In case of BMDMs, the values were 51±8% amoeboid, 31±6% 

ramified and 18±4% ‘other’. These findings are in line with previous 

observations, which also revealed that culture conditions, and specifically 

culture serum, slightly activate microglia and BMDMs towards the classical 

phenotype (Adams et al., 2007; Ransohoff & Perry 2009). Following culturing 

of the cells on pFn and aFn coatings, a significant increase, relative to 

unstimulated control cells, was observed in the fraction of both microglia and 

BMDMs displaying an amoeboid morphology, an effect compatible to IFNγ 

treatment (Fig. 2C,E). Simultaneously, the proportion of ramified microglia 

and BMDMs decreased on pFn or aFn substrates, as well as following IFNγ 

treatment (Fig. 2D,F). In contrast, and rather unexpectedly (Wirjatijasa et al., 

2002), exposure to IL-4 did not significantly change the morphology of 

microglia and BMDMs, as compared to that seen for unstimulated cells (Fig. 

2C-F). Importantly, the relative fractions of microglia and BMDMs classified 

as being of ‘other’ morphology, did not change at all conditions examined. 

Accordingly, pFn and aFn coatings shift the morphology of microglia and 

BMDMs towards amoeboid, in line with the classically-activated phenotype. 

To extend our descriptive analyses of morphology, that suggest a 

classically-activated phenotype of either cell type on pFn and aFn, we 

subsequently investigated functional properties of microglia and BMDMs, 

grown on pFn and aFn coatings. 

 



Fibronectin aggregates promote features in macrophages 

  124 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Fibronectin aggregates and plasma fibronectin shift microglia and bone marrow macrophage morphologies towards 

amoeboid. Microglia (A-D) or bone marrow-derived macrophages (BMDMs, E,F) were left unstimulated (ctrl), cultured on 

plasma fibronectin (pFn) or fibronectin aggregates (aFn), or treated with interferon-γ (IFNγ) or interleukin-4 (IL-4). After 24 

hours, microglia (A-D) or BMDMs (E,F) were immunostained with isolectin-B4, and morphologies of 100 cells per 

condition were scored as ‘‘amoeboid’ (A), ramified’ (B), or ‘other’, with examples of control microglia shown in A and B. 

Dashed horizontal lines represent values of control cells set at 100% for each independent experiment. Note that the 

proportion of microglia and BMDMs with an amoeboid morphology was promoted by IFNγ treatment, pFn or aFn coatings 

relative to control cells. Bars represent mean values of each condition relative to control cells (set at 1 for each independent 

experiment, horizontal line) from four independent experiments. Error bars show the standard error of the mean. Statistical 

analyses were performed using logistic regression for each experiment separately, and representative statistical outcomes are 

summarized in the graph (* p < 0.05). Scale bar is 10 µm. 

 

Fibronectin aggregates and plasma fibronectin selectively affect 

phagocytosis in microglia versus bone marrow-derived macrophages  

Phagocytosis by microglia and macrophages can be triggered by 

integrin-mediated signaling (Dupuy & Caron 2008; Ballana et al., 2011; 

Welser-Alves et al., 2011), with the integrin being a receptor for Fn. Here, we 

determined phagocytosis by blindly measuring the number of 

fluorescently-labeled latex beads of 1 µm in diameter that were ingested over a 

period of 1 hour by either cell type (Chow et al., 2004) (Fig. 3). Our results 

revealed that phagocytosis of latex beads in unstimulated control microglia 



Chapter 3 

125 

 

amounted to 12±1 beads/hour. Culturing microglia on pFn or aFn coatings did 

not markedly alter their phagocytotic activity (Fig. 3B). However, exposure of 

the microglia to IFNγ or IL-4 reduced the phagocytic activity of the cells 

approx. two-fold, showing a residual ingestion activity of 5±1 beads/hour (Fig. 

3B). BMDMs similarly displayed phagocytic activity but these cells were less 

active than the microglia. Thus, unstimulated BMDMs ingested 4 beads/hour, 

as compared to 10 beads/hour in case of unstimulated microglia. However, in 

contrast to microglia, BMDM phagocytotic activity tends to increase when the 

cells were cultured on pFn and aFn, or exposed to IFNγ treatment (Fig. 3D). 

Similarly to observations for microglia, phagocytosis by BMDMs was 

significantly reduced upon exposure to IL-4 (Fig. 3D vs 3B).  

 

Phagocytosis is considered a feature of classically-activated 

microglia/macrophages (Mosley & Cuzner 1996). Therefore, an enhanced 

uptake of beads may reflect the predominance of an amoeboid morphology. 

Indeed, upon morphologically classifying each phagocytosing cell, a 

predominant amoeboid morphology was apparent for either cell type, i.e., 

80±6% and 64±3% for microglia and BMDMs, respectively. However, the 

numbers of beads phagocytosed per cell by amoeboid microglia did not 

significantly differ from the numbers of beads phagocytosed per cell by 

microglia of ramified or intermediate morphologies. In contrast, ramified 

macrophages phagocytosed on average significantly less beads than BMDMs 

of amoeboid or intermediate morphologies (p<0.01). At the different 

conditions, however, the numbers of beads phagocytosed by ramified 

macrophages were similar to the numbers indicated above (Fig. 3D), when 

morphology was not taken into account. Therefore, differences in numbers of 

beads phagocytosed by microglia or BMDMs do not merely signify dynamic 

changes that are reflected by their morphology. These results indicate that, in 

contrast to treatment with IFNγ and IL-4, culturing microglia on aFn or pFn substrates 
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Fig. 3. Fibronectin aggregates and plasma fibronectin promote phagocytosis by bone marrow- derived macrophages, but 

not by microglia. Microglia (A,B) or bone marrow-derived macrophages (BMDMs, C,D) were left unstimulated (ctrl), 

cultured on plasma fibronectin (pFn) or fibronectin aggregates (aFn), or treated with interferon-γ (IFNγ) or interleukin-4 

(IL-4). Then, microglia and BMDMs were allowed to phagocytose fluorescently-labeled latex beads for 1 hour. The numbers 

of ingested beads (green) were counted in isolectin-B4-positive cells (red). Bars represent mean numbers of phagocytosed 

beads. Error bars show the standard error of the mean. Representative graphs of duplicate experiments are shown. Statistical 

analyses were performed using one-way ANOVA, followed by a Newman-Keuls Multiple Comparison test (* p < 0.05; *** 

< 0.001). Scale bar is 10 m. 

 

does not markedly reduce phagocytosis. In addition, our data indicate that 

phagocytosis by BMDMs is promoted when the cells are grown on pFn and 

aFn coatings, similarly as observed upon IFNγ treatment. To further define the 

phenotype of microglia and BMDMs, triggered upon exposure towards aFn, we 

next analyzed mRNA, protein and enzyme signatures, indicative of either 

classical or alternative, i.e., regenerative, microglia and macrophages. 
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Fibronectin aggregates, but not plasma fibronectin promote release of 

nitric oxide by microglia and bone marrow-derived macrophages  

A typical feature of the classical phenotype is the expression of 

pro-inflammatory cytokines, whereas alternative polarization generally induces 

the expression of anti-inflammatory factors (Gordon 2003). Therefore, we next 

examined gene expression of TNFα, IL-1β and IL-12 as representatives of the 

classically-activated microglia/macrophage phenotype. To mark 

anti-inflammatory alternative polarization, we analyzed mRNA levels of 

arginase-1 (Gordon 2003; Martinez et al., 2009). Culturing microglia on either 

pFn or aFn did not change the expression of pro-inflammatory cytokines 

compared to unstimulated control microglia (Fig. S1A). Surprisingly, 

pro-inflammatory cytokine gene expression was neither induced upon IFNγ 

exposure (Fig. S1A), in spite of an amoeboid morphology that was promoted at 

the same conditions (Fig. 2C). Of note, when the microglia (and BMDMs) 

were exposed to LPS, a more potent inducer of the pro-inflammatory 

phenotype, in combination with IFNγ, TNFα levels were markedly increased 

compared to control (31.212.2 and 29.612.2 fold change, respectively). 

Anti-inflammatory gene expression was not enhanced by microglia cultured on 

pFn, and aFn (Fig. S1B). Furthermore, IL-4 treatment markedly enhanced 

anti-inflammatory arginase-1 gene expression (Fig. S1B). Similarly as 

observed for microglia, culturing BMDMs on pFn and aFn neither induced a 

clear expression of a pro-inflammatory or anti-inflammatory gene signature 

(Fig. S1C,D). Rather, exposure to IFNγ slightly upregulated the 

pro-inflammatory cytokine genes TNFα and IL-12 (Fig. S1C), whereas IL-4 

enhanced expression of the arginase-1 gene (Fig. S1D). Because synthesis of 

reactive oxygen species, such as nitric oxide (NO) is another important 

pro-inflammatory and MS-relevant characteristic of microglia and 

macrophages (Gordon 2003; Smith & Lassmann 2002), we next analyzed 

iNOS expression on pFn and aFn coatings. Western blot analyses revealed that 
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whereas unstimulated control BMDMs express hardly iNOS, culturing cells on 

aFn enhanced iNOS expression levels (Fig. 4A,B). Remarkably, culturing 

BMDMs on pFn did not enhance iNOS expression compared to unstimulated 

macrophages, indicating that aFn and pFn elicit different signals to the cells. As 

expected, IFNγ, but not IL-4 treatment reproducibly induced iNOS expression 

by BMDMs (Fig. 4B). Similar experiments with microglia showed that the 

expression levels of iNOS for IFNγ-treated microglia were increased as 

compared to control microglia, while iNOS was not detectable in cells, cultured 

on aFn and pFn coatings (data not shown). Examination of nitric oxide (NO) 

release in culture medium at 24 hours after the various treatments showed that 

culturing microglia on aFn, but not pFn coatings, enhanced NO levels in the 

medium compared to unstimulated microglia (Fig. 4D). Similarly, IFNγ 

treatment reproducibly increased NO release by microglia, an enhancement that 

was more prominent than when the cells were cultured on aFn coatings (Fig. 

4D). For BMDMs, NO levels in the culture medium displayed a very similar 

trend in response to the various treatments/conditions as those observed for 

microglia. Thus, a reproducible increase in NO release was triggered in cells 

grown on aFn, but not pFn coatings, while a prominent increase in NO release 

was measured upon exposure to IFNγ (Fig. 4E). Given that the absolute NO 

levels released in culture medium varied between independent experiments, the 

relative levels compared to unstimulated cells are plotted. To exclude the 

possibility that NO release by microglia and BMDMs on aFn coatings may be a 

consequence of a cytotoxic effect induced by aFn, we performed LDH and 

MTT assays at different concentrations of aFn for both cell types. As shown in 

supplementary figure 2, we found that aFn did not markedly alter LDH release 

by microglia and BMDMs compared to unstimulated cells (Fig. S2A,C). Also, 

microglia viability, as measured by MTT reduction, was comparable to the 

viability of unstimulated cells (Fig. S2B). BMDM viability was slightly 

affected on aFn (Fig. S2D), but given a similar LDH release, this may reflect 

differences in metabolic rate, rather than cytotoxicity. Hence, aFn coatings do 
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not induce significant cytotoxicity of microglia and BMDMs, consistent with 

previous findings for OPCs (Stoffels et al., 2013). Therefore, these results 

indicate that aFn coatings, but not pFn coatings, promote the release of NO by 

microglia and BMDMs. 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Fibronectin aggregates, but not plasma fibronectin, induce iNOS and arginase-1 expression by bone marrow-derived 

macrophages. Microglia (D) and bone marrow-derived macrophages (BMDMs, A-C,E,F) were left unstimulated (ctrl), 

cultured on plasma fibronectin (pFn) or fibronectin aggregates (aFn), or treated with interferon-γ (IFNγ) or interleukin-4 

(IL-4). Then, the expression of iNOS (A,B) and nitric oxide (NO) levels (D,E), markers for classically-activated microglia 

and BMDMs, and arginase-1 expression (A,C) and activity (F), indicative for alternative polarization, were analyzed as 

described in materials and methods. Note that aFn, but not pFn, increased both iNOS and arginase-1 expression (A-C, 

n=4-5), along with an increased NO release (D,E, n=5-12) and arginase activity (F, n=3). Bars represent mean values of each 

condition relative to control cells (set at 1 for each independent experiment, horizontal line). Error bars show the standard 

error of the mean. Statistical analyses were performed using the one-sample t-test when compared to control (* p < 0.05; ** 

p < 0.01; *** p < 0.001). A student’s t-test was performed to compare pFn with aFn (# p < 0.05). 

 

Fibronectin aggregates, but not plasma fibronectin, promote arginase 

expression and activity by bone marrow-derived macrophages 

As qPCR findings showed a slight tendency of an increased expression of 

arginase-1 on aFn coatings, we next assessed the arginase-1 protein expression. 

Notably, iNOS and arginase-1 share the same substrate (i.e., L-arginine) and 

are opposing markers of classically and alternatively activated 

microglia/macrophage phenotype respectively (Rath et al., 2014). Western blot 

analyses revealed that culturing cells on aFn coatings and IL-4 treatment 

promoted the expression of arginase-1, whereas unstimulated control BMDMs 
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hardly expressed arginase-1, (Fig. 4A,C). pFn coatings did not increase 

arginase-1 expression in cultured BMDMs compared to unstimulated cells, 

indicating that similar to the induction of iNOS, aFn and pFn elicit different 

signals. Whereas exposure to IL-4 also enhanced arginase-1 expression in 

microglia, arginase-1 was not detectable upon aFn and pFn coatings (data not 

shown). In fact, upon loading equal protein amounts, the arginase-1 levels in 

microglia were considerably lower than the levels in macrophages, while the 

levels obtained in cells cultured on aFn and pFn may be beyond the detection 

limit. To corroborate that the observed enhanced arginase-1 levels in BMDMs 

on an aFn coating (Fig. 4A,C) is also reflected by an increase in the enzyme’s 

activity, an arginase activity assay was performed. As shown in figure 4F, 

similar to IL-4 treatment, aFn tends to increase arginase activity by BMDMs 

compared to unstimulated BMDMs and BMDMs cultured on a pFn coating. 

For microglia, arginase activity was hardly detectable, even following IL-4 

treatment. Therefore, these results indicate that aFn coatings, in addition to the 

induction of iNOS expression and NO release by BMDMs, also promoted 

arginase protein levels and activity by BMDMs. Thus, in the presence of aFn 

coatings, but not pFn coatings BMDMs display features of both classically- and 

alternatively-activated phenotypes. Intriguingly, in contrast to our other 

findings, the effect of aFn differs from pFn coatings, indicating that different 

receptors may be involved, which we examined next.  

 

Fibronectin aggregates induce NO release in an integrin 1, 3 and 

5-independent manner 

Plasma Fn and aFn differ in that aFn contains both pFn and cellular Fn (cFn). 

cFn, but not pFn may contain an EIIIA domain (EDA in human), which has 

been shown to bind toToll-like receptor 4 (TLR4) on inflammatory cells 

(Okamura et al., 2001). We therefore next analyzed whether aFn coatings were 

able to induce TLR4-mediated responses. While HEK293 cells, transfected 
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with TLR4/MD2/CD14, showed a robust response to the TLR4 agonist LPS, 

TLR4 was not activated on pFn and aFn coatings (Fig. S3). However, LPS 

retained, although a bit decreased, the ability to activate TLR4 on HEK293 

cells grown on the Fn coatings, indicating that pFn and aFn coatings slightly 

interfered with TLR4 activation (Fig. S3). As integrins are the major cell 

surface receptors for Fn (Okamura et al., 2001), we next analyzed whether 

adhesion of BMDMs to pFn and aFn is integrin-dependent. As shown in figure 

5A, a functional blocking antibody against integrin 1 inhibited BMDM 

adhesion to pFn, but not aFn. Functional blocking antibodies against integrins 

3 and 5 hardly, if at all affect adhesion of BMDMs to either substrate (Fig. 

5A), indicating that these integrins were not essential for BMDM adhesion to 

pFn and aFn coatings. Moreover, the aFn-induced release in NO release could 

not be overcome by functional blocking antibodies (Fig. 5B), indicating that 

macrophage integrin 1, 3, and 5 are dispensable. In addition to binding sites 

for integrins, fibronectin contains also binding sites for other proteins, such as 

fibrin and collagen (Pankov & Yamada 2002), to which macrophages may also 

bind. In addition, aggregates may act as scaffold for other proteins, and as such 

may harbor many proteins, which we set out to determine next. 
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Fig. 5. Fibronectin aggregates induced release of nitric oxide by bone marrow derived macrophages is integrin 1, 3 and 

5 independent. A Bone marrow-derived macrophages (BMDMs) were pre-incubated with vehicle or the indicated 

functional blocking anti-integrin antibodies, plated on plasma fibronectin (pFn) or fibronectin aggregates (aFn) and subjected 

to an adhesion assay. Note that pre-incubation with anti-integrin 1 antibodies reduced the adhesion of BMDMs to pFn, but 

not to aFn. B BMDMs were left unstimulated (ctrl), cultured on aFn, or treated with interferon-γ (IFNγ). Cells cultured on 

aFn were left untreated or treated with functional anti-integrin 1, 3, or 5 antibodies. Then, nitric oxide (NO) levels in the 

culture medium were analyzed as described in materials and methods. Note that the aFn-mediated increase in NO release is 

integrin-independent. Bars represent mean values of each condition relative to control cells (set at 1 for each independent 

experiment, horizontal line) from four (adhesion) to five (NO assay) independent experiments. Error bars show the standard 

error of the mean. Statistical analyses were performed using the one-sample t-test when compared to control (* p < 0.05; ** 

p < 0.01). A student’s t-test was performed to compare pFn with aFn (# p < 0.05).  

 

MS lesions-derived fibronectin aggregates act as a scaffold for Hsp70 and 

thrombospondin 

To reveal other players associated with aFn that may modulate the phenotype 

of BMDMs, we performed proteomic analysis on DOC-insoluble extracts of 

the deposits obtained from activated astrocytes. Proteomic analysis of the 

DOC-insoluble rat astrocyte-derived aFn revealed that next to Fn, 18 other 

proteins were present including ECM protein vitronectin, matricellular proteins 

thrombospondin 1 (TSP1), tenascin-C and connective tissue growth factor, and 

heat shock proteins (Hsps) Hsp70, Hsp47 and Hsp90 (table 2). Notably, as 

fibronectin aggregates are formed extracellularly (our unpublished 

observations) and to reduce the number of false positive hits, i.e., upon lysis of 

the astrocytes intracellular proteins may associate with the aggregates, only 

proteins that are known to be secreted were considered. The presence of Hsp70 

and TSP1 in MS lesion-derived Fn aggregates was confirmed by Western blot 

at non-reducing conditions (Fig. 6). As shown in figure 6A-C, Hsp70 was 

prominently present in DOC-insoluble fractions that contain aFn, but also in 
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DOC-soluble fractions that do not contain aFn (Stoffels et al., 2013). Also, 

similar levels of Hsp70 were measured in control white matter (CWM), chronic 

active MS lesions [c(a)MS] and chronic inactive MS lesions (ciMS). In contrast 

to Hsp70, a fraction of TSP1 appeared to be tightly associated with aFn in 

chronic (active) MS lesions, since it was detectable in the DOC-insoluble 

fraction at the top of the gel, i.e., the fraction where aFn is recovered. 

Furthermore, a minor portion of TSP1 was present as trimer in the 

DOC-insoluble fraction, likely reflecting TSP1 that is weakly associated with 

aFn in chronic (active) MS lesions (Fig. 6A,E). In addition, a significant 

fraction of TSP1 was not associated with aFn in chronic (active) MS lesions, 

given its abundant presence in the aFn-free DOC-soluble fraction (Fig. 6A,F). 

In CWM and ciMS lesions, the levels of TSP1 were less abundant. Hence, 

TSP1 and Hsp70 may use aFn as a scaffold, and by doing so add to either the 

observed classically- and/or alternatively-activated features of BMDMs, when 

cultured on aFn coatings. Indeed, extracellular Hsp70 is suggested to stimulate 

exposure of cell surface receptors that are also present on macrophages, 

including TLR2, TLR4 and CD40 (Asea et al., 2000; Asea et al., 2002; 

Becker et al., 2002). Similarly, CD36 and CD47, ligands for TSP1, are also 

functionally expressed on macrophages (Murphy-Ullrich & Iozzo 2012). 

Table 2: predicted secreted proteins present in rat astrocyte-derived fibronectin aggregates 

protein score #spec #pep #uniq %spec %cov 

serine protease HTRA1 170.1 21 6 6 10.5 11.9 

protein CYR61 168.6 8 8 8 16.7 17.2 

cell migration-inducing hyaluronan-binding protein 159.3 15 6 6 3.9 4.9 

heat shock protein HSP 90-beta (HSP90) 154.6 9 5 2 4.7 7.2 

connective tissue growth factor 136.1 5 5 5 11.6 13.0 

thrombospondin 1 123.9 15 4 4 3.4 3.7 

trifunctional enzyme subunit beta, mitochondrial 120.2 5 4 4 8.0 7.4 

vitronectin 117.9 14 4 3 7.8 5.9 

serpin H1 (HSP47) 116.9 3 2 2 3.7 7.0 

tenascin C 116.3 5 3 3 1.7 1.4 

fibronectin 112.7 4 3 2 1.6 1.4 

serine (Or cysteine) peptidase inhibitor, clade C, member 1 112.2 13 2 2 3.7 4.7 

78 kDa glucose-regulated protein (HSP70 protein 5, HSPA5) 101.4 4 4 3 4.6 8.3 

coagulation factor V 97.9 2 2 2 1.2 1.2 

elastin microfibril interfacer 1 95.1 7 3 3 4.1 3.3 

complement component 4A 91.1 5 2 2 1.1 1.0 

complement C4B 91.1 5 2 2 1.1 1.0 

complement C4 91.1 5 2 2 1.1 1.0 

Spec: specific, pep: peptide; unq: unique; cov: coverage. #: number.  



Fibronectin aggregates promote features in macrophages 

  134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Hsp70 and thrombospondin are present in MS lesion-derived fibronectin aggregates. Homogenates of human control 

white matter (n=9), (chronic) active MS lesions ((c)sMS, n=8) and chronic inactive MS lesions (ciMS, n=9) were subjected 

to deoxycholate (DOC) (in)solubility assays (A-F). Hsp70 (A-C) and thrombospondin-1 (TSP1, A,D-F) levels in 

DOC-insoluble (I, containing Fn aggregates) and –soluble (S, containing Fn dimers) fractions were analyzed by Western blot 

under non-reducing conditions. Note that TSP1 is enriched in (c)aMS lesions as compared to CWM and ciMS lesions 

(A,E-G), while Hsp70 is equally present (A,C,D). In addition, TSP1 is tightly associated with the aggregates (agg, A,E). 

Box plots represent arbitrary intensity values of each conditions. Statistical analyses were performed using an one-way 

ANOVA, followed by a Newman-Keuls Multiple Comparison test (* p<0.05, ** p<0.01). 

 

Hsp70 increases iNOS expression, while both Hsp70 and thrombospondin 

induce arginase expression by bone marrow-derived macrophages 

To assess whether Hsp70 and/or TSP1 modulate macrophage phenotype, 

BMDMs were plated on a TSP1 coating, or exposed to Hsp70. Western blot 

analysis demonstrated that to an extent similar as in case of aFn, extracellular 

Hsp70 promoted the expression of iNOS in BMDMs, relative to control (Fig. 

