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Abstract 

The myelin membrane is a sheet-like extension of the plasma membrane of 

oligodendrocytes (OLGs) that consists of myelin-specific lipids and proteins, and its 

biogenesis and maintenance presumably requires specialized sorting and targeting 

devices. Given the polarized nature of plasma membrane versus myelin sheet, we have 

investigated whether vesicular transport events in these cells exploit a polarized distribution 

of syntaxins 3 and 4, as part of the mechanism to establish this membrane polarity. We 

demonstrate that syntaxins 3 and 4, as part of the SNARE machinery regulating 

intravesicular transport and membrane docking at target membranes, are distinctly 

distributed in OLGs and their expression is developmentally regulated. Whereas syntaxin 3 is 

present throughout development, syntaxin 4 becomes significantly expressed when OLGs 

differentiate and its expression further increases concomitant with myelin sheet biogenesis 

and OLG maturation. Consistently, syntaxin 3, which partitions equally in detergent-soluble 

and insoluble microdomains, largely localizes to the cell body and plasma membrane, 

whereas syntaxin 4, which predominantly localizes in detergent-soluble domains, is strongly 

enriched in secondary and tertiary processes and in the myelin sheet. Interestingly, 

overexpression of syntaxin 3 caused an accumulation of the myelin specific protein 

proteolipid PLP in the cell body, which was accompanied by a shift in PLP membrane 

localization, i.e., from a detergent soluble to a detergent-insoluble localization. 

Remarkably, overexpression of syntaxin 4 was without any effect on PLP transport, but 

completely inhibited MBP mRNA transport, thereby preventing MBP expression in the sheet, 

but not its biogenesis. The intracellular distribution of both syntaxins is consistent with the 

presumed apical- and basolateral-like properties of plasma membrane and sheet, 

respectively. Moreover, the data suggest that PLP transport to the sheet may proceed via 

a transcytotic mechanism, which involves syntaxin 3 for sheet-directed trafficking, but does 

not seem to depend on a syntaxin 4 dependent docking event in the sheet itself. 
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Introduction 

During myelination, oligodendrocytes (OLGs) express large quantities of myelin 

proteins and lipids that are subsequently transported from the cell body to the distal end of 

the processes, which are wrapped around axons to form the myelin sheath. Like the apical 

and basolateral plasma membrane domains in polarized epithelial cells, the myelin and 

plasma membrane can similarly be considered as a reflection of the polarized nature of 

OLGs. Indeed, in previous work we observed that distinct viral proteins, i.e. the 

hemagglutinin (HA) of influenza and the G-protein of vesicular stomatitis virus (VSV G), 

which are sorted and transported to the apical and basolateral domains, respectively, in 

epithelial cells, also display a localized expression preference in OLGs (de Vries et al., 

1998). However, rather than being expressed in the myelin sheet, its high glycolipid content 

bearing reminiscence to the glycosphingolipid (GSL)-enriched apical membranes of 

polarized epithelial cells (Weimbs et al., 1997, Lafont et al., 1999), HA, partitioning in 

detergent resistant microdomains, particularly localized to the cell body plasma 

membrane, whereas the detergent-soluble VSV G shows a preferential localization in the 

myelin sheet (de Vries et al., 1998). These data were taken to suggest that in OLGs myelin 

sheet biogenesis relies on a basolateral, rather than an apical-like transport and sorting 

mechanism. However, more recently it was shown that when expressed in polarized 

Madin-Darby canine kidney (MDCK) cells, PLP is transported to the apical rather than the 

basolateral membrane (Kroepfl and Gardinier, 2001). Thus, evidently, further work is 

needed to clarify the mechanism of transport of myelin-specific proteins, which was the 

purpose of the present work. 

The final step in vesicular transport of membrane proteins involves the docking and 

fusion of a vesicle with its target membrane, which is mediated by a protein family referred 

to as SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein) (Jahn and 

Sudhof, 1999; Larocca et al., 2002). The SNARE proteins are integral membrane proteins 

that form stable complexes and are present on both the vesicles (v-SNARE) and the target 

membranes (t-SNARE), syntaxins constituting an important subunit of the latter. Importantly, 

the apical and basolateral plasma membrane domains of polarized epithelial cells 

contain distinct t-SNAREs (Weimbs et al., 1997), i.e. syntaxins 3 and 4, which are 

preferentially localized at the apical and basolateral plasma membrane, respectively 

(Fujita et al., 1998; Low et al., 1998). Previously, mRNA studies by Madison et al. (1999) 

demonstrated that both syntaxin 3 and syntaxin 4 are present in OLGs. However, the 
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localization and distribution of these syntaxins in OLGs has not been reported, a feature 

that could shed more light on the polarized nature of the OLG plasma and myelin 

membrane. In this work we demonstrate that syntaxin 3 and syntaxin 4 are functionally 

expressed in OLGs in a developmentally regulated and polarized manner, syntaxin 3 being 

largely restricted to the cell body and plasma membrane, while syntaxin 4 is enriched in 

the myelin sheet. The intimate involvement of syntaxin 3 in regulating PLP transport to the 

sheet is taken to suggest that a transcytotic transport mechanism might be operational in 

OLGs, relevant to the biogenesis of myelin membranes. 

