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Chapter 1

Myelin Biogenesis in Health and Disease;
Involvement of Major Myelin Lipids and 

Proteins

Hande Ozgen, Nicoleta Kahya, Dick Hoekstra and Wia Baron

Department of Cell Biology, University of Groningen, University Medical Center Groningen, 
Antonius Deusinglaan 1, 9713 AV Groningen, the Netherlands
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Introduction

1.   Myelin Biogenesis

In the central nervous system (CNS), oligodendrocytes (OLGs) produce sheet-like 
extensions at their plasma membrane, the myelin membranes, which ensheath axons 
in a multilamellar fashion and consist of myelin specific proteins and a distinct set of 
galactolipids [1–3]. Myelination is essential for proper saltatory nerve conduction, 
i.e., rapid transmission of nerve impulses, a process which is irreversibly interrupted 
in neurological diseases such as multiple sclerosis (MS). Myelin biogenesis in vivo 
requires tightly regulated sequential events in space and time [1–3]. In this context, 
OLGs need to go through  series of sequential events such as proliferation, migration, 
differentiation and maturation to synthesize the myelin sheaths. In order to produce 
the unique ultrastructure of myelin, OLGs require carefully organized myelination 
machinery, involving a tight regulation of sorting and trafficking of major myelin lipids 
and proteins in space and time.

1.1. From oligodendrocyte progenitor cells to myelin forming 
oligodendrocytes

Unlike other cell types, OLGs only have proliferative and migratory properties 
during early development, i.e., when they are still defined as ‘early oligodendrocyte 
progenitor cells’ (OPCs) [2]. OPCs migrate actively from multiple origins in the 
CNS to reach newly forming white matter where they will stop proliferating and 
start differentiating by synthesizing myelin specific components (Fig. 1, [2,4]). In 
consideration of sequential expression of myelin lipids and proteins, the proliferation 
and differentiation time-line has been well characterized in cultured OLGs by 
identifying and defining stage-specific lipid markers at the cell surface, followed by 
the expression of mature myelin proteins myelin basic protein (MBP) and proteolipid 
protein (PLP) [4,5]. Notably, OLGs are able synthesize myelin-like membranes in vitro 
called ‘myelin sheets’ [6] in the absence of neurons, following a similar proliferation 
and differentiation time-line. For example, the migratory early OPCs are characterized 
by surface expression of specific gangliosides, like GD3, and ganglisides that are 
recognized by antibody A2B5 [4]. Upon further differentiation, early OPCs transform 
into late OPCs, morphologically featuring a few primary processes extending from 
the cell body, and are further characterized by the surface expression of another 
lipid marker, the galactolipid sulfatide (recognized by the O4 antibody). Late OPCs are 
still proliferative, but not migratory. Upon further differentiation, the gangliosides 
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disappear from the surface, and another galactolipid, galactosylceramide (GalC), 
appears (recognized by the O1 antibody). These immature OLGs have lost their 
proliferative capacity, and undergo dramatic morphological changes, displaying an 
appearance of secondary and branched processes. Immature OLGs also start to 
express the myelin specific protein 2’, 3’-cyclic-nucleotide 3’-phosphodiesterase 
(CNP). Immature OLGs eventually reach the fully differentiated stage, where they 
synthesize ‘myelin sheets’ in vitro, which are membranous extensions that are 
continuous with the primary processes. These mature OLGs synthesize myelin-
specific proteins, including PLP and MBP, neurofascin155 (NF155), myelin associated 
glycoprotein (MAG),  and myelin oligodendrocyte glycoprotein (MOG) [2,3]. In vivo, 
the growing edge of the myelin membrane, called ‘inner tongue’, makes contact with 
the axons which are then further enwrapped by myelin membranes in a multilamellar 
fashion. When the enwrapping is complete, which depends among others on the 
diameter of the axon, compaction of the myelin membranes will take place starting 
from the outer tongue going through the inner tongues of the myelin membranes, 
leading   to  the  formation of compact internodes  and non-compact adaxonal, 
abaxonal and paranoal subdomains ([7], described in more detail in chapter 2).

Mature  OLG 
GalC, sulfatide, CNP, MBP, PLP, NF155, MOG, MAG 

Immature OLG 
GalC,sulfatide,CNP 

Late-OPC 
A2B5, GD3,  

sulfatide 

Early OPC 
A2B5, GD3 

GD3 

 

Figure 1: A schematic illustration of in vitro oligodendrocyte development. 
Oligodendrocyte (OLG) progenitor cells (OPCs) are proliferative (early and late OPCs) and 
migratory (late OPCs) displaying a few processes, and stage-specific lipid surface markers. As 
OPCs mature, they elaborate more and branched processes (depicted in green) reaching the 
immature OLG stage. Immature OLGs express in addition to sulfatide also GalC at their surface, 
and myelin proteins such as CNP. When they reach the fully mature form (mature OLGs), they 
synthesize myelin sheets (depicted in orange), the in vitro equivalent of myelin sheaths, and 
myelin specific proteins such as PLP, MBP, NF155, MAG and MOG. 

1.2.   Trafficking of major myelin proteins in oligodendrocytes

Similar to epithelial cells, OLGs display a polarized nature, containing two distinct 
membrane surfaces, the plasma membrane surrounding the cell body, target of apical-
like trafficking and the myelin membrane, enriched in cholesterol and galactolipids, 
which is targeted by basolateral-like trafficking [1,8,9]. In addition, myelin lipids 
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and proteins are organized in a distinct way, i.e., proteins and lipids are sorted and 
transported to compact and/or non-compact myelin, which implies that myelin 
membranes as such also display ‘polarized’ properties [1]. The exact transport 
mechanisms of major myelin proteins are just emerging [8,9], and suggest direct 
and indirect (transcytotic) transport routes, the latter reflecting polarized apico-
basolateral trafficking. 

The peripheral membrane protein MBP is the only known structural protein that 
is imperative for myelin biogenesis. MBP consists of several prenatal (embryonic) and 
postnatal isoforms, which are expressed  in a species dependent manner, i.e., 4 major 
postnatal MBP isoforms exist in rat, 6 in mouse and 4 in human [10,11]. These MBP 
isoforms are derived from a gene complex called ‘Golli ’ (gene in the oligodendrocyte 
lineage) which is comprised of eleven exons from which the seven downstream ones 
give rise to a single MBP transcript. The alternative splicing of this single transcript 
produces different prenatal and postnatal MBP isoforms. Among these isoforms, the 
ones containing exon-II, i.e., 17 and 21.5 kDa, are localized within the nucleus and 
cytoplasm, whereas the other two, 14 and 18.5 kDa, localize to (compact) myelin 
membranes. MBP isoforms are expressed in a developmentally regulated way; exon-
II negative MBPs are expressed in late development during active myelination [6], 
whereas exon-II containing MBP isoforms are predominantly expressed at the onset 
of myelination [12–15]. The exon-II containing or exon-II devoid MBPs have different 
transport machineries (Fig. 2), suggesting that the presence of exon-II might regulate 
the different trafficking of MBP. Exon-II negative MBPs have a special translation 
machinery called ‘translation on site’, which means that they are not transported to 
the myelin membranes as a protein but rather as mRNA, assembled in granules (Fig. 2) 
[10]. MBP is a highly basic, i.e., positively charged protein, capable of interacting with 
the negatively charged cytoplasmic leaflet myelin lipids like phosphatidylserine and 
phosphatidylinositol [10,11,16]. Therefore, MBP is translated on site, because if MBP 
is transported as a protein rather than mRNA, it might ‘glue’ the internal membranes 
and inner cytoplasmic leaflet lipids before it actually reaches its proper place. Recent 
findings revealed that MBP also acts as a molecular barrier by preventing that proteins 
with a large cytoplasmic tail enter myelin (Fig. 2, [6]), therefore also contributing to 
OLG polarization [17]. In contrast, exon-II containing MBPs are not expressed in 
myelin membranes, but instead shuttle between nucleus and cytoplasm at different 
conditions (Fig. 2, [14,18,19]). However, thus far most attention has been focused on 
myelin localized MBPs, which is why the function of exon-II positive MBPs is only just 
emerging (see chapter 6).

The integral membrane myelin protein PLP has 2 different isoforms, i.e., PLP and 
a spliced isoform called DM20 [20]. PLP is synthesized at the ER, passed through 
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the Golgi apparatus, and then transported to the myelin membrane via a vesicular 
transport pathway [21]. PLP plays a role in the stabilization of the intraperiod line, 
i.e., where the extracellular myelin leaflets oppose each other, thus contributing 
to myelin compaction [22]. Importantly, to prevent premature compaction, PLP 
has to reach the myelin membrane after MBP [5]. The transport mechanism of 
PLP to its final destination is not yet known in detail. Given the polarized nature of 
cultured OLGs, the transient accumulation of PLP in a LAMP-1 positive late endosomal 
compartment suggests that PLP is transported to myelin membranes via transcytosis 
[21]. Further evidence suggested that the SNARE machinery, which mediates the 
final docking of the vesicles by specific pairing of vesicle (v) and target (t) membrane 
SNAREs, is involved in PLP trafficking. Functional removal of the v-SNAREs VAMP3 
and VAMP7 prevents PLP transport to the surface and PLP’s integration into myelin-
like membranes [23]. Additionally, VAMP7 knockout mouse revealed decreased 
PLP levels in CNS myelin. These results further suggest that VAMP3 and VAMP7 
might be involved in PLP trafficking. Moreover, recent studies revealed that PLP acts 
as a cholesterol transporter, thereby regulating cholesterol levels in myelin [24]. 
Also myelin galactolipids might play a role in PLP trafficking; i.e., the association of 
PLP with GalC-enriched membrane microdomains upon transport towards myelin 
membranes, and the role of sulfatide in vesicular PLP transport [25,26]. The latter 
is still controversial, as the plasma membrane localization of PLP is independent 
of galactolipids [27,28]. Therefore, the transport pathway of PLP requires further 
investigation (see chapter 3).

? 

PLP 

Exon-II minus 
MBP 

Exon-II plus 
MBP 

‘Basolateral-like  
transport’ 

‘Apical-like  
transport’ 

PLP 

Exon-II minus MBP 

Exon-II plus MBP 

MBP mRNA 
mRNA granule 

late endosome 
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Figure 2: Trafficking routes  of  MBP and PLP.  
Oligodendrocytes are polarized cells, i.e., the cell body plasma membrane is target of an 
‘apical-like trafficking’ pathway (green) and the myelin sheet of ‘basolateral-like trafficking’ 
route  (orange).  The major transmembrane myelin protein PLP (depicted in red) reach the 
myelin membrane via an indirect vesicular transport pathway, involving a late endosomal 
compartment (depicted in blue) (see the text for more details). The other major myelin 
protein, peripheral membrane protein MBP has different isoforms, their localization being 
dependent on the presence and absence of exon-II. Exon-II-containing MBPs (depicted in 
pink) shuttle between nucleus and cytoplasm, whereas exon-II negative MBP isoforms are 
transported to the myelin sheets in mRNA granules (granules depicted in green, mRNA 
depicted in purple), followed by  MBP protein (depicted in green)  translation ‘on site’ , i.e., 
myelin membranes. Exon-II containing MBPs also localize at the end of the primary processes 
where it acts as a port for the entry into myelin, i.e., proteins with a large cytoplasmic tail that 
reach the myelin membrane via lateral diffusion (blue arrows) are excluded. Note that PLP and 
MBP trafficking are here depicted in a separate OLG processes, all the trafficking routes apply 
for all processes.

2.   Myelin biogenesis in multiple sclerosis

MS is a chronic inflammatory neurodegenerative disease of the central nervous 
system which is characterized by the presence of demyelinated areas, blood brain 
barrier disruption, axonal loss and reactive gliosis [29]. The extensive demyelination 
of CNS causes impairment of nerve impulse conduction, leading to neurological 
disabilities. The main cause of MS and the localization of its onset are still not known. 
Earlier studies suggested that MS is an autoimmune disease, whereby the adaptive 
immune system attacks the myelin, leading to OLG death. In contrast, more recent 
studies indicate that extensive OLG apoptosis accompanied by axonal degeneration 
can be the starting point in the etiology of MS [30,31]. However, both views merge 
at the point of impairment of (re)myelination, a process in which the myelination 
machinery should (re)activate adult OPCs, recruited to the demyelinated regions in 
order to restore myelin sheath biosynthesis, thereby providing functional recovery 
and axonal support [32]. Especially in the later stages of MS, this myelination 
machinery fails and remyelination is permanently impaired, leading to disease 
progression and secondary axonal loss.  

The exact cause for remyelination failure in MS lesions is not fully understood.
However, different studies suggest that an altered extracellular signaling 
microenvironment might be an underlying reason [33,34]. During development, 
OLGs follow the above mentioned proliferation-differentiation time-line to reach a 
myelin-producing stage with a functional myelination machinery. Along this time-
line OLGs are in close contact with other glial cells such as astrocytes and microglia, 
which provide an efficient signaling environment for OLG migration, proliferation 
and differentiation [35]. Also neurons contribute to this signaling environment, i.e., 
regulating OLG survival and the timing of myelination. This signaling environment 
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has to be tightly regulated in time and space. For instance, astrocytes produce 
growth factors such as platelet derived growth factor (PDGF), whereas microglia 
produce insulin like growth factor 1 (IGF-1) and fibroblast growth factor (FGF) for 
OPC proliferation, differentiation, and survival during myelin biogenesis [35]. Upon 
CNS injury, astrocytes and microglia secrete in addition other signals, i.e., those 
related to injury and local inflammation, to restore (re)myelination or to maintain 
already synthesized myelin membranes. These signals, i.e., the upregulation of some 
extracellular matrix (ECM) proteins or pro-inflammatory cytokines, are normally 
transient and after guiding the injury repair and OPC recruitment, they have to 
disappear to allow OLGs to maturate and synthesize myelin [36,37]. However, in MS 
lesions, some of these transient signals persists and become permanent which impairs 
remyelination (see below). Additionally, these changes in MS lesions not only interfere 
with the de novo myelin biosynthesis but might also interfere with the maintenance of 
existing myelin membranes (see chapter 5).

2.1.   Pro-inflammatory cytokines in multiple sclerosis lesions

Pro-inflammatory cytokines such as TNFα, IFNγ, and IL1β are upregulated in MS 
lesions [38]. Due to these secreted cytokines, OLGs might undergo apoptosis and/
or necrosis resulting in extensive OLG loss [39]. However, the effect of some pro-
inflammatory cytokines is puzzling, as positive roles for these cytokines have also 
been described [40]. IL1β, for example, enhances OLG differentiation, whereas TNFα 
increases OPC proliferation [36,37]. Along differentiation OLGs express two different 
TNF receptors with distinct functions in a developmentally regulated way; TNFR2 
is mainly expressed by OPCs and connected to cell proliferation and remyelination 
[42], whereas TNFR1 is expressed by mature OLGs and is connected to the apoptosis 
pathway [40]. On the other hand, studies performed in OLG monocultures revealed 
that TNFα rather than inducing apoptosis impairs OLG differentiation [43]. Therefore, 
in MS, the persistent upregulation of TNFα might affect the survival and maturation 
of recruited OPCs at the lesion site, whereas its presence is necessary for OPC 
proliferation. Hence, the physiological function of pro-inflammatory cytokines upon 
demyelination, and their potential pathological effect(s) in MS lesions with regard to 
myelin biogenesis, is not very well understood and requires further investigations (see 
also chapter 5). For instance, TNFα is known to change the polarization of epithelial 
cells [44], which might be also the case for OLGs, thereby potentially interfering with 
myelin membrane directed trafficking of myelin proteins and lipids.   

2.2.   Extracellular matrix proteins in multiple sclerosis lesions 
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ECM, a part of extracellular environment, is very important for myelin membrane 
formation and organization and any alteration can change dramatically myelin 
assembly, and thereby (re)myelination, a situation that might be valid in MS 
[37,45]. Upon CNS development, the ECM molecule laminin-2 enhances myelin 
membrane formation [46,47]. Upon demyelination, other ECM proteins, such as 
chondroitin sulfate proteoglycans (CSPGs) [48], high molecular weight hyaluronan 
[49], and fibronectin [36], are transiently expressed to guide injury repair. Thus, 
fibronectin guides recruitment of OPCs to the demyelinated areas and increases 
their proliferation [36], but is degraded at the onset of myelin biogenesis to allow 
for new myelin membrane formation. However, in MS, these myelination-inhibitory 
ECM proteins, expressed at very high levels, are persistent [35]. For example, in MS 
the degradation of fibronectin is prevented, as it aggregates [33]. The persistence of 
fibronectin (aggregates) interferes with myelin biogenesis, since it alters the lateral 
membrane organization of some myelin proteins and lipids, i.e., their association with 
‘lipid rafts’ [50], nano-sized highly dynamic membrane microdomains, also known 
for their detergent resistance (described in detail in chapter 2). The presence of 
fibronectin (aggregates) significantly reduces membrane microdomain association of 
the paranodal protein NF155 and galactolipid sulfatide [51,52], and internodal protein 
PLP [43, chapter 3 and 4], as well as myelin-direct vesicular transport [54]. However, 
further investigations are needed to elucidate the underlying mechanisms as to how 
fibronectin and other ECM proteins, interfere with myelin biogenesis and thereby 
contribute to MS pathology. 