7A,C). Remarkably, exposure to extracellular Hsp70 also enhanced the 

expression of the alternatively-activated marker arginase-1 by 3-fold, i.e., 

similar as aFn coatings (Fig. 7b,d). Culturing BMDMs on a coating of TSP1 

induced an almost 2-fold increase in the arginase-1 expression, while iNOS 

expression remained similar to control (Fig. 7B,D). Hence, the observed aFn 

coating-induced classically- and alternatively-activated features in BMDMs, 
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which differ from those observed on pFn coatings, are likely mediated via 

aFn-associated proteins, rather than Fn itself. 

Fig. 7. Hsp70 increases iNOS expression, while both Hsp70 and thrombospondin induce arginase-1 expression by bone 

marrow-derived macrophages. Bone marrow-derived macrophages (BMDMs, A-D) were left unstimulated (ctrl), cultured on 

fibronectin aggregates (aFn) or thrombospondin-1 (TSP1) or treated with Hsp70. Then, the expression of iNOS (A,C) and 

arginase-1 (B,D) was analyzed by Western blotting. Note that both aFn and Hsp70 increase iNOS and arginase-1 expression, 

while TSP1 induced only arginase-1 expression. Bars represent mean values of each condition relative to control cells (set at 

1 for each independent experiment, horizontal line) from four independent experiments. Error bars show the standard error of 

the mean. Statistical analyses were performed using the one-sample t-test when compared to control (* p < 0.05). 

 

Discussion 

In this study, we characterized phenotypes of microglia and bone 

marrow-derived macrophages, cultured on coatings of Fn, an ECM protein that 

aggregates in MS lesions, thereby inhibiting remyelination (Stoffels et al., 

2013). Our data revealed that pFn and aFn coatings slightly enhanced 

proliferation of microglia, but did not significantly affect proliferation of 

BMDMs. Furthermore, both microglia and BMDMs displayed a predominantly 

amoeboid morphology on pFn and aFn coatings. In addition, a slight but 

significant increase in phagocytosis by BMDMs was observed, when grown on 

pFn and aFn coatings. In contrast, in both microglia and BMDMs, the release 

of NO, a pro-inflammatory marker, is enhanced in cells cultured on aFn, but 
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not pFn substrates. In addition, an increase in expression and activity of 

arginase-1, an anti-inflammatory marker, was observed in BMDMs on aFn, but 

not on pFn. Accordingly, our data indicate that aFn promotes a distinct 

phenotype of macrophages, and likely also in microglia, displaying features of 

both the classically- and alternatively-activated phenotype.  

 

Several microglia- and macrophage-related inflammatory features were 

induced to a similar extent by both pFn and aFn, including a predominantly 

amoeboid morphology of BMDMs, increased proliferation of microglia and 

enhanced phagocytosis by BMDMs. Therefore, aggregation of Fn, which 

results from strong, non-covalent protein-protein interactions and is defined by 

DOC-insolubility (Ohashi & Erickson, 2009), may particularly represent a 

continuous state of pFn signaling, which activates several properties of 

microglia and macrophages. However, the aFn matrix also expressed an 

additional effect compared to pFn, in that it caused a stimulation of NO release 

by microglia and BMDMs, and an enhanced arginase-1 expression and activity 

by BMDMs. Initially, we hypothesized that this effect may be related to the 

potential presence of cellular Fn in aFn, which contains the alternatively 

spliced EIIIA and EIIIB domains that are absent from plasma-derived pFn 

(Paul et al., 1986; Pankov & Yamada, 2002). The EIIIA domain is a ligand for 

the α9β1 receptor, and activation of this receptor promotes NO production in a 

human colon adenocarcinoma cell line (Gupta & Vlahakis, 2009). Also, Fn 

fragments that contain the EIIIA domain stimulate TLR4 (Okamura et al., 

2001), known to promote pro-inflammatory polarization of microglia and 

macrophages (Sica & Mantovani, 2012). Hence, these previous findings 

suggest a potential underlying mechanism for the aFn-mediated increase in NO 

levels. However, aFn coatings hardly, if at all activated TLR4, and the effect of 

aFn coatings on NO-release was integrin 1-independent. Rather, the data 

indicate that the distinct effect of aFn compared to pFn coatings, is mediated 

by, among others, the proteins Hsp70 and TSP1 that may exploit aFn as a 
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scaffold. In fact, our findings demonstrate that the expression of TSP1 is 

increased in chronic (active) MS lesions and tightly associated with aFn. TSP1 

harbors an Fn bindings site (Murphy-Ullrich & Iozzo, 2012), and its receptors, 

CD36 and CD47, are functionally expressed on macrophages and may have 

opposing effect on macrophage polarisation (Armant et al., 1999; Roberts et 

al., 2012; Yamauchi et al., 2012a; Yamauchi et al., 2012b; Stein et al., 2016). 

Our findings showed that TSP1 coatings promoted arginase-1, but not iNOS 

expression by macrophages, which is consistent with its suggested role in 

limiting pro-inflammatory effects (Stein et al., 2016). On the other hand, the 

function of TSP1 is highly dependent on its expression levels and which 

domain is functional in a given biological setting. At low levels TSP1 may only 

interact with CD47 and promotes alternative activation in macrophages by 

inhibiting the production of pro-inflammatory features, including the 

production of NO, IL-12 and IL-1 (Armant et al., 1999; Roberts et al., 2012; 

Stein et al., 2016), while at high levels, TSP1 may also bind to CD36, resulting 

in the release of IL-1 and IL-6 (Armant et al., 1999; Roberts et al., 2012; Stein 

et al., 2016), but also of the anti-inflammatory marker IL10 (Yamauchi et al., 

2012b). Therefore, TSP1 has the potential to promote features of classical 

and/or alternative activation in macrophages, as observed with aFn. 

Extracellular Hsp70 is suggested to act as endogenous agonists of TLR2, TLR4 

and CD40 (Asea et al., 2000; Asea et al., 2002; Becker et al., 2002) and with its 

confirmed presence in the DOC-insoluble MS lesion-derived aFn fraction, may 

add to the mixed phenotype features, promoted by aFn coatings, while its 

action via TLR4 is excluded. Indeed, similar to aFn, Hsp70 treatment enhanced 

both iNOS and arginase-1 expression by BMDMs. Whether other identified 

aFn-associated proteins, i.e., tenascin-C and connective tissue growth factor, 

both known to bind to Fn (Midwood et al., 2004; Pi et al., 2008), affect 

microglia and BMDM activation remains to be determined. Hence, by acting as 

scaffold for several proteins that are ligands for receptors present on microglia 



Fibronectin aggregates promote features in macrophages 

  138 

and macrophages, pro-inflammatory and/or anti-inflammatory features could 

be induced in by aFn coatings.   

 

Next to using aFn as a scaffold and their interference with glial cell behavior, 

the identified proteins in the DOC-insoluble Fn aggregates (table 2) may play a 

role in aggregation per se. For example, vitronectin inhibits fibronectin matrix 

assembly via its heparin-binding domain (Hooking et al., 1999). Also of 

interest in this respect is the aFn-association of Hsp70, Hsp47 and Hsp90β, 

which are found extracellular, and are linked to ECM remodelling. Thus, 

Hsp70 increases collagen and fibronectin expression via TGF-β1 signaling 

(Gonzalez-Ramos et al., 2013), Hsp47 act as a receptor for collagen 

fibrillogenesis (Hebert et al., 1999), and extracellular Hsp90β binds directly to 

Fn and increased the formation a DOC-insoluble Fn matrix (Hunter et al., 

2014). Of interest, Hsp70 and Hsp90β are associated with MS pathology (Cic 

et al., 2004; Cwiklinska et al., 2010; Turturici et al., 2011). A role of these 

Hsps in Fn aggregation in MS lesions, and thus whether they are potential 

targets to prevent aggregation, and therefore aberrant microglia and 

macrophage behavior, remains to be determined.  

 

In previous studies, it has been reported that soluble pFn may also promote NO 

synthesis (Goos et al., 2007), as well as synthesis of pro-inflammatory 

cytokines, such as TNFα (Goos et al., 2007; Ribes et al., 2010). Our seemingly 

opposing findings, which revealed that pFn coatings, in contrast to soluble pFn 

(Goos et al., 2007) do not promote NO release and that both pFn and aFn 

coatings do not induce mRNA expression of pro-inflammatory cytokines, can 

likely be attributed to the different signaling properties of Fn coatings, as 

opposed to those of soluble Fn. Immobilized Fn coatings, which probably 

better than soluble Fn mimic the deposited Fn matrix in MS lesions, enforce 

clustering of integrin receptors, and may also bind to different receptors, i.e., 

both integrins and others (Geiger et al., 2001). Indeed, the upregulation of, 
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among others, TNFα by soluble pFn has been found to be mediated via 

Toll-like receptor 4 (TLR4), whereas the present results demonstrated that 

coatings of pFn and aFn do not activate TLR4. This may also explain why Fn 

did not markedly enhance phagocytosis by microglia in our studies, which is 

considered to be mediated by TLR4 (Ribes et al., 2010). Furthermore, it should 

be noted that we investigated relatively naïve microglia and BMDMs, whereas 

priming of microglia and BMDMs may enhance their responsiveness to Fn. For 

instance, LPS-primed microglia respond to soluble pFn by additionally 

increasing IL-1β production (Summers et al., 2009). 

 

Microglia and BMDMs are distinct cell types (Graeber 2010) and recent 

evidence indicates that their effector functions in MS may be different (London 

et al., 2013; Yamasaki, et al., 2014; Vainchtein et al., 2014; Greenhalgh et al., 

2014; Shemer et al., 2015). To clarify whether both cell types respond similarly 

to aFn, we directly compared activation profiles from microglia and BMDMs, 

obtained in parallel from the same pool of neonatal rats. Although microglia 

and BMDMs respond similarly with respect to morphology, NO release and 

cytokine gene expression, several differences were also apparent. First, 

microglia expressed a more prominent potential of phagocytosis than BMDMs, 

with unstimulated microglia phagocytosing approx. 2.5-fold more beads than 

unstimulated BMDMs. Potent phagocytosis by microglia is in line with 

previous reports (Durafourt et al., 2012; Mosley & Cuzner 2002) and likely 

sustains the notion that phagocytosis by microglia occurs without priming in 

CNS physiology (Schafer et al., 2012; Sierra et al., 2013). In addition, BMDMs 

enhanced pro-inflammatory cytokine gene expression more readily upon IFNγ 

treatment than microglia, whereas microglia responded to IL-4 with a much 

greater increase of arginase mRNA expression, the latter not being reflected at 

the protein level. Thus, together with a more pronounced NO release by 

BMDMs upon IFNγ treatment, and arginase-1 expression and activity upon 
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exposure to IL-4 and on aFn coatings, these findings support the concept that 

macrophages are immune mediators per se, whereas microglia display more 

plasticity, with diverse, non-immunological roles in the healthy brain (Graeber 

2010; London et al., 2013; Yamasaki et al., 2014; Vainchtein et al., 2014; 

Shemer & Jung 2015).  

 

The overall effects of microglia and macrophage activation by aFn on 

remyelination remain to be determined. Phagocytosis of myelin debris by 

macrophages is thought to promote remyelination (Kotter et al., 2006; 

Takahashi et al., 2007; Lampron et al., 2015), but phagocytosis of neuronal 

debris can also enhance myelin and axonal destruction by the adaptive immune 

system (Huizinga et al., 2012). Similarly, NO has favorable effects on immune 

activation in MS, but also mediates oligodendrocyte and myelin injury (Smith 

& Lassmann 2002). In general, however, the early phase of remyelination 

benefits from a classically polarized microglia and macrophage phenotype, 

whereas oligodendrocyte differentiation and myelin production are promoted 

by a switch to the alternatively-activated phenotype during later stages (Miron 

et al., 2013). Hence, transient Fn expression upon demyelination (Sobel & 

Mitchell 1989; Zhao et al., 2009; Stoffels et al., 2013) likely contributes to the 

temporal classical phenotype of microglia and macrophages, whereas the 

persistent presence of aFn in MS may prevent the necessary switch to a 

regenerative alternatively-activated phenotype by retaining and gaining some 

pro-inflammatory features. Indeed, in active MS lesions, macrophages display 

predominantly markers that are associated with classically-activated phenotype, 

although a major subset is also of an intermediate activation status, displaying 

alternatively-activated features (Vogel et al., 2013). In this way, aFn, and 

presumably aggregate-associated proteins such as Hsp70 and TSP1, among 

other factors, may promote the unfavorable pathological microglia and 

macrophage polarization in MS lesions. In addition to directly inhibiting OPC 
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differentiation, this may represent an indirect mechanism underlying 

aFn-mediated impairment of remyelination.  
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Supplementary Fig. 1. Fibronectin aggregates and plasma fibronectin do not significantly alter cytokine and chemokine 

gene expression, representative of classically or alternatively activated phenotypes, in microglia and bone marrow-derived 

macrophages. Microglia (A,B) or bone marrow-derived macrophages (BMDMs, C,D) were left unstimulated (ctrl), cultured 

on plasma fibronectin (pFn) or fibronectin aggregates (aFn), or treated with interferon-γ (IFNγ) or interleukin-4 (IL-4) for 6 

hours, after which total RNA was extracted. Cytokine and chemokine gene expression levels were analyzed using 

quantitative real-time PCR against pro-inflammatory markers for the classically-activated phenotype (A,C, tumor necrosis 

factor-α (TNFα), interleukin-1β (IL-1β) and interleukin-12 (IL-12)) and an anti-inflammatory marker for the 

alternatively-activated phenotype (B,D, arginase-1 (arg-1) against HMBS (shown) and GAPDH (not shown, but yielding 

comparable findings). Bars represent mean expression levels versus control (set at 1 for each independent experiment, 

horizontal line) from three independent experiments. Error bars show the standard error of the mean. Statistical analyses 

were performed using the one-sample t-test when compared to control (* p < 0.05; ** p < 0.01). 
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Supplementary Fig. 2. Fibronectin aggregates do not induce cell cytotoxicity as determined by lactate dehydrogenase 

release and an MTT assay. Microglia (A,B) or bone marrow macrophages (BMDMs, C,D) were left unstimulated (ctrl) or 

cultured on fibronectin aggregates (aFn; 2 µg, 5 µg or 10 µg respectively) for 24 hours, followed by measurements of lactate 

dehydrogenase (LDH) release in the culture medium (a,c) and of MTT reduction (b,d). Bars represent means versus control 

(set at 1 for each independent experiment, horizontal line). Error bars show the standard error of the mean. Statistical 

analyses were performed using the one-sample t-test when compared to control (** p < 0.01). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Fig. 3. Fibronectin aggregates and plasma fibronectin do not activate TLR4 on HEK293 cells. HEK293 

cells transfected with TLR4/MD2/CD14 were plated on uncoated plastic (ctrl) or on coated 96 wells plates that were coated 

with plasma (pFn) or aggregated fibronectin (aFn). Cells were left untreated or treated with the TLR4 agonist LPS. Bars 

represent mean fold increase in bioluminescence. Error bars show the standard error of the mean. Statistical analyses were 

performed using a one-way ANOVA, followed by a Newman-Keuls Multiple Comparison test (* p<0.05, ** p<0.01, *** 

p<0.001). 
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Abstract  

Demyelination and incomplete remyelination are hallmarks of multiple 

sclerosis (MS). Although oligodendrocyte progenitor cells (OPCs) are present 

in most lesions, they ultimately fail to differentiate into mature myelinating 

oligodendrocytes. Aberrant expression of extracellular matrix (ECM) 

molecules in MS lesions, such as chondroitin sulphate proteoglycans (CSPGs) 

and (aggregated) fibronectin, directly contribute to the failure of OPC 

differentiation. Here, we examined whether the ECM in MS lesions might 

interfere with the generation of classically- and/or alternatively-activated bone 

marrow-derived macrophages (BMDMs) and microglia, and whether this 

affects OPC maturation. Our findings indicate that dimeric plasma fibronectin 

(pFn) coatings reduced the expression of the anti-inflammatory marker 

arginase-1 in alternatively-(IL-4)-activated BMDMs and microglia. In contrast, 

aggregated Fn (aFn) induced pro-inflammatory features in 

alternatively-(IL-4)-activated BMDMs and microglia, including increased 

iNOS expression and a tendency to release TNF. CSPGs hardly interfered 

with the generation of classically-(IFN+LPS) and 

alternatively-(IL-4)-activated cells. Secreted factors by BMDMs and microglia 

that were grown on aFn, pFn and/or CSPG coatings, inhibited OPC 

differentiation, which is not evident upon BMDM and microglia IL-4 

co-stimulation. In addition, analysis of proMMP-7 levels, an enzyme involved 

in ECM remodelling, revealed that although aFn coatings reduced the release 

of proMMP7 expression in IL-4-activated BMDMs, the levels were still 

sufficient to efficiently degrade aFn in vitro. Hence, while ECM coatings as 

such may interfere with the generation of remyelination supporting BMDMs 

and microglia, reduce alternatively-activated features (pFn) or introduce 

pro-inflammatory features (aFn) in IL-4-activated BMDMs and microglia, 

alternative activation suffices to generate OPC differentiation-supporting 

BMDMs and microglia. 
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Introduction 

Multiple sclerosis (MS) is a chronic demyelinating and disabling disease of the 

central nervous system. In the majority of patients, inadequate remyelination, 

i.e., the generation of new myelin membranes that restores saltatory conduction 

and prevents axon degeneration, contributes to the progressive deterioration of 

the disease (Compston & Coles, 2008; Franklin & ffrench-Constant, 2008; 

Irvine & Blakemore, 2008). Although oligodendrocyte progenitor cells (OPCs) 

responsible for remyelination, are present in most lesions, they ultimately fail 

to differentiate into mature myelinating oligodendrocytes, thereby frustrating 

remyelination (Lucchinetti et al., 1999; Chang et al., 2002; Kuhlmann et al., 

2008). In fact, an unfavorable molecular and cellular signaling environment in 

(chronic) MS lesions, including dysregulated levels of growth factors and 

extracellular matrix (ECM) proteins, as well as a dysregulated activation of 

infiltrating macrophages and resident microglia, collectively contribute to 

perturbed OPC maturation and hence a failure of remyelination (Chamberlain 

et al., 2016; Franklin & ffrench-Constant, 2008; Olsen & Akirav, 2015). 

 

Dynamic remodelling of the ECM, involving transient expression and/or 

degradation, is an effective mechanism to regulate glia cell behaviour, 

including OPC differentiation upon CNS injury. For example, dimeric 

fibronectin, chondroitin sulphate proteoglycans (CSPGs) and laminin are 

readily expressed or upregulated, following toxin-induced demyelination or 

induction of EAE, an animal model for MS (Lau et al., 2012; Stoffels et al., 

2013; Back et al., 2005). Whereas upon experimentally induced demyelination 

in animal models these ECM molecules are cleared and only transiently 

expressed, their persistent and aberrant expression is a salient feature of MS. 

Specifically, (aggregates of) fibronectin, high molecular weight (HMW) 

hyaluronan, and CSPGs are persistently present in MS lesions and each of 

these ECM proteins prevents OPC maturation, thereby contributing to 
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remyelination failure (Sobel & Ahmed 2001; Back et al., 2005; Sloane et al., 

2010; Lau et al., 2012; Stoffels et al., 2013). While astrocytes synthesize most 

ECM proteins (Wiese et al., 2012; Jones & Bouvier 2014), microglia and 

macrophages are important cellular players in the degradation of ECM proteins 

(Brown et al., 2009; Lu et al., 2011; Valentin et al., 2009). Microglia and 

macrophages are major sources of matrix metalloproteinase (MMPs), which 

have been implicated in extracellular ECM degradation (Lu et al., 2011). Our 

previous data indicate an upregulation of MMP-7, which is implicated in 

fibronectin and CSPG degradation (chapter 2, Lu et al., 2011) during early 

remyelination in the lysolecithin demyelination-remyelination model (chapter 

2). Also in the cuprizone demyelination-remyelination model, several MMPs 

are significantly upregulated just prior to the onset of remyelination, supporting 

a role of MMPs in dynamic ECM remodelling upon demyelination (Ulrich et 

al., 2006; Škuljec et al., 2011). Accordingly, MMPs are implicated in the 

pathogenesis of MS (Anthony et al., 1997; Cossins et al., 1997; Lindberg et al., 

2001), and the inability to clear ECM proteins in MS lesions may be attributed 

to a perturbed expression and/or malfunctioning of these proteolytic enzymes.  

 

Important cellular constituents of MS lesions are macrophages, which either 

arise from resident microglia or from infiltrated monocytes/macrophages that 

enter the CNS as a consequence of a disrupted blood-brain barrier. Using the 

microglia specific marker TMEM119, it has been estimated that approximately 

45% of the macrophage-like cells in active MS lesions are derived from 

resident microglia, while their number decreases when the lesion further 

develops (Zrzavy et al., 2017). Microglia and macrophages respond rapidly to 

micro-environmental changes, and as such they express the appropriate 

receptors for binding to ECM proteins (Beachley et al., 2015; Milner & 

Campbell, 2003; Asea et al., 2002), implying that ECM proteins may regulate 

activation of these cells. Therefore, the abnormal ECM environment in MS 

lesions may not only influence the behaviour of OPCs, but also that of resident 
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microglia and infiltrated macrophages. Models of microglia and macrophages 

activation are often simplified in classically- or alternatively-activated 

microglia and macrophages. Classically-activated cells are considered as 

pro-inflammatory, showing enhanced antigen presentation, secretion of 

pro-inflammatory cytokines, and release of nitric oxide (NO), causing a 

perturbation of OPC differentiation (Miron et al, 2013; Miron & Franklin, 2014; 

Lloyd & Miron 2016; Miron, 2017). Alternatively-activated or pro-regenerative 

microglia and macrophages produce factors that promote OPC differentiation 

(e.g. IGF-1, activin-A), MMP-7, and likely also other MMPs (chapter 2; 

Nagorsen et al., 2005; Lively & Schlichter, 2013). Alternatively-activated 

microglia and macrophages are imperative for remyelination to proceed (Lloyd 

& Miron, 2016; Miron, 2017; Miron & Franklin, 2014). In active MS lesions, 

an intermediate state between pro-inflammatory activation and 

anti-inflammatory activation is observed (Vogel et al., 2013), indicating that a 

full shift from classically-activated to pro-regenerative microglia and 

macrophage is prevented.  

 

We hypothesize that the abnormal ECM environment in MS lesions may, next 

to directly deregulate OPC behaviour, also indirectly affect OPC differentiation 

by interfering with the appropriate activation of microglia and macrophages. 

To this end, we examined in the current study whether the observed prolonged 

expression in MS lesions of Fn, either in its dimeric or aggregated form, and 

CSPGs may 1) interfere with the generation of alternatively-activated microglia 

and/or macrophage phenotype, 2) lead to an alteration in secreted factors that 

either promote or impair OPC differentiation and/or 3) reduce the expression of 

MMP7. With regard to the latter, we previously demonstrated its ability to 

degrade remyelination-inhibiting Fn aggregates (chapter 2), presumably due to 

its reduced expression in MS lesions (chapter 2; Anthony et al., 1997; Cossins 

et al., 1997; Lindberg et al., 2001). We show that dimeric plasma fibronectin 
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(pFn) reduced arginase-1 expression, an anti-inflammatory feature of 

alternatively-activated macrophages and microglia, whereas aFn induced iNOS 

expression, a pro-inflammatory feature, in alternatively-activated macrophages 

and microglia, and a decrease the secretion of proMMP-7. However, the 

remaining MMP levels were sufficient to degrade aFn in vitro, while 

aFn-matrix-exposed alternatively-IL-4-activated macrophages and microglia 

still promote OPC differentiation, in contrast to secreted factors derived from 

aFn-matrix-exposed unstimulated cells. Hence, these findings suggest that the 

ECM interferes with the microglia/macrophages phenotype, but that promoting 

an anti-inflammatory microenvironment in MS lesions likely suffices for OPC 

differentiation to proceed. 