 

Materials and Methods 

Materials 

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

glutamine), L-glutamine, penicillin/steptomycin and 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). 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). 

 

Antibodies 

 The polyclonal antibodies against syntaxins 3 and 4 were a generous gift of Dr. 

Thomas Weimbs (Department of Molecular Medicine, Cleveland, OH). 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. 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 provided by 

Amersham Biosciences (Buckinghamshire, UK). 
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Constructs 

General procedures for cloning and DNA manipulations were performed as 

described by Sambrook et al. (1989). The cDNAs encoding syntaxin 3 and syntaxin 4 (Low 

et al., 1996) were a kind gift of Dr. Thomas Weimbs (Department of Molecular Medicine, 

Cleveland, OH). For cloning the syntaxin genes in the retroviral vector pLXIN (Clontech 

Biosciences, Mountain View, CA), an XhoI restriction site at the ATG start codon of the 

syntaxin 3 and syntaxin 4 gene and an XhoI restriction site after the stop codon of both 

genes were introduced by the polymerase chain reaction (PCR). The following primers 

were used:  Forward syntaxin 3:   5’CATGTATTCGAAGAGCTCTTCGCACATGG 3’  

Reverse syntaxin 3:   5’CTAGGTGATCAAGAGCTCCTAGGGCCCACG 3’  

Forward syntaxin 4:  5’CGAATAGCTATGAGCTCCATGGTCTAG 3’ 

Reverse syntaxin 4:  5’GATCTCCTAGAGCTCACGTAGGGAC 3’ 

The PCR products were digested with Xho1 (Gibco Invitrogen Cooporation, Paisly, UK) and 

ligated with the 1.8 kb retroviral vector pLXIN. Recombinant plasmids were grown in 

Escherichia coli DH5α cells, and plasmids with the cDNA insert in the correct orientation 

with respect to transcription were identified by restriction analysis. The orientation and the 

integrity of the obtained pLXIN constructs 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 FuGENE 6 

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 

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

mechanically and then with papaine (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 a trypsin inhibitor (1 mg/ml) solution. After centrifugation the cells were 

resuspended in DMEM supplemented with 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 and 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 the OLG 

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

permanox chambers (Nunc) and cultured as described above. 

 

Infection of oligodendrocyte progenitor cells  

For overexpression of syntaxins, the OLG progenitor cells were plated in proliferation 

medium on PLL-coated 100 mm dishes or 8 well chamber 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 

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) for 3 to 9 days. 

 

Immunofluorescence and confocal microscopy 

Paraformaldehyde-fixed cells (4 % paraformaldehyde in 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 
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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. The samples were analyzed with an immunofluorescence microscope 

(Olympus AX70), equiped with analySIS software. Confocal microscopy analyses were 

performed using a TCS Leica SP2 Confocal Laser Scanner Microscope (Leica Heidelberg, 

Germany) in combination with Leica Confocal Software. Data were processed using Paint 

Shop Pro and/or Adobe Photoshop software. 

 

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. Pellets and supernatants 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. 

 

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 % OptiPrep and 10 % OptiPrep. Gradients were centrifuged overnight at 

40000 rpm (SW55 Beckman, 4 °C) and 7 750 μl gradient fractions 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. 
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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 dryed and resuspended in 2x 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. 

 

In situ hybridization 

 The in situ hybridization protocol was based on the procedure described by de Vries 

et al. (1997). Briefly, paraformaldehyde-fixed cells were subsequently rinsed, with PBS and 

SSC (Saline Sodium Citrate), dried and hybridized with sense and antisense digoxigenin-

labeled probes overnight at 60 °C in a solution containing formamide, NaCl, Tris, EDTA, 

tRNA, Denhardt’s solution and dextran sulfate and a final probe concentration of 1-5 ng/μl. 

