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Abstract 

In the central nervous system (CNS), oligodendrocytes can be considered as 

polarized cells, because the myelin sheath is continuous with the plasma membrane, 

whereas the composition of both membranes differs significantly. Specific transport 

machineries are responsible for the assembly and maintenance of these specialized 

membrane domains. The MAL proteolipid, thought to be involved in polarized trafficking in 

epithelial cells, is in oligodendrocytes predominantly localized in compact myelin together 

with the major myelin proteins MBP and PLP. To address the question whether MAL is 

involved in the sorting of myelin-sheath-associated membrane proteins, oligodendrocyte 

progenitor cells were infected with GFP-MAL encoding retroviral particles. (Over)expression 

of the GFP-MAL protein did not interfere with proliferation, differentiation or cell survival, 

and the intracellular behavior of GFP-MAL was indistinguishable from endogenous MAL. 

Interestingly however, (over)expression of GFP-MAL caused a decrease in PLP expression 

level and an accumulation of PLP in the cell body, whereas no effect on the expression 

and localization of other myelin proteins such as CNP, MAG and MBP was observed. Our 

data suggest that MAL negatively regulates PLP transport to the myelin sheets in cultured 

oligodendrocytes by exerting control on the exiting of PLP from an intracellular 

compartment that appears to be instrumental in the transcytotic transport of PLP from cell 

body plasma membrane to myelin sheet. The in vivo significance of these data may relate 

to the ability of MAL to control the lateral segregation of PLP during myelin compaction. 
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Introduction 

Oligodendrocytes (OLGs), which belong to the glial cell population of the central 

nervous system (CNS), are responsible for the production of myelin. Myelin constitutes a 

multilamellar membrane organization that ensheathes and insulates the axon, thereby 

facilitating saltatory conduction. Neurological disorders such as multiple sclerosis (MS) rely 

on disruption and degradation of myelin, including a failure of OLG differentiation and 

proper de novo biogenesis of myelin sheaths for repair. Clearly, a detailed understanding 

of extra- and intracellular molecular mechanisms that promote myelination, including the 

biosynthesis and transport of specific myelin membrane components to the myelin sheath, 

will be instrumental in efforts to develop an effective therapy for such a disease.  

The myelin membrane is continuous with the plasma membrane of the OLG, but the 

composition of both membranes differs significantly (de Vries and Hoekstra, 2000; Gielen et 

al., 2006). Therefore, these myelin-producing cells can be considered as polarized cells, 

similar to epithelial cells and neurons. Indeed, previously we have shown (Klunder et al., 

submitted; chapter 3), that the t-SNAREs syntaxins 3 and 4, which are asymmetrically 

distributed in (polarized) epithelial cells (Low et al., 1996; Fujita et al., 1998) are similarly 

asymmetrically distributed in OLGs, syntaxin 3 being enriched at the plasma membrane of 

the cell body, whereas syntaxin 4 localizes at the myelin sheet. Moreover, transcytotic 

transport mechanisms appear to operate between plasma membrane and myelin sheet in 

cultured OLGs (Klunder et al., submitted; chapters 3 and 4). 

The functional involvement of proteins in polarized transport is still poorly defined. 

However, in both epithelial Madin-Darby canine kidney (MDCK) cells and T-lymphocytes 

(Zacchetti et al., 1995; Millan et al., 1997; Martin-Belmonte et al., 1998), the myelin and 

lymphocyte (MAL) proteolipid protein is thought to be involved in regulating vesiculair 

sorting and trafficking. Specifically, depletion of this nonglycosylated integral membrane 

protein, which localizes to glycolipid-enriched membrane microdomains (Kim et al., 1995), 

results in an impairment of overall apical sorting and transport in MDCK cells (Puertollano et 

al., 1999). Consistently, overexpression of MAL increases apical delivery but also disturbs the 

morphology of the MDCK cell layers due to an elaboration of the apical membrane 

(Cheong et al., 1999).  

In CNS, expression of the mal gene is restricted to OLGs and is upregulated during 

the period of active myelination (Kim et al., 1995; Schaeren-Wiemers et al., 1995). During 
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myelin formation, myelin-specific proteins and lipids have to be transported to and sorted 

into several different myelin subdomains with different molecular composition, including 

compact myelin, paranodal loop, and peri- and ab-axonal membranes (Krämer et al., 

2001; Larocca and Rodriguez-Gabin, 2002). At steady state, the MAL proteolipid is 

predominantly localized in the compact myelin and is tightly associated with the typical 

myelin glycosphingolipids, galactosylceramide and sulfatide. These lipids are important for 

the organization, and maintenance of glycosphingolipid-enriched membrane 

microdomains (Kim et al., 1995; Frank et al., 1998; Frank et al., 2000), so-called rafts, thought 

to be instrumental in events such as molecular sorting, transport, and signaling. Notably, 

MAL appears to play an important role in the maintenance of axon-glia interactions (Frank 

et al., 2000; Schaeren-Wiemers et al. (2004). Furthermore, in mal-deficient mice the 

expression level of MAG, MBP, and NF155 in myelin and myelin-derived membrane 

domains  was reduced, pointing to a role for MAL in trafficking and/or sorting of myelin-

specific proteins. 