Scope of the thesis

Myelin membrane biogenesis and maintenance require a tight regulation of 
complex intracellular trafficking machineries, involving appropriate and sequential 
transportation of major myelin lipids and proteins to their final destination, where 
they can exert their function. As the function of major myelin lipids and proteins 
are closely related with their localization and lateral organization, any alteration in 
the pattern of these molecules might dramatically change the normal biogenesis of 
these specialized membranes. For example, in demyelinating diseases such as MS, 
the localization and organization of myelin specific components are misregulated, 
leading to (de novo) myelin biogenesis failure, caused, among others, by an altered 
extracellular environment. The work described in this thesis focuses on molecular 
mechanisms that regulate the trafficking, localization and lateral organization 
behavior of the major myelin proteins PLP and MBP (at the membrane) in conjunction 
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with intrinsic elements, such as the galactolipids GalC and sulfatide, and extrinsic 
elements, such as extracellular matrix proteins and pro-inflammatory cytokines. 

In chapter 1, we outline the specialized proliferation and differentiation time-line 
and trafficking of major myelin proteins in OLGs. Moreover, we describe how the 
altered extracellular environment in MS, a demyelinating disease of the CNS, might 
potentially affect the myelination machinery. In chapter 2, current knowledge of 
the myelin structure in terms of myelin lipids and proteins, and their interaction(s) 
and trafficking, is outlined in detail. Furthermore, recent findings on OLG-myelin 
membrane dynamics with a combination of biochemical and biophysical tools is 
discussed. Within this context, we first focus on the trafficking of the major myelin 
protein PLP, since the intracellular flow of this major myelin protein is still not very 
well understood. Hence, in chapter 3, the biosynthetic transport mechanism of PLP in 
relation with the t-SNARE machinery and in dependence of the myelin galactolipids 
GalC and sulfatide, was investigated. Having determined that sulfatide is a key 
regulator in transcytotic transport and in the lateral organization of PLP, we then 
set out to obtain further insight into the dynamic behavior of an integral membrane 
protein as PLP, i.e., its lateral mobility and membrane organization was investigated 
in relation to GalC and sulfatide (in chapter 4). In addition, the effect of the 
extracellular microenvironment, such as the ECM proteins fibronectin and laminin-2, 
was examined. Similar investigations were carried out for the other major protein of 
compact myelin, the peripheral membrane protein 18.5-kDa MBP. In addition to ECM 
components, also soluble factors can affect the lateral organization of myelin proteins, 
also in mature myelinating OLGs, thereby potentially affecting myelin maintenance. 
Given that the pro-inflammatory cytokine TNFα is upregulated in MS lesions, we 
examined in chapter 5, the effect of TNFα on the expression and localization of MBP  
in mature OLGs, using monocultures as well as an an in vitro myelinating culture 
system. MBP consists of several developmentally regulated isoforms which display 
distinct localization patterns; i.e., in the cytoplasm, the nucleus or in association with 
the myelin membrane. Since the function of nucleus-localized MBP isoforms was not 
known, we unraveled in chapter 6 the function of exon-II containing MBP isoforms, 
including 21.5-kDa MBP and embryonic 16-kDa MBP, which transiently localize 
into the nucleus. Finally, in chapter 7 the findings in this thesis are summarized and 
discussed, and future perspectives are provided.
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Abstract

In the central nervous system, oligodendrocytes synthesize a specialized 
membrane, the myelin membrane, which enwraps the axons in a multilamellar 
fashion to provide fast action potential conduction and to ensure axonal integrity. 
When compared to other membranes, the composition of myelin membranes is 
unique with its relatively high lipid to protein ratio. However, their biogenesis is quite 
complex and requires a tight regulation of sequential events, which are deregulated 
in demyelinating diseases such as multiple sclerosis (MS). To device strategies for 
remedying such defects, it is crucial to understand molecular mechanisms that 
underlie myelin assembly and dynamics, including the ability of specific lipids to 
organize proteins and/or mediate protein-protein interactions in healthy versus 
diseased myelin membranes. The tight regulation of myelin membrane formation has 
been widely investigated with classical biochemical and cell biological techniques, 
both in vitro and in vivo. However, our knowledge about myelin membrane dynamics, 
such as membrane fluidity in conjunction with the movement/diffusion of proteins 
and lipids in the membrane, the specificity and the role of distinct lipid-protein and 
protein-protein interactions, is limited. Here, we provide an overview of recent 
findings about myelin structure in terms of myelin lipids, proteins and membrane 
microdomains. To give insights into myelin membrane dynamics, we will particularly 
highlight the application of model membranes and advanced biophysical techniques, 
i.e., approaches which clearly provide an added value to insight obtained by classical 
biochemical techniques.

1.   Introduction

In the central nervous system (CNS), processes protrude from oligodendrocytes 
(OLGs) at the end of which sheet-like extensions are formed, the myelin membranes, 
which ensheath axons in a multilamellar fashion to provide proper saltatory nerve 
conduction [1]. Myelin membranes are unique in that 70% of their dry weight consists 
of lipids, in particular cholesterol and galactolipids, such as galactosylceramide (GalC) 
and sulfatide (table 1, [1,2]). Myelin also contains a specific repertoire of myelin 
proteins, among which proteolipid protein (PLP) and myelin basic protein (MBP) 
are the most abundant ones [1–3]. The interactions between lipids and proteins 
are pivotal for myelin formation and maintenance, regulating protein transport to 
and the molecular organization within the myelin sheath [2,4,5]. Thus, biochemical 
and biophysical properties of the lipids actively control (myelin) protein sorting, 
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while (myelin) proteins, in turn, are able to organize lipids, thereby creating regions 
of specialized molecular packing (e.g. lipid rafts) and dynamics, relevant to their 
functioning [6–8]. Indeed, the “lipid raft” concept is also very important for myelin 
research given that such rafts play a role in orchestrating signaling platforms that 
regulate OLG behavior, and sorting of several myelin proteins [2,4,6,9,10]. All these 
vital cellular functions are precisely regulated in space and time, and any alteration 
in the complex organization of oligodendroglial (OLG)-myelin membranes leads to 
severe neurological disorders such as multiple sclerosis (MS), acute-disseminated 
encephalomyelitis, and Pelizaeus-Merzbacher disease (PMD) [11,12]. Therefore, 
insight into the spatio-temporal architecture of oligodendrocytes (OLGs) and their 
myelin membranes is crucial to improve our understanding of the (re)myelination 
machinery, and hence the potential in developing (novel) therapeutic strategies.

So far, the majority of studies in myelin membrane research have been performed 
with living cells. However, model membranes such as large unilamellar (LUVs) 
or giant unilamellar vesicles (GUVs) are quite promising tools to investigate the 
lipid organization and domain assembly, as well as lipid-lipid and lipid-protein 
interactions [3,13–16]. Additionally, next to conventional biochemical and cell 
biological techniques, (single-molecule) biophysical optical microscopy offers a set 
of highly sophisticated tools for gaining detailed molecular insight into the dynamic 
organization of lipids and proteins, which, most importantly, can be accomplished in 
a non-invasive manner. These approaches include photon counting histogram (PCH) 
analyses [17], F techniques [e.g. fluorescence recovery after photobleaching (FRAP) 
[18] , fluorescence correlation spectroscopy (FCS) [19], advanced FCS techniques (e.g. 
scanning [20], dual focus [21], z-scan [22], spot variation FCS [23]), fluorescence cross-
correlation spectroscopy (FCCS) [24], and Förster resonance energy transfer (FRET) 
[25,26]), image correlation techniques (e.g. raster image correlation spectroscopy 
(RICS)[27,28], and number and brightness analyses (N&B) [29])].

Here, we will summarize and discuss myelin assembly and maintenance in 
terms of the interaction of its structural elements, i.e., lipids, enriched in the myelin 
membrane and myelin-specific proteins. Additionally, we will highlight the versatility 
of biophysical technology in OLG-myelin research, and the impact of such approaches 
on improving our understanding of how lipids and proteins regulate the tight spatio-
temporal organization of the myelin membrane and, thereby, its physiological 
function.

2. Myelin biogenesis and structure: involvement of a set of 
specialized proteins and lipids
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The multilayered myelin membrane displays a distinct and complex architecture, 
i.e., during enwrapping, the outer leaflets of the myelin membranes appose each 
other, thereby creating the intraperiod line, while the condensed cytoplasmic surface 
constitutes the major dense line (Fig. 1A and B, [1,5]), as readily visualized by electron 
microscopy (EM). The myelinated segments of the axons, the so-called internodes, 
are interchanged with myelin-devoid areas, named the ‘nodes of Ranvier’, where 
sodium channels are localized that generate a membrane potential that drives the 
action potential along the axon in a  saltatory manner. Besides axonal enwrapping, 
myelin compaction takes place, which thus gives rise to areas of compact and non-
compact myelin [1,5]. Recent findings suggest that the compaction of the myelin 
sheath starts from the outer tongue (leading edge of the sheath) and gradually shifts 
towards the inner tongue [30]. Within the internodes different degrees of compaction 
can be discerned. Although mainly compact within the internode, regions at their 
edges, known as ‘paranodes’, consist of  non-compact myelin (Fig. 1A). Interestingly, 
the molecular composition of compact and non-compact myelin differs; i.e., the 
major myelin proteins PLP and MBP together with the glycosphingolipid GalC reside 
in compact myelin, whereas other myelin proteins, such as NF155, together with the 
glycosphingolipid sulfatide localize in non-compact myelin (paranodes) [2,31]. The 
proper compartmentalization of the myelin sheath is crucial for its function, because 
any alterations in myelin structure might cause more or less severe demyelinating 
diseases.
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Figure 1: Myelin Structure.
A. Schematic model that shows the enwrapment of axons by  myelin  and the localization 
of major myelin proteins. The major myelin protein PLP is represented in red and MBP is 
represented in green. B. Detailed schematic model of myelin membrane organization and the 
localization of the major myelin lipids GalC, sulfatide, cholesterol and myelin proteins PLP and 
MBP within the myelin membrane. Note that extracellular lipids GalC and sulfatide face each 
other in enwrapped myelin. C. The synthesis scheme of sulfatide and GalC. Note that GalC is 
synthesized from ceramide by CGT (ceramide glucosyltransferase); sulfatide is synthesized 
from GalC by CST (cerebroside sulfotransferase).

For myelin biosynthesis to occur, progenitors cells of the myelin producing OLGs 
first have to mature to myelin-competent cells along a well-defined differentiation 
timeline [1,32]. In this process, OLGs synthesize myelin specific proteins and lipids in 
a sequential and time-dependent manner. Specifically, the major myelin galactolipids 
GalC and sulfatide are produced prior to the expression of PLP and MBP. Therefore, 
the timing of the myelination machinery is crucial. In vivo, the complete synthesis of 
the myelin sheath over one axon occurs over a time interval of approximately 5 hours 
in zebra fish [33], but 24 hours in rodents [4]. Thus, over a relatively short period of 
time myelin biogenesis may require vast amounts of building blocks to be produced 
within an OLGs for sheet assembly. Major issues to be resolved in this regard are the 
identification and functioning of key players that orchestrate these events in a strictly 
temporal and spatial manner. Throughout myelin biogenesis and its maintenance, 
OLGs sort and transport different cargos from cell body, via primary processes to 
growing myelin sheath. In order to understand these events it has to be taken into 
account that like epithelial and neuronal cells, OLGs are polarized cells, implying that 
polarized sorting and transport is likely instrumental in myelin biogenesis [2,34]. 
Indeed, previous studies from our laboratory revealed the existence of such pathways 
in OLGs, the myelin sheet being targeted by a basolateral-like trafficking mechanism 
[2,35], whereas transport of newly synthesized plasma membrane proteins reach 
this membrane via an apical-like mechanism. Consistently, the t-SNAREs syntaxin 
3 and 4, which are distributed in a polarized fashion, localize in OLGs to the plasma 
membrane  and myelin membrane, respectively [2]. Similarly, the apical membrane 
protein marker hemagglutinin (HA) of influenza virus, as reported for its transport 
in epithelial cells, is delivered to the apical-like plasma membrane in OLGs, while 
the VSV G protein, a basolateral marker in epithelial cells, is delivery to the myelin 
sheet [35]. More specifically, in more recent work evidence supports a transcytotic 
transport mechanism for PLP, indicating transport of de novo synthesized PLP 
from the endoplasmic reticulum (ER) to the myelin membrane via the OLG plasma 
membrane (chapter 3). From the latter membrane, newly arrived PLP appears to be 
internalized via a clathrin independent but cholesterol dependent pathway, and it 
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has been proposed that endosomal compartments may subsequently serve as site 
of storage, prior to a neuronal signal-triggered delivery of the protein to the myelin 
membrane, as inferred from data obtained in Oli-Neu cells [36]. By contrast, the 
peripheral myelin membrane protein MBP is translated ‘on site’, following transport 
of MBP mRNA containing granules towards the myelin sheet [3]. During the process of 
myelin wrapping around the axon, both PLP protein and MBP mRNA are continuously 
trafficking towards the myelin membrane via cytoplasmic channels near the 
noncompacted edges of the newly assembling myelin membrane [37]. Furthermore, 
stimulation of myelin synthesis leads to an opening or closing of these cytoplasmic 
channels,  which further emphasizes the dynamic structure of the myelin sheet [30].

Although considerable progress has been made in recent years in clarifying aspects 
of the underlying mechanism in myelin biogenesis, further improvement will require 
detailed insight  into the fundamental role of myelin lipids and proteins in myelin 
assembly. We will therefore first focus on current knowledge of the involvement of the 
major myelin glycosphingolipids, i.e., the galactolipids GalC and sulfatide.

3.  Major myelin lipids galactosylceramide and sulfatide and their 
role in the myelin membrane

The lipid pool of myelin consists of phospholipids, cholesterol and 
glycosphingolipids (GSL) [2,10], and does not contain unique, i.e., myelin specific 
lipids. Nevertheless, the  GSL galactosylceramide (GalC) and its sulfated derivative, 
sulfatide (Fig. 1C) can be considered as ‘typical’ myelin lipids because of their relative 
high abundance, representing approx. 23 % and 4 %, respectively,  of the total lipid 
pool. These lipids, often referred to as galactolipids, are highly ordered lipids with long 
saturated and monosaturated fatty acid chains, containing 22-26 carbon atoms [38]. 
Cholesterol is another abundant (approx. 28 % of the total lipid pool) and important 
structural lipid element of the myelin membrane (table 1, [39,40]), not in the least 
because of its ability to engage with the galactolipids in the formation of  specific 
membrane microdomains, as will be discussed below. 

Although galactolipids are important key players in safeguarding integrity and 
long term maintenance of myelin membranes, their presence does not seem to be 
essential for myelin biogenesis and assembly [41–45]. Based upon in vitro studies, 
it has been proposed that particularly GalC is important in OLG maturation [46], 
whereas sulfatide plays a role in OLG differentiation [47,48]. However, more specific 
insight has been obtained in studies in which enzymes of galactolipid biosynthesis 
were downregulated, as in ceramide galactosyltransferase (CGT) knock-out mice, 
which are deficient in GalC, and  consequently in sulfatide, for which GalC serves as 



29

Oligodendroglial Membrane Dynamics

a precursor [45]. Even though myelin ultrastructure abnormalities are observed in 
this model, the biosynthesis of seemingly compacted myelin membranes does occur. 
Nevertheless, abnormal nodal and paranodal structures, a decrease in myelin stability 
over time and, importantly, disrupted axo-glia interactions are observed [43,45]. This 
pathological phenotype of CGT null mice can be rescued by OLG-specific re-expression 
of CGT, which strongly supports the notion that the abnormalities observed in CGT 
null mice were indeed caused by GalC and/or sulfatide deficiency in OLGs [49]. Insight 
into a specific role of sulfatide could be obtained when the possibility was provided 
to create an animal model in which  cerebroside sulfotransferase (CST), which is 
responsible for sulfatide synthesis from GalC, could be knocked-out [44]  Although the 
clinical phenotype was less severe, CST null mouse also revealed unstable myelin with 
age, disrupted paranodal compartments, axonal swellings and disruption in sodium 
channel clustering [10,43]. Accordingly, these data evidently indicate that both GalC 
and sulfatide play distinct roles in OLG differentiation, myelin maintenance and overall 
stability and proper functioning of the myelin membrane. 

Lipid % Total Dry Weight of 
Myelin 

Comments Reference Notes 

Human Bovine Rat 
Cholesterol: 27.7 28.1 27.3 -Rate limiting for CNS myelination 

-Insulator function of the myelin 
Saher et al.,2005 
Salzer et al.,2003 

Galactolipids:     

Galactosylceramide(GalC) 22.7 24 23.3 -Role in OLG maturation 
-Role in proper CNS node and paranode formation* 
-Role in electrophysioloigcal properties of myelin* 
-Stabilization and maintenance of axoglial adhesion 
at the paranode* 
-Maintenance of compact myelin* 
-Role in myelin integrity and stability* 
  

Dyer and Bejamins, 
1988,1990 
Dupree et al, 1998a,b, 
1999 
Coetzee et al.,1996; 
Bosio et al.,1996 

 mainly C(24:1) 

Sulfatide 
  

3.8 3.6 7.1 -Negative regulator of OLG differentiation 
-Role in sodium channels clustering 
-Role in paranode formation 
-Role in NF155 organization 

Bansal et al., 1999, 
Ishibashi et al.,2002, 
Honke et al., 2002 
 Schafer et al., 2004 

mainly C(24:1) 
 

Table 1: Major Myelin Lipids 

* The mentioned comment are obtained from CGT knock-out mouse studies, therefore these findings are also relevant for the function of sulfatide. 
 