  

Materials and Methods 

Primary cell cultures 

Primary glia cells were obtained from forebrains of 1-2 day-old Wistar rats 

(Harlan and Charles River), as described (Bsibsi et al., 2012). Briefly, 

mechanical and enzymatic (papain) digestion was used to obtain a single cell 

suspension. Cells were cultured on poly-L-lysine (PLL, 5 µg/ml, Sigma 

Aldrich, St. Louis, MO)-coated tissue culture flasks (Nalge Nunc, Naperville, 

IL) until a tight astrocyte monolayer was formed on which OPCs and microglia 

adhere.  

 

Microglia. To obtain microglia, the tissue culture flasks were shaken on an 

orbital shaker at 150 rpm for 1 hour. The medium was centrifuged for 5 min at 

150 g. Cell pellets were resuspended in microglia culture medium (DMEM 

[Life Technologies, Paisley, UK]; 10% fibronectin-free FBS [see below]; 1% 

antibiotics [Life technologies,] and 1% glutamin [Life technologies]). 

Microglia were cultured in 10-cm dishes with rat recombinant macrophage 

colony-stimulating factor (M-CSF, 10 ng/ml, Peprotech, Rocky Hill, NJ) for 

3-5 days at a density of 2.0 × 10
6
 cells per dish (Corning, Lowell, MA). 
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OPCs. OPCs were obtained by shaken the tissue flask overnight on an orbital 

shaker at 240 rpm and further purified via differential adhesion as described 

previously (Maier et al., 2005, Bsibsi et al., 2012). Isolated OPCs were plated 

on 13-mm coverslips in a 24 wells plate at a density of 3.0 × 10
4
 cells per well 

and cultured for 2 days in SATO medium (Maier et al., 2005) supplemented 

with the growth factors FGF-2 (10 ng/ml, Peprotech, London, UK) and 

PDGF-AA (10 ng/ml, Peprotech, London, UK). OPC differentiation was 

initiated by growth factor withdrawal and culturing in SATO medium 

supplemented with 0.5% FCS or SATO with conditioned medium obtained 

from treated BMDMs or microglia in a 1:1 ratio for 3 days. 

 

Bone marrow-derived macrophages. Bone marrow-derived macrophages 

(BMDMs) were isolated from of upper limbs and hind legs of P0-P2 Wistar 

rats as described previously (chapter 2). Briefly, skin and muscle were removed 

from limbs and legs. The marrow cavity was opened by sharp scalpels, and the 

bone marrow from femora and tibiae was flushed by a syringe and 25-gauge 

needle with BMDM medium (Roswell Park Memorial Institute (RPMI)-1640 

medium [Life Technologies], 10% fibronectin-free FBS [see below], 1% 

sodium pyruvate [Life Technologies], 1% antibiotics [Life Technologies]). The 

suspension was centrifuged for 5 min at 150 x g, and cells were resuspended in 

BMDM medium and plated in 10-cm dishes at a density of 2.5 × 10
6
 cells per 

dish and cultured with rat M-CSF (10 ng/ml, Peprotech, Rocky Hill, NJ) for 

5-7 days. 

 

Fibronectin-free serum 

A gelatin sepharose 4B column (GE healthcare) was used to bind plasma 

fibronectin present in FBS, according to manufacturer’s instructions (O'Keefe, 

et al., 1984). Briefly, FBS was passed though the column, and the 

fibronectin-free flow through was collected and filtered (0.2 μm, Whatman, GE 
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healthcare life sciences, Freiburg, Germany) and store aliquots at -20 ℃ until 

further use. The absence of fibronectin in FBS was confirmed by Western blot. 

 

Generation of fibronectin aggregates 

Astrocytes. To remove remaining microglia and OPC isolation, the tissue 

culture flasks were shaken on an orbital shaker for another 24 hours at 240 rpm 

overnight. The astrocyte monolayer was trypsinized once, cultured in T162 

flasks and at approximately 90% confluency trypsinized and used to generate 

fibronectin aggregates. 

 

Deoxycholate (DOC)-insoluble aggregated fibronectin was derived from 

primary rat astroglial matrices as described previously (Stoffels et al., 2013). 

Briefly, the tissue culture flasks with the remaining astrocyte monolayer after 

the removal of microglia ad OPCs were shaken on an orbital shaker for 24 

hours at 240 rpm overnight. The astrocyte monolayer was trypsinized once, 

cultured in T162 flasks and at approximately 90% confluency trypsinized. To 

generate generate fibronectin aggregates, the astrocytes were plated on 10-cm 

dishes at a density of 1.0 × 10
6
 cells per dish for 1 hour, and treated with the 

toll-like receptor 3 agonist poly(I:C) (50 μg/mL, GE Healthcare, Germany) for 

48 hours to induce fibronectin aggregation (Stoffels et al., 2013). Cells were 

removed by water-lysis for 2 hours at 37 ℃. The remaining fibronectin 

aggregate containing astroglial deposits were scraped in ice-cold DOC buffer 

(2 % deoxycholate [Sigma Aldrich] in 20mM Tris-HCl supplemented with 

complete Mini Protease inhibitor cocktail [Roche, Mannheim, Germany], pH 

8.0). After at least 30 min on ice, the suspension was centrifuged at 16,300 g 

for 30 min at room temperature. The fibronectin aggregate-containing pellet 

was washed three times in PBS, followed by resuspension in PBS with a 

syringe and 25-gauge needle. The level and the proper separation of fibronectin 

aggregates from fibronectin dimers was routinely checked by Western blot. 
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Treatment of microglia and bone marrow-derived macrophages  

Tissue culture plastic was uncoated or pre-coated with CSPGs (0.5 µg per well 

in 6-well-plate; 0.05 µg per well in an 8-well chamber slide; Merck, Temecula, 

CA), plasma Fn (50 µg per well in 6-well-plate; 5 µg per well in a 8-well 

chamber slide, Sigma Aldrich) or aggregated fibronectin (50 µg per well in 

6-well-plate; 5 µg per well in 8-well chamber slide) overnight at 4℃ 

overnight. Gently scraped and centrifuged microglia and macrophages were 

plated at a density of 1.0 × 10
6
 cells per well in a 6-well plate (1 m) and 5×10

4
 

cell per well in a 8-well chamber slide (300 µl). Microglia and BMDMs were 

subsequently untreated or treated with rat recombinant IFN (400 ng/ml, 

Peprotech) and lipopolysaccharide (LPS, 200 ng/ml, Sigma), to induce the 

classically-activated phenotype or rat recombinant IL-4 (40 ng/ml, Peprotech) 

to promote the alternatively-activated phenotype for 6 hours (RT-qPCR) or 48 

hours (Western blot). To generate conditioned medium and to avoid direct 

effects of IFN, LPS or IL-4 on OPCs, BMDMs and microglia plated on the 

indicated coatings were treated for 24 hours, after which the medium was 

changed to SATO+1%FCS. Medium was collected after 24 hours, i.e., 48 hours 

after plating.  

 

Fn degradation assays 

Fibronectin aggregates (5 μg, see above) were incubated with 35 µl 

non-conditioned medium or conditioned medium in the presence of the general 

MMP-activator, 4-aminophenylmercuric acetate (APMA, 2 mM, Sigma 

Aldrich) in 50 μl MMP reaction buffer (50 mM Tris-HCl, 0.15 M NaCl, 5 mM 

CaCl2, 0.05% Brij-35, pH 7.5) and incubated at 37C for 72 hours. Of note, 

conditioned medium was made with plasma fibronectin-free serum. The 

reaction was terminated by adding non-reducing SDS sample buffer and 

heating at 95℃ for 10 min. The extent of degradation was analysed by 

Western blotting.  
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TNF ELISA 

The level of rat TNF microglia/macrophage conditioned-medium was 

determined by a commercial ELISA kit using TNF as standard (R&D 

systems, catalog # DY 008), according to manufacturer’s instructions.  

 

Immunocytochemistry 

Cells were fixed with 2% paraformaldehyde (PFA) in medium for 5 min 

followed by 4% PFA in PBS for 20 min at room temperature. Cells were 

permealized in ice-cold methanol for 5 min (MBP) or with 0.1% Triton X-100 

for 20 min (iNOS), after which cells were blocked with 1% normal goat serum 

(NGS) for 30 min at room temperature to prevent nonspecific binding. Cells 

were incubated with primary antibodies (table 1) for 2 hours (MBP) at 4 ℃ 

overnight (iNOS), followed by a 1 hour incubation with the appropriated 

TRITC- (MBP, 1:50, Jackson ImmunoResearch, West Grove, PA) or Alexa 

546 (iNOS, Life technologies)-conjugated antibodies. Cell nuclei were stained 

with DAPI (1 µg/ml, Sigma). Cells were covered with DAKO mounting 

medium and analyzed with a conventional immunofluorescence microscope 

(Olympus AX70 or Leica DMI 6000 B). In each experiment, at least 250 cells 

were scored and the percentage of MBP-positive cells or iNOS- positive cells 

of total DAPI-stained cells was calculated.  

 

Western blot analysis 

Cells were detached from plates by scraping in PBS, following by 

centrifugation at 9,200 x g for 5 min. Cell were lysed by sonication in TNE 

buffer (50 mM Tris-HCl, 150 mM M NaCl, and 5 mM EDTA, pH 7.5) for 10 

seconds on ice. A Bio-Rad DC Protein Assay (Bio-Rad Laboratories, CA) was 

used to measure total protein concentration, using BSA as standard. Proteins in 

lysate (50 µg) or medium (40 µl) were denatured at 95℃ for 5 min within SDS 

reducing loading buffer, separated by a 12.5% SDS-PAGE gel, and transferred 
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to PVDF (Immobilon-FL) using the wet blotting system at 500 mA for 1 hour 

in cold transfer buffer. Membranes were blocked in Odyssey blocking buffer 

for 30 min (1:1 with PBS; Li-Cor Biosciences, Lincoln, NE), and incubated 

overnight at 4℃ with the primary antibodies (table 1). Membranes were 

washed three times with PBS containing 0.5% Tween-20 (PBST), and 

incubated with appropriate IRDye®-conjugated secondary antibodies (1:3000; 

Li-Cor Biosciences) for 1-2 hours at room temperature. Finally, membranes 

were washed three times with PBST, proteins were visualized with the Odyssey 

Infrared Imaging System (Li-Cor Biosciences) and intensities analyzed with 

Scion image software. 

 
Table 1: Primary antibodies used during WB and ICC 

 company Dilution WB  Dilution ICC 

anti-actin (mAb) Sigma 1:1000 n.a. 

anti-arginase-1 (mAb) BD Biosciences 1:250 n.a. 

anti-EIIIA-fibronectin (3E2, mAb) Sigma 1:500 n.a. 

anti-fibronectin (pAb) Millipore 1:1000 n.a. 

anti-MBP (mAb) Serotec n.a. 1:250 

anti-MMP7 (pAb) Gene Tex and Bioworld  1:1000 n.a. 

anti-iNOS (mAb)) BD Biosciences 1:500 1:250 

n.a.: not applicable; mAb: monoclonal antibody; pAb: polyclonal antibody; WB: Western blot; ICC: immunocytochemistry 

 

Real-time, quantitative polymerase chain reaction reaction (real-time qPCR) 

Total RNA was extracted from cells with the RNeasy Micro Kit (Qiagen, 

Hamburg, German), according to the manufacturer’s instructions. Total RNA 

(1 μg) reverse transcribed by oligo (dT)12-18 (500 μg/ml), 10 mM dNTP Mix, 

0.1 M dithiothreitol (DTT), 5× first strand buffer and Moloney Murine 

Leukemia Virus Reverse Transcriptase (M-MLV RT) (all from Invitrogen, 

Venlo, Netherlands). Real-time qPCR was performed by an Applied 

Biosystems 7900HT Real-Time PCR System. For each reaction, 10 ng cDNA, 

10 pM primers (table 2) and Absolute SYBR Green Rox Mix (Thermo 

Scientific, Landsmeer, the Netherlands) were mixed. Gene expression was 

calculated by the 2
-ΔΔct

 method (Livak & Schmittgen, 2001) and GADPH and 

HMBS were used as housekeeping gene. 
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Table 2: Primer pair set sequences used during RT-qPCR 

 Forward primer Reverse primer  Length (bp) 

MMP2 (Rn) GCTTCTGTCCTGACCAAG CAGGGTCCTGAGAGTGTTC 90 

MMP3 (Rn) GCGGGGAGAAGTCTTGTTCT AGACGGCCAAAATGAAGAGA 100 

MMP7 (Rn) CGGAGATGCTCACTTTGACA CATGAGTGGCAACAAACAGG 83 

MMP8 (Rn) TTGGACATTCCTTGGGACTC AGGTTGGACAGGGTTGTCTG 155 

MMP9 (Rn) TGTATGGTCGTGGCTCTAAAC GTGGGACACATAGTGGGAG 91 

MMP11 (Rn) GGCAACTTGTAAGGGAGCAG AAGTTGTCCCCATGCCAGTA 148 

MMP12 (Rn) TGGTACCTTAGCCCATGCTT AGGAACAGGTTTGTGCCTTG 108 

MMP13 (Rn) GCCAGAACTTCCCAACCA CCGCAGCACTGAGCCTT 176 

MMP14 (Rn) AATAAGTACTACCGCTTCATG GAGACTCAGGGATTCCTTC 91 

ADAMTS4 (Rn) GCCCGATTCATCACTGACTT GCGGTCAGCATCATAGTCCT 117 

TIMP1 (Rn) GGTTCCCTGGCATAATCTGA ATGGCTGAACAGGGAAACAC 99 

TIMP2 (Rn) TGGACGTTGGAGGAAAGAAG TCCCAGGGCACAATAAAGTC 97 

TIMP3 (Rn) GACCACAGCAGCTACCATGA GCTTCTTTCCCACCACTTTG 167 

TIMP4 (Rn) TGCCAAATCACCACTTGCTA ATAGAGCTTCCGTTCCAGCA 93 

TNF ATGGGCTGTACCTTATCTACTC GTATGAAATGGCAAATCGGCT 101 

HBMS (Rn) CCGAGCCAAGCACCAGGAT CTCCTTCCAGGTGCCTCAGA 107 

GAPDH (Rn) CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG 204 

Rn, rattus norvegicus; RT-qPCR: real-time quantitative analysis 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM) of at least 

three independent experiments. When values of two means were compared, 

statistical significance was calculated by a paired Student’s t-test.  When 

absolute values of more than two means were compared, statistical significance 

with control was calculated by a one-way ANOVA followed by a Dunnett’s 

Multiple Comparison test. Statistical analysis was performed with a one sample 

t-test when relative values of the conditions were calculated by setting the 

control as 1 in each independent condition. Statistical differences were 

calculated using GraphPad Prism software (version 5.03). In all cases, p <0.05 

was considered significant. 
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Results  

Fibronectin aggregates induce iNOS expression, while plasma fibronectin 

reduces arginase-1 expression in IL-4-activated bone marrow-derived 

macrophages and microglia 

As a natural response to demyelination in MS lesions, astrocytes deposit among 

others the ECM proteins CSPGs and cellular Fn. In addition, pFn enters the 

lesioned area via the disrupted blood-brain barrier (Sobel & Mitchell, 1989; 

van Horssen et al., 2005; Satoh et al., 2009). While their expression is transient 

upon experimentally induced demyelination, in MS lesions CSPGs and Fn are 

not cleared and their presence persists (Sobel & Mitchell, 1989; Sobel & 

Ahmed, 2001; van Horssen et al., 2005; Stoffels et al, 2013). In fact, the 

chronic inflammatory nature of MS lesions and the perturbed expression of 

MMPs, including MMP-7, induce the formation of Fn aggregates (aFn), which 

consist of both cellular and pFn. To assess whether the persistent ECM 

environment in MS lesions affects the phenotype of infiltrated macrophages, 

we cultured bone marrow-derived macrophages (BMDMs) on CSPG, pFn or 

aFn coatings, and stimulated the macrophages with IFNγ+LPS, to skew the 

cells to the classically-activated phenotype, or with IL-4 that on uncoated 

dishes drives the cells to alternatively-activated macrophages. Indeed, as shown 

in figure 1 (white bars), when BMDMs were cultured on uncoated dishes, 

exposure to IFNγ+LPS induced the expression of the pro-inflammatory marker 

iNOS (Fig. 1B,E,H, white bars), while the expression of arginase-1, a marker 

for alternatively-activated macrophages, was increased upon IL-4 treatment 

compared to control, i.e., unstimulated BMDMs (Fig. 1C,F,I, white bars). 

CSPG coatings hardly if at all affected the expression of iNOS and arginase-1 

in control, IFNγ+LPS- and IL-4-stimulated BMDMs (Fig. 1A-C, white vs 

black bars). On pFn coatings, the arginase-1 levels were significantly reduced 

in IL-4-activated BMDMs, compared to those in IL-4-activated BMDMs that 

were grown on uncoated dishes, although arginase-1 expression was still 
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increased, compared to control (Fig. 1D,F, white vs black bars). pFn coatings 

hardly affected iNOS expression in control, IFNγ+LPS- and IL-4-stimulated 

BMDMs (Fig. 1D,E, white vs black bars). In contrast, aFn coatings alone 

increased arginase-1 expression in both unstimulated and in IL-4-activated 

BMDMs (Fig. 1G,I, white vs black bars), indicating that aFn potentiated the 

effect of IL-4. In addition, aFn coatings induced iNOS expression in 

unstimulated BMDMs (Fig. 1G,H, white vs black bars), which is in line with 

our previous observations (chapter 2). Strikingly, the effect of aFn coatings on 

iNOS expression was also apparent in IL-4-activated BMDMs (Fig. 1G,H, 

white vs black bars), suggesting that an aFn environment triggers 

pro-inflammatory phenotype features in IL-4-activated BMDMs. Similar 

findings were observed with microglia (Fig. 2). Thus, pFn coatings, while 

ineffective as such, markedly reduced arginase-1 levels in IL-4-activated 

microglia, while aFn coatings increased arginase-1 levels in IL-4-activated 

microglia, compared to IL-4-activated microglia grown on uncoated dishes 

(Fig. 2D,F, white vs black bars). In contrast to BMDMs, CSPG coatings also 

tend to decrease arginase-1 levels in IL-4-activated microglia (Fig. 2A,C, white 

vs black bars). In contrast to BMDMs, the expression of iNOS is slightly 

reduced in IFNγ+LPS-activated microglia compared to IFNγ+LPS-activated 

microglia cultured on uncoated dishes, while the expression is still increased 

compared to unstimulated control microglia (Fig. 2D,E, white vs black bars). In 

line with the findings in BMDMs, aFn coatings induced iNOS expression both 

in unstimulated microglia and IL-4-activated microglia (Fig. 2D,E). Hence, 

CSPG coatings were seemingly ineffective, while pFn and aFn coatings 

differentially modulated IL-4-ativated BMDMs and microglia. pFn coatings 

disturbed expression of arginase in IL4-activated BMDMs and microglia, while 

aFn induced iNOS expression in these cells. To further examine the potential 

disturbing effect of aFn coatings on alternative activation of BMDMs and 

microglia, i.e., by promoting pro-inflammatory features, we next examined the 

levels of TNF. 
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Fig 1. Plasma fibronectin and aggregated fibronectin differentially interfere with classically- and alternatively-activated 

bone marrow-derived macrophages. Bone marrow-derived macrophages (BMDMs) were left unstimulated (ctrl), cultured on 

chondroitin sulphate proteoglycans (CSPGs, A-C), plasma fibronectin (pFn, D-F) or fibronectin aggregates (aFn, G-I), or 

treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) or interleukin-4 (IL-4), to induce classically- or 

alternatively-activated BMDMs, respectively. Then, the expression of iNOS (A,B,D,E,G,H), as a marker for 

classically-activated BMDMs, and arginase-1 expression (A,C,D,F,G,I) indicative for alternative polarization, were 

analyzed by Western blotting (45-50 g). Actin served as a loading control. Representative blots are shown in A, D and G; 

quantitative analysis in B, C, E, F, H, and I. Note that pFn coatings decrease arginase-1 expression (F, n=12) and aFn 

coatings promote iNOS expression (H, n=8) in alternatively-(IL-4)-activated BMDMs, while CSPG coatings hardly interfere 

with BMDM polarization (B,C, n=4). In addition, aFn coatings induce iNOS (H, n=10) and arginase-1 (I, n=11) expression 

in unstimulated BMDMs, while CSPG and pFn coatings hardly interfere with iNOS and arginase-1 expression in 

unstimulated BMDMs. Bars represent mean values of each condition relative to control cells (set at 1 for each independent 

experiment). Error bars show the standard error of the mean. Statistical analyses were performed using the one-sample t-test 

when compared to control (* p<0.05, ** p<0.01). A paired student’s t-test was performed to compare the effect of the 

respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (# p < 0.05). 
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Fig 2. Plasma fibronectin and aggregated fibronectin differentially interfere with classically- and alternatively-activated 

microglia. Microglia were left unstimulated (ctrl), cultured on chondroitin sulphate proteoglycans (CSPGs, A-C), plasma 

fibronectin (pFn, D-F) or fibronectin aggregates (aFn, G-I), or treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) 

or interleukin-4 (IL-4), to induce classically- or alternatively activated macrophages, respectively. Then, the expression of 

iNOS (A,B,D,E,G,H), as a marker for classically-activated microglia, and arginase-1 expression (A,C,D,F,G,I) indicative 

for alternative polarization, were analyzed by Western blotting (45-50 g). Actin serves as a loading control. Representative 

blots are shown in A, D and G; quantitative analysis in B, C, E, F, H, and I. Note that CSPG coatings slightly reduce 

arginase-1 expression (C, n=5, p=0.06). pFn coatings markedly decrease arginase-1 expression (F, n=9), and aFn coatings 

slightly promote iNOS (H, n=7) and arginase-1 (I, n=9) expression in alternatively-(IL-4)-activated microglia. In addition, 

aFn (H, n=6), and to a lesser extent pFn (E, n=3) coatings induce iNOS expression in unstimulated microglia, while CSPG 

coatings hardly interfere with iNOS expression in unstimulated microglia (B, n=5). Bars represent mean values of each 

condition relative to control cells (set at 1 for each independent experiment). Error bars show the standard error of the mean. 

Statistical analyses were performed using the one-sample t-test when compared to control (* p< 0.05, ** p<0.01). A paired 

student’s t-test was performed to compare the effect of the respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (# 

p< 0.05, ## p<0.01). 

 

Fibronectin aggregates modulate the secretion of TNFα in IL-4-activated 

bone marrow-derived macrophages  

Upon pro-inflammatory activation, BMDMs and microglia readily enhance the 

mRNA expression of TNF (Martinez & Gordon, 2014). Also in our 

experimental setting, TNFα mRNA levels in BMDMs and microglia, cultured 
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on uncoated dishes, were prominently increased upon exposure to IFNγ+LPS, 

but not IL-4, compared to unstimulated BMDMs and microglia (Fig 3A,B and 

Fig. 4A,B, respectively, white bars). Remarkably, both pFn and aFn coatings 

reduced the TNFα mRNA levels in IFNγ+LPS-activated BMDMs (Fig. 3A,B, 

white vs black bars) and microglia (Fig. 4A,B, white vs black bars), while the 

levels were still higher than in unstimulated control BMDMs and microglia. 