Here, we have (over)expressed a GFP-MAL construct in proliferating OLG progenitor 

cells, and the expression and localization of MAL as well as its effect on transport of myelin-

specific proteins was studied during different stages of OLG development. Our data 

indicate that MAL proteolipid regulates transport of PLP to the myelin sheet from an 

intracellular compartment, localized in the transcytotic pathway, responsible for transport 

of de novo synthesized PLP from cell body plasma membrane to the myelin sheet. 

 

Materials and Methods 

Materials 

Dulbecco’s Modified Eagle’s Medium (DMEM, with 4500 mg/l Glucose and L-

glutamine), L-glutamine, penicillin/streptomycin and Geneticin (G418) were purchased 

from Gibco Invitrogen Corporation (Paisley, UK). Fetal calf serum (FCS) was obtained from 

Bodinco (Alkmaar, The Netherlands). The transfectant FuGene 6 and protease inhibitor 

cocktail tablets (Complete Mini) were obtained from Roche Diagnostic Corp (Mannheim, 

Germany). Biotin was purchased from Pierce (Rockford, IL). Streptavidin was obtained from 

Upstate Lake Placid (New York, NY). Growth factors FGF-2 and PDGF-AA were supplied by 

PeproTech Inc. (London, UK). Paraformaldehyde was supplied by Merck (Darmstadt, 

Germany). All other chemicals were purchased from Sigma Chemical Co. (St. Louis. MO). 
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Antibodies 

The monoclonal antibody against MAL 6D9 (Martin-Belmonte et al., 1998) was a kind 

gift of Dr. Miguel Alonso (Universidad Autómona de Madrid, Spain). The monoclonal 

antibodies against PLP (Greenfield et al., 2006) and TGN-38 (IgG1, Luzeo et al., 1990) were 

generously provided by Dr. V. Kuchroo (Center of Neurological Diseases, Harvard Medical 

School, Boston, MA) and Dr. George Banting (Bristol, UK), respectively. Anti-CNPase (IgG1) 

antibody was obtained from Sigma, anti-GFP was obtained from Roche Diagnostics Corp 

(Mannheim, Germany). Anti-BrdU and anti-MAG antibodies were purchased from 

Chemicon International, Inc. (Temecula, CA). The polyclonal anti-caveolin-1 was obtained 

from BD Transductions Laboratories (Lexington, KY). The monoclonal antibody anti-MBP 

was purchased from Serotec (Oxford, UK). Fluorescein isothiocyanate (FITC), 

tetramethylrhodamine isothiocyanate (TRITC) and Cy-3 conjugated antibodies were 

supplied by Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Secondary 

horseradish peroxidase (HRP)-conjugated antibodies were obtained from Amersham 

Biosciences (Buckinghamshire, UK). 

 

Constructs 

 General procedures for cloning and DNA manipulations were performed as 

described by Sambrook et al. (1989). The cDNA encoding pEGFPMAL was a kind gift of Dr. 

Miguel Alonso (Universidad Autómona de Madrid, Spain). For cloning the mal gene in the 

retroviral vector pLEGFP-C1 (Clontech Biosciences, Mountain View, CA), the vector was 

digested with the restriction enzymes SalI (Gibco LifeTechnologies) and BglI (Gibco Life 

Technologies), and ligated with the MAL fragment obtained by digestion of the pEGFPMAL 

construct with SalI and BglI. The orientation and the integrity of the obtained pLEGFPMAL 

construct were confirmed by DNA sequencing. 

 

Production of retroviral particles 

The production of retroviral particles and the subsequent infection of OLG 

progenitor cells were performed according to Relvas et al. (2001). Briefly, for production of 

recombination-deficient retroviruses, the constructs were transfected into the GP+E86-

packaging cell line (Genetix Pharmaceuticals Inc., Cambridge, MA), using the FuGene6 

transfection reagent. Two days after transfection, cells were collected, diluted 5-fold and 

cultured under selection in packaging cells medium supplemented with 1 mg/ml G418 
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(corrected for inactivity) until resistant clones appeared (70 % confluent). The cells were 

subsequently washed with PBS, and packaging cells medium without G418 was added. 

The conditioned medium was collected after 24 hrs, filtered (Schleicher and Schuell, 

Dassel, Germany, 0.45 μm pore size), and either used immediately or stored frozen at 

-80 °C. 