4.  Major myelin proteins PLP and MBP and their role in the myelin 
membrane

Unlike its lipids, myelin expresses a unique set of proteins including 
proteolipid protein (PLP), myelin basic protein (MBP), myelin oligodendrocyte 
glycoprotein (MOG), myelin associated glycoprotein (MAG), 2’, 3’-Cyclic-nucleotide 
3’-phosphodiesterase (CNP) and neurofascin 1555 (NF155), of which PLP and MBP are 
the most abundant ones (Fig.1A, [1,2]). Their participation in myelin biogenesis is a 
carefully regulated and timed process [1]. The integral membrane protein PLP with 
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four membrane spanning domains consists of two different isoforms, i.e., PLP and 
DM20 [50]. PLP is synthesized at the endoplasmic reticulum (ER), passed through 
the Golgi apparatus, and then transported to the myelin membrane via a vesicular 
transport pathway [51]. The protein primarily plays a role in stabilizing the intraperiod 
line by bringing together the extracellular leaflets of the myelin membrane (Fig. 1B), 
although PLP also participates in many other cellular processes, such as cholesterol 
transport and migration [52–55]. Nevertheless, as noted above and as demonstrated 
in knock-out animal models, for actual formation of the myelin sheet, PLP is not 
essential [56]. Interestingly though, as yet it cannot be excluded that another 
transmembrane protein with four membrane spans, M6B, can compensate for the 
lack of functional PLP in PLP knock-out animals [55], particularly since in case of a 
double knock-out of both PLP and M6B, a severe hypomyelination was observed. PLP 
also appears to play a role in regulating cholesterol levels in myelin membranes, which 
makes its presence very important in governing assembly of cholesterol-containing 
membrane microdomains [55]. 

Different postnatal isoforms of the peripheral protein MBP are expressed in a 
species-dependent manner, i.e., four isoforms in rats, six in mice and four in humans. 
The MBP variants are produced from a single eleven exons containing  gene complex 
(in mice), called Golli (gene in the OLG lineage) [3,57]. The classical MBP isoforms 
are derived from alternative splicing of a single MBP mRNA, which includes seven 
most downstream exons of the Golli gene complex. Among these isoforms, the ones 
containing exon-II, i.e., 17 and 21.5 kDa, are localized within the nucleus, whereas 
the others, 14 and 18.5 kDa, localize in compact myelin [3,58,59]. MBP is the only 
known structural myelin protein required for myelin membrane formation because 
MBP plays a role in myelin membrane compaction by bringing the cytoplasmic 
leaflets together [60,61]. Besides, (exon-II minus) MBP is a multifunctional protein 
that has many different roles in signaling, cytoskeleton (actin, tubulin) polymerization 
and stability, and calcium-calmodulin binding [62–65]. On the other hand, (exon-
II minus) MBP serves as a molecular sieve for the integration of proteins with a 
large cytoplasmic domain to the myelin membrane in a mechanism where MBP 
co-clusters in a condensed network, which triggers a phase transition in the myelin 
membrane and subsequently determines the exclusion or inclusion of other proteins 
into the myelin membrane [59,66]. Because of its positive charge, MBP can interact 
with anionic phospholipids (e.g. PS, PI) in the inner leaflet of the myelin membrane 
[3]. Interestingly, MBP dynamics is also affected by changes of the dynamics of 
extracellular leaflet galactolipids [67], suggesting that ‘indirect’ interactions may occur 
between the galactolipids and MBP, facing the cytoplasmic surface of the membrane. 
Therefore, by considering its actin binding properties to the myelin membrane 
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[62,68], MBP might be a key player in transmitting galactolipid-derived signals . 

5.   Membrane microdomains in oligodendroglial-myelin

5.1. Role of GalC and sulfatide

For proper myelin functioning, the presence or absence of galactolipids is not the 
only key factor, but also their biochemical structure. Myelin membranes are mainly 
composed of galactolipids with very long saturated fatty acyl chains (C22-24) [69] 
and these  galactolipid species, together with cholesterol and membrane proteins, 
are known to assemble into important and specialized membrane microdomains, 
so-called lipid rafts [70], operationally defined as detergent-insoluble or detergent-
resistant membranes (for detailed reviews the reader is referred to [6,7,9]). Possibly, 
very long fatty acyl chain galactolipids are crucial for proper myelin maintenance 
and stability because they exert their function via these membrane microdomains. 
In this respect, it has been well established that membrane domain formation of the 
galactolipids is dependent on the chain length, their hydroxylation and saturation 
levels [71,72]. Thus, hydroxylated or unsaturated lipids reveal a strongly diminished 
membrane microdomain forming capacity. For instance, the acyl chain length of 
sulfatide is developmentally regulated; i.e., prior to the onset of myelin formation 
(day 10 in rats), stearic acid (C18:0) is the main hydrocarbon chain present in sulfatide, 
whereas between day 10-32, sulfatide (C24:1) is upregulated [73]. Not only chain 
length but also hydroxylation of the fatty acyl chains of sulfatide is developmentally 
regulated; i.e., the extent of hydroxylation of sulfatides decreases with age [73]. 
Therefore, it is also important to take into account the nature of the fatty acid chain 
and its state of hydroxylation when investigating the specific role of galactolipids. 
Indeed, in an animal CerS2 knock-out model, CerS2 being responsible for the synthesis 
of sphingolipids with very long (C22-24) fatty acid chains, a marked decrease in 
GalC and sulfatide levels was observed, while the phenotype showed unstable, and 
noncompacted myelin, with abnormalities in the inner lamellae [74]. Moreover, 
myelin lipid extracts obtained from CerS2 deficient mice, in contrast to such extracts 
from control animals, do not give rise to formation of membrane domains, when 
reconstituted in a model membrane system. [69]. Finally, with regard to hydroxylation, 
the hydroxylation levels of sulfatide are remarkably increased in MS patients. Since 
a decrease in hydroxylation promotes the formation of membrane microdomains in 
model membranes [72], these data suggests that such membrane microdomains 
in MS patients may be relatively decreased which may have severe consequences 
for the proper assembly, organization and functioning (e.g. signaling) of the myelin 
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membrane.
To appreciate the complexity of the myelin structure and organization, it is 

crucial to understand the ability of galactolipids to induce functional membrane 
microdomains and their role in membrane compaction. Such knowledge will require 
further insight as to how extracellular leaflet lipids transmit signals from to the 
intracellular environment. For example, it has been proposed that galactolipids, given 
their relatively long fatty acid chains, might interfere with the (lipid) organization 
in the inner leaflet as a result of acyl chain interdigitation, thereby ‘transmitting’ 
the signal. Consistent with this proposal, studies performed in model membranes 
indeed revealed that ceramide with C24:0 chains forms interdigitated gel phases 
[75]. Alternatively, it is also possible that galactolipid-mediated signal transmission 
proceeds via integral myelin membrane-specific proteins such as PLP, MAG or MOG. 
Consistent with such a possibility are observations that clustering of GalC in OLGs, 
occurring upon interaction of the cells with GalC-sulfatide liposomes, also causes 
clustering of the membrane spanning proteins PLP and MOG [76]. However, as yet, 
there is no direct evidence of a direct interaction between galactolipids and these 
integral membrane proteins, although such interactions might well be revealed 
by applying appropriate biophysical techniques or model membranes, as will be 
discussed in detail in section 5.

5.2.  Myelin proteins and their membrane microdomain association

Membrane microdomains are composed of lipids and specific membrane proteins 
[9,70,77]. Hence, the partitioning behavior of integral or peripheral membrane 
proteins might have a pivotal effect on cellular activities dominated by lipid rafts, 
acting for example as signaling platforms. Several major and minor myelin membrane 
proteins are known to reside in membrane microdomains. Operationally, these 
domains are often defined by their different detergent solubility behavior. For 
example, in myelin sheet directed transport, following de novo biosynthesis, the major 
myelin protein PLP initially displays triton-X100 (TX-100) insolubility, and acquires 
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) insolubility at 
later steps in the transport pathway [chapter 3,2,77,78]. Remarkably, as a peripheral 
protein, MBP also displays different detergent solubility behavior, as observed at 
different stages of OLG differentiation [80] and especially phosphorylated forms of 
MBP become CHAPS insoluble in the myelin membrane [81]. Proteins such as NF155, 
MAL, and MOG display TX-100 insolubility or acquire TX-100 solubility by crosslinking 
(MOG); MAG, however, is Lubrol WX insoluble [6,82]. The different detergent 
solubility properties might reflect the dynamic partitioning of the proteins in different 
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membrane micro-domains in OLGs and myelin. 
It is still poorly understood whether myelin lipids represent the driving force in the 

lateral organization of myelin proteins or vice versa. In this regard, in differentiating 
OLGs, myelin galactolipids are expressed prior to myelin proteins [32]. Consistently, 
also our recent findings, derived from work in which conventional raft isolation 
procedures with detergent extraction were combined with optical biophysical 
techniques, revealed that sulfatide determines PLP’s partitioning into CHAPS 
resistant membrane microdomains whereas for MBP, the presence of GalC rather 
than sulfatide was pertinent for the protein’s partitioning in detergent-insoluble 
microdomains (chapter 3 and 4). In further support, several knock-out animal studies 
also suggest the importance of the membrane lipid composition in organizing the 
lateral distribution of myelin proteins into distinct membrane microdomains within 
the myelin sheath [78,83]. Thus, in the CGT knock-out animal model the absence of 
galactolipids altered PLP’s association with CHAPS-insoluble membrane microdomans, 
i.e., under knock-out conditions PLP is largely CHAPS-soluble [78]. Similarly, inhibition 
of sphingolipid synthesis in primary OLGs disrupts the CHAPS insolubility of PLP and 
MBP [78,83]. However, in these studies it was also reported that in shiverer mice, 
where MBP is absent, a large fraction of PLP appears CHAPS-soluble, which could 
suggest that next to the presence of membrane galactolipids, the protein composition 
of the myelin membrane is also important for the lateral segregation of proteins [83]. 
However, in shiverer mice the galactolipid content decreases as well [61], implying 
that the membrane microdomain association of PLP might also be a consequence of 
an altered galactolipid content, which will require additional experimental work.

6. Biophysical tools to investigate oligodendroglial-myelin 
membranes

6.1.  Model systems to study myelin lipid and proteins

6.1.1. Cell Systems and model membranes

A need for further detailed mechanistic studies into the fundamental role of GalC 
and sulfatide in myelin biogenesis and maintenance is apparent from observations 
reported above in knock-out animal models. A convenient model for such studies 
appears to be OLG rat progenitor cell lines such as OLN-93 cells, which express 
neither GalC nor sulfatide  [84]. However, in this OLG-derived cell line, GalC or GalC 
and sulfatide can be readily and selectively expressed by cellular transfection with 
appropriate constructs of CGT, giving rise to the exclusive expression of GalC, and CGT/
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CST, which results in production of both GalC and sulfatide (Baron et al., 2014, chapter 
4, [79]). However, an obvious limitation of this cell system is that the effect of sulfatide 
cannot be investigated as such, given that GalC serves as its precursor. Although 
the addition of extracellular sulfatide to the parental OLN-93 cells is an option, it 
is questionable whether exogenously inserted sulfatide will reside in the correct 
membrane domain. Alternatively, Oli-neu cells, an immature OLG cell line from mice is 
also widely used in OLG-myelin research. However, these cells have the ‘disadvantage’ 
that they are not suitable for myelin lipid-dependent research, since they do express 
GalC and sulfatide, which is promoted upon differentiation by cAMP [85].  

An attractive option to study specific myelin lipid-related questions is the 
application of simple membrane systems such as large unilamellar vesicles (LUVs), 
which may provide detailed insight into lipid-protein interactions between myelin 
lipids and protein [16] , as will be discussed in next section. An obvious choice would 
also be the use of model membranes such as Giant Unilamellar Vesicles (GUVs) in 
which liquid ordered (Lo) and disordered (Ld) phases can coexist in a lipid composition 
dependent manner [86]. In contrast to the relatively small LUVs, GUVs display 
diameters that may vary between 10-100 µm which makes them most convenient 
for visual inspection by optical microscopy. GUVs can be prepared from synthetic 
or natural lipids, allowing a large variation in fatty acid chain length, hydroxylation 
levels, nature of the lipid head groups, and overall lipid composition. [87,88]. 
For example, GUVs reconstituted with GalC , sulfatide and glucosylceramide at 
similar ratios as present in myelin, revealed that depending on its concentration, 
glucosylceramide containing GUVs are fairly unstable (our unpublished observations), 
which might explain why in the absence of GalC and sulfatide, the upregulation of 
glucosylceramide synthesis cannot compensate for these galactolipids [89]. GUVs can 
also be prepared from natural lipid extracts [90,91] or isolated native cell membranes 
[92]. In this manner, the lateral segregation of lipids extracted from different animal 
models, displaying different degrees in myelin perturbation, have been investigated 
in GUVs. Thus, in GUVs prepared from myelin extracts obtained from MBP-deficient 
shiverer mice and CerS2 deficient mice, no membrane microdomain formation could 
be detected [69]. Nevertheless, domain formation in GUVs can be readily visualized 
using a fluorescent marker, which specifically attaches to the lipid of interest. For 
example, domain formation in GUVs, reconstituted with neuronal lipid extracts, 
was visualized with fluorescently-tagged cholera toxin, which specifically binds 
to GM1, and with monoclonal antibody R24, which specifically binds to GD3, to 
study the heterogeneity of the lipid rafts [93]. It is also possible to visualize phase 
separation behavior by using fluorescent lipid probes such as DIC, DIO, DiD, which 
prefer partitioning in membrane domains, depending on their fluidity [94]. However, 
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variability in results when applying these probes in detecting the liquid ordered or 
disordered phases have been reported, implying that care should be taken when 
interpreting the data. For example, DiIC18 showed preferential partitioning into 
the gel phases in GUVs, prepared with POPC/sphingomyelin, whereas the probe 
partitioned into the fluid phase in GUVs prepared with POPC/DPPC [94]. Moreover, 
although fluorescently labeled lipids can be directly used in the preparation of GUVs, 
one should however be cautious by using those probes, as various factors, including 
chemical structure of the fluorescent probe, the positioning of the fluorophore in 
the lipid analogue, the lipid composition of the bilayer, the chemical structure of the 
fatty acyl chain of the lipid analogue, and some thermodynamic properties such as 
the temperature, might change dramatically the domain formation behavior as such 
(reviewed in [95]). 

The specific preference of myelin proteins for microdomains composed of distinct 
lipids can also be visualized in reconstituted model membrane systems (GUVs) by 
optical microscopy. Particularly as a myelin membrane model, it is relevant of being 
able to reconstitute GUVs selectively with either sulfatide or GalC. An important step 
of such procedures is of course the proper integration of the protein of interest in the 
reconstituted membrane. There are in fact several options to incorporate proteins into 
these model membranes [14,96–98] and the preparation procedure depends on the 
nature of the protein. 

6.1.2.  Mimicking myelin membranes

To study the function of myelin membrane proteins or lipids can be troublesome 
with simple cell line systems or model membranes, because myelin membranes 
are the only membrane platform of which the extracellular leaflets of the same 
membrane are opposing each other, thereby giving rise to a multilamellar complex 
structure (Fig. 1B). Therefore, by using in vitro model systems consisting of a 
combined system of cells and apposing model membranes, the major dense line 
or intraperiod line can thus be mimicked , allowing a better understanding of the 
function of the major myelin proteins MBP and PLP, and myelin galactolipids. 

Upon myelination, the sugar moieties of the myelin galactolipids, which exclusively 
localize at the extracellular leaflet in myelin, are facing each other.  This fact prompted 
by Boggs et al. to propose that myelin membranes might have a ‘glycosynapse’, 
where carbohydrate groups from opposing membranes are interacting [67,76,99]. 
Indeed, liposomes and nanoparticles, consisting of either GalC or both GalC and 
sulfatide, when incubated with primary OLGs, mimicking the intraperiod line (IPL) 
as described above, are capable of inducing (i) a redistribution/clustering of GalC at 
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the extracellular leaflet, (ii) a reorganization of MBP at the cytoplasmic side of the 
membrane, and (iii) a disruption of the actin cytoskeleton and tubulin network in OLGs 
[67,100]. These fascinating observations highlight a potential role of galactolipids in 
creating signaling platforms, thereby regulating myelin compaction by perturbing 
MBP-membrane interaction and affecting cytoskeletal dynamics. In addition, 
galactolipids might act as their own receptors, receiving and/or transmitting signals 
via the glycosynapse in a density dependent manner [67]. Indeed, in  this context, 
it has been recently demonstrated that the density and confluency  of the coat of 
negatively charged oligosaccharides (i.e., the glycocalyx, in particular provided by 
the galactolipids in OLGs), may cause repulsion of the opposing membranes, and 
that this density-dependent electrostatic repulsion between opposing membranes 
is effectively downregulated upon differentiation of the OLG, i.e., conditions at 
which the myelin membrane is generated [101]. Furthermore, in the same study, the 
formation of the IPL was also mimicked by addition of liposomes or IPL membranes 
from PLP knock-out mice. However, not unexpectedly, a proper interaction between 
the liposomes and the membranes of mature OLGs [101] was perturbed,  supporting 
the role of PLP in the stabilization of IPL and adhesion of extracellular leaflets of 
myelin to each other. Taken together, a partial loss of the glycolcalyx might create an 
appropriate molecular and spatial environment for engagement of the galactolipids, 
especially GalC as it localizes in compact part of internodes,  in (transient) interactions 
between opposing membranes in a PLP-dependent manner, thereby  promoting 
myelin development and compaction. 