After hybridization, the cells were treated with ribonuclease A at 37 °C and washed in SSC 

at 65 °C. Hybridization signals of digoxigenin-labeled RNA-RNA complex were visualized 

after incubation with alkaline phosphatase-conjugated sheep anti-digoxigenin using 

nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate (BCIP) as a substrate. 

Endogenous non-intestinal phophatase activity was inhibted by the addition of levamisole 

to the staining solution, developed overnight and terminated by rinsing the cells in a buffer 

solution consisting of Tris-HCl and EDTA, pH 8.0. The dark purple precipitate, indicating the 

presence of hybridized mRNA, was detected with brightfield microscopy. 
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RT-PCR analysis 

Total RNA from infected cells was isolated using an RNeasy Mini kit (Qiagen, Hilden, 

Germany). The yield and purity were quantified spectrophotometrically by measuring A260 

and A280 optical densities. 0.5 μg of total RNA was reversed transcribed in the presence of 

oligo(dT)12-18 and dNTPs (Gibco Invitrogen Cooporation, Paisly, UK) with superscript II 

reverse transcriptase (Roche Diagnostic Corporation, Mannheim, Germany) according to 

the manufacturer’s instructions. The resulting cDNA was amplified using primers specific to 

the myelin proteolipid protein PLP, MBP and as a control β-actin: 

5’GGCCGAGGGCTTCTACACCAC 3’ (forward PLP) 

5’CAGGAGCCCACTGTGGAGAA 3’ (reverse PLP)) 

5’ACTGCGGATAGACAGG 3’ (forward MBP) 

5’GATGGTGACCTTCGGC 3’ (reverse MBP) 

5’ACCACACAGCTGAGAGGGAAATC 3’ (forward β-actin) 

5’GGTCTTTACGGATGTCAACG 3’(reverse β-actin) 

All PCR products were analyzed by agarose gel electrophoresis. Resultant bands were 

stained with ethidium bromide and visualised by using a Polaroid Direct Screen Camera. 

Changes in expression were analyzed and quantified by Paint shop Pro and Scion Image 

Software. 

 

Results 

Syntaxin 4 but not syntaxin 3 is strongly upregulated during OLG development 

Upon development, OLGs undergo a carefully defined process of maturation, 

during which different developmental stages can be discerned. Thus the cells differentiate 

from a bipolar progenitor cell (O2A stage) to a cell with branched primary processes 

(GalC stage) and eventually to one with elaborate laminar sheets (MBP stage), the mature 

stage of OLGs in culture (fig. 1A, Pfeiffer et al., 1993; Baron et al., 2005). This development is 

accompanied by the biogenesis and maintenance of different surface membrane 

domains in that next to the cell body plasma membrane, constituting the main boundary 

domain during early development (O2A), an elaborate myelin membrane sheet domain is 

formed upon full differentiation (MBP stage). Not unlikely, syntaxins 3 and 4, known to be 

localized at distinct membrane surfaces in polarized cells, are playing a prominent role in 

the sorting and trafficking events involved in the assembly and maintenance of these 

distinct domains in OLGs. We therefore first determined the expression pattern of both 
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syntaxins as a function of OLGs development. Total lysates obtained at different 

developmental stages of OLGs were prepared and analyzed by Western blotting. As 

shown in figure 1B the expression level of syntaxin 3 remained remarkably constant during 

development.  

 

 
 
Figure 1: Regulated expression of syntaxin 3 and syntaxin 4 in developing oligodendrocytes. (A) Schematic 
overview of OLG development and differentiation as reflected by changes in morphology from progenitor 
cells, O2A, via O4 and GalC stages to mature and fully differentiated cells, defined as the MBP stage 
(adapted from Baron et al., 2005). (B) Relative expression levels of syntaxin 3 and syntaxin 4 in OLGs during 
development. Protein extracts were prepared, and equal amounts of protein were loaded on a SDS-PAGE gel. 
The gels were visualized by Western blotting, using antibodies directed against rat syntaxin 3 or 4. Syntaxin 3 
(black bars) and syntaxin 4 (gray bars) expression were quantified and expressed relative to that at the O2A 
stage (= 100). Data were obtained from at least three independent experiments. Statistical significance 
between O2A stage and the other developmental stages is shown (***P < 0.001). 
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Interestingly and in contrast, the expression of syntaxin 4 was substantially 

upregulated during development and relative to its expression in OLG progenitor cells 

(O2A) increased more than four fold under conditons of avid myelin sheet biogenensis 

(MBP stage). From these data it is tempting to suggest that syntaxin 4 might thus 

particularly be involved in myelin sheet-directed transport, whereas syntaxin 3 would 

largely act in vesicular transport directed toward the cell body plasma membrane. To 

investigate this possibility, their localization was determined by immunofluorescence 

microscopy. 