The TNFα mRNA levels of control and IL-4-activated BMDMs, grown on aFn 

coatings, but not pFn coatings, tend to increase, compared to control and IL-4 

activated BMDMs, respectively, that were grown on uncoated dishes (Fig. 3B, 

white vs black bars). This increase in TNFα mRNA levels on aFn coatings was 

hardly observed in microglia (Fig. 4B, white vs black bars). Analysis of TNFα 

levels in BMDM-conditioned medium confirmed the slight, but reproducible, 

increase in control and IL-4-activated BMDMs on aFn coatings (Fig. 3D). This 

effect appears to be aFn- and BMDM-specific, as on pFn coatings the release 

of TNFα is similar to BMDMs grown on uncoated dishes (Fig. 3C, white vs 

black bars), while microglia, cultured on aFn and pFn coatings, were seemingly 

ineffective in enhancing TNFα levels (Fig. 4C,D, white vs black bars). 

Notably, the marked decrease in TNFα mRNA levels in IFNγ+LPS-activated 

BMDMs and microglia on pFn and aFn coatings, was not reflected by a 

decrease in TNFα levels in conditioned medium (Figs. 3C,D and 4C,D 

respectively, white vs black bars). Therefore, aFn coatings, but not pFn 

coatings, tend to slightly increase TNFα mRNA expression as well as secretion 

of TNFα in IL-4-activated BMDMs, but not microglia. Hence, aFn coatings 

induced pro-inflammatory features in anti-inflammatory IL-4-activated 

BMDMs, which may disturb their anti-inflammatory properties. As TNFα 

levels on aFn coatings were only slightly enhanced in conditioned medium, 

i.e., not to the extent as observed in IFNγ+LPS-activated BMDMs, we next 

examined whether aFn conveys pro-inflammatory features to all cells.  
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Fig 3. Aggregated fibronectin increases TNFα levels and the number of iNOS+ cells in alternatively-activated bone 

marrow-derived macrophages. Bone marrow-derived macrophages (BMDMs) were left unstimulated (ctrl), cultured on 

plasma fibronectin (pFn, A,C) or fibronectin aggregates (aFn, B,D), or treated with interferon-γ (IFNγ) and 

lipopolysaccharide (LPS) or interleukin-4 (IL-4), to induce classically- or alternatively-activated BMDMs, respectively. 

Then, TNF mRNA expression levels were analyzed using quantitative real-time PCR (A,B; 6 h; A, n=3-4; B, n=3-4; 

against HMBS (shown) and GAPDH (not shown, but yielding comparable findings), TNF levels were measured in 

conditioned medium using ELISA (C,D; 24 h; C, n=3; D, n=6; 200 µl) and percentage of iNOS-positive (red) cells of total 

DAPI-stained (blue) cells was determined using immunocytochemistry (E,F; 48 h; n=6). Representative images are shown in 

E. Note that aFn coatings tend to increase TNF mRNA expression (B, p=0.08) and release (D, p=0.13), while in addition an 

increase in the percentage of iNOS-positive cells (E,F) in control and alternatively-(IL-4)-activated BMDMs is observed. 

Remarkably, both pFn (A) and aFn (B) coatings decrease TNF mRNA expression in IFNγ+LPS-activated BMDMs, which 

is not reflected by a decrease in TNF release (C and D, respectively). Bars represent mean expression levels versus control 

(A,B, normalized control set at 1 for each independent experiment, horizontal line), mean absolute TNF levels (C,D) or 

mean percentage of iNOS-positive cells (F). Error bars show the standard error of the mean. Statistical analyses were 

performed using the one-sample t-test when relative levels are compared to control (A,B; * p<0.05), a one-way ANOVA 

when absolute values are compared to control (C,D,F, Dunnett’s Multiple Comparison test, *** p<0.001), and a paired 

student’s t-test was performed to compare the effect of the respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 

(A-D,F, # p<0.05, ### p<0.001). Scale bar is 25 m. 
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Fibronectin aggregates induce iNOS expression in a subset of bone 

marrow-derived macrophages and microglia 

Given the increase in iNOS expression on aFn coatings in control and 

IL-4-activated BMDMs and microglia (Figs. 1 and 2), we performed iNOS 

immunocytochemistry to examine the number of cells that express this 

pro-inflammatory marker. The number of iNOS-expressing BMDMs grown on 

aFn coatings was 10-fold higher than in control BMDMs (Fig. 3E,F, 

34.8%±2.1 vs 3.5%±0.4). Similarly, a 6-fold increase was observed in the 

number of iNOS expressing cells in IL-4-activated BMDMs on aFn coatings, 

compared to control IL-4-activated BMDMS (Fig. 3E,F, 34.8%±2.1 vs 

5.5%±0.6). These findings are consistent with the increased iNOS expression 

shown on Western blot (Fig. 1G,H). However, the number of iNOS-positive 

cells in IL-4-activated and aFN-exposed BMDMs was 2-fold less than in 

IFNγ+LPS-stimulated BMDMs (Fig. 3E,F, 34.7%±4.5 vs 70.7%±5.1, 

respectively), indicating that iNOS was expressed in only a subset of 

IL-4-activated BMDMs grown on aFn coatings. aFn coatings did not interfere 

with the number of iNOS-positive BMDMs upon IFNγ+LPS stimulation. 

Similar results were obtained with microglia. As shown in figure 4E,F, the 

number of iNOS-positive microglia were significantly increased when cultured 

on aFn-coatings, both for unstimulated (Fig. 3E,F, 29.8%±2.81 vs 3.0%±0.7) 

and IL-4-activated cells (Fig. 3E,F, 36.0%±2.7 vs 7.8%±1.4), while aFn 

coatings hardly if at all altered the percentage of iNOS-positive cells in 

IFNγ+LPS-activated BMDMs (Fig. 3E,F, 73.8%±4.2 vs 79.0%±5.6). As for 

BMDMs, the number of iNOS-positive cells in aFn-matrtix-exposed 

IL-4-activated microglia was 2-fold less than in IFNγ+LPS-activated microglia 

(Fig. 3E,F, 36.0%±2.7 vs 79.0%±5.6). Hence, these findings show that aFn 

coatings modulate iNOS expression in only a subset of control and 

IL-4-activated BMDMs and microglia. As differential activation of 

macrophages and microglia results in the release of distinct soluble factors  
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Fig 4. Aggregated fibronectin increases the number of iNOS+ cells in alternatively-activated microglia. Microglia were left 

unstimulated (ctrl), cultured on plasma fibronectin (pFn, A,C) or fibronectin aggregates (aFn, B,D-F), or treated with 

interferon-γ (IFNγ) and lipopolysaccharide (LPS) or interleukin-4 (IL-4), to induce classically- or alternatively activated 

microglia, respectively. Then, TNF mRNA expression levels were analyzed using quantitative real-time PCR (A,B; 6 h; A, 

n=3; B, n=3), TNF levels were measured in conditioned medium using ELISA (C,D; 24 h; C, n=3; D, n=7; 200 µl) and 

percentage of iNOS-positive (red) cells of total DAPI-stained (blue) cells was determined using immunocytochemistry (F; 

48 h; n=5). Representative images are shown in E. Note that both pFn (A, p=0.09) and aFn (B, p=0.09) coatings tend to 

decrease TNF mRNA expression in IFNγ+LPS-activated microglia, which is not reflected by a decrease in TNF release 

(C and D, respectively). In addition, aFn coatings increase the percentage of iNOS-positive cells (F) in control and 

alternatively-(IL-4)-activated microglia. Bars represent mean expression levels versus control (A,B, control set at 1 for each 

independent experiment, horizontal line), mean absolute TNF levels (C,D) or mean percentage of iNOS-positive cells (F). 

Error bars show the standard error of the mean. Statistical analyses were performed using the one-sample t-test when relative 

levels are compared to control (A,B), a one-way ANOVA when absolute values are compared to control (C,D,F, Dunnett’s 

Multiple Comparison test, * p<0.05, *** p<0.001), and a paired student’s t-test was performed to compare the effect of the 

respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (## p < 0.01). Scale bar is 25 m. 

 

(Rawji & Yong, 2013), we next examined whether ECM coatings may alter the 

content or levels of BMDM and microglia-secreted factors that potentially 

affect OPC differentiation.  
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Conditioned medium derived from bone marrow-derived macrophages, 

grown on CSPG or fibronectin aggregate coatings, inhibits OPC 

differentiation, which is rescued upon co-treatment with IL-4 

OPCs in monoculture readily differentiate into mature oligodendrocytes that 

elaborate myelin-like membranes, as determined by the expression and 

localization of MBP, a myelin-specific protein that is imperative for in vivo 

myelination (Baron & Hoekstra, 2010; Ozgen et al., 2014). To determine 

whether classically- and alternatively-activated BMDMs, cultured on the 

MS-relevant ECMs, modulate OPC differentiation via secreted factors, OPCs 

were cultured with non-conditioned medium (NCM) or conditioned BMDM 

medium. Importantly, 24 h after activation of BMDMs with IFNγ+LPS or IL-4, 

fresh medium without stimulators was added, and supernatants were collected 

24 h later. In this manner, a direct effect of IFNγ+LPS or IL-4 on OPC 

differentiation is excluded. As shown in figure 5, 3 days after initiating OPC 

differentiation, conditioned medium of IFNγ+LPS-activated BMDMs 

decreased the number of MBP-positive cells compared to NCM-treated OPCs, 

consistent with previous findings (Wang et al., 2013; Moore et al., 2015; Lloyd 

& Miron, 2016; Miron, 2017). OPC differentiation was unaffected, following 

exposure to conditioned medium of IL-4-activated and control BMDMs, 

compared to NCM-treated OPCs (Fig. 5B-D, white bars). Quantitative analysis 

of OPC differentiation upon addition of conditioned medium derived from 

control and IFNγ+LPS-activated BMDMs grown on CSPG (Fig. 5B, black 

bars), pFn (Fig. 5C, black bars), and aFn (Fig. 5A,D, black bars) coatings, 

revealed a perturbed differentiation of OPCs compared to NCM-treated OPCs. 

Moreover, the number of MBP-positive cells was more prominently reduced in 

the presence of conditioned medium of IFNγ+LPS-activated BMDMs, cultured 

on aFn coatings than IFNγ+LPS-activated BMDMs cultured on uncoated 

plastic (Fig 5A,D. white vs black bars). Strikingly, simultaneous activation of 

BMDMs with IL-4 overcomes the inhibiting effect on early OPC 
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differentiation, as was also observed with conditioned medium of unstimulated 

BMDMs cultured on CSPGs and aFn coatings (Fig 5B,D, white vs black bars). 

Hence, while aFn coatings induced pro-inflammatory features in both control 

and alternatively-IL-4-activated BMDMs, differentiation of OPCs via secreted 

factors is inhibited upon exposure to control aFn-matrix-exposed BMDM 

conditioned medium, but not conditioned IL-4-activated aFn-exposed BMDM 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. Conditioned medium of aggregated fibronectin-exposed control, but not alternatively-(IL-4)-activated bone 

marrow-derived macrophages inhibit OPC differentiation. Bone marrow-derived macrophages (BMDMs) were left 

unstimulated (ctrl), cultured on chondroitin sulphate proteoglycans (CSPGs, B, n=3), plasma fibronectin (pFn, C, n=4) or 

fibronectin aggregates (aFn, A,D, n=4), or treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) or interleukin-4 

(IL-4), to induce classically- or alternatively-activated macrophages, respectively. Then, BMDM-conditioned medium was 

added to oligodendrocyte progenitor cells (OPCs). The number of MBP-positive cells of total DAPI-stained cells was 

determined 3 days after initiating differentiation. The percentages of MBP-positive cells in cells cultured with 

non-conditioned medium was 24.0±10.2%. Note that addition of conditioned medium of aFn-matrix-exposed BMDMs 

inhibits OPC differentiation, which was not evident with conditioned medium of aFn-matrix-exposed IL-4-activated 

BMDMs (D). Bars represent mean expression levels versus non-conditioned medium which was set at 1 for each 

independent experiment (horizontal line). Error bars show the standard error of the mean. Statistical analyses were performed 

using the one-sample t-test when compared to control (* p<0.05, ** p,0.01, *** p<0.001). A paired student’s t-test was 

performed to compare the effect of the respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (# p < 0.05). 

Representative images of D are shown in A. Scale bar is 25 m. 
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Conditioned medium derived from microglia grown on plasma fibronectin 

or fibronectin aggregate coatings, inhibits OPC differentiation, which is 

rescued upon co-treatment with IL-4 

Using a similar experimental protocol as applied for BMDMs, the effect of 

ECM coatings on microglia-derived secreted factors and OPC differentiation 

was analyzed next. Similar to BMDM-conditioned medium, conditioned 

medium of IFN+LPS-activated microglia decreased the number of 

MBP-positive cells, compared to NCM-treated OPCs, while conditioned 

medium of IL-4-activated microglia had seemingly no effect on OPC 

differentiation (Fig. 6B-D, white bars). Secreted factors derived from 

unstimulated microglia cultured on pFn and aFn coatings decreased OPC 

differentiation by approx. 40 and 60% respectively (Fig. 6C,D). As observed 

for BMDMs, conditioned medium derived from microglia cultured on pFn and 

aFn coatings and stimulated with IL-4, rescued the inhibiting effect of 

conditioned medium of unstimulated microglia on pFn and aFn coatings (Fig. 

6C,D, white vs black bars). In contrast, pFn and aFn coatings exaggerated the 

inhibiting effect of conditioned medium of IFNγ+LPS-activated microglia on 

OPC differentiation (Fig. 6C,D, white vs black bars). Conditioned medium 

derived from microglia grown on CSPG coatings, hardly if at all affect the 

differentiation of OPCs (Fig. 6B, white vs black bars). Hence, these results 

indicate that the effect of ECM coatings on OPC differentiation was at least in 

part mediated through secreted factors by activated BMDMs and microglia. On 

the other hand, factors in conditioned medium of IL-4-activated BMDMs and 

microglia protected OPCs against ECM-mediated inhibition of differentiation 

via these cells. Thus, when appropriately co-stimulated, ECM coatings have 

little effect on microglia and macrophage-mediated regulation of OPC 

differentiation via secreted factors.  
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Fig 6. Conditioned medium of aggregated fibronectin-exposed control, but not alternatively-(IL-4)-activated microglia 

inhibit OPC differentiation. Microglia were left unstimulated (ctrl), cultured on chondroitin sulphate proteoglycans (CSPGs, 

B, n=4), plasma fibronectin (pFn, C, n=4) or fibronectin aggregates (aFn, A,D, n=4), or treated with interferon-γ (IFNγ) and 

lipopolysaccharide (LPS) or interleukin-4 (IL-4), to induce classically- or alternatively activated macrophages, respectively. 

Then, microglia-conditioned medium was added to oligodendrocyte progenitor cells (OPCs) and the number of 

MBP-positive cells of total DAPI-stained cells, as a marker for OPC differentiation, was determined 3 days after initiating 

differentiation. The percentage of MBP-positive cells in cells cultured with non-conditioned medium was 24.0±10.2%. Note 

that addition of conditioned medium of pFn and aFn-matrix-exposed microglia inhibits OPC differentiation, which was less 

evident with conditioned medium of pFn and aFn-matrix exposed IL-4-activated microglia (C and D, respectively). Bars 

represent mean expression levels versus non-conditioned medium which was set at 1 for each independent experiment 

(horizontal line). Error bars show the standard error of the mean. Statistical analyses were performed using the one-sample 

t-test when compared to control (*p< 0.05, ** p<0.01, *** p<0.001). A paired student’s t-test was performed to compare the 

effect of the respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (# p < 0.05). Representative images of D are 

shown in A. Scale bar is 25 m. 

 

Fibronectin aggregates decrease the secretion of proMMP7 by 

IL-4-activated bone marrow-derived macrophages 

Being the main producers of MMPs, macrophages and microglia also indirectly 

contribute to OPC differentiation, by regulating the timely degradation of ECM 

molecules. In our previous work, we demonstrated that IL4-activated BMDMs 

and microglia predominately produce proMMP7 (chapter 2), which is able 

degrade fibronectin (aggregates) and CSPGs (chapter 2; Lu et al., 2011). To 

examine, whether ECM molecules regulate the production and/or secretion of 
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proMMP7, we analyzed (pro)MMP7 expression in BMDM and microglia 

lysates and conditioned medium. Consistent with our previous findings,  

Fig 7. Plasma fibronectin and aggregated fibronectin decrease proMMP-7 expression in alternatively-activated bone 

marrow-derived macrophages. Bone marrow-derived macrophages (BMDMs) were left unstimulated (ctrl), cultured on 

chondroitin sulphate proteoglycans (CSPGs, A-C), plasma fibronectin (pFn, D-F) or fibronectin aggregates (aFn, G-I), or 

treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) or interleukin-4 (IL-4), to induce classically- or alternatively 

activated macrophages, respectively. Then, the levels of proMMP-7 in total lysates (A,B,D,E,G,H; cells; 45-50 g) and 

conditioned medium (A,C,D,F,G,I; med; 40 l) were analyzed by Western blotting. Actin served as a loading control. 

Representative blots are shown in A, D and G; quantitative analysis in B, C, E, F, H, and I. Note that aFn (G,I, n=5), but not 

CSPG (A,C, n=6) and pFn (D,F, n=6) coatings, decrease the release of proMMP-7 in alternatively-IL-4-activated BMDMs. 

Bars represent mean values of each condition relative to control cells (set at 1 for each independent experiment). Error bars 

show the standard error of the mean. Statistical analyses were performed using the one-sample t-test when compared to 

control (* p<0.05, ** p<0.01). A paired student’s t-test was performed to compare the effect of the respective coating at 

similar treatment, i.e., IFNγ+LPS or IL-4 (# p < 0.05). 

 

exposure to IL-4, but not IFNγ+LPS, increased proMMP7 levels in BMDMs 

and microglia, compared to the respective unstimulated cells, both in cell  

lysates (respectively Fig. 7B,E,H and Fig. 8B,E,H, white bars) and conditioned 

medium (respectively Fig. 7C,F,I and Fig. 8C,F,I,white bars). pFn, and more 

prominently aFn coatings alone, but not CSPG coatings, tend to increase 
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proMMP7 expression in both BMDMs [Fig. 7A,B (CSPGs), 7D,E (pFn), 7G,H 

(aFn), white vs black bars] and microglia [Fig. 8A,B (CSPGs), 8D,E (pFn), 

8G,H (aFn), white vs black bars], without a significant effect on the level of 

secreted proMMP7. Remarkably, the expression of proMMP7 was higher in 

IL-4-activated microglia cultured on aFn coatings than in microglia that were 

activated with only IL-4 (Fig. 8G,H, white vs black bars). This finding was not 

observed in BMDMs (Fig. 7G,H, white vs black bars) and neither occurred in 

either cell type cultured on CSPG (Figs. 7A,B and 8A,B, white vs black bars) 

and pFn (Figs. 7D,E and 8D,E, white vs black bars). The increased proMMP7 

expression was not reflected by an increase in secreted proMMP7 levels in 

aFn-exposed IL-4 activated microglia, which were in fact even slightly reduced 

(Fig. 8G,I, white vs black bars). In contrast, the levels of proMMP7 were 

significantly reduced in conditioned medium, obtained from IL-4-activated 

BMDMs grown on aFn coatings compared to IL-4-activated BMDMs alone 

(Fig. 87G,I), while being still increased compared to unstimulated BMDMs. 

pFn coatings do not significantly affect proMMP7 levels in BMDM and 

microglia conditioned medium. CSPG coatings tend to slightly decrease 

proMMP7-levels in lysates and conditioned medium of IFNγ+LPS-activated 

microglia (Fig. 8B,C), but not IFNγ+LPS-activated BMDMs (Fig. 7B,C). As 

the decreased levels of secreted proMMP7 in IL-4-activated BMDMs cultured 

on aFn may affect ECM remodelling, we next performed aFn degradation 

assays. 
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Fig 8. Plasma fibronectin, aggregated fibronectin and CSPGs hardly affect proMMP-7 expression in alternatively-activated 

microglia. Microglia were left unstimulated (ctrl), cultured on chondroitin sulphate proteoglycans (CSPGs, A-C), plasma 

fibronectin (pFn, D-F) or fibronectin aggregates (aFn, G-I), or treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) 

or interleukin-4 (IL-4), to induce classically- or alternatively activated macrophages, respectively. Then, the levels of 

proMMP-7 in total lysates (A,B,D,E,G,H; cells; 45-50 g) and conditioned medium (A,C,D,F,G,I; med, 40 l) were 

analyzed by Western blotting. Actin serves as a loading control. Representative blots are shown in A, D and G; quantitative 

analysis in B, C, E, F, H, and I. Note aFn (G,H, n=6), but not that CSPG (A,B, n=5) and pFn (D,E, n=5) coatings tend to 

increase proMMP-7 expression, but not its release (G,I; n=7). Bars represent mean values of each condition relative to 

control cells (set at 1 for each independent experiment). Error bars show the standard error of the mean. Statistical analyses 

were performed using the one-sample t-test when compared to control (* p< 0.05). A paired student’s t-test was performed to 

compare the effect of the respective coating at similar treatment, i.e., IFNγ+LPS or IL-4 (# p < 0.05). 

 

Fibronectin aggregates do not interfere with IL-4-activated bone 

marrow-derived macrophages-mediated degradation of aggregated 

fibronectin 

Previously, we demonstrated that alternatively-IL-4-activated BMDMs, and to 

a lesser extent microglia, were able to cleave fibronectin aggregates at proper 

MMP-activating conditions, i.e., upon incubation with the MMP activator 

APMA, to activate the proMMPs that are present in the conditioned medium 
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(Gibbs et al., 1999). The degradation was likely mediated by MMP7, as similar 

degradation products were obtained with IL-4-activated BMDM conditioned 

medium, as with recombinant active MMP7 (chapter 2). Incubation with aFn 

for 72 hours at 37C and subsequent Western blot analysis, using a polyclonal 

anti-Fn antibody, showed that at MMP-activation conditions, conditioned 

medium of IL-4-activated, but not of control and IFNγ+LPS-activated 

BMDMs, cleaved Fn aggregates into 3 major degradation products with 

approx. molecular weights of 61, 31 and 21 kDa (Fig. 9A, arrows). The 

previously noted 9 kDa degradation product, detected with the polyclonal 

fibronectin antibody, was not visible at the present degradation conditions, 

suggesting that only partial degradation has occurred. Western blot analysis 

with an anti-EIIIA fibronectin antibody, i.e., recognizing cellular fibronectin 

within the aggregates, visualized a major degradation product around 13-14 

kDa (Fig. 9B, arrow), consistent with previous findings (Shinde et al., 2008; 

chapter 2). Therefore, although the proMMP7 levels were reduced in 

conditioned medium, culturing BMDMs on aFn coatings did not interfere per 

se with the degradation of Fn aggregates, as similar products were observed 

with conditioned medium of aFn-exposed IL-4-activated BMDMs and 

BMDMs that were stimulated with IL-4 only (Fig. 9A,B). However, some 

additional degradation products with a molecular weight of 96, 54, 47 and 36 

kDa were visualised with the polyclonal anti-Fn antibodies, when aFn was 

incubated with conditioned medium of IL-4-activated BMDMs cultured on aFn 

coatings (Fig. 9A, arrowheads). These additional degradation products may 

represent partially cleaved products or, alternatively, may indicate that other 

MMPs than MMP7 were expressed and potentially secreted upon aFn coatings, 

giving rise to different degradation products. Therefore, an RT-qPCR analyses 

was performed to determine which metalloproteinase (MMPs, ADAMTS), 

capable of degrading fibronectin, and their natural inhibitors, TIMPs, were 

specifically expressed in aFn-matrix-exposed IL-4-activated BMDMs. As 
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shown in table 3, upon IL-4 activation of the 9 examined MMPs only MMP7 

mRNA is increased upon IL-4 stimulation compared to control BMDMs. No  

Table 3: RT-qPCR analysis of bone marrow-derived macrophages (BMDMs) 

 IL-4 IL-4+aFn  IL-4 IL-4+aFn 

MMP2 0.77±0.12 0.68±0.09 MMP13 0.79±0.18 0.93±0.30 

MMP3 0.83±0.32 1.00±0.31 MMP14 0.37±0.04 0.62±0.20 

MMP7 2.89±0.57 2.82±0.78 ADAMST4 0.60±0.23 0.78±0.20 

MMP8 0.27±0.16 0.79±0.39 TIMP1 1.07±0.28 1.20±0.23 

MMP9 0.95±0.19 1.22±0.65 TIMP2 1.13±0.09 1.10±0.18 

MMP11 1.14±0.41 1.10±0.29 TIMP3 0.71±0.24 0.58±0.11 

MMP12 0.97±0.18 1.24±0.39 TIMP4 1.21±0.42 1.18±0.14 

All data relative to (untreated) control are shown, which was set to 1 at each independent experiment; Data are expressed as 

mean±SEM (n=4); Statistical differences were assessed with a paired student’s t-test (not significant); RT-qPCR: real-time 

quantitative PCR 

 

 

 

 

 

 

 

 

 
 

Fig 9. Aggregated fibronectin-exposed alternatively-(Il-4)-activated bone marrow-derived macrophages are still able to 

degrade aggregated fibronectin. Bone marrow-derived macrophages (BMDMs) were left unstimulated (ctrl), cultured on 

fibronectin aggregates (aFn, G-I), or treated with interferon-γ (IFNγ) and lipopolysaccharide (LPS) or interleukin-4 (IL-4), to 

induce classically- or alternatively activated macrophages, respectively. Then, aggregated fibronectin was incubated with 

their conditioned medium or unconditioned medium (-) for 72 h at 37 ºC and subjected to Western blotting (non-reducing) 

using a polyclonal fibronectin (total Fn, A) or anti-EIIIA-fibronectin (EIIIA-Fn, B) antibody. MMPs present in medium are 

activated by the general MMP activator APMA. Note that aFn coatings alter the degradation profile of fibronectin aggregates 

in alternatively-IL-4-activated BMDMs. Representative blots of 3 independent experiments are shown. Arrows point to main 

common aFn degradation products, arrowheads points to aFn degradation products only present in IL-4-activated BMDMs 

cultured on aFn coatings. 

