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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 



IL-4 overcomes remyelination failure by fibronectin 

  192 

(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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