 

Syntaxin 3 is localized in the plasma membrane and primary processes, whereas syntaxin 

4 is localized towards the myelin sheet. 

To analyze the localization of syntaxins 3 and 4 during OLG development, the 

localization of the syntaxins in the different developmental stages was visualized by 

immunofluorescence. In the O2A stage, syntaxin 3 largely localizes to the perinuclear 

region, whereas in the O4 and GalC stage syntaxin 3, besides a more punctuate 

distribution, presumably reflecting its presence in vesicular structures throughout the 

cytoplasm of the cell body, can also be discerned at the plasma membrane of the 

primary processes (data not shown; cf. fig. 2A). Importantly, in fully differentiated cells (MBP 

stage), no significant colocalization of the myelin sheet marker MBP with syntaxin 3 could 

be observed, implying that syntaxin 3 is excluded from the myelin sheet. Indeed, as during 

early development, syntaxin 3 labeling was largely associated with the cell body plasma 

membrane and primary processes (fig. 2 A-C).  

In cells at the O2A and O4 stages, syntaxin 4, like syntaxin 3, was located in 

intracellular vesicles. However, the syntaxin 4 containg vesicles, in contrast to those 

containing syntaxin 3, were not scattered throughout the cytoplasm and partially 

colocalized with TGN-38 (data not shown). At later stages of development syntaxin 4 was 

directed towards the plasma membrane of the processes.  

Most interestingly and in marked contrast to the localization of syntaxin 3, syntaxin 4 

prominently colocalized with MBP in the myelin sheet, as shown in figures 2D-F. These data 

thus suggest a preferential, polarized distribution of syntaxins 3 and 4 in OLGs, syntaxin 3 in 

contrast to syntaxin 4 being largely present in the cell body plasma membrane and 

primary processes, whereas syntaxin 4, but not syntaxin 3, is distinctly present in the sheet. 
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Figure 2: Endogenous syntaxin 4 but not syntaxin 3 localize to the sheet and colocalizes with MBP in mature 
oligodendrocytes. OLGs in the MBP stages were fixed, permeabilized and costained for either syntaxin 3 (A) or 
syntaxin 4 (D), and MBP (B and E). Merged images are shown in C (syntaxin 3/MBP) and F (syntaxin 4/MBP). Bar 
= 20 µm.  Representative pictures of three independent experiments are shown.  
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Membrane microdomains, also known as ‘lipid rafts’, have received much attention 

as organizing platforms and potential regulators of membrane trafficking pathways. 

Syntaxin 3, but not syntaxin 4, has been reported to be particularly enriched in such 

microdomains (Lafont et al., 1999; Pombo et al., 2003). Whether both syntaxins, apart from 

a preferential asymmetric distribution, also displayed a distinct preference for a raft 

localization in OLGs, was examined next. 

 

 

 
Figure 3: Syntaxin 3, but nor syntaxin 4 preferentially accumulates into detergent-resistent microdomains during 
oligodendrocyte development. TX-100-soluble and –insoluble fractions, obtained from OLGs at different stages 
of development (see fig. 1A) were immunoblotted and syntaxin 3 (A) and 4 (B) were visualized by ECL. The 
soluble (black bars) and insoluble fractions (grey bars) were quantified and expressed as percentage of the 
total fraction (=100 %). Note that the detergent-resistant fraction of syntaxin 3 increases when the cells 
become more mature while the partitioning of syntaxin 4 remains unaltered during development. Data were 
obtained from at least three independent experiments. Statistical significance between O2A and the other 
developmental stages is shown (**P<0.01). (C) Microdomain localization of endogenous syntaxin 3 and 
syntaxin 4 in the MBP stage. OLGs (MBP stage) 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 syntaxin 3, syntaxin 4 and the raft marker caveolin. The figure represents a 
typical result of three independent experiments. 
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Relative to syntaxin 4, syntaxin 3 is enriched in Triton X-100 microdomains 

To analyze the lateral membrane microdomain distribution of syntaxins 3 and 4 in 

OLG, cells were extracted with cold Triton X-100 (TX-100) and centrifuged to separate the 

detergent soluble and insoluble fractions. As shown in figure 3A, during maturation the 

detergent-insoluble fraction of syntaxin 3 (grey bars) increased from approximately 25 % in 

the O2A stage to approx. 50 % in the MBP stage, indicating that syntaxin 3 becomes 

increasingly detergent-resistent during OLG maturation. A fraction of approx. 25 % of 

syntaxin 4 localized to a TX-100 insoluble pool at all stages of OLG development (fig. 3B). 