 

prominent differences of the examined MMP and TIMP mRNA expression 

were observed, when plated on uncoated dishes or aFn coatings. Hence, likely 

the decreased levels of proMMP7, being secreted by IL-4-activated BMDMs, 

may account for the partial degradation of aggregated Fn. Partial degradation 

was not evident upon visualisation with the anti-EIIA fibronectin antibody, 

although the level of the 13-14 kDa product appeared slightly higher on the 

blot (Fig. 9B). Hence, aFn coatings only marginally interfere with 

IL-4-activated BMDM-mediated degradation of aggregated fibronectin. Thus, 
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at least in vitro, although the proMMP7 levels of IL-4-activated BMDMs 

grown on aFn were reduced, they were still sufficient to degrade Fn aggregates. 

 

Discussion 

Microglia and macrophage activation is often categorized as either classical or 

alternative (Nagorsen et al., 2005; Martinez & Gordon, 2014; Murray, 2017; 

Wolf et al., 2017), classical being pro-inflammatory and detrimental, and 

alternative anti-inflammatory and beneficial for repair. However, microglia and 

macrophages do not constitute uniform phenotypes, but rather adopt 

heterogeneous phenotypes, instructed by an interplay of regional cues elicited 

upon injury. Here, we show that besides being dependent on instructive soluble 

signals, such as the classical phenotype activators IFN and LPS, and the 

alternative phenotype activator IL-4, the identity of BMDMs and microglia 

also depends on the nature of the ECM. Thus, dimeric pFn coatings dampened 

anti-inflammatory features, such as arginase-1 expression in 

alternatively-IL-4-activated BMDMs and microglia, while aFn coatings 

promoted pro-inflammatory features, such as iNOS and TNFα release, in a 

subset of unstimulated and IL-4-activated BMDMs and microglia. In addition, 

our findings indicate that this local regulation of the immune response may 

regulate OPC differentiation. Thus, CSPG- or aFn-matrix-exposed BMDMs 

and pFn- or aFn-matrix-exposed microglia reduced OPC differentiation via 

secreted factors, an effect that is counteracted by IL-4 stimulation. Hence, these 

findings suggest that the transient and spatial presence of dimeric Fn upon 

demyelination may prevent premature OPC differentiation by reducing 

anti-inflammatory features of infiltrating macrophages and resident microglia, 

and by secreting factors that inhibit OPC differentiation. Moreover, the 

persistent presence of aFn may account for the observed mixed 

microglia/macrophage phenotype in MS lesions, i.e., harboring both 

pro-inflammatory and anti-inflammatory features that may contribute to the 

inhibition of OPC differentiation. Thus, from a translational perspective, 
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offering an anti-inflammatory stimulus to the MS lesions microenvironment 

may counteract this ECM-induced microglia/macrophage-mediated 

perturbation of OPC differentiation.   

 

As a response to a demyelinating insult, microglia and macrophages first adopt 

a classically-activated phenotype, while the alternatively-activated phenotype 

dominates at the initiation of remyelination (Miron et al., 2013; Miron & 

Franklin, 2014; Miron, 2017). Upon CNS demyelination, dimeric Fn and 

CSPGs are readily expressed, while transient components of the ECM play an 

important role in the timing of remyelination (Lau et al., 2013; Stoffels et al., 

2013), not only by direct binding to OPCs via integrin receptors (Milner & 

ffrench-Constant, 1994; Milner et al., 1996; Blaschuk et al., 2000; Baron et al., 

2002), but as shown in the present work, also indirectly by modulating 

microglia and macrophage phenotypes. Thus, in vitro, coatings of dimeric pFn, 

and to a lesser extent those of CSPGs modulated phenotype features of 

alternatively-IL-4-activated BMDMs or microglia, while the ECM proteins 

seemingly did not interfere with the classically-IFNγ+LPS-activated BMDMs 

and microglia phenotype. This indicates that these transiently expressed ECM 

proteins at the onset of demyelination may prevent the premature presence of 

alternatively-activated microglia and macrophages. Also, in the absence of 

stimuli, CSPG coatings account for BMDM-, but not microglia-secreted factors 

that inhibit OPC differentiation, while secreted factors derived from microglia, 

but not BMDMs, cultured on pFn coatings, reduced OPC differentiation, which 

is potentiated in classically-IFNγ+LPS-activated microglia. Notably, and in 

contrast to the present findings with rat microglia, CSPG coatings activate 

mouse microglia leading to the production of insulin-like growth factor (IGF-1) 

that promotes OPC maturation and survival, and prevent LPS-activated 

microglia to release pro-inflammatory cytokine TNFα (Martinez & Gordon, 

2014). The relatively high levels of insulin in our non-conditioned medium 
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may have masked the beneficial effect of IGF-1. On the other hand, CSPG 

coatings induced the release of soluble factors in BMDMs that perturbed OPC 

differentiation, indicating that also OPC differentiation inhibitory factors were 

generated by CSPG coatings. The secreted factor(s) in CSPG- and 

pFn-matrix-exposed BMDM and microglia-conditioned medium that prevent(s) 

OPC differentiation, remain(s) to be determined. Interestingly, irrespective of 

the nature of this factor, upon co-stimulation with IL-4, the effect of CSPG and 

pFn coatings on BMDM or microglia-mediated inhibition of OPC 

differentiation was abolished. This is in line with previous findings, which 

showed that IL-4-activated microglia remain committed to their phenotype, 

even when they are pre-exposed to LPS (Stout et al., 2005; Fenn et al., 2014; 

Tanaka et al., 2015). Thus, even when microglia or macrophages are exposed 

to dimeric Fn and CSPGs, upon simultaneous or subsequent exposure to 

sufficient levels of IL-4, an alternatively-activated microglia and macrophage 

phenotype that supports OPC differentiation, is acquired. Potential factors, 

secreted by these alternatively-IL-4-activated BMDMs and microglia, and that 

may account for this rescue, are activin-A, IGF-1, galectin-3, and/or CXCL-12 

(Yu et al., 1996; Abe et al., 2002; Ebert et al., 2002; Wynes & Riches, 2003; 

Mantovani et al., 2004; Butovsky et al., 2005; Novak et al., 2012; Miron et al., 

2013). 

 

While the expression of dimeric Fn and CSPGs is transient at healthy 

conditions, allowing for robust remyelination, their expression persists in 

demyelinated MS lesions, among others due to aberrant expression and 

regulation of enzymes, such as MMPs, that mediate their degradation (Lu et al., 

2011; chapter 2). While CSPGs (aggrecan, neurocan and versican) are mainly 

deposited at the edge of the lesions (Maeda & Sobel, 1996; Sobel & Ahmed, 

2001), dimeric Fn assembles into aggregates (Stoffels et al., 2013). We have 

previously shown that aFn coatings induce pro-inflammatory and 

anti-inflammatory features in unstimulated BMDMs and microglia (chapter 3). 
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Here, we have extended these findings and demonstrated that aFn coatings 

promote pro-inflammatory features, likely in a subset of IL-4-activated 

BMDMs and microglia, while the expression of the anti-inflammatory marker 

arginase-1 in IL-4-activated BMDMs and microglia, was potentiated on aFn 

coatings. The distinct and non-overlapping effects of pFn and aFn on 

IL-4-activated BMDMs and microglia indicate that they likely operate via 

different mechanisms. Possibly, the fact that Fn aggregates may also act as 

scaffold for other proteins, including other ECM molecules and heat shock 

proteins (Hsps), accounts for this difference (Engvall et al., 1978; Mosher 

1989; Williams et al., 1994). Similarly, and even more prominently as observed 

for dimeric pFn and CSPGs, aFn induced BMDMs and microglia to adopt a 

phenotype that is detrimental to OPC differentiation, whereas co-stimulation 

with IL-4, in spite of the acquired pro-inflammatory features on aFn coatings, 

protects against this detrimental effect. Therefore, in MS lesions, resident 

microglia and infiltrating macrophages may be prevented to adopt an 

appropriate, alternatively-activated phenotype for remyelination. Indeed, a 

mixed macrophage/microglia phenotype with classically- and 

alternatively-activated features has been observed in MS lesions (Vogel et al., 

2013; Peferoen et al., 2015), which may thus be caused by sustained activation 

due to the persistent presence of distinct ECM molecules. The lack of 

appropriate profiles, or levels of and response to cytokines and chemokines 

may then prevent them to protect against ECM-modulated macrophages and 

microglia-mediated inhibition of OPC differentiation.  

 

It should however be kept in mind that pFn, aFn and CSPGs also directly 

inhibit OPC differentiation (Siebert and Osterhout, 2011; Pendleton, et al., 

2013; Stoffels et al., 2013; Baron et al., 2014; Keough, et al., 2015; Qin et al., 

2017), implying that their complete degradation is required to allow for OPC 

differentiation to resume. In MS lesions, ECM remodelling is disturbed, among 
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others, by reduced expression of MMP7 (chapter 2). 

Alternatively-(IL-4)-activated macrophage and microglia are the main 

producers of MMP7, while aFn, but not pFn and CSPG coatings, reduce the 

release of proMMP7, but not the expression levels, by BMDMs. Interestingly, 

MMP7 degrades aggregated Fn (Lu et al., 2011), and the remaining proMMP7 

levels in aFn-matrix-exposed IL-4-activated BMDM suffice to partially 

degrade aggregated aFn in vitro. Hence, ECM coatings may not interfere with 

the regulation aFn degradation. However, whether pFn and CSPG coatings 

modulate the expression and release of other MMPs, thereby (de)regulating 

their own clearance, remains to be determined. In this respect, MMP2 and 

MMP9 levels are more abundant in CSPG-matrix-exposed microglia (Rolls et 

al., 2008), and a potential positive feedback regulation of their degradation has 

been suggested. Of note, our preliminary data indicate that pFn reduced 

proMMP9 levels in IL-4-activated BMDMs and microglia (data not shown).  

 

Taken together, our findings suggest that upon CNS demyelination, the timely 

expression of Fn and CSPGs are important determinants for the transient 

generation of a macrophage and microglia phenotype that inhibits OPC 

differentiation. In MS lesions, as a result of non-optimal regulation of ECM 

degradation, infiltrating macrophages and resident microglia are exposed over a 

prolonged time interval to this otherwise transient ECM microenvironment, 

i.e., (aggregated) Fn and CSPGs are still major components of the ECM. 

Manipulating the phenotype of macrophages and microglia in MS lesions, for 

example by exposure to IL-4, may be a promising therapeutic strategy to 

relieve ECM-mediated inhibition of OPC differentiation due to macrophages 

and microglia. However, given the reported presence of IL-4 in astrocytes and 

that macrophages in MS lesions harbor the IL-4 receptor (Hulshof et al., 2002; 

Nair et al., 2008), macrophages and microglia of MS patients may not 

appropriately respond to IL-4. To this end, the identification of the 

IL-4-induced BMDMs and microglia secreted factor(s) that overcome 
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ECM-mediated inhibition of OPC differentiation, is required to device a 

specific approach for effective treatment of MS. 
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Abstract 

Failure of remyelination in the chronic demyelinating disease multiple sclerosis 

(MS) results in secondary axon degeneration and therefore contributes to 

disease progression. Fibronectin aggregates (aFn) are major constituents of the 

extracellular matrix in the MS lesion microenvironment that perturb 

remyelination by preventing oligodendrocyte progenitor cell (OPC) maturation 

and by interfering with proper activation of resident microglia and infiltrating 

macrophages. Here, we investigated whether IL-4, an endogenous activator of 

alternatively-activated pro-regenerative microglia and macrophages, could 

overcome aFn-mediated inhibition of remyelination in organotypic forebrain 

slice cultures (OFSCs).  

 

Our findings revealed that the TLR3 agonist poly(I:C) deposited aFn, and 

abolished remyelination following lysolecithin-induced demyelination in 

OFSCs. Interestingly, exogenous addition of IL-4, but not IFN, increased the 

percentage of remyelinated axons in aFn-containing demyelinated OFSCs. IL-4 

altered the morphology of Iba1-positive microglia and increased the number of 

CD206-positive
 
microglia in aFn-containing demyelinated OFSCs, indicating 

an increased polarization towards alternatively-activated microglia. 

Furthermore, the release of proMMP7, a precursor of MMP7, capable of 

degrading aFn, was significantly enhanced in IL-4-treated compared to 

untreated aFn-containing demyelinated OFSCs. Moreover, when 

oligodendrocytes were exposed to IL-4 during development, their potential of 

myelin membrane biogenesis increased. Taken together, exogenously added 

IL-4 recovers remyelination at remyelination-impairing conditions as in the 

presence of aFn, presumably by modulating both microglia activation and 

oligodendrocyte myelination capacity. Hence, administration of IL-4 may be an 

attractive tool to overcome aFn-mediated remyelination failure in MS lesions. 
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease in 

which axons are poorly if at all remyelinated, thus leading to neurological 

disabilities. So far, there is no regenerative treatment to overcome 

remyelination failure in MS. Several studies showed that pro-inflammatory 

cytokines deteriorate MS (Rudick & Ransohoff, 1992; Steinman et al., 1996; 

Minagar et al., 2003). In peripheral blood and brain lesions of MS patients, 

levels of proinflammatory cytokines, such as IL1-β, IFNγ, and TNFα, are 

upregulated and correlate with disease activity (Hofmann et al., 1989; Hauser 

et al., 1990; Sharief & Hentges, 1991; Selmay et al., 1991; Trotter et al., 1991; 

Canella and Raine, 1995; McCoy & Tansey, 2008; Martins et al., 2011; Kallaur 

et al., 2013). Furthermore, astrocytes in MS lesions harbor the 

anti-inflammatory cytokine Il-4 (Hulshof et al., 2002; Nair et al., 2008), In fact, 

an unbalanced inflammatory versus anti-inflammatory cytokine environment 

may frustrate OPC differentiation to mature, myelinating oligodendrocytes, 

thus giving rise to remyelination failure in MS. Indeed, pro-inflammatory 

cytokines, such as TNFα and IFNγ, affect the viability of OPCs or may directly 

interfere with OPC differentiation (Vartanian et al., 1995; Mana et al., 2006; 

Bonora et al., 2014). Also, initiation of remyelination requires 

anti-inflammatory cytokines, such as IL-4 and IL-13, to generate 

pro-regenerative microglia and macrophages (Miron et al., 2013). Hence, 

promoting the effect of anti-inflammatory cytokines and/or suppressing the 

effect of pro-inflammatory molecules are options to be considered as a 

potential tool in regenerating myelin, thereby preventing neurodegeneration in 

MS. 

 

In addition to a distinct, inflammatory environment in MS lesions, several 

remyelination-impairing extracellular matrix (ECM) molecules, such as 

hyaluronan, chondroitin sulfate proteoglycans, and fibronectin, are upregulated 
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and persistently present in MS lesions (Back et al., 2005; Lau et al., 2012; 

Stoffels et al., 2013). On the one hand, these ECM molecules contribute to the 

inflammatory environment (Rolls et al., 2008; Austin et al., 2012; chapter 3 and 

4), while on the other they are also potentially modified by the chronic 

presence of pro-inflammatory stimuli (Stoffels et al., 2013). For example, upon 

toxin-induced demyelination, dimeric fibronectin is deposited by astrocytes, 

and is timely degraded just prior to remyelination (Zhao et al, 2009; Hibitts et 

al., 2012; Stoffels et al., 2013). However, in MS lesions fibronectin expression 

persists, among others due to a perturbed expression of matrix 

metalloproteinases (MMPs, chapter 2). As a result, fibronectin aggregates (aFn) 

are formed at chronic exposure to inflammatory mediators (Stoffels et al., 

2013). Indeed, aFn is assembled by astrocytes upon treatment with TLR3 and 

TLR4 agonists, which is more pronounced upon priming the astrocytes with 

pro-inflammatory cytokines (Sikkema et al., manuscript in preparation). 

Furthermore, in contrast to the nature of toxin-induced lesions, fibronectin 

aggregates are present at the relapse phase in chronic relapsing experimental 

autoimmune encephalomyelitis (EAE), an animal model for investigating 

inflammatory aspects of MS (Stoffels et al., 2013). These observations further 

suggest a role for inflammation in aFn formation. In addition to a direct 

inhibition of OPC differentiation, we have recently shown that aFn also 

indirectly perturbed OPC differentiation by altering the inflammatory 

environment (chapters 3 and 4). More specifically, aFn promotes features, 

typical of classically- and alternatively-activated phenotypes in macrophages, 

and prevents the generation of OPC differentiation-supporting macrophages 

and microglia in the absence of appropriate anti-inflammatory signals. 

However, the latter can be overcome upon co-treatment with the 

anti-inflammatory cytokine IL-4 (chapter 4). In addition, in vitro, 

IL-4-activated microglia and macrophages secrete significant levels of 

proMMP7, which upon proper activation cleaves aFn (chapter 2). Hence, IL-4 

may be an attractive tool to overcome aFn-mediated remyelination failure in 
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MS lesions. Of interest in this regard, gene therapy with IL-4 ameliorated EAE, 

resulting in a delayed clinical onset, less inflammatory infiltrates, reduced 

demyelination and diminished axonal loss (Shaw et al., 1997; Martino et al., 

2000). In addition, injection of IL-4 activated microglia in the cerebrospinal 

fluid of acute or chronic EAE, improves clinical symptoms and increases 

oligodendrogenesis in the spinal cord (Butovsky et al., 2006). Whether IL-4 

treatment reduced the amount of aFn, thereby overcoming aFn-perturbed 

remyelination, was not examined.  

 

Here, we investigated whether IL-4 treatment is able to overcome 

remyelination failure by aFn in an ex vivo model, i.e., organotypic forebrain 

slice cultures (OFSCs). We show that the TLR3 agonist poly(I:C) deposited 

aFn in demyelinated OFSCs, as induced by lysolecithin, and concomitantly 

reduced remyelination. Interestingly, subsequent exposure to IL-4, but not 

IFN, overcomes remyelination failure in aFn-containing demyelinated OFSCs. 

Hence, IL-4 may be a promising tool to overcome remyelination failure in 

aFn-containing, demyelinated MS lesions.  

 

Materials and methods 

Organotypic forebrain slice cultures  

OFSCs were obtained from 1 to 2 day-old Wistar rats (Charles River, the 

Netherlands). The forebrains were dissected from cerebral longitudinal fissure 

and split forebrains were transversally sliced to the longitudinal axis of the 

forebrains into 350-450 μm thickness using a tissue chopper. Slices containing 

complete areas of forebrain were selected and placed on Millicel-CM culture 

inserts (PICM0RG50, Merck Millipore) in a 6-well-plate with 3-4 slices per 

insert. Slices were cultured for 15 days in OFSC medium [50% minimum 

essential medium (Life Technologies), 25% heat-inactivated horse serum 

(Invitrogen), 25% BME basal medium (Life Technologies), 1% L-glutamine 
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(Life Technologies), 2 mM glucose (Sigma), 1% antibiotics (Life 

Technologies) and 1% fungizone (Life Techologies), pH 7.2] to allow for 

myelination. OFSC medium was refreshed every two days. To induce 

demyelination, slices were incubated with lysolecithin (0.5 mg/ml, Sigma) for 

17 hours. To induce endogenous aggregation of fibronectin by astrocytes, slices 

were treated 2 days after lysolecithin treatment with the TLR3 agonist 

poly(I:C) (200ug/ml, GE Healthcare) for 2 days. Subsequently, after 2 days, 

slices were treated once with rat IL-4 (40 ng/slice Peprotech) or rat IFNγ 

(500IU/slice, Peprotech) for 2 days. Slices were cultured up to 13 days after 

poly(I:C) treatment with medium changes every 2 days.  

 

Primary oligodendrocyte cultures  

Enriched OPC cultures were obtained from mixed glia cultures by shaking 

overnight at 240 rpm and differential adhesion as previously described (Bsibsi 

et al., 2012). Briefly, forebrains of 1-2 day-old Wistar rats (Charles River) were 

mechanically and enzymatically (papain) digested into a single cell suspension. 

Cells were plated on poly-L-lysine (PLL, 5 µg/ml, Sigma)-coated tissue culture 

flasks and cultured for 10-12 days. Astrocytes formed a monolayer on which 

OPCs and microglia adhere to. The more loosely attached microglia were 

shaken off from the mixed glia cell cultures on an orbital shaker at 150 rpm for 

1 hour. To obtain enriched OPC cultures, the mixed glial cell cultures were 

subsequently shaken at 240 rpm overnight. Isolated OPCs were plated on 

PLL-coated 13-mm coverslips at a density of 5 × 10
4
 per well (in 0.5 ml) and 

cultured in SATO medium (Maier et al., 2005) supplemented with growth 

factors FGF-2 (10 ng/ml, Peprotech) and PDGF-AA (10 ng/ml, Peprotech). At 

2 days in culture, OPC differentiation was initiated by growth factor 

withdrawal. Upon initiating differentiation, OPCs were treated once with rat 

IL-4 (40 ng/ml) and rat IFNγ (500IU/ml) in SATO medium supplemented with 

0.5% FBS (Capicorn) for 3 days and further cultured for 3 days in SATO 

medium with 0.5% FBS. 
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Immunohistochemistry  

Slices were washed once in PBS and fixed in 4% paraformaldehyde (PFA) for 

1 hour. After three washes in PBS, slices were cut off from the membrane of 

the culture inserts and incubated in blocking buffer [1 mM HEPES, 2% 

heat-inactivated normal horse serum (Invitrogen), 10% normal goat serum 

(Vector Laboratories), 1% bovine serum albumin (BSA, Sigma), and 0.25% 

Triton X-100 in Hank’s Balanced Salt Solution (HBSS, Life Technologies) for 

1 hour. Slices were incubated with primary antibodies (table 1) in blocking 

buffer for 2 days at 4℃. After three washes in HBSS, the slices were incubated 

with appropriate Alexa-conjugated secondary antibodies (1:500, Invitrogen) in 

blocking buffer for 1 day at 4℃. Slices were washed for 1 hour in HBSS with 

0.05% Triton X-100 and nuclei were counterstained with DAPI (1 ug/ml; 

Sigma) for 30 min and mounted on glass slides with mounting medium (Dako). 