 

Cell culture 

 Primary cultures of OLGs were prepared from brains of 1-2 day old Wistar rats as 

described previously (Baron et al., 1998) with slight modifications. Briefly, after decapitating 

the rats, the forebrains were removed and the cells were dissociated, first mechanically 

and then with papain (30 U/ml) in the presence of L-cysteine (0.24 mg/ml) and DNase (10 

μg/ml) for 1 hr at 37 °C. A single cell suspension was prepared by repeated pipetting in 

trypsin inhibitor (1 mg/ml) solution. After centrifugation, the cells were resuspended in 

DMEM medium containing 10 % FCS and seeded into 75 cm2 flasks (Nalge Nunc 

International, Roskilde, Denmark), which were precoated with poly-L-Lysine (PLL, 5 µg/ml) 

at approximately 1.5 brain per flask. The OLG progenitor cells appear as round-shaped, 

phase dark cells on top of monolayers of flat type-1 astrocytes. After 11-12 days in culture, 

the OLG progenitor cells were isolated by mechanical shaking at 240 rpm for 18-20 hrs as 

described by McCarthy and de Vellis (1980). Contaminating astrocytes and microglia 

were subsequently removed by differential adhesion for 20 min at 37 ºC. 

For biochemical analysis, the OLG progenitor cells were plated in proliferation 

medium (SATO medium (Buttery et al., 1999; Maier et al., 2005), supplemented with the 

growth factors FGF-2 (10 ng/ml) and PDGF-AA (10 ng/ml)) on PLL coated dishes (Nunc) at 

a density of 1 X 106 cells per 100 mm dishes. Differentiation was initiated by switching to 

SATO medium supplemented with 0.5 % FCS. For immunocytochemical studies, OLG 

progenitor cells were seeded at a density of 2 Χ 104 cells per well on PLL-coated 8 well 

permanox chambers (Nunc) and cultured as described above. 

 

Infection of oligodendrocyte progenitor cells  

For (over)expression of GFP-MAL, OLG progenitor cells were plated in proliferation 

medium on PLL-coated 100 mm dishes or 8 well chambers slides as described above and 

cultured for 48 hrs in proliferation medium. Infections were carried out by exposing the cells 

to retroviral particles, 8 µg/ml polybrene, 10 ng/ml FGF-2 and 10 ng/ml PDGF-AA for 16-18 
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hrs. The cells were cultured for 24 hrs in proliferation medium and then cultured under 

selection in proliferation medium, supplemented with 400 μg/ml G418 (corrected for 

inactivity) during 5 days. After selection, the cells were cultured on differentiation medium 

(SATO supplemented with 0.5 % FCS) during 3 to 9 days. 

 

Infection of OLN-93 cells 

 The oligodendroglia derived cell line OLN-93, a kind gift of Dr. Christiane Richter-

Landsberg (Department of Biology, Molecular Neurobiology, University of Oldenburg, 

Germany; Richter-Landsberg and Heinrich, 1996), were cultured in DMEM supplemented 

with 10 % heat-inactivated FCS, L-glutamine, and the antibiotics penicillin and 

streptomycin. Cells were trypsinized when they reached near-confluency. GFP-MAL 

expressing and mock-OLN-93 cells were obtained via retroviral infections with the plasmids 

pLEGFP-MAL and pLXIN, respectively. Retroviral infections of OLN-93 cells were carried out 

as described previously (Maier et al., 2006).  

 

Immunocytochemistry 

 Paraformaldehyde-fixed cells (4 % paraformaldehyde in phosphate-buffered saline 

(PBS) for 20 min at room temperature (RT)) were subsequently rinsed with PBS, blocked and 

permeabilized with 10 % FCS and 0.1 % Triton X-100 (TX-100) in PBS, respectively, for 30 min 

at RT. The cells were incubated for 1-2 hrs with appropriately diluted primary antibodies in 

PBS, supplemented with 2.5 % FCS and 0.1 % TX-100 (incubation buffer). The cells were 

washed with PBS and incubated for 30 min at RT with the appropriate secondary antibody 

conjugated with FITC, TRITC or Cy3 diluted in incubation buffer. After washing with PBS, the 

cells were covered with 2.5 % 1, 4-diazobicyclo [2.2.2] octane (DABCO) in 90 % glycerol/ 10 

% PBS, to prevent image fading. Dapi was used for nucleï staining. The samples were 

analyzed with an immunofluorescence microscope (Olympus AX70), equipped with 

analySIS software. Data were processed using Paint Shop Pro and/or Adobe Photoshop 

Software. 

 

Proliferation assay 

 To identify cells that were in the S phase of the cell cycle, a BrdU assay was carried 

out in which the cells were exposed to BrdU at a final concentration of 10 μM for 16 hrs at 

37 °C. Subsequently, the cells were fixed with ice-cold methanol (-20 °C) for 10 min, 
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followed by treatment with 2 N HCl for 10 min to denature DNA. BrdU incorporation was 

detected by cell counting via indirect immunocytochemistry by incubation with anti-BrdU 

monoclonal antibody (30 min) followed by goat anti-mouse IgG conjugated to TRITC 

(30 min). Dapi was used for nucleï staining. The samples were analyzed with an 

immunofluorescence microscope (Olympus AX70), equipped with analySIS software. Data 

were processed using Paint Shop Pro and/or Adobe Photoshop Software. At least 500 cells 

per condition were counted. 