Recently, it has been proposed that MBP is a  major molecular factor in maintaining 
the high lipid to protein ratio in myelin by a mechanism in which it  acts as a molecular 
sieve and diffusion barrier [59]. Next to the primary cell system, a biomimetic system 
was applied to study the physical barrier properties of MBP in which the apposition 
of the cytoplasmic part of the myelin membrane ( major dense line) was mimicked 
by using supported bilayers (SPLSs), consisting of cytoplasmic leaflet lipids of myelin, 
and GUVs prepared with PS and PC. In this system, the distribution of a positively 
charged membrane anchored GFP was monitored in the presence or absence of 
MBP. In the absence of MBP, membrane-anchored GFP, sandwiched between SPLs 
and GUVs, revealed a homogenous distribution whereas addition of MBP to this 
system caused a reallocation of GUVs to distinct areas on the  SPLs, from which GFP 
was partially excluded. When MBP was sandwiched between SPLs and GUVs prior to 
addition of membrane-anchored GFP, a total exclusion of GFP from the spread areas 
to which GUVs were attached, was observed. These data support the notion that 
MBP can also exert its physical barrier function in in vitro systems, a conclusion that 
is most conveniently reached employing a biomimetic system that allows freedom in 
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the addition of relevant compounds. The sequential inclusion of MBP thus supports 
the protein’s ability to exclude homogenously distributed proteins from compacted 
sheaths . 

6.2.  Measuring oligodendroglial -myelin membrane dynamics

In general, the molecular organization of the lipids within the membrane creates 
a special environment for the correct distribution of the protein and presumably, 
lipids and proteins may be considered as an ‘interactive team’, which determines 
the general structure and the assembly of the membranes. In the previous sections, 
we summarized findings indicative of the existence of lipid/protein cross-talk in 
OLGs and myelin membranes, largely inferred from biochemical and cell biological 
approaches. This cross-talk, as reflected by microdomains, or “rafts”,  is also proposed 
to be very important for specific cellular functions because of their highly dynamic 
properties, i.e., they can be transiently formed upon external stimulation, which 
then might stimulate internal signaling, as occurs via the ‘glycosynapse’ [99,102]. 
However, when and how ‘rafts’ affect the dynamic properties of a membrane is still 
poorly understood. Therefore, a better understanding of these dynamics within the 
OLG plasma membrane and myelin might shed light on crucial mechanisms, playing a 
role in the proper organization of the myelination machinery. Within this context, the 
application of advanced methodologies such as a combined approach of cell biology 
and biophysics might be most rewarding in improving our understanding (recent 
achievements are summarized in table 2).

6.2.1. Measuring membrane order (fluidity)

Membrane ordering/fluidity is determined by the presence or absence of 
membrane microdomains, and regulates membrane dynamics and rigidity and 
thereby the functioning of the membrane. Evidence is appearing that myelin 
membrane order/fluidity is largely dependent on two major factors; firstly, the 
molecular composition of the myelin membrane; i.e., the abundant presence of 
long chain microdomain forming galactolipids, and the presence of the peripheral 
membrane protein MBP. For instance, GUVs reconstituted with membrane extracts 
from CerS2-deficient mice devoid of long fatty acid galactolipids, or from shiverer 
mouse, devoid of MBP, revealed a decrease of membrane order compared to that of 
wild type animals [69]. In a similar way, the membrane fluidity increases (i) following 
fumonisin B1-mediated inhibition of sphingolipid synthesis in primary OLGs  and (ii) 
when the measurement  are performed in OLGs derived  from shiverer mice [69,83]. 
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Secondly, myelin membrane fluidity is under tight control of neuron-derived soluble 
signals. The incubation of primary OLGs and Oli-Neu cells with conditioned neuronal 
medium displayed increased membrane condensation [83,103].

References Biophysical techniques Major Findings 

Gielen et al., 2005 FCS -Diffusion coefficient of MOG-eGFP and Bodipy FL-C5 sphingomyelin 

Fitzner et al., 2006  
C-Laurdan  
 
FRAP 
STED 
FRET 

In co-culture systems ( neuron-derived signals): 
-Increased membrane order in primary OLGs by neuron-derived  soluble factors 
-Increased membrane condensation in the presence of MBP  
-Formation of highly dynamic GalC clusters in OLGs 
-Increased number of  large GalC clusters in the presence of neurons 
-Self-interaction of GalC  within the large clusters 

Kippert et al., 2007 FRET 
C-Laurdan 

-Decrease in Rho activity in Oli-neu cells in the presence of  neuronal-conditioned medium  
-Increased membrane condensation in the presence of conditioned neuronal medium or 
RhoGTPase inactivation 

Gielen et al., 2008 RICS, FRAP -Diffusion coefficient of MOG-eGFP in OLN-93 cells 

Nawaz et al., 2009 FRET -Interaction of 14-kDa  MBP with PIP2 ( sensed by CFP-PH-PLC§1) in Oli-neu cells 

Gielen et al., 2009 RICS, FRAP -Diffusion coefficient of DiI-C18 in primary OLGs 

Yurlova et al., 2011 C-Laurdan 
 
 
 
FCS 
 
FRAP 

-Higher lipid order in GUVs prepared from myelin compared to  Oli-neu cells 
-Higher lipid order in GUVs prepared from wild type animal compared to shiverer mouse1 or 
CerS2-deficient mouse2 

-Higher lipid order in primary OLGs compared to FB13-treated OLGs 
-Slower diffusion of DiD in GUVs prepared from wild type animal compared shiverer1 mouse or 
CerS2 deficient mouse 
-Slower diffusion of Cell MaskOrange4 in control OLGs compared to FB13  treated OLGs 

Aggarwal et al., 2011 FRAP -Detection of highly mobile MAG in OLGs isolated from shiverer mouse compared to control to 
show the diffusion barrier function of  14-kDa MBP 
-Higher mobility of  truncated Tmem10 (without cytosolic domain) compared to full length 
Tmem10 

Ozgen et al., 2013 FRAP -Dynamic of role of 21.5-kDa MBP-RFP in OLN-93 cell proliferation 

Aggarwal et al., 2013 FRAP 
FRET 

-Decreased  14-kDa MBP diffusion due to its oligomerization 
-Self association of 14-kDa MBP  

Ozgen et al., 2014 s-FCS 
 
 
 
Z-scan FCS, Z-scan RICS 

-Decreased mobility of PLP -eGFP in the presence of sulfatide (rather than GalC) on poly-L-
lysine and laminin-2 in OLN-93 cells 
-Increased mobility of PLP –eGFP  even in the presence of sulfatide on fibronectin in OLN-93 
cells 
-Increased mobility of 18.5-MBP-eGFP in the presence of only GalC in OLN-93 cells 

Table 2: Optical Microscopical Biophysical Techniques Applied in OLG-myelin Field in a Chronological Order 

1MBP expression deficient mouse; 2Mouse model unable to synthesize long acid fatty acyl chain lipids; 3 inhibitor of sphingolipid synthesis ; 4 Membrane dye  
  

To determine the state of membrane ordering, fluorescent probes which 
specifically partition into liquid ordered or disordered phases are often used to 
investigate such domain formation in model membranes. However, the choice 
of probe in terms of obtaining unambiguous results, can be rather challenging. 
For that reason, the application of different types of environmentally sensitive 
membrane dyes, such as di-4-ANEPPDHQ, Laurdan , PY3304, PY3174 , and PY3184, 
is recommended  [94,104]. Particularly the use of Laurdan has greatly contributed 
to clarifying important biophysical issues in myelin membrane dynamics [105,106]. 
The fluorescent probe Laurdan is sensitive to membrane phase transitions and 
membrane fluidity. The emission spectrum of membrane inserted Laurdan 
undergoes a blue shift from 500 to 430 nm, when the membrane domain in which 
the probe partitions undergoes a phase change from a liquid-disordered to liquid-
ordered state. By collecting, therefore, the fluorescent signal from two channels, 
it is possible to compose a generalized polarization (GP) image which provides the 
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possibility to calculate the membrane order [94,107]. The application of C-Laurdan, 
which has a greater membrane environment-dependent sensitivity and a diminished 
susceptibility towards photobleaching, further boosted its versatile use [106]. A 
particular advantage of this dye is that it homogenously distributes in the lateral plane 
of the membrane, while differences in membrane order are simply inferred from 
changes in its emission spectrum. Another advantage is that, (C-)Laurdan  is suitable 
for use in both model and cell membranes. Taken together, further applications of 
(C-)Laurdan can rule out other factors, i.e., soluble signals such as pro-inflammatory 
cytokines present in MS lesions or different ECM proteins, affecting the OLG-myelin 
membrane order and therefore dynamics. Moreover, the application of (C)Laurdan 
to model membranes reconstituted from MS patient material or myelin lipids with 
modifications such as chain length, and hydroxylation (see above), can clarify to the 
extent to which membrane order is affected or changed in diseases such as MS.

6.2.2.  Measuring membrane dynamics

Even though membrane probes, such as (C-)Laurdan, provided insight into 
the general OLG-myelin membrane dynamics, such tools cannot extract dynamic 
information, originating from a specific lipid or protein, i.e., its lateral mobility. 
Therefore, for more detailed information on the molecular dynamics, more advanced 
optical microscopic techniques, which can be applied to living cells as well as model 
membranes, combined with sophisticated analysis methods, are required. One of 
such techniques relies on fluorescence recovery after photobleaching (FRAP) which 
is widely used to investigate molecular dynamics in biological systems [58,66,108] as 
well as in myelin field (recent findings are summarized in table 2). FRAP is a technique 
which is able to quantify dynamic information such as the environment-dependent 
diffusion coefficient as well as the mobile fraction, providing information on the 
interaction of the molecule of interest with the adjacent molecular environment, by 
applying a high laser power to bleach a region of interest (ROI), and recording the 
rate of  recovery (Fig. 2A). However, strictly speaking, FRAP cannot be considered as 
a non-invasive technique because of the usage of a high laser power to bleach ROI. 
In addition, FRAP cannot provide single molecule specificity, as is possible for other 
biophysical techniques such as fluorescence correlation spectroscopy (FCS). FCS is a 
powerful non-invasive biophysical technique, allowing determination of dynamical 
properties by applying very low laser light on a single point on the cell and recording 
the fluorescence fluctuations created by the diffusion of the fluorescently labeled 
molecules in and out the area of interest, which allows the calculation of diffusion 
coefficients/lateral mobility (Fig. 2B,[19,86,108,109,]). Given the complexity of 
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the plasma membrane of OLGs and the myelin membrane, the application of more 
advanced forms of FCS should be considered, as they might be more informative and 
effective (as reviewed in [110], Fig. 2B). Examples include scanning FCS which provides 
the possibility to measure diffusion of the molecules simultaneously at different 
points [111], and  z-scan FCS, which  provides the possibility to measure diffusion in 
different z planes, such as near the upper or bottom  plasma membrane [22].

Even though FCS has a high temporal resolution, it lacks spatial resolution, 
which may hamper determination of the membrane dynamics in cell types with 
complex morphology, like OLGs. Accordingly, image correlation techniques have 
been developed to extract dynamic information from live cell systems; however, 
these techniques were not ideal because of their poor temporal resolution. A more 
recent technique, named raster image correlation spectroscopy (RICS) combined 
the temporal and spatial resolution in a confocal setup to make it more convenient 
for live cell systems (Fig. 2C, [27,28,111]). RICS can be applied with a conventional 
scanning confocal setup and makes it possible to eliminate the immobile fractions 
from the obtained image or provides a possibility to select more precise spots within 
the ROI. However, it appears very challenging to apply RICS to very heterogeneously 
distributed proteins such as PLP, which localizes to a variety of transport vesicles, 
plasma and myelin membrane and, presumably, other intracellular (endosomal) 
membranes. 

There are emerging evidences, obtained by techniques as mentioned in the 
previous paragraph, that the myelin lipids as such act as key players in regulating 
the lateral mobility behavior of myelin proteins, and thereby OLG-myelin membrane 
dynamics. By using an FCS approach, Gielen et al. showed that the lateral mobility of 
BODIPY-labeled sphingomyelin was changed in parental OLN-93 plasma membranes 
upon cholesterol depletion, a procedure that destroys membrane micodromains, 
showing diffusion of BODIPY-labeled sphingomyelin changes in a membrane 
microdomain dependent manner [113]. Additionally, we recently applied circular scan 
FCS to determine the dynamics of PLP-eGFP, and z-scan FCS and RICS to determine 
the dynamics of MBP-eGFP in relation to the myelin lipids GalC and sulfatide. The 
mobility of PLP decreased in the presence of sulfatide, which presumably reflects 
PLP-eGFP’s association with CHAPS-insoluble membrane microdomains at those 
conditions, as determined by classical biochemical means (detergent extraction). 
Additionally, the same study revealed that MBP dynamics was mainly governed by 
the presence of GalC, thus suggesting a signal transmission between exoplasmically 
expressed GalC and MBP, which localizes at the cytosplasmic surface (chapter 4, table 
2). Similarly, the lipid mobility measured by FCS in GUVs, reconstituted from myelin 
membranes of CerS2-deficient mice, devoid of long fatty acid chain galactolipids 
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and where there is no domain formation, was significantly faster than the rates 
determined in reconstituted membranes from healthy animals [69]. Hence, these 
findings provided new insight as to how the membrane microdomain forming nature 
of myelin galactolipids might regulate the lateral mobility of myelin specific lipids and 
proteins. In line with these findings, a combination of biochemical and biophysical 
studies suggested that presence of the ECM protein fibronectin, a pathological 
condition which inhibits myelin membrane formation and impairs remyelination in MS 
lesions, might alter membrane microdomain organization of primary OLG membranes 
by shifting sulfatide out of membrane microdomains [79]. This alteration might then 
affect the membrane microdomain association and the lateral mobility of the major 
myelin protein PLP (chapter 3). These studies further suggested that the perturbation 
of the equilibrium of membrane microdomains in OLGs under diseased conditions 
may result in alterations in lateral mobility of myelin specific proteins. However, 
obviously further investigations are needed to improve our understanding concerning 
the link between membrane microdomain association of a protein/ lipid and its lateral 
mobility , which will be further discussed below. 

6.2.3.  Measuring membrane dynamics in relation to membrane microdomains 

The mobility of microdomain associated fluorescently labeled molecules, 
i.e., lipid, was studied extensively in model membrane systems by biophysical 
techniques such as FCS [114,115]. For example, by FCS, it has been shown  that  in 
GUVs, the raft marker GM1 diffuses relatively slowly, whereas the non-raft marker 
dialkylcarbocyanine dye diffuses considerably faster [114]. These kind of studies 
support the conclusion that the dynamic behavior of a lipid or protein is closely 
related to its microdomain association; i.e, microdomain associated lipids diffuse 
slower in the membrane. However, unlike model membrane systems, where domain 
formation can be easily visualized, in biological membranes it is impossible to directly 
visualize membrane microdomains. Accordingly, a study performed by Kenworthy 
et al showed by FRAP analysis that the lateral mobility of raft associated proteins is 
not necessarily slower than that of non-raft proteins [116].  In that respect, different 
approaches have been proposed in order to obtain a more direct clue on the 
dynamics of membrane proteins or lipids in relation to their membrane microdomain 
association. Marguet et al, proposed for the first time the spot variation FCS (sv-
FCS, [23]) based on the idea of the diffusion law, which was reviewed in detail in [8]. 
Briefly, in this method, the focal volume size where molecules pass through as a result 
of their diffusion properties, is changed and the transient time that molecules spend 
in each focal volume is measured. Subsequently, the plotted transient time versus 
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focal volume (focal spot area) gives three different diffusion patterns; free diffusion, 
hindered diffusion by either the cytoskeleton and/or a membrane microdomain 
(Fig. 2B). In that respect, sv-FCS can be very informative for myelin research because 
it provides direct information about whether the lipids and proteins diffuse in a 
membrane microdomain or in a cytoskeleton-dependent manner. Alternative to spot 
variation FCS, an approach based on the principle of z-scan FCS makes it possible to 
determine the different diffusion types extracted by sv-FCS in a commercial confocal 
setup [22]. In the z-scan, the diffusion time is plotted versus the ratio between the 
particle number at each z plane and the initial particle number. The first comparative 
study of diffusion behavior of DiD in SPV and OLN-93 cells by z-scan FCS, suggested 
that DiD diffuses freely in SPV while in OLN-93 cells the probe displays hindered 
diffusion by rafts [22]. Therefore, an in-depth investigation about the type of diffusion 
behavior of myelin proteins or lipids, especially in  primary OLGs, can provide further 
inside into the various diffusion types, such as hindered diffusion by microdomain 
association or cytoskeleton,  which can be altered under pathological conditions.