The slices were analyzed and imaged by confocal laser (Leica TCS SP8) and 

conventional (Olympus AX70 or Leica DMI 6000 B) microscopy. The 

percentage of myelinated axons was calculated in ImageJ using a macro [a kind 

gift from Dr. Sue Barnett, Glasgow (Sorensen et al. 2008)] as an area in pixels 

in each image occupied by both myelin and axons divided by the axonal 

density. The number of CD206-positive of IB4-positive
 
cells of at least 250 

cells in each experiment was manually counted.   

 

Immunocytochemistry 

Cells were fixed with 2% PFA in cultured medium for 5 min, and with 4% PFA 

in PBS for 20 min. Cells were permeabilized by ice-cold methanol for 5 min 

and non-specific binding blocked with 1% normal goat serum for 30 min. Cells 

were subsequently incubated with anti-MBP antibodies for at least 1 hour 

(table 1). After three washes with PBS, cells were incubated with 

TRITC-conjugated goat-anti-rat antibodies (1:50, Jackson ImmunoResearch) 

and DAPI to counterstain the nuclei for 25 min. Cells were covered with 
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mounting medium (Dako) after washing three times with PBS. The samples 

were analysed with a conventional immunofluorescence microscope (Olympus 

AX70 or Leica DMI 6000 B). Differentiated OPCs were characterized by 

morphology, i.e., cells with a typical astrocytic morphology were excluded 

(<3%), and in each experiment at least 250 DAPI-stained cells were manually 

scored as either MBP-positive or MBP-negative (‘differentiation’). In addition, 

cells bearing MBP-positive membranous structures spread between the cellular 

processes, i.e., cells that have elaborated myelin sheets, were counted as myelin 

membrane forming oligodendrocytes 

 

Western blot analysis 

Slices were detached from the membrane of culture inserts and homogenized in 

TNE buffer (50 mM Tris-HCl, 150 mM M NaCl, and 5 mM EDTA, pH 7.5) by 

sonication for 10 seconds on ice. Total protein concentration was measured by 

a Bio-Rad DC Protein Assay (Bio-Rad Laboratories) using BSA as standard. 

Proteins in homogenates (30 ug) or medium (45 µl) were denatured at 95℃ for 

5 min within SDS reducing loading buffer, separated by a 12.5% SDS-PAGE 

gel, and transferred to PVDF membrane (Immoblion-FL, Millipore) using a 

wet blotting system at 500 mA for 1 hour in cold transfer buffer (25 mM Tris, 

0.2M glycine, 20% methanol, pH 8.0). Membranes were subsequently blocked 

in Odyssey blocking buffer for 30 min (1:1 with PBS; Li-Cor Biosciences), and 

subsequently incubated at 4℃ overnight with the indicated primary antibodies 

(see table 1). Membranes were washed three times with PBS containing 0.5% 

Tween-20 (PBST), and incubated with appropriate IRDye®-conjugated 

secondary antibodies (1:3000; Li-Cor Biosciences) for 1-2 hours. Finally, 

membranes were washed three times with 0.5% PBST, and signals were 

detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences) and 

analyzed with Scion Image software. 
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Table 1: Primary antibodies used during WB and ICC 

 company Dilution WB  Dilution ICC 

anti-actin (mAb) Sigma 1:1000 n.a. 

anti-EIIIA-fibronectin (3E2, mAb) Sigma 1:500 n.a. 

anti-fibronectin (pAb) Millipore 1:1000 n.a. 

anti-MBP (mAb) Serotec 1:500 1:250 

anti-MMP7 (pAb) Bioworld  1:1000 n.a. 

anti-NF Encor Biotechnology Inc. n.a. 1:5000 

anti-IBA1 Wako n.a. 1:2000 

anti-CD206 Abcam n.a. 1:500 

Isolectin GS-IB4 Invitrogen n.a. 1:500 

n.a.: not applicable; mAb: monoclonal antibody; pAb: polyclonal antibody; WB: Western blot; ICC: immunocytochemistry 

 

Statistical analysis 

Data are expressed as mean ± standard error of the mean (SEM) of at least four 

independent experiments. When values of two means were compared, 

statistical significance was calculated by a paired Student’s t-test.  When 

absolute values of more than two means were compared, statistical significance 

with control was calculated by a one-way ANOVA followed by a Dunnett’s 

Multiple Comparison test. Statistical analysis was performed with a one sample 

t-test when relative values of the conditions were calculated by setting the 

control as 1 in each independent condition. Statistical differences were 

calculated using GraphPad Prism software (version 5.03). In all cases, p <0.05 

was considered significant. 

 

Results  

TLR3 agonist poly(I:C) induces fibronectin aggregation in demyelinated 

organotypic forebrain slice cultures  

Fibronectin aggregation is an acquired pathological feature of MS lesions 

(Stoffels et al., 2013), likely due to sustained fibronectin expression and 

chronic inflammation Indeed, upon toxin-induced demyelination in 

experimental animal models and in organotypic cerebellar slice cultures, 

fibronectin is transiently expressed as dimers, mainly by astrocytes, with little 

if any aggregates (Stoffels et al., 2013; Espitia Pinzon et al., 2017; Qin et al., 

2017). To investigate whether IL-4 induces remyelination in a MS lesion 

environment, we first aimed at establishing an area that contains 
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remyelination-inhibiting aFn in OSFCs. We have previously shown that 

treatment with the TLR3 agonist poly(I:C), induces aggregation of fibronectin 

after lysolecithin-induced demyelination in organotypic cerebellar slice 

cultures (Qin et al., 2017). To examine whether poly(I:C) also induces 

fibronectin aggregation in OSFCs, both myelinated and 

lysolecithin-demyelinated OSFCs were exposed to TLR3 agonist poly(I:C) for 

2 days (Fig. 1A). As shown in figure 1, lysolecithin treatment alone induced 

reproducible demyelination in OSFCs. Thus, Western blot analysis 

demonstrated that the expression levels of MBP, a major myelin-specific 

protein, were slightly reduced (Fig. 1B,D), while double labeling of MBP and 

the axonal marker NH-H (Fig.1E,F) showed that upon a 17-hours exposure to 

lysolecithin, the percentage of myelinated axons in OSFCs was significantly 

reduced, compared to untreated OSFCs. Notably, when myelinated OSFCs 

were exposed to poly(I:C), no significant alteration of MBP expression was 

detected (Fig. 1B,D), although a slight reduction in the number of myelinated 

axons compared to untreated OSFCs was observed (Fig. 1E,F). Remarkably, 

MBP expression is markedly and reproducibly reduced upon poly(I:C) 

treatment of lysolecithin-induced demyelinated OSFCs compared to untreated 

demyelinated OSFCs (Fig. 1B,D), while the percentage of myelinated axons 

was reduced to a similar extent (Fig. 1E,F). Hence, poly(I:C) induced 

fibronectin aggregation in OFSCs only after lysolecithin-induced 

demyelination, consistent with our observations in organotypic cerebellar slice 

cultures (Qin et al., 2017; Sikkema et al., manuscript in preparation). To assess 

whether similarly as observed in experimental animal models and organotypic 

cerebellar slice cultures (Stoffels et al., 2013; Qin et al., 2017), remyelination is 

perturbed in the aFn-containing demyelinated areas, we next examined 

remyelination in the OFSCs. 
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Fig 1. TLR3 agonist poly(I:C) induces fibronectin aggregation in demyelinated organotypic forebrain slice cultures. 

Organotypic forebrain slice cultures (OFSCs) obtained from newborn rats were cultured for 15 days to allow for myelination. 

At day 0, demyelination was induced by lysolecithin. At day 2, demyelinated slices were untreated or treated with the TLR3 

agonist poly(I:C) (PI:C) to induce fibronectin aggregation. Untreated myelinated OFSCs serve as control. A. Schematic 

representation of the treatments. B-D. Western blot analysis of fibronectin aggregates (aFn) and the mature oligodendrocyte 

marker MBP at day 4. Representative blots of four independent experiments are shown in B; quantification in C (aFn) and D 

(MBP). The aFn and MBP levels were quantified relative to the expression of actin. In each independent experiment the 

control myelinated cultures were set at 100% (horizontal line). Bars depict mean + standard error of the mean (SEM). 

Statistical differences with control myelinated cultures (one sample t-test, * p<0.05, *** p<0.001) and between untreated and 

poly(I:C)-treated demyelinated cultures (paired t-test, not significant) are shown. Note that the TLR3 agonist poly(I:C) 

induces aggregation of fibronectin only after lysolecithin-induced demyelination. E,F. Myelin was visualized with 

immunostaining for MBP (red) and neurons with NF-H (green) 4 days after initiating demyelination. Representative images 

of four independent experiments are shown in E; quantification in F. The percentages of myelinated axons in control 

myelinated cultures was set in each independent experiment at 100% (horizontal line). The percentage myelinated axons at 

day 4 was 10.3±8.4%. Bars depict mean + standard error of the mean (SEM). Statistical differences with control myelinated 

cultures (one sample t-test, ** p<0.01, *** p<0.001) and between untreated and poly(I:C)-treated demyelinated cultures 

(paired t-test, not significant) are shown. Scale bar is 25 µm. 
 

Fibronectin aggregates, induced by theTLR3 agonist poly(I:C), frustrate 

remyelination in demyelinated organotypic forebrain slice cultures  

In experimental animal models and in organotypic cerebellar slice cultures, 

toxin-induced demyelination is followed by robust remyelination, while 

introduction of aFn perturbs remyelination (Stoffels et al., 2013; Qin et al., 
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2017). To confirm whether a similar pattern is observed in OFSCs, we next 

examined the remyelination potential of aFn-containing lysolecithin-induced 

demyelinated OFSCs, 13 days after lysolecithin treatment (Fig. 2A). Western 

blot analysis of total homogenates of organotypic forebrain slices showed that 

MBP expression is recovered in demyelinated OFSCs, but remained 

significantly downregulated in poly(I:C)-exposed, i.e. aFn-containing, 

demyelinated OFSCs, compared to control OFSCs (Fig. 2B,C). In 

lysolecthin-demyelinated OFSCs, the level of remyelinated axons was higher 

than that observed in aFn-containing, i.e., poly(I:C)-treated, 

lysolecithin-demyelinated OFSCs (Fig. 2D,E). The percentage of remyelinated 

axons in demyelinated OFSCs was however less than in control, myelinated 

OFSCs. Poly(I:C) treatment of myelinated OFSCs hardly if at all affected total 

MBP expression (Fig. 2B,C), while the percentage of myelinated axons was 

slightly reduced compared to control OFSCs (Fig. 2D,E). Therefore, these 

findings demonstrate that poly(I:C) treatment after lysolecithin-induced 

demyelination, shown to induce aFn formation (Fig. 1), impaired remyelination 

of axons in OFSCs. aFn may directly inhibit OPC maturation (Stoffels et al., 

2013; Qin et al., 2017) or indirectly, by modulating the phenotype of microglia 

and macrophages (chapters 3 and 4). As our previous findings show that 

alternatively-IL-4-activated microglia and macrophages overcome 

aFn-mediated inhibition of OPC differentiation by microglia and macrophages 

via secreted factors (chapter 4), we next investigated the effect of IL-4 on 

remyelination in aFn-containing demyelinated OFSCs.  
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Fig 2. TLR3 agonist poly(I:C) induced fibronectin aggregation in demyelinated organotypic forebrain slice cultures perturbs 

remyelination. Organotypic forebrain slice cultures (OFSCs) obtained from newborn rats were cultured for 15 days to allow 

for myelination. At day 0, demyelination was induced by lysolecithin. At day 2, demyelinated slices were untreated (-) or 

treated with the TLR3 agonist poly(I:C) (PI:C) to induce fibronectin aggregation. Untreated myelinated OFSCs serve as 

control. A. Schematic representation of the treatments. B,C. Western blot analysis of the mature oligodendrocyte marker 

MBP at day 13. Representative blots of at least five independent experiments are shown in B; quantification in C (MBP). 

The MBP levels were quantified relative to the expression of actin. In each independent experiment the control myelinated 

cultures were set at 100% (horizontal line). Bars depict mean + standard error of the mean (SEM). Statistical differences with 

control myelinated cultures (one sample t-test, * p<0.05) and between untreated and poly(I:C)-treated demyelinated cultures 

(paired t-test, # p<0.05) are shown. D,E. Myelin was visualized with immunostaining for MBP (red) and neurons with NF-H 

(green) 13 days after initiating demyelination. Representative images of four independent experiments are shown in D; 

quantification in E. The percentages of myelinated axons in control nmyelinated cultures was set in each independent 

experiment at 100% (horizontal line). The percentage myelinated axons at day 13 was 10.8±5.0%. Bars depict mean + 

standard error of the mean (SEM). Statistical differences with control myelinated cultures (one sample t-test, * p<0.05, ** 

p<0.01) and between untreated and poly(I:C)-treated demyelinated cultures (paired t-test, # p<0.05) are shown. Scale bar is 

25 µm. Note that remyelination is perturbed in poly(I:C)-treated, i.e., aggregated fibronectin-containing, demyelinated 

OFSCs, but not poly(I:C)-treated myelinated OFSCs. 

 

IL-4 overcomes remyelination failure in fibronectin aggregate-containing 

demyelinated organotypic forebrain slice cultures 

To examine whether IL-4 may overcome the perturbation of remyelination in 

aFn-containing demyelinated OFSCs, we exposed OFSCs to IL-4 for 48 hours, 
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two days after poly(I:C) treatment and analyzed OFSCs 13 days after induction 

of demyelination (Fig. 3A). IFN, known to polarize microglia to the classical 

pro-inflammatory phenotype (Murray, 2017), was used as a control. Western 

blot analysis of total OFSC homogenates showed that MBP expression was 

drastically increased, upon a single 48-hours exposure of IL-4 to 

poly(I:C)-treated, aFn-containing demyelinated OFSCs compared to untreated 

poly(I:C)-treated, aFn-containing demyelinated OFSCs (Fig. 3B,D). Also, a 

slight increase in MBP expression was apparent compared to control 

demyelinated OFSCs (Fig. 3B,D). MBP expression remained perturbed in 

poly(I:C)-treated, aFn-containing demyelinated OFSCs, following a single 

stimulation with IFN over a period of 48 hours (Fig. 3B,D). Analysis of the 

percentage of remyelinated axons at either condition confirmed these Western 

blot findings. Thus, exposure to IL-4, but not IFN, increased the percentage of 

remyelinated axons, compared to untreated demyelinated OFSCs (Fig. 3E,F). 

Notably, the extent of remyelinated axons in IL-4 treated OFSCs is still 

73.611.3% less than in myelinated OFSCs. Previously, we have shown that 

IL-4-activated microglia at proper activating conditions may degrade aFn, 

likely by the enhanced secretion of proMMP7, which we examined next in 

OFSCs.  
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Fig 3. IL-4 overcomes remyelination failure in poly(I:C)-treated fibronectin aggregate-contining demyelinated organotypic 

forebrain slice cultures. Organotypic forebrain slice cultures (OFSCs) obtained from newborn rats were cultured for 15 days 

to allow for myelination. At day 0, demyelination was induced by lysolecithin. At day 2, demyelinated slices were untreated 

(ctrl) or treated with the TLR3 agonist poly(I:C) (PI:C) to induce fibronectin aggregation. Upon fibronectin aggregation at 

day 4 cultures were untreated (-) or treated with IL-4 or IFN for 2 days. A. Schematic representation of the treatments. B,C. 

Western blot analysis of the mature oligodendrocyte marker MBP at day 13. Representative blots of seven independent 

experiments are shown in B; quantification in C (MBP). The MBP levels were quantified relative to the expression of actin. 

In each independent experiment the control untreated demyelinated cultures were set at 100% (horizontal line). Bars depict 

mean + standard error of the mean (SEM). Statistical differences with untreated demyelinated cultures (one sample t-test, * 

p<0.05) and between untreated and cytokine-treated poly(I:C)-treated demyelinated cultures (one-way ANOVA, not 

significant) are shown. D,E. Myelin was visualized with immunostaining for MBP (red) and neurons with NF-H (green) 13 

days after initiating demyelination. Representative images of four independent experiments are shown in D; quantification in 

E. The percentages of myelinated axons in control myelinated cultures was set in each independent experiment at 100% 

(horizontal line). The percentage myelinated axons at day 4 was 10.8±5.0%. Bars depict mean + standard error of the mean 

(SEM). Statistical differences with control nmyelinated cultures (one sample t-test, * p<0.05) and between untreated and 

cytokine-treated poly(I:C)-treated demyelinated cultures (one-way ANOVA, not significant) are shown. Scale bar is 25 µm. 

Note that IL-4, but not IFN, overcomes remyelination myelination failure in poly(I:C)-treated, i.e., aggregated 

fibronectin-containing, demyelinated OFSCs. 
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IL-4 increases the percentage of CD206-positive microglia and enhances 

proMMP7 secretion in fibronectin aggregate-containing demyelinated 

organotypic forebrain slice cultures 

To examine whether MMP7-mediated aFn clearance was the underlying 

mechanism of IL-4-induced remyelination in aFn-containing demyelinated 

OFSCs, we examined first the levels of seceted MMP7, two days after cytokine 

treatment (Fig. 4A). Strikingly, the levels of proMMP7, a precursor of MMP7, 

in conditioned medium were increased when poly(I:C)-treated, aFn-containing 

demyelinated OFSCs were exposed to IL-4, but not IFN (Fig. 4B,C), while 

MMP7 was not detectable. Notably, proMMP7 and MMP7 were hardly if at all 

detectable in OFSC homogenates (data not shown). Western blot analysis of 

total OFSCs homogenates showed that the level of aFn was similar at all 

examined conditions, 7 days after cytokine treatment, including in 

demyelinated OFSCs that were not treated with poly(I:C) (Fig. 4D,E). These 

findings may indicate that IL-4 induced secretion of proMMP7, as observed in 

primary microglia cultures, may not be appropriately activated, which would 

lead to clearance of aFn (chapter 2). Hence, in contrast to what we observed in 

organotypic cerebellar slice cultures (Qin et al., 2017), the increase in aFn 

levels upon poly(I:C) treatment was transient in OFSCs. However, the transient 

increase in aFn at early remyelination suffices to perturb remyelination (Fig. 2 

and 3).  

 

To examine whether IL-4 may enhance remyelination in aFn-containing 

demyelinated OFSCs via microglia, we next examined the morphology and 

phenotype of microglia. To this end, poly(I:C)-treated demyelinated OFSCs 

were exposed to IL-4 and IFNγ, and the microglia morphology was analyzed 

after 2 days by immunocytochemistry, using Iba1 as a microglia marker (Fig 

4A). As shown in Fig 4G, the Iba1-positive microglia in IL-4-treated 

poly(I:C)-treated aFn-containing demyelinated OFSCs displayed a more 

ramified morphology, whereas Iba1-positive microglia in untreated and 
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IFN-treated aFn-containing demyelinated showed a more amoeboid 

morphology. Notably, the morphology of microglia in untreated 

poly(I:C)-treated OFSCs appeared to be slightly more amboeid, when 

compared to control demyelinated OFSCs (Fig. 4G). A similar ramified 

morphology of Iba1-positive microglia was observed in myelinated OFSCs and 

poly(I:C)-treated myelinated OFSCs (Fig. 4G). As the presence of a more 

ramified morphology may reflect polarization towards alternatively-activated 

microglia, we next performed double immunohistochemistry, exploiting 

CD206, a marker for alternatively regenerative remyelination supporting 

microglia, and IB4, a general marker for microglia (Fig. 4H). While the 

ramified cells, shown in figure 4G, were not CD206-positive, microglia, 

positive for both CD206 and IB4, were found in another area of the 

organotypic forebrain slices. In this area, the percentage of cells, positive for 

both CD206-and IB4, increased in control and poly(I:C)-treated demyelinated 

OFSCs, compared to control and poly(I:C)-treated myelinated OFSCs (Fig. 4 

F,H). This indicates that demyelination per se may induce a remyelination 

supportive microglia phenotype. Exposure of poly(I:C)-treated aFn-containing 

demyelinated OFSCs to IL-4 increased the percentage of CD206-positive 

IB4-positive microglia by more than two-fold, whereas exposure to IFN 

reduced the percentage of CD206-positive of IB4-positive microglia (Fig. 4 

F,H). Hence, these findings indicate that IL-4 promoted microglia with 

ramified characteristics, and at a distinct area gave rise to more CD206-positive 

microglia. These microglia alterations may induce microglia to secrete factors 

into the medium that may contribute to OPC maturation at the onset of 

remyelination in an aFn-containing environment.  Alternatively, IL-4 may 

directly affect OPC maturation in demyelinated OFSCs. Therefore, we 

examined next whether IL-4 has a direct effect on OPC maturation. 
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Fig 4. IL-4 increases the percentage of CD206-positive microglia and enhances proMMP7 secretion in poly(I:C)-treated 

demyelinated organotypic forebrain slice cultures. Organotypic forebrain slice cultures (OFSCs) obtained from newborn rats 

were cultured for 15 days to allow for myelination. At day 0, demyelination was induced by lysolecithin. At day 2, 

demyelinated slices were untreated (ctrl) or treated with the TLR3 agonist poly(I:C) (PI:C) to induce fibronectin aggregation. 

Upon fibronectin aggregation at day 4 cultures were untreated (-) or treated with IL-4 or IFN for 2 days. A. Schematic 

representation of the treatments. B-E Western blot analysis of proMMP7 levels in conditioned medium at day 6 (B,C) and 

fibronectin aggregates (aFn) in OFSCs homogenates at day 13 (D,E) and Representative blots of four (proMMP7) and six 

(aFn) independent experiments are shown in B (proMMP7) and D (aFn); quantification in C (proMMP7) and D (aFn). The 

aFn levels were quantified relative to the expression of actin. In each independent experiment the control untreated 

demyelinated cultures were set at 100% (horizontal line). Bars depict mean + standard error of the mean (SEM). Statistical 

differences with untreated demyelinated cultures (one sample t-test, * p<0.05) and between untreated and cytokine-treated 

poly(I:C) demyelinated cultures (one-way ANOVA, Dunnett’s posttest, ## p<0.01) are shown. Note that while IL-4 induces 

the secretion of proMMP7 at day 6, similar aFn levels at day 13 are observed. F-G. Immunohistochemical analysis of Iba1 

(green)-positive microglia (G) and CD206-positive (green)/isolectin-B4 (IB4, red) positive microglia (F,H) at day 6. 