 

Preparation of detergent extracts 

The cells were washed with PBS, and harvested by scraping the cells with a rubber 

policeman in 350 μl TNE lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA 

supplemented with 1 % TX-100 and a cocktail of protease inhibitors). Lysis occurred on ice 

for 30 min and the protein content was determined by a Bio-Rad DC Protein Assay (Bio-Rad 

Laboratories, Hercules, CA), using BSA as a standard. Soluble and insoluble material were 

separated by centrifugation for 15 min at 10000 rpm at 4 °C. Pellet and supernatant were 

mixed with SDS reducing sample buffer, heated for 2 min at 95 ºC or 30 min at 37 °C and 

subjected to SDS-PAGE and Western Blotting. 

 

Surface protein biotinylation 

After washing twice with ice-cold PBS, the cells were incubated for 2 hrs with Sulfo-

NHS-L-C-Biotin (0.1 mg/ml in PBS) at 4 °C. Excess biotin was removed by washing the cells 

three times with cell wash buffer (65 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM CaCl2, 1 mM 

MgCL2) and once with PBS. The cells were harvested by scraping with a rubber policeman 

and pelleted (10000 rpm, 5 min, 4 °C). Lysis was carried out in a medium consisting of 

TNE/TX-100/protease cocktail inhibitors (see above) on ice for 30 min and the protein 

content was measured according to the protocol of the protein determination kit (Biorad). 

The surface biotinylated protein extracts were incubated overnight at 4 °C in a tumbler 

with activated streptavidin-Agarose beads. Beads and supernatant were separated by 

centrifugation, washed and mixed with SDS sample buffer, heated for 2 min at 95 ºC or 30 

min at 37 °C and subjected to SDS-PAGE. Determination of the amount of biotinylated and 

non-biotinylated protein was carried out by Western blotting. 
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OptiPrep density centrifugation 

For density gradient centrifugation a discontinuous OptiPrep gradient (2.25 ml 10 %, 

2.25 ml 30 % and 750 µl 40 %) was prepared. For preparing 40 % OptiPrep 250 µl of total cell 

lysates (equal protein) were added to 500 µl of 60 % OptiPrep. This mixture was then 

overlaid with 30 % and 10 % OptiPrep. Gradients were centrifuged overnight at 40000 rpm 

(SW55 Beckman, 4 °C) and 7 750 μl fractions of the gradient were collected from the top 

(fraction 1) to the bottom (fraction 7). For Western blot analysis, equal volumes were TCA 

precipitated, resuspended in SDS reducing sample buffer and analyzed by SDS-PAGE and 

Western blotting. 

 

TCA precipitation 

To concentrate proteins, the fractions were adjusted to a final volume of 1 ml with 

TNE and treated with DOC (25 mg/ml) for 5 min at 4 °C followed by precipitation with 6.5% 

trichloric acid (TCA) for 15 min at 4 °C. Precipitates were centrifuged for 20 min at 10000 

rpm and 4°C. The pellets were dried and resuspended in 2Χ SDS reducing sample buffer. 

After the pH was adjusted to 6.8 by exposure to ammonia, the samples were heated for 2 

min at 95 ºC or 30 min at 37 °C and subjected to SDS PAGE and Western Blotting. 

 

SDS-PAGE and Western Blotting 

Samples were loaded onto 10 or 12.5 % SDS-polyacrylamide gels and transferred to 

nitrocellulose membranes (Bio-Rad) by semi-dry blotting. The membranes were blocked 

with 5 % nonfat dry milk in Tris buffered saline (TBS) to inhibit nonspecific binding. The 

membranes were washed with TBS-T (TBS supplemented with 0.1 % Tween-20) and 

incubated with appropriate primary antibodies in TBS-T with 0.5 % nonfat dry milk for at 

least 2 hrs at RT. After 3 times washing with TBS-T, the membranes were incubated for 1 hr 

at RT with the appropriate HRP-conjugated antibody (1:2000 in TBS-T). The signals were 

visualized by ECL (Amersham, Pharmacia Biotech), processed with Paint Shop Pro and 

quantified by using Scion Image Software. 

 

Results  

Localization of GFP-MAL is similar to that of endogenous MAL 

MAL proteolipid is expressed during late myelinogenesis and is in vivo predominantly 

localized in compact myelin, together with the bulk myelin specific proteins PLP and MBP 
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(Frank et al., 2000). This relatively delayed developmental expression has hampered 

progress in understanding the function of MAL in OLGs, grown in culture. To overcome this 

problem we (over)expressed MAL in OLG progenitor cells, i.e., O2A stage, which would 

enable us to monitor the protein’s localization during OLG development and its function in 

relation to other myelin (specific) proteins. For this purpose we made use of a GFP-MAL 

construct, which was (over)expressed in OLG progenitors by means of a retroviral 

expression system, yielding an efficiency of more than 90 % GFP-MAL (over)expressing cells 

(data not shown). In MDCK cells, endogenous MAL has been described as an itinerant 

protein that cycles between the trans-Golgi network (TGN) and the plasma membrane 

(Puertollano and Alonso, 1999). To verify whether such properties similarly apply to GFP-

MAL, we first examined its localization in an oligodendroglia derived cell line, OLN-93. As 

shown in figure 1, consistent with the observations in MDCK cells, GFP-MAL was prominently 

present in the plasma membrane and colocalized with the trans-Golgi marker TGN-38 in 

the OLN-93 cells.  