Virtually identical results were obtained when the proteins were analyzed by density 

gradient centrifugation (fig. 3C). Thus these data indicate that in mature OLGs, syntaxin 3 is 

roughly equally distributed between raft and non-raft structures while syntaxin 4 

preferentially localizes to non-raft domains, using TX-100 solubulity as operational criterion 

for defining raft structures. Given differences in their intracellular distribution and 

partitioning into detergent-resistant membrane microdomains, we therefore next 

examined how these distinct distribution profiles related to functional aspects of syntaxin 3 

and syntaxin 4 in membrane transport, involved in the assembly of the myelin sheet. 

 

Overexpressed syntaxin 4 specifically inhibits the expression and localization of MBP  

We first investigated the role of syntaxin 4 on the trafficking of myelin-sheet specific 

proteins, following its overexpressing in the cells. At the early stages of OLG development 

(fig. 4A), the localization of overexpressed syntaxin 4 resembled that of endogenous 

syntaxin 4, and was also found at the plasma membrane of the cell body. Later in 

development (GalC and mature MBP stages), overexpressed syntaxin 4 (fig. 4C and D) 

was more prominently present in the processes and in the myelin sheets of the OLGs, very 

similar as observed for the disitrubution of endogenous syntaxin 4 (cf. fig. 2D). 

In all cases, the morphology of the cells and/or appearance of the sheets were 

indistinguishable from those of mock transfected cells. The different developmental stages 

of OLGs are characterized by the sequential appearance of several myelin specific 

markers. 2', 3' -cyclic nucleotide 3’-phosphodiesterase (CNP) is the earliest myelin specific 

protein that is expressed in the OLG lineage and can be used as a marker for the onset of 

differentiation. MBP and PLP serve as markers for OLG maturation. At a roughly 5-fold 

overexpression of syntaxin 4, no differences were observed between the overexpressed 
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and mock infected cells in terms of the number of cells in each population, expressing the 

early marker CNP (data not shown). 

 

 
 

Figure 4: Localization of syntaxin 4 in syntaxin 4 overexpressing oligodendrocytes as a function of cell 
development. OLG progenitor cells, retrovirally overexpressing syntaxin 4, were prepared as described in 
Materials and Methods. The localization of syntaxin 4 was subsequently determined in OLGs, grown to various 
developmental stages O2A (A), O4 (B), GalC (C) and MBP (D). To this end, the cells were fixed, permeabilized 
and stained with an anti-rat syntaxin 4 antibody. Bar = 20 µm. Representative pictures of three independent 
experiments are shown. Note that upon OLG maturation (MBP stage) syntaxin 4 is localized to the myelin sheet. 
 

Also, at the MBP stage, the number of PLP positive cells, as well as the protein’s 

intracellular distribution were indistinguishable for mock infected and syntaxin 4 

overexpressing cells (fig. 5A versus B), suggesting that overexpression of syntaxin 4 did not 

visibly interfere with the differentitation pattern of the cells. Remarkably, however, in 

contrast to its appearance in mock infected cells (fig. 5C), MBP expression was virtually 

absent in syntaxin 4 overexpressing cells (fig. 5D), when examined by immunofluorescence 

microscopy. To obtain further support for these observations total cell lysates were 

prepared from syntaxin 4 overexpressing and mock infected cells, which were 

subsequently analyzed by SDS-PAGE and Western blotting. Whereas the expression of the 

myelin specific proteins CNP (data not shown), MAG (data not shown) and PLP (fig. 5E) at 
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various stages of development were virtually unaffected by syntaxin 4 overexpression, the 

latter caused a dramatic decrease of MBP expression (fig. 5E), consistent with the 

fluorescence imaging. Interestingly, in contrast to most other myelin-specific proteins, MBP 

insertion into the myelin sheet is unique in that it involves sheet-directed transport of its 

mRNA followed by local transcription (Ainger et al., 1993; de Vries et al., 1997). 

Accordingly, these data would suggest that overexpressed syntaxin 4 may interfere with 

MBP mRNA transport. 