DAPI-stained nuclei are shown in blue. Representative images of three (Iba1) and four (CD206/IB4) independent 

experiments are shown in G (Iba1) and H (CD206/IB4); quantification of H in F. Bars depict mean + standard error of the 

mean (SEM). Statistical differences with control myelinated cultures (one-way ANOVA, Newmann-Keuls post-test) * 

p<0.05, ** p<0.01, *** p<0.001) and between untreated and cytokine-treated demyelinated cultures are shown (one-way 

ANOVA, Dunnett’s posttest, # p<0.05, ## p<0.01). Scale bar is 25 µm. Note that IL-4 induces ramified microglia 

morphology (G) and increases the percentage of CD206-positive cells, indicating an increase in alternatively, 

pro-regenerative microglia.  
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IL-4 increases myelin membrane formation in oligodendrocyte 

monocultures  

OPC maturation involves differentiation of OPCs to mature oligodendrocytes 

and the subsequent biogenesis of myelin membranes. To assess whether IL-4 

directly affected OPC differentiation and/or myelin membrane formation, a 

similar set up as for the OFSCs was followed. Thus, OPCs were exposed to 

either IL-4 or IFN for 3 days at the onset of differentiation, after which they 

were allowed to maturate to myelin membrane forming cells for another 3 

days, in the absence of cytokines. OPC differentiation, as assessed by the 

percentage of cells that expresses the myelin marker MBP, was inhibited upon 

exposure to IFNγ by approx. 40%, while OPC differentiation was only slightly 

perturbed upon IL-4 treatment (Fig. 5A,B). The effect of IFNγ on OPC 

differentiation is consistent with previous studies (Baerwald KD & Popko B, 

1998, Turbic et al., 2011; Chew et al., 2005). IL-4 treatment increased the 

percentage of MBP-positive oligodendrocytes that elaborate myelin 

membranes, whereas IFNγ barely affected myelin membrane formation (Fig. 

5A,C). Hence, these findings suggest that IL-4 may not only affect 

remyelination by activating microglia, but, additionally, may directly act on 

oligodendrocytes by promoting myelin membrane formation.. 
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Fig 5. IL-4 slightly increases myelin membrane formation in oligodendrocyte monocultures. At the onset of differentiation, 

oligodendrocyte progenitor cells (OPCs) were left untreated (ctrl) or treated with IL-4 or IFN for 3 days. A-C. 

Immunocytochemical analyses of the mature oligodendrocyte and myelin marker MBP 6 days after initiating differentiation. 

Representative images of five independent experiments are shown in A; quantification of the percentage MBP-positive of 

DAPI-stained cells in B (differentiation) and the percentage of myelin membrane forming MBP-positive cells in C 

(‘myelination’). The percentage of MBP-positive and myelin membrane bearing MBP-positive cells of untreated cells was 

set in each independent experiment at 100% (horizontal line). The percentage of MBP-positive cells in untreated cells was 

42.2±6.3% and the percentage of MBP-positive cells bearing myelin membranes 69.5±9.9%. Bars depict mean + standard 

error of the mean (SEM). Statistical differences with untreated cells and cytokine-treated cells are shown (one sample t-test, 

** p<0.05). Scale bar is 50 µm. Note that transient exposure of IFN at the onset of differentiation reduces the percentage of 

MBP-positive oligodendrocytes, while IL-4 treatment increases the number of MBP-positive cells that elaborate myelin 

membranes. 
 

Discussion 

Fibronectin aggregates, present in chronic MS lesions, constitute an obstacle 

for the occurrence of remyelination (Stoffels et al., 2013, Qin et al., 2017). 

Here, we show, using OFSCs, that treatment with IL-4 may serve as an 

attractive tool to overcome such remyelination failure in an aFn-containing 

demyelinated lesion. We have demonstrated that TLR3 agonist poly(I:C) 

induced aggregation of fibronectin in demyelinated, but not myelinated OFSCs, 

and that remyelination was perturbed in these cultures, i.e., in aFn-containing, 

demyelinated areas, as observed in MS lesions. Interestingly, when 

subsequently treated with a single dose of IL-4, but not IFNγ, remyelination 
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failure could be overcome in these poly(I:C)-treated, aFn-containing 

demyelinated OFSCs. From a mechanistic point of view, we suggest that the 

effect of IL-4 may derive from a direct effect on differentiating 

oligodendrocytes and/or an indirect effect of the cytokine, by inducing a 

remyelination-supporting microglia phenotype.  

 

Previous studies showed that remyelination-inhibiting fibronectin is virtually 

absent from healthy white matter of the adult human brain, whereas it is 

transiently expressed upon toxin-induced demyelination and persistently 

present in MS lesions (Sobel & Mitchell, 1989; van Horssen et al., 2005; Zhao 

et al., 2009; Hibbits et al., 2012; Stoffels et al., 2013). We have previously 

shown that the sustained fibronectin expression in MS lesions is associated 

with inflammation-mediated fibronectin aggregation, likely due to reduced 

MMP7 levels (Stoffels et al., 2013; chapter 2). Our recent findings revealed 

that TLR-agonists, but not pro-inflammatory cytokines, induced fibronectin 

aggregation, in cultured rat astrocytes (Sikkema et al., manuscript in 

preparation). To device options for overcoming aFn-mediated inhibition of 

remyelination in a tissue-like setting, we employed OFSCs for that purpose. 

However, upon toxin-induced demyelination, aFn is not spontaneously formed 

(Stoffels et al., 2013; Qin et al., 2017; Espitia-Pinzon et al., 2017), implying 

that to simulate more closely an MS lesion environment, aggregation needs to 

be endogenously induced in OFSCs. Our findings demonstrate that exposure of 

demyelinated, but not myelinated OFSCs to the TLR3 agonist poly(I:C), 

induced aggregation of Fn, consistent with our previous findings in organotypic 

cerebellar slice cultures (Qin et al., 2017). In contrast to cerebellar slice 

cultures, in OFSCs the increase in aFn was transient. Concomitantly, 

remyelination was inhibited in poly(I:C)-treated demyelinated OFSCs. Whether 

this is indeed due to the poly(I:C)-mediated deposition of aFn or, possibly, to a 

side-effect of the poly(I:C) treatment after demyelination, can as yet not be 
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excluded. In addition, to astrocytes, oligodendrocytes and microglia also harbor 

TLR3. In fact, when present at relatively high levels, poly(I:C) is cytotoxic to 

oligodendrocytes (Bsibsi et al., 2012). However, MBP expression and the 

percentage of myelinated axons were not reduced in myelinated OFSCs upon 

poly(I:C) exposure, while exposure to IL-4 promotes remyelination in 

poly(I:C)-treated demyelinated OFSCs. This indicates that OPCs and 

oligodendrocytes were still present in poly(I:C)-treated cultures. At lower 

levels, poly(I:C) induces the synthesis of MBP in primary oligodendrocyte 

cultures, and in contrast to our present findings, improved remyelination in vivo 

upon lysolecithin-induced demyelination (Natarajan et al., 2016). It is very 

likely, however, that the levels of poly(I:C) were too low in the study of 

Natarajan et al. (2016) to induce fibronectin aggregation. Also, poly(I:C) may 

directly act on microglia in the OFSCs that may prevent remyelination 

(Steelman et al., 2011). Poly(I:C) appears to have no effect on the ramified 

morphology of Iba1-positive microglia in myelinated OFSCs, while in 

demyelinated OFSCs the microglia become slightly more amoeboid, which 

could be either due to a direct effect of poly(I:C) on microglia or to the 

presence of aFn (chapter 3). Notably, in the study by Natarajan et al. (2016), 

poly(I:C) enhanced the expression of ramified alternatively-activated 

microglia/macrophages in lysolecithin-induced lesions, which is not evident in 

our experimental set up. It would further support our notion that the presence of 

aFn very likely underlies the inhibition of remyelination in poly(I:C)-treated 

OFSCs.  

 

A single exposure to IL-4, but not IFNγ, after lysolecithin-induced 

demyelination and the deposition of aFn, overcomes remyelination failure in 

poly(I:C)-treated demyelinated OFSCs. Several studies showed that IL-4 

suppresses the levels of pro-inflammatory molecules (Eleanor et al., 2010; 

Sriram et al., 2014). Also, IL-4 treatment downregulates the expression of CNS 

inducible NO synthase (iNOS) and enhances survival of differentiating OPCs 
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in pro-inflammatory cytokine treated mixed glia cultures (Paintlia, et al., 2006). 

Moreover, conditioned medium obtained from IL-4-treated macrophages 

promotes OPC differentiation and neurite growth in vitro (Moore et al., 2015; 

Kigerl et al., 2009), and contains proMMP7, which upon proper activation is 

able to cleave aFn (chapter 2 and 4). Similarly, IL-4 induces the secretion of 

proMMP7 in poly(I:C)-treated aFn-containing OFSCs. However, proMMP7 in 

IL-4-treated cultures may not be appropriately activated, as 11 days after 

aggregate induction the aFn levels are similar at all conditions, which is also 

the case in the demyelinated OFSCs that were not treated with poly(I:C). Most 

likely, IL-4 treatment generated remyelination-supporting microglia in 

poly(I:C)-treated aFn-containing OFSCs, as evidenced by their more ramified 

morphology and the increase in CD206-positive microglia. Indeed, 

remyelination is supported by secreted factors derived from 

alternatively-activated microglia (Miron et al., 2013). Hence, IL-4 may boost 

remyelination in poly(I:C)-treated aFn-containing OFSCs via these secreted 

factors. Potential factors that support remyelination and are known to be 

secreted by IL-4-activated microglia, are activin-A, IGF-1, galectin-3, and/or 

CXCL-12 (Abe et al., 2002; Butovsky et al., 2005; Ebert et al., 2002; Novak et 

al., 2012; Mantovani et al., 2004; Pesheva et al., 1998; Yu et al., 1996; Wynes 

& Riches 2003). In addition, IL-4 may also directly act on OPCs, as a single 

exposure to IL-4 at the onset of OPC differentiation enhanced myelin 

membrane formation. 

 

Taken together, our data suggest that IL-4 treatment overcomes remyelination 

failure from a block due to remyelination-impairing aFn in OFSCs, likely as a 

result of its action on both microglia and oligodendrocytes. Skewing microglia 

and macrophages to a remyelination-supporting phenotype by administration of 

IL-4 may be an attractive option to enhance remyelination. IL-4 is produced by 

resident microglia, Th2 cells, B cells and astrocytes (Hulshof et al., 2002; 
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Ponomarev et al., 2011; Nair et al., 2008; Aloisi et al., 2000). IL-4 is also 

present in astrocytes in MS lesions, but whether it is secreted is as yet unknown 

(Hulshof et al., 2002; Nair et al., 2008). As microglia and macrophages harbor 

IL-4 receptors in MS lesions (Hulshof et al., 2002; Nair et al., 2008), this may 

indicate that the cells may not appropriately respond to IL-4. In addition, the 

number of microglia and macrophages is reduced in chronic MS lesions (Bö et 

al., 1994; van der Valk & De Groot, 2000), i.e., lesions in which aFn is more 

prevalent (Stoffels et al., 2013) while proMMP7 levels are reduced (chapter 2). 

Hence, rather than applying IL-4 itself, alternative strategies to promote 

remyelination in MS lesions may rely on targeting the underlying mechanism 

of IL-4 actions on microglia, macrophages, and oligodendrocytes. The present 

study also suggests the usefulness of improving MMP7-mediated aFn 

degradation, and identification of the secreted factors by microglia that induce 

OPC differentiation, to bypass the remyelination-impairing actions of aFn.   
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Summary 

Multiple sclerosis (MS) is a central nervous system disease, displaying typical 

characteristics like chronic inflammation, demyelination and failure of 

remyelination (Compston & Coles, 2008; Podbielska et al., 2013; Popescu et 

al., 2013). Aberrant behavior of CNS resident and infiltrating immune cells and 

as yet poorly identified environmental factors, contribute to the etiology and 

pathology of MS (Franklin & ffrench-Constant, 2008; Gregory et al., 2011). 

For example, several studies have shown that structural perturbation of distinct 

extracellular matrix (ECM) molecules, such as the aggregation of fibronectin, 

may occur in MS lesions that prevent the differentiation of oligodendrocyte 

progenitor cells (OPCs) into myelinating oligodendrocytes (Back et al., 2005; 

Lau et al., 2012; Stoffels et al., 2013), thereby contributing to remyelination 

failure of axons in MS lesions. Accordingly, insight into the underlying 

mechanism(s) of fibronectin aggregation and/or development of means to 

preclude or eliminate such aggregates, might be useful tools in clarifying the 

pathology of the disease and the rescue of remyelination in MS, respectively.  

In chapter 1, an overview is presented of the role of ECM molecules in 

(re)myelination, and cellular proteolytic systems that modulate the ECM at 

regular, physiological conditions. To complete remyelination, transient 

expression and distinct remodelling of the ECM is required to support 

microenvironment-dependent remyelination. However, it is apparent that 

distinct ECM molecules, transiently present upon demyelination at 

physiological conditions, remain persistently localized in MS lesions. This 

persistent presence may lead to an inhibition of OPC differentiation to mature 

oligodendrocytes, the myelinating cells of the central nervous system. As a 

result, failure of remyelination occurs. Particularly, fibronectin aggregates 

(aFn) are dominantly present in MS lesions and an obstacle for remyelination. 

Matrix metalloproteinases (MMPs) are enzymes capable of remodelling ECM 

components, including fibronectin. The expression of several MMPs is altered 
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in MS, which may thus contribute to a failure of remodelling ECM molecules, 

necessary for remyelination. Therefore, we hypothesized that local application 

of MMPs, capable of degrading fibronectin aggregates, might serve as a useful 

tool in efforts to rescue remyelination in MS.  

 

In chapter 2, MMP expression was studied in demyelinating animal models 

and in MS lesions. Our findings demonstrated that the expression of proMMP3 

and MMP7 was increased upon experimentally-induced demyelination during 

the remyelination phase. The pattern of MMP3 and MMP7 expression was in 

line with the previously observed increased expression of fibroenctin upon 

toxin-induced demyelination, followed by its removal at remyelination 

(Stoffels et al., 2013). In vitro, MMP7, but not MMP3, degraded dimeric 

fibronectin and aFn. However, coatings of degraded fragments of dimeric 

fibronectin and aFn still perturbed OPC maturation. In active MS lesions, 

(pro)MMP7 was mainly localized to HLA-DR-positive microglia and 

macrophages, while proMMP7 expression was downregulated in chronic MS. 

IL-4-activated microglia and macrophages were identified as a major cellular 

source of proMMP7, and at proper MMP-activating conditions, aFn is cleaved 

with conditioned medium, obtained from IL-4-activated microglia and 

macrophages. Hence, reduced MMP7 levels may contribute to the inability to 

clear remyelination-impairing fibronectin (i.e., aggregates) in MS lesions.   

 

Complete remyelination requires the support of an alternative, regenerative 

phenotype of microglia and macrophages (Miron et al., 2013). Also, aFn likely 

not only directly perturbs OPC differentiation, but may also prevent 

remyelination in MS lesions by modulating the phenotype of resident microglia 

and infiltrating macrophages. Therefore, in chapter 3, we investigated whether 

aFn coatings could modulate microglia and macrophage phenotypes. The data 

revealed that both dimeric plasma fibronectin and aFn induced microglia and 
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macrophages to adopt an amoeboid morphology, and stimulated phagocytosis 

by macrophages. Coatings of aFn, but not plasma fibronectin promote both 

microglia and macrophages to release nitric oxide, a feature of classical 

IFNγ-activated microglia and macrophages. In addition, aFn coatings promote 

macrophages to express arginase-1 and increase ariginase activity, similar to 

regenerative IL-4-activated cells. Strikingly, this effect of aFn was TLR4- and 

integrin-independent. Proteomic analysis showed that aFn contains other 

proteins, including Hsp70 and thrombospondin-1, and therefore aFn acted as a 

scaffold for other signaling proteins. This may explain the distinct effect of 

plasma fibronectin and aFn on microglia and macrophage activation. Indeed, 

Hsp70 stimulated macrophages to produce iNOS, and Hsp70 treatment and 

thrombospondin-1 coatings induced the expression of arginase-1 in 

macrophages. Together, this study demonstrated that aFn probably caused 

macrophages, and likely also microglia, to adopt a phenotype that possessed 

both features of pro-inflammatory and regenerative microglia and 

macrophages. 

 

Besides aFn, likely other ECM molecules, such chondroitin sulfate 

proteoglycans (CSPGs), similarly modulate the phenotype of microglia and 

macrophages. In chapter 4, we therefore studied whether coatings of CSPGs, 

an ECM that is persistently present at the edge of MS lesions (Sobel & Ahmed, 

2001), triggered features of a pro-inflammatory and alternative nature in 

microglia and macrophage. In addition, we examined whether aFn, plasma 

fibronectin and CSPG coatings altered pro-inflammatory (IFNγ+LPS) or 

regenerative (IL-4) activation of microglia and macrophages. Both aFn and 

plasma fibronectin, but not CSPGs, interfere with alternatively regenerative 

(IL-4)-activated microglia/macrophages. Coatings of aFn induce iNOS 

expression, a pro-inflammatory marker, while plasma fibronectin coatings 

reduce arginase-1 expression, a regenerative marker, in IL-4 activated cells. 

CSPGs, plasma fibronectin and aFn coatings cause microglia and macrophages 
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to secrete factors that inhibit OPC differentiation, but this inhibition was 

rescued by co-treatment with IL-4. As shown in chapter 2, MMP7 cleaves 

aFn, and proMMP7 is mainly secreted by IL-4 activated macrophages. We 

observed that although aFn coatings decreased the secretion of proMMP7 by 

IL-4-activated macrophages, aFn could still be degraded extracellularly by 

IL-4-activated macrophages at proper MMP activating conditions. Hence, these 

data indicate that IL-4 activation of aFn-exposed microglia and macrophages 

not only suffices to generate OPC differentiation-supporting microglia and 

macrophages, but may also contribute to ECM remodelling (Fig. 1).  

 

To further assess whether IL-4 is sufficient to induce a phenotype of microglia 

that support OPC differentiation, and therefore remyelination, in the presence 

of aFn, in chapter 5, the cytokines IL-4 and IFN were applied in 

toxin-demyelinated organotypic forebrain slice cultures (OFSCs). As 

fibronectin does not aggregate spontaneously upon toxin-induced 

demyelination (Stoffels et al., 2013), we first had to induce endogenous 

fibronectin aggregation in OFSCs. We showed that deposited aFn was 

deposited upon exposure to the TLR3 agonist poly(I:C) after, but not before 

lysolecithin-induced demyelination. Moreover, remyelination was impaired in 

poly(I:C)-treated demyelinated OFSCs. Single exposure to IL-4, but not IFN, 

overcomes the impaired remyelination in poly(I:C)-treated, i.e., 

aFn-containing, demyelinated OFSCs. IL-4 induced a different morphological 

phenotype of microglia, and increased the number microglia that express the 

regenerative marker CD206. In addition, proMMP7 was released in the 

medium upon IL-4 treatment, which may add to degradation of aFn when 

appropriately activated. However, as shown in oligodendrocyte monocultures, 

IL-4 may also directly act on oligodendrocytes and increase OPC maturation. 

Hence, IL-4 may be an interesting tool to overcome aFn-mediated inhibition of 

OPC maturation, acting on both microglia and oligodendrocytes.  
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Fig 1. Graphical abstract of the main findings in this thesis. Fibronectin aggregates (aFn) persistently exist in multiple 

sclerosis (MS) lesions and inhibit remyelination (box). Matrix metalloproteinase 7 (MMP7) is able to cleave 

remyelination-impairing aFn. However, proMMP7 expression is reduced in MS lesions, which may prevent aFN degradation. 

At healthy conditions, IL-4 activated microglia and macrophages secrete proMMP7, which needs to be cleaved by a still 

unknown factor (?) to become activated and proteolytically cleave aFn (black arrows). In MS lesions, aFn may perturb the 

proper activation of microglia and macrophages. aFn serves as scaffold for other proteins, including Hsp70 and 

thrombospondin, and these proteins induced pro-inflammatory and anti-inflammatory features in microglia and macrophages. 

In addition, the factors secreted by microglia and macrophages, when plated on aFn coatings, inhibit oligodendrocyte 

differentiation (red arrows). This aFn-mediated inhibition is rescued upon co-treatment with IL-4. Importantly, adequate 

levels of proMMP7 are still secreted that fragment aFn at proper activating conditions (green arrows). 

 

Perspectives 

The work presented in this thesis offers approaches to overcome remyelination 

failure by fibronectin aggregates (aFn) in multiple sclerosis (MS) lesions that 

may prevent secondary neurodegeneration and disease progression (Fig.1). A 

straightforward approach is the removal of aFn by its degradation via matrix 
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metalloproteinases (MMPs). Fibronectin aggregates are persistently present in 

MS, among others due to the lack of an appropriate protease to degrade 

fibronectin, allowing the formation of aFn by astrocytes, triggered by the 

chronic inflammatory MS lesion environment. In this thesis, we show that 

MMP7 is able to cleave aFn in vitro (chapter 2). However, whether MMP7 

degrades aFn in vivo, and whether this functionally will overcome 

remyelination failure, remains to be determined. As fibronectin does not 

aggregate upon toxin-induced demyelination (Stoffels et al., 2013, Espitia 

Pinzon et al., 2017), this is technically challenging to investigate. The use of 

organotypic brain slices would be an option, but as shown in chapter 5, the 

poly(I:C)-induced aFn is only transiently increased, while aFn degradation is 

rather difficult to analyse. Thus, the development of an experimental animal 

model that upon demyelination forms aFn and as a consequence shows 

remyelination failure, i.e., mimicking MS lesions, is essential. A prerequisite 

for such a model is that the expression and/or activity of MMPs, and MMP7 in 

particular, are also reduced, thus leading to the persistent presence of 

fibronectin, and allowing for its aggregation. Indeed, when aFn is injected in 

cuprizone demyelinated corpus callosum, failure of OPC differentiation is only 

transient, presumably because of degradation of the (injected) aFn (Qin et al., 

2017; chapter 5, Fig. 2). In this regard, it will be of interest to investigate 

whether aFn is formed in a (conditional) knockout of MMP7, and whether 

remyelination fails when MMP7 is lacking. 

 

Although MMP7 degrades fibronectin and aFn in vitro, the fibronectin-derived 

fragments still inhibit OPC differentiation and maturation (chapter 2). Given 

that the OPCs are plated on coatings of aFn-derived fragments, i.e., are 

immobilized, it is likely that in vivo, the released fragments are soluble and 

cleared by microglia and macrophage-mediated phagocytosis, or alternatively 

further subjected to degradation and susceptible for degradation by other 
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MMPs or proteases. It is intriguing that the fragments obtained from 

MMP7-cleaved aFn differ from those obtained from MMP7-cleaved plasma 

and cellular fibronectin fragments (chapter 2), which indicates that 

identification of MMP7 cleavage sites in (dimeric) fibronectin and fibronectin 

aggregates will be helpful to modify MMP7 in such a way that it specifically 

degrades aFn. This is important as simply applying MMP7 is not desirable, 

since MMP7 also cleaves other ECM proteins, including laminin that promotes 

OPC survival and maturation (Buttery & ffrench-Constant 1999; Lu et al., 2001; 

Rosenberg et al., 2002; Baron et al., 2014), activates harmful cytokines 

(Gearing et al., 1995; Yamamoto et al., 2014) and is toxic to neurons (Newman 

et al., 2001). Thus, the direct application of active MMP7 as a therapeutic tool 

to cleave and/or remodel fibronectin aggregates in MS, will require careful 

targeting and timing. Of note, an advantage of increasing MMP7 in MS lesions 

will be that other remyelination-impairing ECM molecules, such as chondroitin 

sulfate proteoglycans (CSPGs), could also be degraded by MMP7 (Rolls et al., 

2008; Lu et al., 2011). 