 

 
 

Figure 1: GFP-MAL predominantly localizes to the trans-Golgi network and plasma membrane in the 
oligodendroglia derived cell line OLN-93. OLN-93 cells, retrovirally (over)expressing GFP-MAL, were prepared as 
described in Materials and Methods. The localization of GFP-MAL at steady state was determined. To this end, 
the cells were fixed, permeabilized and co-stained for GFP (A) and TGN-38 (B). Merged image is shown in C 
(GFP/TGN-38). Bar = 20 µm. Representative pictures of 3 independent experiments are shown. 
 

After infection of OLG progenitors with GFP-MAL, the localization of the protein was 

monitored during development. In the O2A stage, GFP-MAL localized to the perinuclear 

region and the plasma membrane of the cell body (fig. 2A1). Upon differentiation, its 

plasma membrane localization gradually diminished and in the GalC stage (fig. 2A2) GFP-

MAL increasingly appeared in vesicular structures throughout the cytoplasm of the cell 

body, whereas in sheet-forming OLGs, at the MBP stage, GFP-MAL was largely present in 

the perinuclear region and the primary processes (fig. 2A3). Endogenous MAL becomes 

A B C 
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largely expressed in mature OLGs (MBP+ stage), and as shown in figure 2A4, its localization 

was comparable to that of GFP-MAL. Finally, the morphology of the GFP-MAL 

(over)expressing OLGs was indistinguishable from that of mock infected immature, mature 

and myelinating OLGs (data not shown). 

 

 
 
Figure 2: Localization of GFP-MAL in GFP-MAL (over)expressing oligodendrocytes as a function of cell 
development. OLG progenitor cells, retrovirally (over)expressing GFP-MAL were prepared as described in 
Materials and Methods. The localization of GFP-MAL was subsequently determined in OLGs, grown to various 
developmental stages O2A (A1), GalC (A2) and MBP (A3). Additionally, localization of endogenous MAL was 
determined in mature OLGs (MBP+ stage) in A4. To this end, the cells were fixed, permeabilized and stained 
with anti-mouse GFP antibody (A1, A2 and A3) and anti-mouse MAL antibofy (A4). Bar = 20 µm. Representative 
pictures of 3 independent experiments are shown. B: Microdomain localization of endogenous MAL and GFP-
MAL in the MBP+ stage. Mature OLGs (MBP+ stage), expressing endogenous MAL, GFP-MAL, GFP and caveolin 
were extracted with 1 % TX-100 at 4 °C, and analyzed by OptiPrep density gradient centrifugation (40 %, 30 % 
and 10 %). Proteins were visualized by Western Blotting using antibodies directed against MAL (a), GFP (b and 
c) and the raft marker caveolin (d). The figure represents a typical result of 3 independent experiments. 
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In both MDCK cells and myelinating OLGs (Frank et al., 1998; Frank et al., 2000; Kim 

and Pfeiffer, 2002), endogenous MAL has been detected in detergent resistant 

microdomains. To determine whether GFP-MAL similarly integrates into such microdomains, 

lysates of primary cultures of OLGs at the MBP+ stage were extracted with 1 % TX-100 at 4 

°C. The detergent insoluble material was fractionated on an OptiPrep density gradient and 

analyzed by SDS-PAGE and Western Blotting. As a control, GFP-expressing cells were 

treated and analyzed similarly. As shown in figure 2B, GFP-MAL localized essentially in 

fractions that also contained caveolin-1, a well-established marker for detergent resistant 

microdomains, whereas the cytosolic protein GFP was largely excluded from these 

fractions. Similarly, although expressed to a limited extent in cultured OLGs at the MBP+ 

stage, detergent extraction and fractionation revealed that endogenous MAL also 

primarily localized to the so-called raft fractions (fig. 2B). Taken together, these data 

suggest that in mature OLGs, GFP-MAL, like endogenous MAL, largely resides in detergent-

resistant microdomains and that in nonmyelinating OLGs (and in the oligodendroglia 

derived cell line OLN-93), the protein appears to cycle between plasma membrane and 

TGN, as observed in polarized epithelial cells. Upon OLG maturation, the protein shifts to a 

myelin sheet localization as reflected by an appearance in intracellular vesicles and 

primary processes, consistent with the in vivo localization of endogenous MAL in myelin 

sheath. From these data we therefore inferred that GFP-MAL properly reflected the 

properties of endogenous MAL. 

 

GFP-MAL (over)expression does not affect the proliferation and differentiation of 

oligodendrocytes 

The growth factors FGF-2 and PDGF-AA are necessary to keep the OLG progenitor 

cells in a proliferative stage. To determine whether the expression of GFP-MAL changes 

proliferation of the cells, the cells were analysed with a BrdU assay. The cells were 

incubated overnight with BrdU and grown in SATO medium in the presence of PDGF-AA 

and FGF-2. Only in dividing cells BrdU will incorporate. Compared to mock infected cells, 

expression of GFP-MAL in O2A cells did not affect the proliferation of the cells (fig. 3A). 