6.3.  Lipid-protein  and protein-protein interactions in oligodendroglial-myelin 
membranes

As evidenced by both biophysical and biochemical studies, the influence of myelin 
lipids on myelin proteins seems very important. However, the above mentioned 
studies do not provide direct information about the interactions between myelin 
lipids and proteins. To study such interactions, previous in vitro studies performed 
with artificial membranes such as LUVs with purified myelin proteins (especially MBP) 
provided detailed insight into myelin protein- inner leaflet lipid interaction [3,68]. 
For instance, these studies revealed that MBP/ inner leaflet lipid ratios in myelin 
membranes are quite crucial for MBPs binding to the negatively charged cytoplasmic 
leaflet lipids such as PI and PS; i.e., in the case of MBP/lipid ratios, lower than the 
one in compact myelin, MBP’s ability to adhere lipid bilayers decreases dramatically 
[117–119]. Accordingly, since the concentration of the acidic phospholipid PS is 
dramatically increased in OLGs of MS patients. the MBP/ lipid ratio is relatively 
decreased, which may thus lead to an impairment of MBP’s ability to mediate the 
adhesion of cytoplasmic leaflets [120]. Additionally, studies performed with LUVs 
suggested that post-translational modifications of MBP such as deamination, which 
is dramatically increased in MS patients, might also change MBPs adhesion to the 
membrane [3,118]. Moreover, a potential interaction of MBP with PIP(2), a minor 
component of the cytoplasmic leaflet of myelin, was first suggested with LUVs studies 
[121]. However these kind of approaches only provides detailed information at the 



43

Oligodendroglial Membrane Dynamics

model membrane level. At the cellular level, these interactions can be much more 
complex, especially by considering the presence of the extracellular leaflet lipids. In 
this sense, optical biophysical techniques such as FRET or FCCS (Fig. 2D), where the 
measurements are done in live intact cells, can be very effective tools to investigate 
these interactions. The FRET technique relies on the principle of energy transfer 
between two chromophores, which depends on the distance between the molecules; 
i.e., if the distance between two molecules decreases the efficiency of energy transfer 
increases (for details see [122], Fig. 2D ). For  example, by means of FRET evidence 
was obtained showing  that MBP and PIP2 interact at the plasma membrane of Oli-
Neu cells, providing the possibility to investigate the interactions of molecules within 
special compartments of the cells [123]. However in some cases, FRET cannot detect 
these interactions due to the distance limit. In those cases FCCS might serve as a more 
informative tool because FCCS determines whether two molecules are co-diffusing 
within the same confocal volume, independent of the distance [24,109]. In that 
regard, it can be interesting to explore co-movement of major myelin proteins with 
(fluorescently labeled) lipids under different conditions; i.e., ‘glycosynapse’. 
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Figure 2: Biophysical Applications: 
A. FRAP application in a living cell (for more details see the text). The laser beam depicted 
in red reflects 100% laser power. The corresponding graph shows the fluorescence recovery 
after bleaching.  B. FCS applications in a living cell (for more details see the text). The laser 
beam is depicted in orange and the diffusing molecules in red. Fluorescently labeled molecules 
diffusing through the detection volume give rise to fluorescence fluctuations in time (I) which 
can be converted to the autocorrelation curve to determine the half decay. By fitting the 
autocorrelation curve with mathematical models, particle number, diffusion time/coefficient 
can be calculated (II). C. Schematic representation of RICS. Temporal information can be 
extracted from raster scan images  as these images are recorded pixel by pixel (for details see 
[27,28]). A representative autocorrelation curve, the weighted residuals and corresponding 
2D1C fit model is shown from a z-scan RICS measurement for 18.5kDa MBP-eGFP. D. I) The red 
fluorophore which is excited by laser light transfer its energy to the green flurophore which 
emits light. For this energy transfer the distance between two fluorophores should be 20 nm. 
II) The red and green fluorophore diffuse together through the confocal volume (see B) which 
reveals cross correlation depicted with black cross-correlation curve in the corresponding 
graph.

Alternatively, FRET can also be used to investigate the ‘self-interactions’ of the 
proteins. For instance, the self-association of MBP, and hence its oligomerization, has 
been revealed by a FRET study [66]. Moreover, a different approach for investigating 
the ‘self-interactions’ of proteins may also rely on specific techniques such as number 
and brightness analysis (N&B) [29] or photon counting histogram (PCH) [17], which 
determines the degree of oligomerization. Such applications can provide further 
options to investigate the potential oligomerization of PLP, which has been proposed 
to be regulated by sulfatide (chapter 3). 

Especially by considering the polarized composition of OLGs, these techniques 
can provide opportunities to specifically investigate ‘local’  lipid-protein and protein-
protein interactions as well as protein oligomerization  in the different compartments 
of OLGs, as provided by the unique opportunity of visualization by optical microscopy 
in living, intact cells.

7.   Conclusion and Outlook

OLGs are exposed to many changes in their internal and external environment from 
early to late development. Until the myelin sheath is synthesized and all the myelin 
related molecules reach their proper destination, OLG-myelin membranes undergo 
a non-stop reorganization. Hence, OLGs should display a very dynamic structure in 
order to regulate this series of events. Our knowledge about myelin biogenesis and 
OLG-myelin membrane dynamics is gradually improving. However, there are still 
plenty of open questions. Why does myelin have this unique lipid composition, and 
more specifically, why are membrane microdomain forming lipids highly enriched 
in myelin? To what extent do membrane microdomains composed of galactolipids  
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determine myelin membrane dynamics? In order to answer all these questions, a 
detailed understanding of membrane dynamics of OLGs and myelin is needed, as 
these dynamic properties might shed light on the vital internal mechanisms. 

Here, we have summarized the role of myelin proteins and lipids in myelin 
biogenesis, introduced different models to study myelin biogenesis related questions 
and illustrated how we can make use of biophysical techniques (table 2). For instance, 
optical microscopic applications, next to conventional biochemical techniques, already 
served as very informative tools to investigate the sophisticated biology of OLGs and 
myelin membranes. In addition to that, optical biophysical techniques will bring us 
one step further and provide new insight into the dynamics of living OLGs in a non-
invasive way.  



46

Chapter 2

References:

[1]  N. Baumann, D. Pham-Dinh, Biology of oligodendrocyte and myelin in the mammalian central nervous 
system, Physiol. Rev. 81 (2001) 871–927.

[2]  W. Baron, D. Hoekstra, On the biogenesis of myelin membranes: sorting, trafficking and cell polarity, FEBS 
Lett. 584 (2010) 1760–1770. 

[3]  J.M. Boggs, Myelin basic protein: a multifunctional protein, Cell. Mol. Life Sci. 63 (2006) 1945–1961.
[4]  E.M. Krämer, A. Schardt, K.A. Nave, Membrane traffic in myelinating oligodendrocytes, Microsc. Res. Tech. 

52 (2001) 656–671. 
[5]  S. Aggarwal, L. Yurlova, M. Simons, Central nervous system myelin: structure, synthesis and assembly, 

Trends in Cell Biology. 21 (2011) 585–593. 
[6]  E. Gielen, W. Baron, M. Vandeven, P. Steels, D. Hoekstra, M. Ameloot, Rafts in oligodendrocytes: evidence 

and structure-function relationship, Glia. 54 (2006) 499–512. 
[7]  J. Füllekrug, K. Simons, Lipid rafts and apical membrane traffic, Ann. N. Y. Acad. Sci. 1014 (2004) 164–169.
[8]  H.-T. He, D. Marguet, Detecting nanodomains in living cell membrane by fluorescence correlation 

spectroscopy, Annu Rev Phys Chem. 62 (2011) 417–436. 
[9]  J.L. Dupree, A.D. Pomicter, Myelin, DIGs, and membrane rafts in the central nervous system, Prostaglandins 

Other Lipid Mediat. 91 (2010) 118–129. 
[10]  N. Jackman, A. Ishii, R. Bansal, Oligodendrocyte development and myelin biogenesis: parsing out the roles 

of glycosphingolipids, Physiology (Bethesda). 24 (2009) 290–297. 
[11]  A. Compston, A. Coles, Multiple sclerosis, Lancet. 372 (2008) 1502–1517. 
[12]  M. Simons, E.-M. Kramer, P. Macchi, S. Rathke-Hartlieb, J. Trotter, K.-A. Nave, et al., Overexpression of the 

myelin proteolipid protein leads to accumulation of cholesterol and proteolipid protein in endosomes/lysosomes: 
implications for Pelizaeus-Merzbacher disease, J. Cell Biol. 157 (2002) 327–336. 

[13]  K. Bacia, C.G. Schuette, N. Kahya, R. Jahn, P. Schwille, SNAREs prefer liquid-disordered over “raft” (liquid-
ordered) domains when reconstituted into giant unilamellar vesicles, J. Biol. Chem. 279 (2004) 37951–37955. 

[14]  N. Kahya, D.A. Brown, P. Schwille, Raft partitioning and dynamic behavior of human placental alkaline 
phosphatase in giant unilamellar vesicles, Biochemistry. 44 (2005) 7479–7489. 

[15]  N. Kahya, Protein-protein and protein-lipid interactions in domain-assembly: lessons from giant unilamellar 
vesicles, Biochim. Biophys. Acta. 1798 (2010) 1392–1398. 

[16]  M.J. Hope, M.B. Bally, G. Webb, P.R. Cullis, Production of large unilamellar vesicles by a rapid extrusion 
procedure: characterization of size distribution, trapped volume and ability to maintain a membrane potential, 
Biochim. Biophys. Acta. 812 (1985) 55–65.

[17]  Y. Chen, J.D. Müller, P.T. So, E. Gratton, The photon counting histogram in fluorescence fluctuation 
spectroscopy, Biophys. J. 77 (1999) 553–567.

[18]  D. Axelrod, D.E. Koppel, J. Schlessinger, E. Elson, W.W. Webb, Mobility measurement by analysis of 
fluorescence photobleaching recovery kinetics, Biophys. J. 16 (1976) 1055–1069. 

[19]  D. Magde, E. Elson, W.W. Webb, Thermodynamic Fluctuations in a Reacting System—Measurement by 
Fluorescence Correlation Spectroscopy, Phys. Rev. Lett. 29 (1972) 705–708. 

[20]  N.O. Petersen, Scanning fluorescence correlation spectroscopy. I. Theory and simulation of aggregation 
measurements., Biophys J. 49 (1986) 809–815.

[21]  T. Dertinger, A. Loman, B. Ewers, C.B. Müller, B. Krämer, J. Enderlein, The optics and performance of dual-
focus fluorescence correlation spectroscopy, Opt Express. 16 (2008) 14353–14368.

[22]  J. Humpolickova, E. Gielen, A. Benda, V. Fagulova, J. Vercammen, M. vandeVen, et al., Probing Diffusion 
Laws within Cellular Membranes by Z-Scan Fluorescence Correlation Spectroscopy, Biophys J. 91 (2006) L23–L25. 

[23]  L. Wawrezinieck, H. Rigneault, D. Marguet, P.-F. Lenne, Fluorescence Correlation Spectroscopy Diffusion 
Laws to Probe the Submicron Cell Membrane Organization, Biophysical Journal. 89 (2005) 4029–4042. 

[24]  P. Schwille, F.J. Meyer-Almes, R. Rigler, Dual-color fluorescence cross-correlation spectroscopy for 
multicomponent diffusional analysis in solution., Biophys J. 72 (1997) 1878–1886.

[25]  D.W. Piston, G.-J. Kremers, Fluorescent protein FRET: the good, the bad and the ugly, Trends Biochem. Sci. 
32 (2007) 407–414. 

[26]  P.R. Selvin, Fluorescence resonance energy transfer, Meth. Enzymol. 246 (1995) 300–334.
[27]  M.A. Digman, C.M. Brown, P. Sengupta, P.W. Wiseman, A.R. Horwitz, E. Gratton, Measuring Fast Dynamics 

in Solutions and Cells with a Laser Scanning Microscope, Biophysical Journal. 89 (2005) 1317–1327. 
[28]  M.A. Digman, P. Sengupta, P.W. Wiseman, C.M. Brown, A.R. Horwitz, E. Gratton, Fluctuation Correlation 

Spectroscopy with a Laser-Scanning Microscope: Exploiting the Hidden Time Structure, Biophys J. 88 (2005) L33–L36. 



47

References

[29]  M.A. Digman, R. Dalal, A.F. Horwitz, E. Gratton, Mapping the Number of Molecules and Brightness in the 
Laser Scanning Microscope, Biophys J. 94 (2008) 2320–2332. 

[30]  N. Snaidero, W. Möbius, T. Czopka, L.H.P. Hekking, C. Mathisen, D. Verkleij, et al., Myelin membrane 
wrapping of CNS axons by PI(3,4,5)P3-dependent polarized growth at the inner tongue, Cell. 156 (2014) 277–290. 

[31]  O. Maier, T. van der Heide, R. Johnson, H. de Vries, W. Baron, D. Hoekstra, The function of neurofascin155 
in oligodendrocytes is regulated by metalloprotease-mediated cleavage and ectodomain shedding, Exp. Cell Res. 312 
(2006) 500–511. 

[32]  S.E. Pfeiffer, A.E. Warrington, R. Bansal, The oligodendrocyte and its many cellular processes, Trends Cell 
Biol. 3 (1993) 191–197.

[33]  T. Czopka, C. Ffrench-Constant, D.A. Lyons, Individual oligodendrocytes have only a few hours in which to 
generate new myelin sheaths in vivo, Dev. Cell. 25 (2013) 599–609. 

[34]  M. Simons, N. Snaidero, S. Aggarwal, Cell polarity in myelinating glia: From membrane flow to diffusion 
barriers, Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids. (n.d.). 

[35]  H. de Vries, C. Schrage, D. Hoekstra, An apical-type trafficking pathway is present in cultured 
oligodendrocytes but the sphingolipid-enriched myelin membrane is the target of a basolateral-type pathway, Mol. 
Biol. Cell. 9 (1998) 599–609.

[36]  K. Trajkovic, A.S. Dhaunchak, J.T. Goncalves, D. Wenzel, A. Schneider, G. Bunt, et al., Neuron to Glia 
Signaling Triggers Myelin Membrane Exocytosis from Endosomal Storage Sites, J Cell Biol. 172 (2006) 937–948. 

[37]  R. White, E.-M. Krämer-Albers, Axon-glia interaction and membrane traffic in myelin formation, Front. Cell. 
Neurosci. 7 (2014) 284.

[38]  S. Lahiri, A.H. Futerman, The metabolism and function of sphingolipids and glycosphingolipids, Cell. Mol. 
Life Sci. 64 (2007) 2270–2284. 

[39]  G. Saher, M. Simons, Cholesterol and Myelin Biogenesis, in: J.R. Harris (Ed.), Cholesterol Binding and 
Cholesterol Transport Proteins:, Springer Netherlands, Dordrecht, 2010: pp. 489–508.

[40]  G. Saher, S. Quintes, K.-A. Nave, Cholesterol: A Novel Regulatory Role in Myelin Formation, Neuroscientist. 
17 (2011) 79–93. 

[41]  T. Coetzee, N. Fujita, J. Dupree, R. Shi, A. Blight, K. Suzuki, et al., Myelination in the absence of 
galactocerebroside and sulfatide: normal structure with abnormal function and regional instability, Cell. 86 (1996) 
209–219.

[42]  J. Marcus, S. Honigbaum, S. Shroff, K. Honke, J. Rosenbluth, J.L. Dupree, Sulfatide is essential for the 
maintenance of CNS myelin and axon structure, Glia. 53 (2006) 372–381. 

[43]  B.P. Jill Marcus, Galactolipids are molecular determinants of myelin development and axo-glial 
organization., Biochimica et Biophysica Acta. 1573 (2003) 406–13. 

[44]  K. Honke, Y. Hirahara, J. Dupree, K. Suzuki, B. Popko, K. Fukushima, et al., Paranodal junction formation and 
spermatogenesis require sulfoglycolipids, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 4227–4232. 

[45]  A. Bosio, E. Binczek, W.F. Haupt, W. Stoffel, Composition and biophysical properties of myelin lipid define 
the neurological defects in galactocerebroside- and sulfatide-deficient mice, J. Neurochem. 70 (1998) 308–315.

[46]  J.L. Dupree, K. Suzuki, B. Popko, Galactolipids in the formation and function of the myelin sheath, Microsc. 
Res. Tech. 41 (1998) 431–440. 

[47]  Y. Hirahara, R. Bansal, K. Honke, K. Ikenaka, Y. Wada, Sulfatide is a negative regulator of oligodendrocyte 
differentiation: development in sulfatide-null mice, Glia. 45 (2004) 269–277. 

[48]  R. Bansal, S. Winkler, S. Bheddah, Negative regulation of oligodendrocyte differentiation by 
galactosphingolipids, J. Neurosci. 19 (1999) 7913–7924.

[49]  I. Zöller, H. Büssow, V. Gieselmann, M. Eckhardt, Oligodendrocyte-specific ceramide galactosyltransferase 
(CGT) expression phenotypically rescues CGT-deficient mice and demonstrates that CGT activity does not limit brain 
galactosylceramide level, Glia. 52 (2005) 190–198. 

[50]  T. Weimbs, W. Stoffel, Proteolipid protein (PLP) of CNS myelin: positions of free, disulfide-bonded, and fatty 
acid thioester-linked cysteine residues and implications for the membrane topology of PLP, Biochemistry. 31 (1992) 
12289–12296.

[51]  M.C. Brown, M.B. Moreno, E.R. Bongarzone, P.D. Cohen, E.F. Soto, J.M. Pasquini, Vesicular transport of 
myelin proteolipid and cerebroside sulfates to the myelin membrane, Journal of Neuroscience Research. 35 (1993) 
402–408. 

[52]  T.I. Gudz, T.E. Schneider, T.A. Haas, W.B. Macklin, Myelin proteolipid protein forms a complex with integrins 
and may participate in integrin receptor signaling in oligodendrocytes, J. Neurosci. 22 (2002) 7398–7407.

[53]  T.I. Gudz, H. Komuro, W.B. Macklin, Glutamate stimulates oligodendrocyte progenitor migration mediated 
via an alphav integrin/myelin proteolipid protein complex, J. Neurosci. 26 (2006) 2458–2466. 

[54]  J.M. Greer, M.B. Lees, Myelin proteolipid protein--the first 50 years, Int. J. Biochem. Cell Biol. 34 (2002) 



48

Chapter 2

211–215.
[55]  H.B. Werner, E.-M. Krämer-Albers, N. Strenzke, G. Saher, S. Tenzer, Y. Ohno-Iwashita, et al., A critical role 

for the cholesterol-associated proteolipids PLP and M6B in myelination of the central nervous system, Glia. 61 (2013) 
567–586. 

[56]  M. Klugmann, M.H. Schwab, A. Pühlhofer, A. Schneider, F. Zimmermann, I.R. Griffiths, et al., Assembly of 
CNS myelin in the absence of proteolipid protein, Neuron. 18 (1997) 59–70.

[57]  G. Harauz, J.M. Boggs, Myelin management by the 18.5-kDa and 21.5-kDa classic myelin basic protein 
isoforms, J. Neurochem. 125 (2013) 334–361. 