 

 
 
Figure 5: Sheet localization and expression of MBP, but not PLP, is modulated in syntaxin 4 overexpressing cells. 
Localization of the myelin specific proteins PLP (A, B) and MBP (C, D) in syntaxin 4 overexpressing and mock 
infected (pLXIN) OLGs in the MBP stage as determined by immunofluorescence. Bar = 20 µm. Representative 
pictures of three independent experiments are shown. In E, immunoblots of total lysates (equal protein 
fractions) obtained from syntaxin 4 overexpressing OLGs and mock infected cells in the MBP stage. Proteins 
were visualized by Western Blotting using antibodies directed against PLP and MBP. Note the virtual absence of 
MBP expression. 
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Syntaxin 4 is involved in MBP mRNA transport  

Having established that in cells overexpressing syntaxin 4 both the expression level 

and localization of MBP were altered, in situ hybridization experiments were performed to 

analyze whether MBP mRNA transport from the cell body to the processes and sheet was 

blocked. For in situ hybridization, the mRNA probe coding for the 14 kDa isoform of MBP 

was used. This probe hybridizes to all isoforms of MBP as well as to the MBP exon 0’ 

transcripts (Grima et al., 1992; Campagnoni et al., 1993; de Vries et al. 1997).  

 

 

 
 

 
Figure 6: Syntaxin 4 mediates MBP mRNA transport towards the myelin sheet. In situ hybridization of MBP mRNA 
with digoxigenin-labeled 14 kDa MBP sense (A) and antisense (B, C) RNA probes was carried out in mock 
infected cells and syntaxin 4 overexpressing cells as described in Materials and Methods. Bar = 20 µm. 
Representative pictures of three independent experiments are shown. In D, mRNA was isolated from mock 
infected (grey bars) and syntaxin 4 overexpressing (black bars) OLGs in the MBP stage, and RT-PCR was 
performed using primers specific for PLP, MBP and β-actin. Expression of each gene was calculated relative to 
the expression of housekeeping gene, β-actin. Note that MBP mRNA is equally expressed in mock infected and 
syntaxin 4 overexpressing cells. 
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As shown in figure 6B, in mock infected cells the probe hybridized to the cell body and to 

both the primary and the secundary processes. However, in OLGs overexpressing syntaxin 

4 the probe only hybridized to the cell body, implying that MBP mRNA localizes only to the 

cell body and the primary processes. No mRNA of MBP was present in the sheet (fig. 6C), 

suggesting that the MBP mRNA could not be transported to its final target, the myelin 

sheet.  

To further determine whether these results could also (partly) result from an 

interference of overexpressed syntaxin 4 with MBP mRNA expression, total RNAs were 

isolated and the concentration was determined via RT-PCR. In cells overexpressing syntaxin 

4, the amount of MBP mRNA was very similar to the amount of MBP mRNA seen in mock 

infected cells (fig. 6D). Taken together, these data are thus in accordance with the notion 

that overexpression of syntaxin 4 causes an MBP mRNA transport-related inhibition of MBP 

expression in myelin sheets without affecting protein transport to the sheet as such, as 

reflected by unaltered transport of another major sheet protein, PLP (fig. 5), as well as that 

of CNP and MAG (data not shown). 

 

Overexpression of syntaxin 3 inhibits transport of the myelin specific proteolipid PLP 

To similarly analyze the role of syntaxin 3 in the expression and trafficking of myelin 

proteins, the same experimental protocol was followed as that described above for 

cultured OLGs, overexpressing syntaxin 4. First, it was investigated whether there was a 

difference in morphology and differentiation pattern after syntaxin 3 overexpression. It 

appeared that cells overexpressing syntaxin 3 resembled the mock infected cells at all 

stages (data not shown; cf. Fig. 5). Also the expression level of syntaxin 3 and that of the 

myelin specific proteins CNP, MAG, PLP and MBP was determined at the various stages of 

development. In cells, displaying an approx. 10-fold overexpression of syntaxin 3 

compared to wildtype, the expession levels of CNP, MAG and MBP were not significantly 

different when compared to those in mock infected cells. Neither was there a difference in 

intracellular distribution of either of these proteins, compared to control cells. Intriguingly, 

although no effect was observed in the expression level of PLP as analyzed by Western 

Blotting (cf. fig. 7D), immunofluorescence microscopy (fig. 7A versus B) revealed that in 

OLGs overexpressing syntaxin 3 transport of PLP to the sheet was apparently blocked, since 

PLP accumulated in intracellular vesicles in the cell body and could hardly be detected in 

the myelin sheet (MBP stage). It is also important to emphasize that as observed for 
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syntaxin 4, overexpressed syntaxin 3 showed a very similar distribution as endogenous 

syntaxin 3, accumulating in particular in the cell body at the MBP stage (cf. fig. 2). In 

search of a clue for the underlying mechanism that causes a block in PLP transport, we 

next examined whether differences arose in the nature of the accumulating PLP fraction 

within the cell body when overexpressing syntaxin 3, compared to mock infected cells. To 

this end the syntaxin 3 overexpressing OLG progenitor cells were differentiated until the 

MBP stage, extracted with TX-100, layered on an OptiPrep density gradient and analyzed 

by Western blotting.  