Thus, in mock infected and GFP-MAL (over)expressing cells, approx. 20 % of the OLGs 

incorporated BrdU. 

In Schwann cells, MAL is involved in the differentiation of these myelinating cells of 

the peripheral nervous system (PNS) (Frank et al., 1999). Upon maturation of OLGs, distinct 
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morphological stages in development can be distinguished. Overall, cell morphology 

changes from a bipolar O2A cell to one that reveals numerous primary processes (GalC), 

while in mature cells in culture (MBP stage) laminar sheets can be distinguished. 

Biochemically, the onset of terminal differentiation is defined by the synthesis of CNP, 

whereas expression of MBP prominently occurs in the sheets of matured cells. Therefore, to 

establish in a more quantitative sense whether GFP-MAL is involved in the regulation of 

OLG differentiation, the number of CNP and MBP expressing cells were determined by 

immunofluorescence microscopy at the distinct developmental phases (from progenitor 

O2A till mature MBP phase).  

 

 
 

Figure 3: (Over)expression of GFP-MAL affects neither proliferation (A) nor differentiation (B) of cultured 
oligodendrocytes. A: To determine proliferation, the incorporation of BrdU in OLG progenitor cells was 
monitored in GFP-MAL or mock infected (pLXIN) cells. B: For determination of differentiation, the number of 
CNP (onset of differentiation; filled symbols) or MBP (mature; open symbols) positive cells were determined by 
immunostaining as a function of cell development (O2A, O4, GalC and MBP stage, respectively) for mock 
infected cells (left panel) and GFP-MAL (over)expressing cells (right panel). For each developmental stage 
approximately 500 cells were counted. Figures represent a typical result of at least three independent 
experiments. 
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As shown in figure 3B, it is apparent that the levels of CNP (filled symbols) and MBP 

expression (open symbols) in mock infected and GFP-MAL (over)expressing cells were 

virtually identical, irrespective of cell developmental stage. In summary, the data thus 

demonstrated that neither proliferation nor differentiation of the cells were affected by 

GFP-MAL (over)expression.  

Since the MAL protein is known to be involved in regulating protein transport in 

MDCK cells and thyroid cell lines (Cheong et al., 1999; Puertollano et. al., 1999, 2001; 

Martin-Belmonte et al., 2000, 2001), we next investigated whether MAL could play a similar 

role in protein transport in OLGs. 

 

Interference of MAL with sheet-directed transport of PLP  

To analyze whether the MAL protein might be involved in regulating (protein) 

transport in OLGs, its effect on the localization of some myelin specific proteins was 

determined by immunofluorescence. To this end, we focused on CNP, MAG, PLP and MBP, 

which are expressed during different stages of myelination, and transported to and 

localized at different regions in the myelin sheet, both in vivo and in vitro (Krämer et al., 

2001; Gielen et al., 2006). As shown in figure 4, irrespective of GFP-MAL (over)expression, 

the localization of CNP (fig. 4A, B) and MBP (fig. 4C, D) remained unaltered in mature OLGs 

(MBP stage). Similarly, the expression and distribution of MAG was indistinguishable in mock 

infected and GFP-MAL (over)expressing cells (data not shown). These data thus suggested 

that MAL is not involved in (regulating) transport of these proteins to their final destination. 

However, when investigating the localization of the major myelin protein PLP in mock 

infected and GFP-MAL (over)expressing cells, a diminished staining of PLP in the processes 

was seen in the (over)expressing cells (fig. 4G, F). Specifically, in GFP-MAL (over)expressing 

cells, the proteolipid PLP accumulated as punctuate spots in the cell body, indicating that 

transport of PLP to the processes and the sheets was inhibited (fig. 4F). 

To analyze whether this perturbation of PLP transport was accompanied by an 

altered lateral membrane distribution of the protein, the detergent solubility of PLP was 

determined upon extraction in the cold with TX-100 and CHAPS, respectively. As shown in 

figure 5A, (over)expression of GFP-MAL did not alter the relative partitioning of PLP in a 

soluble versus insoluble detergent fraction. Thus, following extraction with TX-100, 95 % of 

the PLP was recovered from the detergent soluble fraction, irrespective of GFP-MAL over-

expression. A similar observation was made in case of analysis of the soluble and insoluble 
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fractions obtained upon CHAPS extraction, except that the major fraction (approx. 65%) 

was insoluble in this detergent, which remained unaltered, i.e., whether or not the cells had 

been infected with GFP-MAL.  

 
 

Figure 4: Sheet localization of PLP, but not CNP and MBP, was modulated in GFP-MAL (over)expressing cells. 
Localization of the myelin specific proteins CNP (A, B), MBP (C, D) and PLP (E, F) in mock infected (A, C and E) 
and GFP-MAL (over)expressing (B, D and F) OLGs in the MBP stage as determined by immunofluorescence. Bar 
= 20 μm. The figure represents a typical result of at least 3 independent experiments. 
 