[58]  H. Ozgen, N. Kahya, J.C. de Jonge, G.S.T. Smith, G. Harauz, D. Hoekstra, et al., Regulation of cell proliferation 
by nucleocytoplasmic dynamics of postnatal and embryonic exon-II-containing MBP isoforms, Biochim. Biophys. Acta. 
1843 (2013) 517–530. 

[59]  S. Aggarwal, L. Yurlova, N. Snaidero, C. Reetz, S. Frey, J. Zimmermann, et al., A size barrier limits protein 
diffusion at the cell surface to generate lipid-rich myelin-membrane sheets, Dev. Cell. 21 (2011) 445–456. 

[60]  G.F. Chernoff, Shiverer: an autosomal recessive mutant mouse with myelin deficiency, J. Hered. 72 (1981) 
128.

[61]  C. Readhead, L. Hood, The dysmyelinating mouse mutations shiverer (shi) and myelin deficient (shimld), 
Behav. Genet. 20 (1990) 213–234.

[62]  J.M. Boggs, G. Rangaraj, Y.-M. Heng, Y. Liu, G. Harauz, Myelin basic protein binds microtubules to a 
membrane surface and to actin filaments in vitro: Effect of phosphorylation and deimination, Biochimica et Biophysica 
Acta (BBA) - Biomembranes. 1808 (2011) 761–773. 

[63]  G. Smith, L. Homchaudhuri, J. Boggs, G. Harauz, Classic 18.5- and 21.5-kDa Myelin Basic Protein Isoforms 
Associate with Cytoskeletal and SH3-Domain Proteins in the Immortalized N19-Oligodendroglial Cell Line Stimulated by 
Phorbol Ester and IGF-1, Neurochemical Research. (n.d.) 1–19. 

[64]  G.S.T. Smith, M. De Avila, P.M. Paez, V. Spreuer, M.K.B. Wills, N. Jones, et al., Proline substitutions and 
threonine pseudophosphorylation of the SH3 ligand of 18.5-kDa myelin basic protein decrease its affinity for the Fyn-
SH3 domain and alter process development and protein localization in oligodendrocytes, J. Neurosci. Res. 90 (2012) 
28–47. 

[65]  G.S.T. Smith, P.M. Paez, V. Spreuer, C.W. Campagnoni, J.M. Boggs, A.T. Campagnoni, et al., Classical 18.5-and 
21.5-kDa isoforms of myelin basic protein inhibit calcium influx into oligodendroglial cells, in contrast to golli isoforms, 
Journal of Neuroscience Research. 89 (2011) 467–480. 

[66]  S. Aggarwal, N. Snaidero, G. Pähler, S. Frey, P. Sánchez, M. Zweckstetter, et al., Myelin membrane assembly 
is driven by a phase transition of myelin basic proteins into a cohesive protein meshwork, PLoS Biol. 11 (2013) 
e1001577. 

[67]  J.M. Boggs, W. Gao, J. Zhao, H.-J. Park, Y. Liu, A. Basu, Participation of galactosylceramide and sulfatide in 
glycosynapses between oligodendrocyte or myelin membranes, FEBS Lett. 584 (2010) 1771–1778. 

[68]  G. Harauz, V. Ladizhansky, J.M. Boggs, Structural Polymorphism and Multifunctionality of Myelin Basic 
Protein, Biochemistry. 48 (2009) 8094–8104. 

[69]  L. Yurlova, N. Kahya, S. Aggarwal, H.-J. Kaiser, S. Chiantia, M. Bakhti, et al., Self-Segregation of Myelin 
Membrane Lipids in Model Membranes, Biophysical Journal. 101 (2011) 2713–2720. 

[70]  K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature. 387 (1997) 569–572. 
[71]  S.N. Pinto, L.C. Silva, A.H. Futerman, M. Prieto, Effect of ceramide structure on membrane biophysical 

properties: The role of acyl chain length and unsaturation, Biochimica et Biophysica Acta (BBA) - Biomembranes. 1808 
(2011) 2753–2760. 

[72]  M. Ibarguren, D.J. López, J.A. Encinar, J.M. González-Ros, X. Busquets, P.V. Escribá, Partitioning of liquid-
ordered/liquid-disordered membrane microdomains induced by the fluidifying effect of 2-hydroxylated fatty acid 
derivatives, Biochim. Biophys. Acta. 1828 (2013) 2553–2563. 

[73]  B.N. Marbois, K.F. Faull, A.L. Fluharty, S. Raval-Fernandes, L.H. Rome, Analysis of sulfatide from rat 
cerebellum and multiple sclerosis white matter by negative ion electrospray mass spectrometry, Biochim. Biophys. 
Acta. 1484 (2000) 59–70.

[74]  S. Imgrund, D. Hartmann, H. Farwanah, M. Eckhardt, R. Sandhoff, J. Degen, et al., Adult Ceramide Synthase 
2 (CERS2)-deficient Mice Exhibit Myelin Sheath Defects, Cerebellar Degeneration, and Hepatocarcinomas, J. Biol. 
Chem. 284 (2009) 33549–33560. 

[75]  S.N. Pinto, L.C. Silva, R.F.M. de Almeida, M. Prieto, Membrane domain formation, interdigitation, and 
morphological alterations induced by the very long chain asymmetric C24:1 ceramide, Biophys. J. 95 (2008) 2867–
2879. 

[76]  J.M. Boggs, W. Gao, Y. Hirahara, Myelin glycosphingolipids, galactosylceramide and sulfatide, participate 
in carbohydrate-carbohydrate interactions between apposed membranes and may form glycosynapses between 



49

References

oligodendrocyte and/or myelin membranes, Biochim. Biophys. Acta. 1780 (2008) 445–455. 
[77]  K. Simons, M.J. Gerl, Revitalizing membrane rafts: new tools and insights, Nat Rev Mol Cell Biol. 11 (2010) 

688–699. 
[78]  M. Simons, E.M. Krämer, C. Thiele, W. Stoffel, J. Trotter, Assembly of myelin by association of proteolipid 

protein with cholesterol- and galactosylceramide-rich membrane domains, J. Cell Biol. 151 (2000) 143–154.
[79]  W. Baron, M. Bijlard, A. Nomden, J.C. de Jonge, C.E. Teunissen, D. Hoekstra, Sulfatide-mediated control of 

extracellular matrix-dependent oligodendrocyte maturation, Glia. (2014). 
[80]  L.S. DeBruin, J.D. Haines, L.A. Wellhauser, G. Radeva, V. Schonmann, D. Bienzle, et al., Developmental 

partitioning of myelin basic protein into membrane microdomains, J. Neurosci. Res. 80 (2005) 211–225. 
[81]  L.S. Debruin, G. Harauz, White matter rafting--membrane microdomains in myelin, Neurochem. Res. 32 

(2007) 213–228. 
[82]  C.B. Marta, C.M. Taylor, T. Coetzee, T. Kim, S. Winkler, R. Bansal, et al., Antibody cross-linking of myelin 

oligodendrocyte glycoprotein leads to its rapid repartitioning into detergent-insoluble fractions, and altered protein 
phosphorylation and cell morphology, J. Neurosci. 23 (2003) 5461–5471.

[83]  D. Fitzner, A. Schneider, A. Kippert, W. M|[ouml]|bius, K.I. Willig, S.W. Hell, et al., Myelin basic protein-
dependent plasma membrane reorganization in the formation of myelin, The EMBO Journal. 25 (2006) 5037–5048. 

[84]  C. Richter-Landsberg, M. Heinrich, OLN-93: a new permanent oligodendroglia cell line derived from 
primary rat brain glial cultures, J. Neurosci. Res. 45 (1996) 161–173. 

[85]  M. Jung, E. Krämer, M. Grzenkowski, K. Tang, W. Blakemore, A. Aguzzi, et al., Lines of Murine 
Oligodendroglial Precursor Cells Immortalized by an Activated neu Tyrosine Kinase Show Distinct Degrees of 
Interaction with Axons In Vitro and In Vivo, European Journal of Neuroscience. 7 (1995) 1245–1265.

[86]  N. Kahya, P. Schwille, Fluorescence correlation studies of lipid domains in model membranes, Mol. Membr. 
Biol. 23 (2006) 29–39. 

[87]  S.L. Veatch, S.L. Keller, Miscibility phase diagrams of giant vesicles containing sphingomyelin, Phys. Rev. 
Lett. 94 (2005) 148101.

[88]  N. Kahya, D. Scherfeld, P. Schwille, Differential lipid packing abilities and dynamics in giant unilamellar 
vesicles composed of short-chain saturated glycerol-phospholipids, sphingomyelin and cholesterol, Chem. Phys. Lipids. 
135 (2005) 169–180. 

[89]  L. Saadat, J.L. Dupree, J. Kilkus, X. Han, M. Traka, R.L. Proia, et al., Absence of oligodendroglial 
glucosylceramide synthesis does not result in CNS myelin abnormalities or alter the dysmyelinating phenotype of CGT-
deficient mice, Glia. 58 (2010) 391–398. 

[90]  J. Bernardino de la Serna, J. Perez-Gil, A.C. Simonsen, L.A. Bagatolli, Cholesterol rules: direct observation of 
the coexistence of two fluid phases in native pulmonary surfactant membranes at physiological temperatures, J. Biol. 
Chem. 279 (2004) 40715–40722.

[91]  C. Dietrich, L.A. Bagatolli, Z.N. Volovyk, N.L. Thompson, M. Levi, K. Jacobson, et al., Lipid rafts reconstituted 
in model membranes., Biophys J. 80 (2001) 1417–1428.

[92]  Q. Ruan, M.A. Cheng, M. Levi, E. Gratton, W.W. Mantulin, Spatial-temporal studies of membrane dynamics: 
scanning fluorescence correlation spectroscopy (SFCS), Biophys. J. 87 (2004) 1260–1267. 

[93]  K.A. Vyas, H.V. Patel, A.A. Vyas, R.L. Schnaar, Segregation of gangliosides GM1 and GD3 on cell membranes, 
isolated membrane rafts, and defined supported lipid monolayers, Biol. Chem. 382 (2001) 241–250. 

[94]  L.A. Bagatolli, To see or not to see: lateral organization of biological membranes and fluorescence 
microscopy, Biochim. Biophys. Acta. 1758 (2006) 1541–1556. 

[95]  N. Kahya, Light on fluorescent lipids in rafts: a lesson from model membranes, Biochem. J. 430 (2010) e7–9. 
[96]  N. Kahya, E.I. Pécheur, W.P. de Boeij, D.A. Wiersma, D. Hoekstra, Reconstitution of membrane proteins into 

giant unilamellar vesicles via peptide-induced fusion, Biophys. J. 81 (2001) 1464–1474. 
[97]  M. Dezi, A. Di Cicco, P. Bassereau, D. Lévy, Detergent-mediated incorporation of transmembrane proteins in 

giant unilamellar vesicles with controlled physiological contents, Proc. Natl. Acad. Sci. U.S.A. 110 (2013) 7276–7281. 
[98]  P. Girard, J. Pécréaux, G. Lenoir, P. Falson, J.-L. Rigaud, P. Bassereau, A new method for the reconstitution of 

membrane proteins into giant unilamellar vesicles, Biophys. J. 87 (2004) 419–429. 
[99]  J.M. Boggs, W. Gao, J. Zhao, H.-J. Park, Y. Liu, A. Basu, Participation of galactosylceramide and sulfatide in 

glycosynapses between oligodendrocyte or myelin membranes, FEBS Letters. 584 (2010) 1771–1778. 
[100]  J.M. Boggs, H. Wang, Effect of liposomes containing cerebroside and cerebroside sulfate on cytoskeleton of 

cultured oligodendrocytes, Journal of Neuroscience Research. 66 (2001) 242–253. 
[101]  M. Bakhti, N. Snaidero, D. Schneider, S. Aggarwal, W. Möbius, A. Janshoff, et al., Loss of electrostatic cell-

surface repulsion mediates myelin membrane adhesion and compaction in the central nervous system, Proc. Natl. 
Acad. Sci. U.S.A. 110 (2013) 3143–3148.

[102]  K.G.N. Suzuki, R.S. Kasai, K.M. Hirosawa, Y.L. Nemoto, M. Ishibashi, Y. Miwa, et al., Transient GPI-anchored 



50

Chapter 2

protein homodimers are units for raft organization and function, Nat Chem Biol. 8 (2012) 774–783. 
[103]  A. Kippert, K. Trajkovic, L. Rajendran, J. Ries, M. Simons, Rho Regulates Membrane Transport in the 

Endocytic Pathway to Control Plasma Membrane Specialization in Oligodendroglial Cells, J. Neurosci. 27 (2007) 3560–
3570. 

[104]  J.M. Kwiatek, D.M. Owen, A. Abu-Siniyeh, P. Yan, L.M. Loew, K. Gaus, Characterization of a new series of 
fluorescent probes for imaging membrane order, PLoS ONE. 8 (2013) e52960. 

[105]  S.A. Sanchez, M.A. Tricerri, E. Gratton, Laurdan generalized polarization fluctuations measures membrane 
packing micro-heterogeneity in vivo, PNAS. (2012). 

[106]  H.M. Kim, H.-J. Choo, S.-Y. Jung, Y.-G. Ko, W.-H. Park, S.-J. Jeon, et al., A two-photon fluorescent probe for 
lipid raft imaging: C-laurdan, Chembiochem. 8 (2007) 553–559. 

[107]  L.A. Bagatolli, Direct observation of lipid domains in free standing bilayers: from simple to complex lipid 
mixtures, Chem. Phys. Lipids. 122 (2003) 137–145.

[108]  K.L. Sunn, J.A. Eisman, E.M. Gardiner, D.A. Jans, FRAP analysis of nucleocytoplasmic dynamics of the 
vitamin D receptor splice variant VDRB1: preferential targeting to nuclear speckles, Biochem J. 388 (2005) 509–514. 

[109]  M.A. Digman, E. Gratton, Fluorescence correlation spectroscopy and fluorescence cross-correlation 
spectroscopy, Wiley Interdiscip Rev Syst Biol Med. 1 (2009) 273–282. 

[110]  J. Ries, P. Schwille, New concepts for fluorescence correlation spectroscopy on membranes, Phys. Chem. 
Chem. Phys. 10 (2008) 3487–3497.

[111]  F. Philip, P. Sengupta, S. Scarlata, Signaling through a G Protein-coupled receptor and its corresponding G 
protein follows a stoichiometrically limited model, J. Biol. Chem. 282 (2007) 19203–19216. 

[112]  E. Gielen, N. Smisdom, M. vandeVen, B. De Clercq, E. Gratton, M. Digman, et al., Measuring diffusion 
of lipid-like probes in artificial and natural membranes by raster image correlation spectroscopy (RICS): use of a 
commercial laser-scanning microscope with analog detection, Langmuir. 25 (2009) 5209–5218.

[113]  E. Gielen, J. Vercammen, J. Sýkora, J. Humpolickova, M. Vandeven, A. Benda, et al., Diffusion of 
sphingomyelin and myelin oligodendrocyte glycoprotein in the membrane of OLN-93 oligodendroglial cells studied by 
fluorescence correlation spectroscopy, C. R. Biol. 328 (2005) 1057–1064. 

[114]  K. Bacia, D. Scherfeld, N. Kahya, P. Schwille, Fluorescence Correlation Spectroscopy Relates Rafts in Model 
and Native Membranes, Biophysical Journal. 87 (2004) 1034–1043. 

[115]  N. Kahya, D. Scherfeld, K. Bacia, B. Poolman, P. Schwille, Probing Lipid Mobility of Raft-exhibiting Model 
Membranes by Fluorescence Correlation Spectroscopy, J. Biol. Chem. 278 (2003) 28109–28115. 

[116]  A.K. Kenworthy, B.J. Nichols, C.L. Remmert, G.M. Hendrix, M. Kumar, J. Zimmerberg, et al., Dynamics of 
putative raft-associated proteins at the cell surface, J Cell Biol. 165 (2004) 735–746. 

[117]  G.W. Brady, N.S. Murthy, D.B. Fein, D.D. Wood, M.A. Moscarello, The effect of basic myelin protein on 
multilayer membrane formation., Biophys J. 34 (1981) 345–350.

[118]  J.M. Boggs, P.M. Yip, G. Rangaraj, E. Jo, Effect of Posttranslational Modifications to Myelin Basic Protein on 
Its Ability to Aggregate Acidic Lipid Vesicles†, Biochemistry. 36 (1997) 5065–5071. 

[119]  R. Zand, X. Jin, J. Kim, D.B. Wall, R. Gould, D.M. Lubman, Studies of posttranslational modifications in spiny 
dogfish myelin basic protein, Neurochem. Res. 26 (2001) 539–547.

[120]  B. Ohler, Atomic Force Microscopy of Nonhydroxy Galactocerebroside Nanotubes and Their Self-Assembly 
at the Air–Water Interface, with Applications to Myelin, Journal of Structural Biology. 133 (2001) 1–9.

[121]  A.A. Musse, W. Gao, G. Rangaraj, J.M. Boggs, G. Harauz, Myelin basic protein co-distributes with other 
PI(4,5)P2-sequestering proteins in Triton X-100 detergent-resistant membrane microdomains, Neuroscience Letters. 
450 (2009) 32–36.

[122]  J.W. Taraska, W.N. Zagotta, Fluorescence applications in molecular neurobiology, Neuron. 66 (2010) 170–
189. 

[123]  S. Nawaz, A. Kippert, A.S. Saab, H.B. Werner, T. Lang, K.-A. Nave, et al., Phosphatidylinositol 
4,5-Bisphosphate-Dependent Interaction of Myelin Basic Protein with the Plasma Membrane in Oligodendroglial Cells 
and Its Rapid Perturbation by Elevated Calcium, J. Neurosci. 29 (2009) 4794–4807. 