 

 
 

Figure 7: Overexpression of syntaxin 3 inhibits sheet-directed transport of PLP. The localization of the myelin 
specific protein PLP was determined by immunofluorescence in mock infected (vector only, A) and syntaxin 3 
overexpressing (B) OLGs in the MBP stage. Note the presence of sheets in syntaxin 3 overexpressing cells, as 
visualized by MBP immunofluorescence (C). Bar = 20 µm. Representive pictures of three independent 
experiments are shown. Potential differences in lateral membrane localization of PLP was analyzed in syntaxin 
3 overexpressing and mock infected OLGs by detergent extraction and gradient analysis as shown in D. OLGs 
in the MBP stage were extracted with 1 % TX-100 at 4 °C, and analyzed by OptiPrep density gradient 
centrifugation (40%, 30% and 10%) as described in Materials and Methods. PLP was visualized by Western 
blotting. The blots are representitive of at least three independent experiments. Note that PLP is TX-100-resistant 
in syntaxin 3 overexpressing OLGs, whereas in mock infected OLGs PLP is largely TX-100-soluble (fraction 7). 
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As shown in figure 7D, whereas in control cells PLP essentially localizes to detergent soluble 

fractions (mock), in syntaxin 3 overexpressed cells PLP’s localization has shifted to the 

floating TX-100 insoluble fraction (fig. 7D, syntaxin 3). 

Hence, these data would suggest that PLP, following its biosynthesis, might 

transiently integrate into TX-100-resistant microdomains preceeding a subsequent 

transport/localization step involved in its ultimate deposition at the myelin sheet, which 

does not depend on such a TX-100-resistant localization. Apparently, (overexpressed) 

syntaxin 3 interferes with this transport step at the level of the cell body. 

 

Discussion 

 There is ample evidence that SNARE proteins, including the t-SNARE subunit syntaxin, 

are intimately involved in docking and fusion of vesicles, mediating numerous intracellular 

transport processes of membrane proteins (Lafont et al., 1998; Breuza et al., 2000; Ter Beest 

et al., 2005). The present work demonstrates a distinct role of syntaxin 3 and syntaxin 4 in 

transport events in OLGs, connected with the biogenesis of the myelin sheet. Thus, our 

data suggest that syntaxin 3, which is particularly enriched in the cell body where it 

distributes about equally between raft- and non-raft lipid fractions, is particularly involved 

in regulating transport of the major myelin protein PLP to the myelin membrane sheet. In 

contrast, syntaxin 4, which is largely soluble when extracted with TX-100 and to a major 

extent localizes to the myelin sheet, predominantly perturbs MBP mRNA transport from the 

cell body to the sheet, without significantly interfering with other myelin specific proteins, 

such as PLP, CNP and MAG. Our data also clearly indicate a polarized distribution of both 

syntaxins, in line with previous observations on the polarized nature of OLGs. Most 

intriguingly, based on the inhibitory effect of overexpressed syntaxin 3 on sheet-directed 

PLP transport, our results support the notion that ‘transcytosis’ between the plasma 

membrane of the OLG cell body and the myelin sheet may be an operating mechanism in 

myelin sheet assembly in OLGs. 

In previous work (De Vries et al., 1997) we noted the polarized nature of the myelin 

membrane versus the cell body plasma membrane in mature OLGs. In those studies we 

observed that the influenza protein hemaglutinine (HA), which is sorted to the apical 

membrane domain in polarized epithelial cells where it resides in a TX-100 insoluble 

membrane fraction, localizes to the plasma membrane of the OLG cell body, whereas the 

TX-100 soluble basolateral marker in epithelial cells, VSV G, traffics to the myelin sheet. In 
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this manner, a cognate basolateral domain, i.e., the myelin sheet, and a cognate apical 

domain, i.e., the cell body plasma membrane domain, were thus identified in mature 

OLGs (MBP stage). In the present work, the polarized features of the OLGs are now further 

corroborated by the observation that syntaxin 3 localizes in particular to the cell body, 

including the plasma membrane, whereas syntaxin 4 is most prominently present in the 

sheet. This polarized distribution of these syntaxins in OLGs is entirely consistent with well-

established properties in various epithelial cells that syntaxin 3 is involved in apical 

trafficking i.e., towards the cell body plasma membrane in OLGs, whereas syntaxin 4 

localizes to the basolateral surface (Low et al., 1996; 1998; Lafont et al., 1999; Pombo et al., 