 

Our findings show that proMMP7 expression levels are reduced in chronic MS 

lesions where aFn is prominently present, which may be due to the 

inappropriate activation of lesion-resident cells (chapter 2). Thus, an 

alternative approach to directly applying MMP7 to remove fibronectin 

aggregates from MS lesions is to induce cells to locally and transiently increase 

MMP7 expression. IL4-activated microglia and macrophages are a major 

source of proMMP7 (chapter 2), but an unresolved issue is how proMMP7, 

secreted by microglia and macrophages, is activated, given that in vitro, 

activation by other cellular sources or additional stimuli for microglia and 

macrophages sre required. MMP7 can be activated by plasmin and e.g. MMP3 

(Imai et al., 1995; Lu et al., 2011), MMP3 being expressed at high levels in 

astrocytes upon demyelination (Ulrich et al., 2006; Škuljec et al., 2011) and in 

MS lesions (Anthony et al., 1997; Cossins et al., 1997; Lindberg et al. 2001). 
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Interestingly, our very recent preliminary data suggest that HSPB5-treated 

macrophages release active MMP7, but this needs to be confirmed. Notably, 

HSPB5 has been shown to trigger a TLR2-mediated protective response in 

microglia, which produced chemokines and immune-regulatory mediators 

(Bsibsi et al., 2013; Bsibsi et al., 2014). Although MMP7 does not appear in 

the top genes that were upregulated, it is possible that HspB5-treated 

macrophages secrete a factor that may activate proMMP7.   

 

Microglia and macrophages in active MS lesions possess an intermediate state 

harbouring both pro-inflammatory and anti-inflammatory phenotype markers 

(Vogel et al., 2013; Peferoen et al, 2015). We show that in active MS lesions, 

MMP7 is present in the majority of HLA-DR-positive microglia/macrophages, 

while MMP7 is occasionally present in microglia/macrophages that are positive 

for either of the two differential phenotype markers CD40 and CD206. To 

obtain more insight into which microglia/macrophage phenotype produces 

proMMP7 in active MS lesions, immunohistochemical analysis of MMP7 with 

more markers for microglia/macrophages, such as the CD68 (related tissue 

damage) and Iba1 (structural studies), and in situ hybridization to localize 

MMP7 mRNA, is suggested (Hendrickx et al., 2017). For the latter, this is also 

worthwhile to analyse in toxin-induced experimental animal models, to identify 

all cells that produce MMP7 in demyelinated lesions. Finally, using the 

recently identified microglia-specific markers, e.g., TMEM119 (Bennet et al., 

2016), it could be revealed whether resident microglia and/or infiltrating 

macrophages express MMP7.   

 

An alternative approach to overcome remyelination failure by aggregated 

fibronectin is a search for means to bypass the inhibitory action of aFn. In a 

recent study, we demonstrated that GD1a overcomes remyelination failure by 

aFn by directly acting on OPCs (Qin et al., 2017). In this thesis, we show that 
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aFn may also indirectly affect OPC maturation by activating microglia and 

macrophages, as well as by interfering with pre-determined microglia and 

macrophage phenotypes (chapter 3 and 4). Thus, our findings demonstrate 

that aFn induces features of pro-inflammatory, classically activated and 

alternatively regenerative in macrophage in vitro (chapter 3 and 4), while 

OPC differentiation is perturbed by aFn-exposed microglia and macrophages 

via secreted factors (chapter 4, Fig. 1). Our preliminary findings suggest that 

also in vivo aFn may induce differential activated markers in microglia. Upon 

intralesional injection of aFn in cuprizone-demyelinated corpus callosum at the 

onset of remyelination, both IL1-β, a classically-activated marker, and 

CD206-positive microglia, an alternatively-activated marker were visible two 

days post aFn, but not PBS, injection (Fig. 2). Intriguingly, the number of 

PLP-mRNA –expressing cells was reduced upon intralesional aFn injection 

compared to PBS injection, indicating an aFn-mediated delay in OPC 

maturation (Fig. 2). Strikingly, at 7 days post aFn injection, aFn-injected 

lesions are virtually similar to PBS-injected lesions, i.e., staining of IL1-β and 

CD206 was hardly detected, and apparently similar numbers of PLP-mRNA 

expression cells were noticed. This indicates a transient effect of aFn on 

microglia and OPC maturation, which may be due to the presence of proteases, 

such as MMP7, that may cleave aFn (chapter 2). Indeed, MMP7 

immunohistochemistry revealed that at the site of aFn injection, MMP7 is 

upregulated (Fig. 2). This suggests that MMP7, and maybe other proteases, are 

involved in the degradation of aFn, and corroborates that this process maybe 

dysregulated in MS lesions, due to the lack of MMP7 expression. This is an 

interesting topic for further research.  

 

The lack of MMP7 expression in chronic MS lesions may be due to 

inappropriate activation of microglia and macrophages among others by the 

ECM environment (chapter 3 and 4). We show here that the ECM environment 
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Fig 2. Effect of intralesional injection of aggregated Fn on microglia and OPC differentiation. Animals were fed with 

cuprizone for 5 weeks (5wks) to allow for demyelination. At day 0, saline (control) or fibronectin aggregates (aFn) were 

injected into the demyelinated corpus callosum, and analyzed 2 and 7 days after saline or aFn injection. A. Schematic 

representation of the experimental setup. B. Double immunohistochemistry for the general microglia marker Iba1 (green) 

and the pro-inflammatory marker IL-1β (red). C. Double immunohistochemistry for the general microglia marker Iba1 

(green) and the pro-regenerative marker CD206 (red). D. Double immunohistochemistry for the general microglia marker 

Iba1 (green) and MMP7 (red). E. In situ hybridization for PLP mRNA, a marker for differentiated oligodendrocytes. 

Representative images in the core of the injected area of three animals per condition, are shown. DAPI-stained nuclei are 

indicated in blue. Scale bars are 50 μm. 



Summary and Perspectives 

  224 

interferes with the polarization to classically and alternatively-activated 

macrophages, but that aFn-mediated inhibition of OPC maturation via secreted 

factors by microglia and macrophages is rescued upon co-treatment with IL-4 

(chapter 4 and 5). Hence, these results open new avenues for the application 

of IL-4, as a strategy to overcome aFn-mediated inhibition of OPC 

differentiation by inducing a remyelination-supporting microglia/macrophage 

even when aFn is still present (Fig. 1). In addition, IL-4-activated microglia 

and macrophages may, upon proper activation of MMP7, contribute to ECM 

remodelling. A more attractive approach compared to administration of IL-4, 

also given the relative low numbers of microglia/macrophages in chronic MS 

lesions to respond to IL-4, is to apply the secreted factors(s) by IL-4-treated 

aFn-exposed microglia and macrophages that overcome the OPC 

differentiation-inhibiting effect of microglia and macrophages. Proteomic 

analysis of the factors present in the conditioned medium, or assessing the 

effect of neutralization of literature-based candidates, could facilitate the 

identification of the effective secreted factor(s).  

 

Finally, other ECM molecules may prevent OPC maturation and potentially 

affect the remyelination-supporting function of microglia and macrophages in 

MS lesions (Asea et al., 2002; Back et al., 2005; Milner & Campbell, 2003; 

Sloane et al., 2010; Lau et al., 2012; Stoffels et al., 2013; Beachley et al., 2015; 

chapter 4). It is therefore important to study whether aFn is the dominant factor 

in remyelination failure, either via OPCs or microglia and macrophages. or that 

when the aFn is relieved, other inhibitory factors will stand up. In fact. ECM 

actions are often intertwined and dependent on how the individual components 

are spatially arranged. Also, stiffness of this structure is of relevance and 

contributes to cell behavior. Thus, it is important to establish the net effect of 

the ECM environment in the distinct MS lesions, i.e. active and chronic MS 

lesions, on glia cell behavior. This will provide knowledge on how the MS 

ECM environment affects microglia and macrophages, and whether this 
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contributes to the observed intermediate microglia/macrophage phenotype in 

MS lesions. Insight into the dominant ECM factor(s) will offer also means to 

target the relevant ECM components to overcome glia dysfunction, and 

accordingly regulate CNS resident cells to remodel the ECM to allow for 

remyelination in MS lesions. Bearing the results as described in this thesis in 

mind, MMP7 may be a relevant target and tool to remove the provisional ECM 

that is required at the onset of demyelination, but should be timely removed at 

the onset of remyelination.  
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Multiple Sclerose (MS) is een aandoening van centraal zenuwstelsel waarbij 

onder andere sprake is van typische kenmerken als chronische ontsteking, 

demyelinisatie en falen van remyelinisatie van axonen, waardoor de 

zenuwgeleiding van elektrische pulsen wordt onderbroken. Het verloop van de 

ziekte wordt sterk beïnvloed door immuuncellen, van nature aanwezige in de 

hersenen en die welke ‘van buiten’ de hersenen binnendringen als gevolg van 

de ontsteking, door passage over de bloed-hersen barrière. Ook andere, tot nu 

toe slecht gedefinieerde omgevingsfactoren dragen bij aan het beloop van de 

ziekte. Verschillende studies hebben ook aangetoond dat structurele verstoring 

van bepaalde extracellulaire matrix (ECM) moleculen kunnen bijdragen aan dat 

beloop. Bijvoorbeeld, aggregatie van fibronectine kan plaatsvinden in de 

ontstekingsletsels, de zogenaamde MS laesies, waardoor de differentiatie van 

voorlopercellen tot oligodendrocyten, verantwoordelijk voor de aanmaak van 

myeline, wordt geremd. Het gevolg is dat remyelinisatie van axonen in de 

laesies niet langer plaatsvindt. Het is daarom belangrijk inzicht te krijgen in de 

wijze waarop fibronectine aggregatie plaatsvindt om het proces te voorkomen, 

maar ook om mogelijkheden te onderzoeken om de aggregaten te verwijderen. 

Daardoor wordt inzicht verkregen in het oorzakelijk verband tussen 

fibronectine aggregaten en de ziekte. Tevens kunnen er dankzij dergelijk 

inzichten therapeutische mogelijkheden worden ontworpen om remyelinizatie 

weer mogelijk te maken.  

 

In Hoofdstuk 1 wordt een overzicht van de literatuur gegeven over de rol van 

ECM-moleculen in (re)myelinisatie en de rol van cellulaire eiwitafbrekende 

(‘proteolytische’) enzymen, die de extracellulaire matrix onder normale 

fysiologische omstandigheden aanpassen of moduleren, om een juiste 

functionering van cellen mogelijk te maken. Voor succesvolle remyelinsatie, is 

een tijdelijke expressie van bepaalde ECM moleculen nodig. In MS laesies 

blijkt die expressie echter permanent te zijn, waardoor remyelinisatie 

vermoedelijk niet plaatsvindt. Waarschijnlijk  worden er geen myeliniserende 
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oligodendrocyten gevormd uit de voorlopercellen, die daarvoor 

verantwoordelijk zijn. Met name fibronectine aggregaten zijn dominant 

aanwezig in MS laesies en vormen daarmee een obstakel voor remyelinisatie. 

Proteolytische enzymen, die bekende staan onder de naam matrix 

metalloproteases (MMPs) zijn enzymen die ECM moleculen in fragmenten 

kunnen knippen. Ook fibronectine is gevoelig voor deze enzymen. Tijdens het 

verloop van MS blijkt de expressie van MMPs zich te wijzigen. Die wijziging 

zou kunnen bijdragen aan de oorzaak van het falen van remyelinisatie. Die 

mogelijkheid vormde de basis voor de hypothese dat plaatselijke toepassing en 

activering van MMPs, die in staat zouden zijn fibronectine aggregaten af te 

breken, mogelijk een uitstekend therapeutisch middel kunnen zijn om 

myelinisatie in de aangetaste laesies opnieuw te laten plaatsvinden. 

 

In Hoofdstuk 2 bestuderen we daartoe de expressie van MMPs in 

demyeliniserende dierlijke modellen en in MS laesies. We tonen aan dat de 

expressie van twee typen metalloproteases, MMP3 en MMP7, toenemen na 

experimenteel-geïnduceerde demyelinisatie en tijdens de remyelinisatie fase. In 

een reageerbuis kon worden aangetoond dat MMP7, maar niet MMP3, dimeren 

van het fibronectine en ook fibronectine aggregaten kan afbreken. Echter, het 

afgebroken fibronectine, zgn fibronectine fragmenten, bleken nog steeds in 

staat te zijn de rijping van voorlopercellen tot myeliniserende 

oligodendrocyten, te remmen. In actieve MS laesies blijkt MMP7 aanwezig te 

zijn en tevens een (inactieve)voorloper daarvan, pro-MMP7. Pro-MMP7 

bevindt zich vooral in immuuncellen, die werden geïdentificeerd als 

HLA-DR-positieve microglia en macrofagen. Er werd tevens vastgesteld dat 

onder condities waarbij MMP wordt geactiveerd (van pro-MMP7 naar 

werkzaam MMP7), geaggregeerd fibronectine door medium, afkomstig van 

IL-4 geactiveerde microglia en macrofagen, dus buiten de cellen, kan worden 

afgebroken. Met andere woorden, een verlaging in de MMP7 niveaus, 
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bijvoorbeeld door verminderde uitscheiding in het medium (buiten de cel) kan 

wellicht bijdragen aan een verminderde afbraak van remyelinisatie-remmende 

fibronectine aggregaten in de MS laesies.  

 

Om volledige remyelinzatie te laten plaatsvinden, is de ondersteuning vereist 

van een alternatief regenererend microglia en macrofaag fenotype. Het is ook 

waarschijnlijk dat geaggregeerd fibronectine niet alleen op directe wijze de 

differentiatie van oligodendrocyt voorlopercellen verstoort, maar dat het 

remyelinisatie in de MS laesie ook voorkomt door het moduleren van het 

fenotype van de natief in de hersenen aanwezige microglia en de infiltrerende 

macrofagen. In Hoofdstuk 3 werd daarom onderzocht of geaggregeerd 

fibronectine mogelijk in staat is microglia en macrofaag fenotypes te wijzigen. 

Er kon inderdaad worden aangetoond dat zowel fibronectine dimeren als 

aggregaten microglia en macrofagen aanzetten tot een vormverandering (tot 

een zgn. amoeboide morfologie), terwijl de fagocytose activiteit (het etend 

vermogen van externe deeltjes) van macrofagen daardoor wordt gestimuleerd. 

Geaggregeerd fibronectine, maar niet fibronectine dimeren, stimuleert het 

vrijkomen van stikstofoxide van microglia en macrofagen, een bekend 

fenomeen wanneer microglia en macrofagen worden gestimuleerd door het 

cytokine interferon-. Daarnaast stimuleren fibronectine aggregaten 

macrofagen om het enzym arginase-1 tot expressie te brengen en de activiteit 

ervan te stimuleren, analoog aan wat wordt waargenomen in cellen, geactiveerd 

met het cytokine IL-4.  Opvallend was dat het effect van fibronectine 

aggregaten niet afhankelijk was van receptoren als TLR-4 en integrine. Verdere 

analyse van de fibronectine aggregaten toonde echter aan dat het aggregaat als 

platform kan dienen voor andere signaalmoleculen, zoals Hsp70 en 

thrombospondin-1, eiwitten die geassocieerd zijn met de aggregaten. Dit 

fenomeen zou dus het verschil in mechanisme kunnen verklaren waarmee 

fibronectine aggregaten, maar niet fibronectine dimeren, microglia en 

macrofagen activeren. In overeenstemming daarmee zijn waarnemingen dat 
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Hsp70 macrofagen stimuleert tot productie van iNOS (een pro-inflammatoire 

marker) en de expressie van arginase-1 in macrofagen, een effect dat ook werd 

geïnduceerd door trombospondin-1. Samengevat toonde deze studie aan dat 

fibronectine aggregaten macrofagen, en vermoedelijk ook microglia, aanzetten 

tot het aannemen van een fenotype met pro-inflammatoire en regeneratieve 

eigenschappen.  

 

Niet uit te sluiten valt dat naast fibronectine aggregaten, andere 

ECM-moleculen, zoals plasma fibronectine en chondroitin sulfaat 

proteoglycanen (CSPGs) op overeenkomstige wijze pro-inflammatoire en 

regeneratieve eigenschappen van microglia en macrofagen kunnen 

bewerkstelligen. In Hoofdstuk 4 werd dit verder onderzocht voor CSPGs, een 

ECM waarvan kon worden aangetoond dat het aanwezig is aan rand van MS 

laesies. Ook werd onderzocht of geaggregeerd fibronectine, plasma 

fibronectine en CSPGs pro-inflammatoire (geïnduceerd door IFNϒ +LPS) of 

regeneratieve (IL-4) activering van microglia en macorfagen kunnen 

beïnvloeden. De resultaten lieten zien dat zowel geaggregeerd fibronectine als 

plasma fibronectin, maar niet CSPGs, interfereren met 

regeneratief-geactiveerde (IL-4) microglia en macrofagen. Geaggregeerd 

fibronectine induceert iNOS expressie, een pro-inflammatoire merker, terwijl 

plasma fibronectine arginase-1 expressie reduceert, een regeneratieve merker, 

in IL-4 geactiveerde cellen. Alle drie ECMs - CSPGs, plasma fibronectine en 

geaggregeerde fibronectine – zetten microglia en macrofagen aan tot het 

uitscheiden van moleculaire factoren, die de differentiatie van voorlopercellen 

tot oligodendrocyten remmen. Deze remming kon echter worden opgeheven als 

de cellen tezelfdertijd werden behandeld met IL-4. In deze context hebben we 

eerder in Hoofdstuk 2 aangetoond dat geaggregeerd fibronectine door MMP7 

kan worden afgebroken, en dat proMMP7 voornamelijk wordt uitgescheiden 

door IL-4 geactiveerde macrofagen. In de studies in dit hoofdstuk (Hoofdstuk 
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4) namen we waar dat hoewel geaggregeerd fibronectine de uitscheiding van 

proMMP7 door IL-4 geactiveerde macrofagen verminderde, geaggregeerd 

fibronectine desalniettemin nog steeds werd afgebroken in het cellulaire 

medium door IL-4 geactiveerde macrofagen, onder condities waarbij MMP was 

geactiveerd. De data laten zien dat IL-4 activering van aan fibronectine 

aggregaten blootgestelde microglia en macrofagen niet alleen voldoende is om 

differentiatie-ondersteunende microglia en macrofagen van voorlopercellen van 

oligodendrocyten te genereren, maar daarmee tevens bijdraagt aan een 

aanpassing van de eigenschappen (‘remodeling’) van de ECM.   

 

Om verder vast te stellen of IL-4 voldoende is om een microglia fenotype te 

induceren dat in staat is de differentiatie van oligodendrocyt-voorloper cellen te 

induceren en daarmee myelinisatie mogelijk te maken in aanwezigheid van 

geaggregeerd fibronectine, werd in Hoofdstuk 5 het effect van de cytokines 

IL-4 en IFN onderzocht op een voorbrein-weefselkweek (OFSCs). 

Demyelinisatie in dit systeem werd tot stand gebracht door toevoeging van een 

toxine. Omdat fibronectine niet spontaan aggregeert wanneer 

toxine-geïnduceerde demyelinisatie wordt geïnduceerd, was het noodzakelijk 

om eerst fibronectine aggregatie in de kweek te bewerkstelligen. We konden 

aantonen dat het mogelijk is fibronectine aggregaten te laten ontstaan wanneer 

de OFSCs werden geїncubeerd met de TLR3 agonist poly(I:C) na, maar niet 

voordat demyelinisatie door het toxine werd geïnduceerd. Ook remyelinisatie 

werd ontregeld in poly(I:C) behandelde gedemyeliniseerde OFSCs. Een 

buitengewoon belangrijke en interessante waarneming was dat een 

enkelvoudige behandeling met IL-4, maar niet IFN, de remyelinisatie 

herstelde in fibronectine aggregaat bevattende OFSCs. Verdere analyses 

toonden aan dat IL-4 een ander morfologisch microglia fenotype induceerde en 

het aantal microglia dat de regeneratieve merker CD206 tot expressie bracht, 

met 35 % deed toenemen. Ook zorgde behandeling met IL-4 ervoor dat 
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proMMP7 werd uitgescheiden in het medium, wat mogelijk zal kunnen 

bijdragen (na activering tot MMP7) aan een verdere afbraak van geaggregeerd 

fibronectine. Anderzijds kan niet geheel worden uitgesloten dat IL-4 ook een 

direct effect uitoefent op oligodendrocyten door de differentiatie van 

voorlopercellen tot myeliniserende cellen te optimaliseren. Deze studies tonen 

aan dat IL-4 als interessant therapeutisch middel zou kunnen dienen om de 

remming van de differentie van voorlopercellen tot myeliniserende 

oligodendrocyten in aanwezigheid van fibronectine aggregaten te niet te doen, 

waarbij het werkingsmechanisme tot stand kan worden gebracht via een dubbel 

gunstig effect: zowel op microglia als oligodendrocyten.  
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aFn: fibronectin aggregates 

Aldh1L1: aldehyde dehydrogenase 1, member L1 

APMA: 4-aminophenylmercuric acetate 

BMDMs: bone marrow-derived macrophages 

BrdU: 5-bromo-2-deoxyuridine 

(c)aMS: chronic active  

CCNs: cysteine-rich angiogenic proteins 

CD206: cluster of Differentiation 206 (mannose 

receptor) 

CD40: cluster of differentiation 40 

cFn: cellular fibronectin 

(c)iMS: chronic inactive MS lesions  

CNS: central nervous system 

CSF: cerebrospinal fluid  

CSPGs: chrondroitin sulfate proteoglycans 

CWM: control white matter 

CXCL-12: chemokine (C-X-C motif) ligand-12 

DOC: deoxycholate 

DPL: days post lesion 

EAE: experimental allergic encephalomyelitis 

ECM: extracellular matrix 

FGF-2: fibroblast growth factor-2 

GAGs: glycosaminoglycans 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase 

GFAP: glial fibrillary acidic protein 

HBMS: hydroxymethylbilane synthase 

HLA-DR: human Leukocyte Antigen–antigen D 

Related 

HMW-hyaluronan: high molecular weight hyaluronan 

Hsp: heat shock protein 

IB4: isolectin-B4 

Iba1: ionized calcium-binding adaptor molecule-1 

IFN: interferon gamma 

IGF-1: insulin-like growth factor-1 

IL-1: interleukin-1 beta 

IL-10: interleukin-10 

IL-4: interleukin-4 

iNOS: inducible nitric oxide synthase 

LDH: lactate dehydrogenase 

LFB: luxol fast blue  

LMW-hyaluronan: low molecular weight hyaluronan 

LPS: lipopolysaccharide 

MBP: myelin basic protein 

M-CSF: macrophage colony-stimulating factor 

MMPs: matrix metalloproteinases  

MS: multiple sclerosis 

MTT:3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazol

ium bromide 

NAWM: normal appearing white matter 

NF: neurofilament 

NGS: normal goat serum 

NO: nitric oxide 

OFSCs: organotypic forebrain slice cultures 

OPCs: oligodendrocyte progenitor cells 

PBS: phosphate-Buffered Saline 

PDGF: platelet-derived growth factor  

PDGF: platelet-derived growth factor 

PFA: paraformaldehyde 

pFn: plasma bovine fibronectin 

PLL: poly-L-lysine 

Poly (I:C): polyinosinic:polycytidylic acid 

rMS: remyelinated MS lesion  

RT-qPCR: real-time quantitative polymerase chain 

reaction reaction 

SPARCs: secreted protein acidic and rich in cysteine 

SVZ: subventricular zone 

TGF: transforming growth factor beta 

TIMPs: tissue inhibitors of matrix metalloproteinases 

TLR: Toll-like receptor 

TME: Theiler’s murine encephalomyelitis  

TNF: tumor necrosis factor-α 

t-PA: tissue-type plasminogen activator  

TSP1: thrombospondin-1
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