Chapter 3

The major myelin-resident protein PLP is 
transported to myelin membranes via a 
transcytotic mechanism: Involvement of 

sulfatide

Wia Baron1, Hande Ozgen1*, Bert Klunder1*, Jenny C. de Jonge1, 
Anita Nomden1, Annechien Plat1, Elisabeth Trifilieff2, Hans de Vries1 

and Dick Hoekstra1 

1 Department of Cell Biology, University of Groningen, University Medical Center Groningen, 
Antonius Deusinglaan 1, 9713 AV Groningen, the Netherlands

2 UMR_S U1119 INSERM / Université de Strasbourg, Faculté de Médecine, 4 rue Kirschleger, 67085 
Strasbourg, France
*equal contribution

Manuscript Under Revision



52

Chapter 3

Abstract 

Myelin membranes are sheet-like extensions of oligodendrocytes that can 
be considered as membrane domains distinct from the cell’s plasma membrane, 
consisting of myelin-specific proteins and lipids. Previous data suggest that myelin 
membrane-directed trafficking displays typical basolateral features. Consistent with 
the polarized nature of oligodendrocytes we demonstrate here that transcytotic 
transport of the major myelin-resident protein, PLP, is a key element in the mechanism 
of myelin assembly. Upon biosynthesis, PLP traffics to myelin membranes via syntaxin 
3-mediated docking at the apical membrane-like cell body plasma membrane, which 
is followed by subsequent internalization and transport to the myelin sheet. A similar 
transcytotic transport from apical to basolateral membrane domain is observed, 
when PLP is expressed in polarized HepG2 cells. In both cell types, PLP dynamically 
partitions into different lateral membrane pools, characterized by insolubility in the 
non-ionic detergents TX-100 or CHAPS. Pulse chase experiments, in conjunction with 
surface biotinylation and organelle fractionation, reveal that following biosynthesis, 
PLP is transported to the cell body surface in TX-100-resistant microdomains. At the 
plasma membrane, PLP transiently resides within these microdomains, and its lateral 
dissipation is followed by segregation into CHAPS-resistant domains, internalization 
and transport towards myelin membranes. Sulfatide triggers PLP’s reallocation from 
TX-100- into CHAPS-resistant membrane domains, while inhibition of sulfatide 
biosynthesis inhibits transcytotic PLP transport. Taken together, we propose a 
model in which PLP transport to the myelin membrane proceeds via a transcytotic 
mechanism, mediated by sulfatide, and characterized by a conformational alteration 
and a dynamic, i.e., transient partitioning of PLP into distinct membrane domains, 
involved in biosynthetic and transcytotic transport, respectively.

 
1.  Introduction

Oligodendrocytes (OLGs) synthesize a multilamellar membrane structure, known 
as the myelin sheath (in vitro: myelin sheet), which extends from their plasma 
membrane and wraps around axons, thereby facilitating rapid saltatory conduction 
and axonal survival in the central nervous system (CNS). Myelin is enriched in 
glycosphingolipids and cholesterol, and contains myelin-specific proteins of which 
myelin basic protein (MBP) and proteolipid protein (PLP) are the major ones [1,2]. 
In generating a myelin membrane, OLGs acquire a polarized phenotype, whereby 
the myelin membrane is served by a ‘basolateral-like’ and the cell body plasma 
membrane by an ‘apical-like’ transport mechanism [3–7]. MBP and PLP stabilize 
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apposed myelin membrane surfaces in compact myelin, and their transport routes are 
segregated. Thus, following its biosynthesis at the rough endoplasmic reticulum(RER) 
and processing through the Golgi apparatus [8,9], the transmembrane protein PLP is 
transported via vesicles to the myelin membrane [10,11]. In marked contrast, MBP, a 
peripheral membrane protein facing the cytoplasm, is synthesized at and associates 
with the myelin membrane ‘on site’, involving myelin membrane-directed transport 
of its mRNA rather than the native protein [12]. In addition, to limit ectopic assembly 
and premature compaction of myelin membranes, the protein-mediated biogenesis 
of myelin membranes is tightly regulated, both in time and space (reviewed in 
[5]). In fact, MBP associates with myelin membranes prior to PLP [2]. Regulation of 
trafficking of either protein is under tight neuronal control, MBP trafficking being 
mainly regulated by adhesive interactions [13,14], while the flow of PLP appears to 
be governed by secreted factors [15]. Clearly, defining the processes of cellular sorting 
and transport, in which lipid-protein interactions with environmental signals regulate 
OLG development, is essential for an understanding of both normal OLG development 
and the process of remyelination in demyelinating diseases such as multiple sclerosis 
(MS), in which the myelin membrane organization is perturbed.

The underlying sorting machinery as to how PLP reaches its final destination is 
still unclear, but insight into the overall transport pathway is gradually emerging 
and favors indirect transport of PLP to myelin membranes in OLGs. Thus prior 
to reaching the myelin membrane, evidence suggests that PLP is sorted to and 
stored in a late LAMP1-positive endosomal compartment [10,15,16], from where 
the protein, along with cholesterol, and in galactosylceramide (GalC)-enriched 
microdomains, is subsequently transported to the myelin membrane, triggered by 
a neuronal-derived soluble cAMP-dependent mechanism [15]. To reach this late 
endosomal compartment, PLP is internalized from the plasma membrane via clathrin-
independent but cholesterol-dependent endocytosis [15–17]. Recently, delivery 
of PLP to the surface has been claimed to occur by two independent pathways, 
involving the v-SNAREs VAMP3 and VAMP7, respectively [18]. Therefore, in line with 
the presence of polarity-based transport mechanisms in OLGs, newly synthesized 
PLP might reach its final destination via an indirect, transcytotic pathway. Consistent 
with this hypothesis is the observation that PLP, stably expressed in polarized Madin-
Darby canine kidney (MDCK) cells, is transported to the apical rather than basolateral 
surface [19], i.e., membrane domains bearing reminiscence to the cell body plasma 
membrane and the myelin-like membrane in cultured OLGs, respectively [3,4].

Thus far knowledge concerning docking and final insertion of PLP into the myelin 
membrane is scanty. A variety of syntaxins, i.e., t-SNAREs involved in the docking and 
fusion of transport vesicles at target membranes, has been detected in OLGs [5,20,21], 
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including syntaxins 3 and 4, the respective putative binding partners of VAMP7 and 
VAMP3 [18,21]. Specifically, in previous work we have shown a polarized distribution 
of these syntaxins, syntaxin 3 localizing largely at the plasma membrane of the OLG 
cell body and the primary processes, whereas syntaxin 4 is enriched at the myelin 
sheet [5]. To obtain further insight into the molecular mechanism underlying PLP 
trafficking and its assembly into the myelin sheath the current study was undertaken. 
Our data demonstrate that PLP is transported to myelin membranes via a transcytotic 
route, involving syntaxin 3, localized at the OLG cell body plasma membrane, 
followed by a sulfatide-facilitated shift into a different lateral membrane pool which 
is accompanied by conformational alterations, prior to the protein’s delivery to the 
myelin sheet. 

2.  Materials and Methods

2.1.  Cell cultures

Oligodendrocytes (OLGs). Primary cultures of OLGs were prepared from forebrains 
of 1-2 day old Wistar rats as described previously [22,23]. Oligodendrocyte progenitor 
cells (OPCs) were plated in SATO supplemented with the growth factors FGF-2 (10 ng/
ml, Peprotech, London, UK) and PDGF-AA (10 ng/ml, Peprotech) on poly-L-lysine (PLL, 
5 μg/ml, Sigma, St. Louis, MO)-coated 10 cm dishes (Nunc, Naperville, IL,1.0 106 cells/
dish) or 8-well permanox chamber slides (Nunc, 20,000 cells/well), for biochemical 
and immunocytochemical analysis, respectively. After 2 days (‘OPCs’), differentiation 
was initiated by switching to SATO supplemented with 0.5% fetal calf serum (FCS, 
Bodinco, Alkmaar, the Netherlands), and cells were grown for 3 days (imOLGs) or 7-10 
days (mOLGs). To inhibit sulfatide biosynthesis, cells were cultured in the presence of 
30 µM sodium chlorate for at least 4-7 days. 

OLN-PLP cells. OLN-PLP cells were made in the laboratory of Dr. Zeger Debyser 
(University of Leuven, Belgium) in collaboration with Dr. Rik Gijsbers and Veerle 
Baekelandt (University of Leuven, Belgium) and were a kind gift of Dr. Ellen Gielen 
(Hasselt University, Belgium). Briefly, PLP was cloned into the lentiviral plasmid 
pCOMBI-eGFP-IRES-puro, and PLP-eGFP containing lentiviral particles were produced 
using HEK-293T cells. Subsequently, the rat-derived oligodendroglia derived cell 
line, OLN-93, a kind gift of Dr. Christiane Richter Landsberg (University of Oldenburg, 
Germany, [24]) was lentivirally transduced with the PLP-eGFP containing lentiviral 
particles. OLN-PLP cells were cultured in DMEM containing 10% heat-inactivated 
FCS, and in the presence of 2 μg/ml puromycin (Sigma). Cells were plated on 8-well 
permanox chamber slides for immunocytochemistry (5,000 cells/well) or on 10 cm 
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tissue culture dishes for biochemical analysis (500,000 cells/well). Cells were grown in 
DMEM supplemented with 10% FCS for 3 days, unless otherwise indicated. 

HepG2 cells. HepG2 cells were cultured in DMEM containing 10% FCS. Transfection 
of HepG2 cells with the plasmid pLEGFP-N1-PLP was performed with Lipofectamin 
2000 (Invitrogen, Breda, The Netherlands), according to the manufacturer’s 
instructions. After transfection, the cells were cultured in the presence of 1.0 mg/ml 
geneticin (G418, Invitrogen), and colonies were isolated 14 days after transfection. 
Stably transfected cells were plated on 8-well permanox chamber slides for 
immunocytochemistry (5,000 cells/well) and on 10 cm tissue culture dishes for 
biochemical analysis (500,000 cells/well). 

2.2.  Constructs

The cDNA encoding syntaxin 3 and PLP-eGFP were a kind gift of Drs. Thomas 
Weimbs (University of California Santa Barbara, CA, [25]), and Niels Hellings (Hasselt 
University, Belgium). For cloning of the syntaxin 3 gene into the retroviral vector pLXIN 
(Clontech Biosciences, Mountain View, CA), a XhoI restriction site at the ATG 
start codon and a XhoI restriction site after the stop codon were introduced by 
PCR. The following primers were used: 5’CATGTATTCGAAGAGCTCTTCGCACATG 
3’ (forward syntaxin 3), 5’CTAGGTGATCAAGAGCTCCTAGGGCCCACG 3’ (reverse 
syntaxin 3). The cDNAs encoding ceramide sulfatide transferase (CST) and ceramide 
galactosyltransferase (CGT) were kind gifts of Drs. Matthias Eckhardt (University of 
Bonn, Germany) and Brian Popko (University of Chicago, IL), respectively. For cloning, 
the cst and cgt genes were inserted into the EcoRI site of the retroviral vector pLXIN 
(Clontech Biosciences, Mountain View, CA). The orientation and the integrity of the 
obtained pLXIN constructs were confirmed by DNA sequencing.

2.3.  Retroviral transduction

The production of retroviral particles and the subsequent infection of OPCs and 
OLN-PLP cells were performed according to Klunder et al. [3], and Maier et al., [26], 
respectively Transductions were carried out by exposing cells to retroviral particles 
and 8 µg/ml hexadimethrine bromide (polybrene, Sigma), for 16-18 hrs. The cells 
werecultured for 24 hrs and then cultured under selection at proliferating conditions 
in the presence of 400 μg/ml (OPCs) or 2 mg/ml (OLN-PLP-cells) G418 (Roche, 
Mannheim, Germany) during 5 days. OLN-PLP cells were first infected with CGT (OLN-
PLP-G), and subsequently selected, which was followed by a second infection with 
CST(OLN-PLP-GS). An OLN-MOCK cell line was obtained by retroviral infection with 
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vector-only (pLXIN). The transduction efficiency was nearly 100%. OLN-PLP-G and 
OLN-PLP-GS cells were cultured in the presence of 2 μg/ml puromycin and 2 mg/ml 
G418 (Roche). 

2.4. PLP antibodies

PLP consists of four hydrophobic α-helices that span the lipid bilayer with two 
extracytoplasmic domains and three cytoplasmic domains, while both the C- and N 
terminus face the cytoplasm [27,28]. The anti-PLP antibodies 4C2, directed against 
a non-conformational epitope in the first extracellular loop (PLP 50-69), and 2D2, 
directed against an intracellular region absent in DM-20 (PLP 100-123), were kind gifts 
of Dr. Vijay Kuchroo (Harvard Medical School, Boston, [29]). The epitope recognized 
by the anti-PLP antibody O10 is acquired posttranslational and is directed against a 
conformational dependent epitope in the second extracellular loop [kind gift of Dr. Evi 
Albers-Krämer (Mainz, Germany,[30])]. The anti-PLP antibody ET3 was raised in rabbits 
against the second extracellular loop of PLP. To this end a synthetic peptide, PLP181-
230, with the two disulfide bridges was generated [31]. Two rabbits were injected 
subcutaneously on days 0, 21, 35 with an emulsion containing 300 mg of this synthetic 
peptide in either Freund’s complete adjuvant (day 0) or incomplete adjuvant (days 
21 and 35). At day 49, 600 mg of the peptide in incomplete adjuvant was injected. 
The rabbits were bled on day 56 and the serum were kept frozen at - 20° C. The ET3 
antibody reacts with the peptide in an ELISA and recognizes a conformational epitope, 
given the absence of a band in reducing Western blots (data not shown).  

2.5. Pulse-chase experiment

Immature OLGs were pre-incubated in DMEM without methionine (Invitrogen, 
Breda, The Netherlands) for 1 hr, followed by a 10 min labeling with µ200 Ci/dish 
Tran35S-label (GE Healthcare, BioSciences, Buckinghamshire, UK). The cells were then 
‘chased’ with medium supplemented with 10 mM methionine (Merck, Darmstadt, 
Germany) for 0, 15, 30 and 60 min. Cells were scraped in phosphate buffered 
saline (PBS), extracted with TNE-lysis buffer [20 mM Tris-HCl pH 7.4, 150 mM NaCl, 
1 mM EDTA supplemented with 1% Triton X-100 (TX-100) and a cocktail of protease 
inhibitors (Complete Mini, Roche)] for 30 min at 4°C, and separated by centrifugation 
(15 min at 13,300 g) into TX-100-soluble supernatants and TX-100-insoluble pellets. 
PLP was immunoprecipitated from both fractions with protein G-sepharose (GE 
Healthcare) beads overnight at 4°C. Protein G-sepharose beads were washed four 
times with TNE-lysis buffer supplemented with 0.2% SDS and once with PBS. Washed 
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protein G-sepharose beads were resuspended in SDS sample buffer, and counted for 
2 min in a microplate scintillation and luminescence counter (Packard Instrument 
Company, Meriden, CT). 

2.6.  Preparation of detergent extracts

Cells were washed with PBS, and harvested by scraping the cells in TNE-lysis buffer 
containing either 1% TX-100 or 20 mM 3-[(3-cholamidopropyl)dimethylammonio]-
2-hydroxy-1-propanesulfonate (CHAPS). The solution was passed 10 times through a 
21-gauge needle and incubated on ice for at least 30 min. The protein content was 
determined by a Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Hercules, CA), using 
bovine serum albumin (BSA) as a standard. 

2.7.  OptiPrep density gradient centrifugation

For density gradient centrifugation a discontinuous OptiPrep gradient was 
prepared. To this end, 250 µl of total cell detergent extracts (equal protein) were 
added to 500 µl of 60% OptiPrep. This 40% OptiPrep solution was overlaid with 
30% and 10% OptiPrep. Gradients were centrifuged overnight at 152,000 g (SW55 
Beckman, 4°C) and seven gradient fractions were collected from the top (fraction 
1) to the bottom (fraction 7). To concentrate proteins, equal fraction volumes were 
adjusted to a final volume of 1 ml with TNE-buffer and treated with deoxycholate (125 
µg/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 9,200 g and 4°C. The pellets 
were dried and resuspended in SDS-reducing sample buffer. After the pH was adjusted 
to 6.8 by exposure to ammonia, the samples were heated for 30 min at 37°C and 
subjected to SDS PAGE and Western blotting.

2.8.  Surface biotinylation

Cells were washed twice with ice-cold PBS, and incubated for 1 hr with Sulfo-
NHS-L-C-Biotin (0.1 mg/ml in PBS, Pierce, Rockford, IL) at 4°C. The cells were washed 
three times for 5 min with cell wash buffer (CWB, 65 mM Tris-HCl pH 7.5, 150 mM 
NaCl, 1 mM CaCl2, 1 mM MgCl2) to remove excess biotin and twice with PBS. The 
cells were harvested by scraping in 350 μl TNE-lysis buffer and pressed 18 times 
through a 21-gauge needle. Lysis occurred on ice for 30 min and the protein content 
was determined by the Bio-Rad DC Protein Assay. Equal amounts of protein were 
centrifuged for 20 min at 15,600 g to obtain soluble and insoluble fractions, or 
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subjected to OptiPrep density gradient centrifugation. Biotinylated proteins from 
equal volumes of the fractions were immunoprecipitated with streptavidin (SA)-
agarose for 16-18 hrs at 4°C. After centrifugation, the SA-agarose beads (biotinylated 
proteins) were washed four times with CWB supplemented with 1% NP-40 and 0.35 M 
NaCl and once with PBS. Non-biotinylated proteins (supernatants) were concentrated 
by TCA precipitation (see above). Samples from SA-agarose beads (surface) and 
supernatant (intracellular) fractions were mixed with SDS reducing sample buffer, 
heated for 2 min at 95°C or 30 min at 37°C and subjected to SDS-PAGE and Western 
blotting. 