In conjunction with an accumulation of PLP in the cell body, we also noted a remarkable 

decrease in the level of expression of PLP in GFP-MAL (over)expressing cells at the MBP 

stage. Thus compared to mock infected cells, the level of PLP expression in GFP-MAL 

(over)expressing cells decreased by approx. 30-40 % (fig. 5B).  
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Figure 5: A: Immunoblots of PLP in mock infected and GFP-MAL (over)expressing cells. After TX-100 (upper 
panel) or CHAPS (lower panel) extraction at 4°C and centrifugation, insoluble (pellet) and soluble 
(supernatant) were analyzed by Western blotting. Soluble (S) and insoluble (I) fractions are indicated by gray 
and black bars, respectively. B: Total expression of PLP/ DM20 in mock infected and GFP-MAL overexpressing 
OLGs. Data represent means of three independent experiments. TL = total lysate 
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This feature appeared to be specifically related to PLP expression, since the expression 

levels of CNP, MAG and MBP in GFP-MAL (over)expressing cells were very similar as the 

expression levels of these proteins in mock infected cells (data not shown). 

 

GFP-MAL modulates transport of PLP from plasma membrane to sheet 

The foregoing data revealed that upon GFP-MAL (over)expression, PLP 

accumulated in the cell body of mature sheet-forming cells. Previously (Klunder et al., 

submitted; chapters 3 and 4), we have shown that the itinerary of PLP trafficking following 

de novo biosynthesis involves its transport to the cell body plasma prior to delivery to its 

final destination, the myelin sheet. Accordingly, the present observations raised the 

question whether in GFP-MAL (over)expressing cells transport of PLP to the cell surface was 

impeded immediately following de novo biosynthesis, or that the subsequent transport 

step from plasma membrane toward the myelin sheet was blocked.  

 
 
Figure 6: In GFP-MAL (over)expressing OLGs transport of PLP from the plasma membrane toward the myelin 
sheet is blocked. In the upper panel the Western blot of the biotinylated fraction (outside, o) and the non-
biotinylated fraction (inside, i) are shown. The PLP-bands were quantified and a graphical representation of 
these data is shown underneath the blot, gray bars representing the surface fraction and the black bars the 
fraction within the cells, i.e., not accessible to biotinylation. 
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To discriminate between these possibilities we examined the extent to which PLP could be 

biotinylated in mock and GFP-MAL infected cells, allowing determination of the cell 

surface accessible pool of the protein. At steady state conditions, approx. 35 % of the total 

PLP pool was biotinylated in both mock infected and GFP-MAL (over)expressing cells (fig. 

6). Accordingly, these data would suggest that at steady state similar pools in mock 

infected and GFP-MAL (over)expressing cells had reached the cell surface, suggesting 

that (over)expressed GFP-MAL interferes in particular with PLP transport from the plasma 

membrane towards the myelin sheet. 

 

Discussion 

The aim of the present work was to obtain further insight into molecular mechanisms 

underlying the biogenesis of the myelin sheet in cultured OLGs. Our data suggest that MAL 

negatively regulates PLP transport to the myelin sheets in OLGs by exerting control on the 

exiting of PLP from an intracellular compartment that appears to be instrumental in the 

transcytotic transport of PLP from cell body plasma membrane to myelin sheet. 

In previous studies (de Vries et al., 1998; Klunder et al., in press) we have 

demonstrated that OLGs can be considered as polarized cells, trafficking to the cell body 

plasma membrane and the myelin sheet mimicking the apical- and basolateral-like 

mechanisms, respectively, in epithelial cells. In this context, we therefore investigated the 

MAL proteolipid protein in myelin formation since its regulatory role in polarized membrane 

transport in epithelial cells has been well defined, MAL (over)expression strongly promoting 

apical membrane biogenesis (Cheong et al., 1999; Puertollano et al., 1999; Martin-

Belmonte et al., 2001). Moreover, MAL is also expressed in OLGs, but its role is poorly 

defined. Our data demonstrate that MAL does not affect the proliferation and 

differentiation of OLGs, as was reported for the myelin producing Schwann cells of the PNS 

(Frank et al., 1999). Rather, the evidence suggests that MAL is a negative regulator of 

myelin sheet–directed vesicular transport of PLP. Indeed, transport of CNP, as a marker for 

non-vesicular transport to the sheet, or transport of MBP mRNA, nor the expression and 

distribution of either protein, were affected in mock infected or GFP-MAL (over)expressing 

cells. Neither the expression nor localization of the MAG protein was changed, indicating 

that transport of MAG from Golgi to the sheet was also not modulated in GFP-MAL 

(over)expressing OLGs. To explain the effect of MAL on PLP trafficking, it is relevant to 

consider the transport itinerary of this protein. Elsewhere, we have shown that after its 
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biosynthesis at the ER, PLP is transported from the Golgi to the OLG cell body plasma 

membrane (chapters 3 and 4). Subsequently, the protein is internalized and directed 

towards the myelin sheet along a transcytotic transport pathway from plasma membrane 

to myelin sheet. Importantly, initial transport from Golgi to plasma membrane relies on PLP’s 

integrations into membrane microdomains, characterized by resistance towards 

solubilization by TX-100. Intriguingly, TX-100 insolubility is transient, since after PLP’s departure 

from the plasma membrane (to the sheet), the protein resides in TX-100-soluble but CHAPS-

insoluble domains (chapters 3 and 4; Simons et al., 2000). Here we show that in GFP-MAL 