2003), i.e., the myelin sheet in mature OLGs. Moreover, next to paralleling a polarized 

distribution, we similarly observed analogous differences in the lateral localization of both 

syntaxins. Thus, in mature OLGs, syntaxin 3, but not syntaxin 4 displayed a distinct 

preference for a raft-like localization, as previously reported for the localization of syntaxin 

3 in epithelial MDCK cells (Low et al., 1996; Lafont et al., 1999) and in membranes of mast 

cell granules (Pombo et al., 2003). Most interestingly, by expressing chimeric variants of 

syntaxins 3 and 4 and determining the functional sorting of relevant marker proteins in 

polarized MDCK cells, recent evidence indicated that these syntaxins may play a role in 

determining the specificity of membrane targeting by regulating protein delivery to only 

certain target membranes (ter Beest et al., 2005). In this context, the observation of an 

inhibition of PLP transport to the sheet in syntaxin 3, but not syntaxin 4 overexpressing cells is 

of major interest. In MDCK cells it has been demonstrated that overexpression of syntaxin 3, 

but not of syntaxin 4, causes an inhibition of apical-directed membrane transport (Low et 

al., 1998). Although the mechanism underlying this inhibitory effect remains to be 

determined, excess syntaxin 3 apparently precludes docking and/or merging of cargo 

vesicles to the apical membrane, which, however, is not accompanied by subsequent 

missorting to the basolateral surface. Of further interest is the observation that when PLP is 

expressed in MDCK cells, the protein sorts exclusively to the apical membrane (Kroepfl and 

Gardinier, 2001). This finding is in agreement with our contention of a cognate apical 

character of the OLG cell body plasma membrane which, in line with the specificity of 

syntaxin-dependent vesicle targeting (ter Beest et al., 2005), would thus depend on 

syntaxin 3, present in plasma membrane and cell body. The observations thus also imply 

that a syntaxin 3 dependent mechanism is a prerequisite for subsequent transport of PLP to 

the sheet. Indeed, the finding in syntaxin 3 overexpressing cells that PLP largely resides in 
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TX-100 resistant membrane fraction (fig. 7), would be consistent with an indirect transport 

pathway of PLP to the sheet. Thus, our data (fig. 7) suggest that following biosynthesis, PLP 

is first transported to the plasma membrane of the cell body, which occurs in a raft-like 

fraction and depends on syntaxin 3, after which the protein will be (re-)internalized as part 

of a membrane carrier that solubilizes in TX-100, and that is directed to the myelin 

membrane. This process can be seen as a transcytotic step, as occurs in polarized 

epithelial cells and, in case of PLP transport, is apparently independent of syntaxin 4. This is 

in line with the notion that transcytotic transport from basolateral to apical membrane in 

epithelial cells does not necessarily depend on syntaxin 3 (Low et al., 1999). 

In analogy to an inhibitory effect of overxpressed syntaxin 3 on a transport step, 

overexpressed syntaxin 4 inhibited transport of MBP mRNA towards the sheet, but not that 

of the other proteins examined, i.e., MAG, CNP and PLP. As a result, the expression level of 

MBP became almost negligible and the protein was no longer detectable in the myelin 

sheet. Importantly, compared to mock infected cells the level of mRNA MBP did not 

change in syntaxin 4 overexpressing cells. In situ hybridization revealed that in mock 

infected OLGs, MBP mRNA was transported deeply into the secondary processes, where it 

is translated into MBP protein, i.e., near the site where myelin is formed. The present data 

show that in cells overexpressing syntaxin 4 the MBP mRNA only reached the primary 

processes and remained mostly perinuclear, suggesting that syntaxin 4 may play a role in 

the translocation of MBP mRNA from the cell body to the myelin sheet. This observation is 

remarkable in that MBP mRNA is thought to be part of a so-called granule, which is not 

bounded by a membrane, and which is transported along microtubules to its site of 

destination (Barbarese et al., 1995; Carson et al., 1998; Song et al., 2003). At present, it is 

unclear whether syntaxin 4 directly interferes with the docking of this granule at the sheet 

or that it inhibits sheet-directed vesicular transport of co-factors, necessary for mRNA 

delivery. However, in yeast mRNA transport has been linked to vesicular transport, which 

was reported to be regulated by SNAREs (Aronov et al., 2004). Evidently, in light of the 

regulatory role of syntaxin 4 in MBP mRNA transport, further work to clarify its mechanism in 

this context, is warranted. 
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