(over)expressing cells, PLP no longer reaches the myelin sheet but rather, accumulated in 

intracellular compartments (fig. 4). The question then arises whether accumulation was 

due to a block in trafficking of PLP from Golgi to plasma membrane or in the transcytotic 

pathway from plasma membrane to myelin sheet. Several pieces of evidence would 

support the latter scenario. Biotinylation experiments revealed that at steady state there 

was essentially no distinction in the pool of surface localized PLP in mock infected and 

GFP-MAL (over)expressing cells, suggesting that PLP transport to the plasma membrane 

following biosynthesis occurred relatively unhindered. Moreover, at these conditions (fig. 

5), the major fraction of PLP primarily resided in CHAPS insoluble but TX-100 soluble 

microdomains. Kinetically, PLP acquires this property in OLGs post-biosynthetically after 

approx. 60 min (Simons et al., 2000), a typical characteristic of the PLP transport entity 

between plasma membrane and myelin sheet, as shown elsewhere (chapter 4). At the 

molecular level, sulfatide is an important regulator in transcytotic PLP transport (chapter 4), 

and as MAL associates with sulfatide and their levels tightly balanced (Saravan et al., 2004; 

Schearen-Wiemers et al., 2004), MAL might sequester sulfatide from specific (plasma) 

membrane microdomains, thereby impairing PLP trafficking. 

Intriguingly, in GFP-MAL (over)expressing cells, PLP accumulation was accompanied 

by a substantial decrease in expression level of the protein by approx. 35 %. Whether this 

diminishment was related to a down regulation of de novo biosynthesis of PLP, triggered by 

the accumulation process as such, or that accumulated PLP was susceptible to 

degradation, remains to be determined. However, the present observations may bear 

relevance to very recent work by Trajkovic et al. (2006). These authors demonstrated that 

the trafficking of PLP in immortalized oligodendroglia cell lines is under neuronal control. 

Evidence was provided indicating that late endosomal/lysosmal compartments 

(multivesicular bodies) may serve as PLP storage compartments, triggered by endocytosis 
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of PLP, initially localized at the plasma membrane of the cells. Co-incubation of these cell 

lines with neurons downregulated endocytosis and simultaneously triggered PKA-mediated 

exocytosis of PLP from the storage compartments to the plasma membrane, thereby 

simulating myelination. It is possible that the accumulation sites we observed in GFP-MAL 

(over)expressing OLGs are the same as those noted by Trajkovic et al. (2006), although 

further work is required to characterize these compartments. Interestingly, however, only in 

GFP-MAL (over)expressing OLGs these compartments became more apparent, suggesting 

that exiting from this compartment was (negatively) regulated by MAL. If so, it is also 

tempting to suggest that in OLGs, where PLP is presumably vectorially transported to the 

sheet, degradation may occur in these endosomal/lysosmal compartments, possibly 

explaining its downregulated expression, since ‘recycling’ to the plasma membrane, as 

occurs in immortalized oligodendroglial cell lines (Trajkovic et al. 2006), is less likely. 

The present work thus revealed a potentially novel role for MAL in regulating 

polarized membrane transport, which needs not necessarily be at odds with its well-

defined role in apical trafficking in polarized epithelial cells, where it promotes membrane 

transport from Golgi to apical plasma membrane ((Puertollano et al., 1999; Cheong et al., 

1999). Its overexpression may have stimulate apically-controlled transport of PLP (Kroepfl 

and Gardinier, 2001) to the ‘apical-like’ membrane in OLGs, i.e., the cell body plasma 

membrane, given that the biotinylated pools of PLP were very similar in mock infected and 

GFP-MAL (over)expressing cells. However, the actual pool of PLP accessible in GFP-MAL 

(over)expressing cells may well be larger than that in control cells, since biotinylation 

detects the total pool of surface accessible PLP, i.e., in plasma membrane and sheet. In 

GFP-MAL (over)expressing cells, the latter pool is strongly reduced, implying that MAL could 

have promoted apical, i.e. cell body plasma membrane-directed trafficking, similarly as in 

epithelial cells. Obviously, additional work, including pulse chase experiments, will be 

necessary to clarify this possibility. Nevertheless, it would also appear that MAL 

downregulates subsequent transport to the ‘basolateral’ like sheet, as reflected by sheets 

being relatively devoid of PLP, presumably due to the intracellular entrapment of the 

protein in GFP-MAL (over)expressing cells. Thus, the present work clearly hints to a novel 

role of MAL in regulating PLP-mediated myelin compaction, which warrants further 

investigations. 
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