2.9.  Isolation of endosomes and lysosomes

Endosomal and lysosomal enriched fractions were isolated from cells by the 
flotation-gradient fractionation method [32,33]. Cells were harvested by scraping into 
250 mM sucrose, 20 mM HEPES and 0.5 mM EGTA at pH 7.0 (homogenization buffer, 
HB) and immediately subjected to the isolation procedure. Cells were washed twice 
with HB by centrifugation at 800 g for 5 min at 4oC. The pellet was resuspended in 1 
ml of HB supplemented with protease inhibitors and homogenized with a grounding 
glass cell douncer (15x loose and 10x tight). The homogenate was centrifuged at 
800 g for 10 min at 4°C. The obtained post-nuclear supernatant was centrifuged 
at 15,000 g for 15 min at 4°C, to remove mitochondria. Subsequent centrifuging of 
the supernatant at 128,000 g for 1 hr at 4°C removed the microsomal fraction. The 
remaining endosomal and lysosomal enriched fractions were separated from 
each other on a discontinuous sucrose density gradient. To this end, the pellet was 
resuspended in 1 ml 40.6% sucrose solution and passed 10 times through a 25 gauge 
needle. The 40.6% sucrose/protein mixture was overlaid sequentially with sucrose 
solutions of 35% (1.5 ml), 30% (1.5 ml), 25% (2 ml) and HB (6 ml). The gradient was 
centrifuged at 125,000 g for 2 hrs at 4oC (SW41-Ti rotor). Fractions of 1 ml were 
collected from the top (fraction 1) to the bottom (fraction 12). The fractions were 
diluted with 2 ml of 20 mM HEPES and 0.5 mM EGTA at pH 7.0 and centrifuged at 
153,000 g for 30 min at 4°C (TLA 100.3 rotor). Pellets were resuspended in 160 μl 
TNE, passed 5 times through a 25G needle and stored at -20oC. Of note, the pellets of 
fractions 1-4 were pooled. 

2.10.  Analysis of cellular glycosphingolipids

Cells were washed three times with PBS, harvested by scraping in PBS, centrifuged 
at 9,200 g at room temperature (RT), followed by lipid extraction of the cell pellet 
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according to Bligh and Dyer [34]. Lipids were separated on TLC plates using C3H6O2/
CH3CH(OH)CH3/CHCl3/CH3OH/25% KCl (25:25:25:10:9, v/v/v/v/v) as the running 
solvent. To visualize the glycosphingolipids, the plates were dried, and sprayed with 
10% H2SO4 and 5% CH3OH and heated to 120°C. 

2.11.  Immunocytochemistry and in situ extraction

Antibody staining of cell surface components were performed on living cells at 
4°C. After blocking non-specific binding with 4% BSA in PBS, cells were incubated 
with the anti-surface PLP antibodies 4C2 (1:5), ET3 (1:50), and O10 (1:3), or anti-
sulfatide antibody O4 or anti-GalC antibody O1 (1:1 and 1:10, respectively, kind 
gifts of Dr. Guus Wolswijk, [35]) for 30 min, washed three times and incubated for 
25 min with appropriate FITC- or TRITC-conjugated secondary antibodies (Jackson 
ImmunoResearch, West Grove, PA). The cells were fixed with 4% paraformaldehyde 
(PFA, Merck) in PBS for 20 min at RT. For double or single staining of intracellular 
antigens, PFA-fixed cells were permeabilized and blocked with 0.1 % TX-100 and 4% 
BSA, respectively, in PBS for 30 min at RT. The cells were incubated for 1-2 hrs with 
anti-PLP (1:5, 4C2 or 2D2), anti-MRP-2 (1:300, Axxora, Lörrach, Germany) or anti-
GFP antibodies (1:100, Invitrogen, Molecular Probes, Eugene, OR) at RT. The cells 
were washed with PBS and incubated with appropriate FITC- or TRITC-conjugated 
secondary antibodies and DAPI (1 µg/ml, Sigma) for 25 min at RT. 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. For in situ extraction, cells were exposed 
to cold 0.5% TX-100 or 10 mM CHAPS in PBS for 2 min at 4°C, followed by PFA-
fixation at 4°C. The samples were analyzed with a conventional immunofluorescence 
microscope (Olympus AX70), equipped with analySIS software or with confocal 
microscopy using a Leica TCS SP2 or Leica SP8 AOBS Confocal Laser Scanner 
Microscope (Leica Heidelberg, Germany) in combination with Leica Confocal Software. 
Data were processed using Adobe Photoshop software.

2.12.  Dotblot

Equal volumes (10 µl) of gradient fractions were applied onto nitrocellulose 
membranes. When dried, membranes were incubated for 1 hr at RT in blocking 
solution (5% nonfat dry milk in PBS), followed by an overnight incubation with the 
anti-sulfatide O4 antibody (ammonium sulfated precipitated, O4 1:750). After washing 
with PBS containing 0.1% Tween 20 (PBS-T), the membranes were incubated for 2 
hrs with HRP- conjugated anti-IgM antibodies in 1% nonfat dry milk in PBS-T). Signals 
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were detected by enhanced chemilluminescence (ECL; GE Healthcare), scanned and 
quantified with Scion Image software (Scion Corp., Frederick, MD). 

2.13.  Antibody trafficking assay

The basolateral surface of HepG2 cells that were stably transfected with PLP-
eGFP was labeled with primary antibodies diluted in 0.2% BSA in PBS for 30 min on 
ice, followed by a 90 min chase in culture medium at 37°C. The primary antibodies 
used were anti-extracellular PLP ET3 (1:5) and anti-dipeptidylpeptidase IV (DPPIV, 
R&D systems) antibody. The tight junctions prevent access of the antibodies to apical 
membrane [36]. Cells were fixed in 4% PFA for 30 min on ice, permeabilized with 
ice cold methanol for 10 min, blocked with 4% BSA in PBS, and incubated with the 
appropriate TRITC-labeled secondary antibodies. Transcytosis of the antibody-antigen 
complex to the apical surface was analyzed with a conventional immunofluorescence 
microscope (Olympus AX70), equipped with analySIS software. 

2.14.  SDS-PAGE and Western Blotting

Equal volume (gradient fractions) or protein amounts (cell lysates) were mixed with 
SDS-reducing sample buffer, heated for 5 min at 95ºC (syntaxin 3, GFP, LAMP1, EEA1) 
or 30 min at 37°C (PLP) and subjected to SDS-PAGE and Western blotting. Samples 
were loaded onto 10 or 12.5% SDS-polyacrylamide gels, transferred to Immobilon-FL 
(Millipore, Bedford, MA) by semi-dry blotting, and subjected to immunoblot detection 
as described previously [23]. Primary antibodies used were anti-syntaxin 3 (1:1000, 
Synaptic Systems, Göttingen, Germany), anti-PLP (1:100; 4C2), anti-GFP (1:500), anti-
LAMP1 (1:250, GeneTex Inc, Irvine, CA), and anti-EEA1 (1:250, Abcam, Cambridge, 
UK). The signals were detected using the Odyssey Infrared Imaging System (Li-Cor 
Biosciences, Lincoln, NE) and analysed using Odyssey V3.0 analysis software.

2.15.  Statistics

Data are expressed as mean ± standard deviation (SD) of at least three 
independent experiments. Statistical analysis was performed using the student t-test 
when two means were compared and an one sample t-test when compared relative 
to control, which was set to 100% in each independent experiment. When absolute 
values of more than two means were compared, statistical significance was calculated 
by one way ANOVA followed by a Tukey’s post-test. In all cases a p value of p< 0.05 was 
considered significant (* p<0.05, ** p< 0.01, *** p<0.001).
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3.  Results

3.1.  PLP undergoes a conformational alteration during transport to myelin 
membranes 

The multispanning membrane protein PLP is the major myelin protein and is 
integrated within the specialized myelin membrane via vesicular transport. Its 
biosynthesis becomes distinctly apparent in immature OLGs, but rapidly increases 
when the cells further develop into mature myelinating cells. To accurately define 
its intracellular trafficking pathway following biosynthesis in a primary rat OLG 
monoculture system, we first determined the localization of PLP at the onset 
(immature OLGs) and at a more advanced stage (mature OLGs) of myelination. 
Examination by immunofluorescence microscopy revealed that in immature OLGs, 
when processes develop, PLP is abundantly localized in vesicular structures in the 
perinuclear region of the cell (Fig. 1A, imOLG), often showing a punctuate appearance 
when associated with primary processes. Furthermore, in a small subset of the cells, a 
prominent labeling of the plasma membrane was observed (Fig. 1A, arrow), 
suggesting an association of PLP with the plasma membrane of the cell body.
 

A

B C
mOLGs (7 days)

ET3 ET3O10 O10

mOLGs (7 days) mOLGs (10 days)imOLGs (3 days)

PL
P

Figure 1: PLP undergoes a conformational alteration during transport to myelin membranes. 
A. Oligodendrocytes (OLGs) were differentiated for 3, 7 or 10 days, fixed, and permeabilized, 
and the localization of myelin specific protein PLP was analyzed by immunostaining (ani-PLP 
antibody 4C2). Note that at the immature stage (imOLG, 3 days) PLP is localized at the cell 
body plasma membrane (arrows), whereas in mature OLGs (mOLGs, 7 and 10 days), more 
PLP-containing vesicular structures in the perinuclear region in addition to myelin-sheet 
localization was observed. Scale bar is 10 µm. B,C. Surface staining of mature OLGs (7 days 
in differentiation) with PLP antibodies that recognize an extracellular epitope in the second 
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extracellular loop of PLP (ET3 and O10). Single labelings are shown in B; a double labeling is 
shown in C. Note that the ET3 antibody primarily binds to the cell body plasma membrane, 
whereas O10 staining is more prominent in the myelin-like membranes. Scale bar is 10 µm.

Next to its presence in the cell body, in mature, well differentiated OLGs (Fig. 1A, 
mOLG), the protein localizes in particular to vesicular structures in the processes and 
myelin-like membranes. Staining of live cells with anti-PLP ET3 antibodies (directed 
against a ‘synthetic’ second extracellular loop [31]), and O10 (directed against 
a conformational epitope [30]), confirmed the presence of PLP at the cell body 
plasma membrane and myelin-like membranes (Fig. 1B). Remarkably, although both 
antibodies are directed against a conformational epitope in the second extracellular 
loop of PLP, ET3 most prominently binds to PLP, present at the cell body plasma 
membrane, whereas O10 staining was more intense when PLP localized in the 
processes and myelin like membranes. Moreover, the staining pattern was unaltered 
in a double labeling, implying that these antibodies detect different epitopes (Fig. 
1C). Since  the secondary structure of the extracellular loop changes as a function of 
the environment [31], the data might indicate that during transport PLP undergoes 
conformational alterations and/or oligomerizes in a molecular environment-
dependent manner, as reflected by differences in recognition by the conformation-
specific antibodies ET3 and O10. Thus, although PLP seems to be prominently present 
at both cell body plasma and myelin membrane, its abundance at either membrane 
appears conformation-specific and apparently depends on the stage of myelin sheet 
development. 

3.2.  Overexpression of syntaxin 3 inhibits cell body plasma membrane-
directed transport of PLP

In previous work, we have shown that the t-SNARE syntaxin 3, which in epithelial 
cells predominantly localizes at the apical plasma membrane [37,38], largely localizes 
at or near the plasma membrane of the OLG cell body [5], which is served by an apical-
like vesicular transport route [3,4]. To assess whether PLP transport towards the 
myelin membrane relies on transcytosis, i.e., involves prior transport to and delivery 
at the cell body plasma membrane via a syntaxin 3-dependent mechanism, we  
examined the effect of syntaxin 3 overexpression on PLP localization. Overexpression 
of syntaxins leads to non-functional SNARE complexes [37], thus mimicking a 
dominant-negative approach. Double labeling with anti-PLP antibodies recognizing an 
extracellular (O10) and intracellular PLP epitope (2D2, [29]) revealed that in OLGs that 
overexpress syntaxin 3, transport of PLP to myelin-like membranes was apparently 
blocked (Fig. 2A, surface vs intracellular). Thus, at an approx. five-fold overexpression 
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of syntaxin 3, PLP prominently accumulated in intracellular vesicles in the cell body, 
without a significant appearance at either the cell surface plasma membrane or in the 
myelin membrane (Fig. 2A, right panels). Importantly, upon syntaxin 3 overexpression 
neither differences in morphology nor in the number of cells expressing MBP and PLP 
(data not shown) were observed, when compared to mock (vector-only)-transduced 
cells. Together, our data thus suggest that malfunctioning of plasma membrane-
localized syntaxin 3, as a consequence of its overexpression, precludes docking of 
PLP-containing transport vesicles. Yet, rather than being directly transported towards 
the myelin membrane at such conditions, the vesicles remain trapped in the cell 
body cytoplasm, implying that prior docking at the cell body plasma membrane 
is a prerequisite for subsequent PLP transport to the myelin membrane, which 
presumably thus proceeds via a transcytotic mechanism. 
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Figure 2. Overexpression of syntaxin 3 inhibits surface transport of PLP in oligodendrocytes 
concomitant with TX-100 resistance. 
A. Oligodendrocyte progenitor cells were transduced with vector-only (mock) and syntaxin 
3 (S3↑) as described in Materials and Methods. 7 days after initiating differentiation, the 
surface and intracellular localization of PLP was determined by immunostaining using anti-
PLP antibodies directed against extracellular (O10) and intracellular PLP epitopes (2D2). 
Syntaxin 3 overexpression (approx. 5x) is confirmed by Western blotting. Representative 
pictures of three independent experiments are shown. Note the absence of PLP surface 
expression upon overexpression of syntaxin 3. Scale bar is 10 µm. B. Membrane microdomain 
association of PLP in mock-transduced and syntaxin 3-overexpressing OLGs. mOLGs (7 days 
differentiation) were extracted with 1% TX-100 or 20 mM CHAPS at 4°C, and analyzed by 
OptiPrep density gradient centrifugation. PLP was visualized by Western blotting (4C2). 
Detergent-resistant membrane microdomains are present in fractions 3 and 4. The blots are 



64

Chapter 3

representative of three independent experiments. Note that PLP is TX-100-resistant in syntaxin 
3-overexpressing OLGs, whereas in mock-transduced OLGs, PLP is largely TX-100-soluble. In 
addition, upon overexpression of syntaxin 3, an increased fraction of PLP is CHAPS-soluble. 
C. ImOLGs (3 days of differentiation) were pulse-labeled with Tran35S for 10 min, which was 
followed by an incubation in chase medium for the indicated time intervals. Subsequently, 
the cells were extracted with 1% TX-100. Soluble (S, supernatant) and insoluble (I, pellet) 
fractions were obtained by centrifugation, after extracting equal protein amounts of total cell 
lysates. PLP was immunoprecipitated and the amount in the soluble and insoluble fraction 
was analyzed by radioactive counting. Black bars represent soluble protein and white bars 
represent insoluble protein. Statistical significance between 0 min and the indicated time 
points is shown (** p<0.01, *** p<0.001, one-way ANOVA with Tukey’s post-test). Note that 
following biosynthesis, PLP is transiently TX-100-resistant. D. Cell surface proteins of mOLGs 
(10 days differentiation) were biotinylated, lysed and subjected to TX-100 extraction and 
OptiPrep density gradient centrifugation. Surface-localized proteins, and non-biotinylated, 
i.e., intracellulary-localized proteins were separated by immunoprecipitation using SA-agarose 
beads. PLP was visualized by Western blotting (4C2). Note, that TX-100-resistant PLP is present 
at the surface in membrane microdomains (fraction 4). E. imOLGs were subjected to an in situ 
detergent extraction with either TX-100 or CHAPS prior to fixation. Representative pictures of 
three independent experiments are shown. Note that TX-100-resistant PLP localized to the cell 
body plasma membrane, whereas CHAPS-resistant PLP mainly resided intracellularly. Scale bar 
is 10 µm.

3.3. Following biosynthesis, PLP transiently associates with TX-100-resistant 
microdomains 

To obtain further support and mechanistic insight into the potential involvement 
of a transcytotic mechanism, underlying myelin-directed trafficking of PLP, we next 
examined PLP dynamics by characterizing its lateral membrane organization, applying 
detergent insolubility as a criterion. It has been well-documented that upon myelin 
biogenesis, PLP ultimately integrates into CHAPS-resistant membrane microdomains 
[10,39]. Given the apical-like nature of trafficking directed towards the cell body 
plasma membrane in OLGs, the observed inhibition of PLP transport to the surface 
upon overexpression of syntaxin 3 therefore suggests an inhibition of an apical-
directed transport step for PLP. In general, apical protein transport is often associated 
with the protein’s integration into TX-100-resistant membrane microdomains [40]. To 
verify this hypothesis in case of PLP transport, syntaxin 3-overexpressing OPCs were 
allowed to differentiate into myelin-like membrane forming mature OLGs, extracted 
with either CHAPS or TX-100, loaded on an OptiPrep density gradient and analyzed 
by Western blot. Whereas in control, mock-transduced cells PLP essentially localizes 
to TX-100-soluble but CHAPS-insoluble fractions (Fig. 2B, mock, TX-100 and CHAPS, 
fractions 3 and 4), in syntaxin 3-overexpressing cells PLP is largely recovered in the 
TX-100-insoluble fraction and much less so (approx. 50%) in the CHAPS-insoluble 
fraction (Fig. 2B, S3↑, TX-100 and CHAPS, fractions 3 and 4). Thus, these data would 
suggest that PLP, following its biosynthesis, transiently integrates into TX-100-resistant 
microdomains, reflecting the apical-like plasma membrane-directed transport 
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mechanism, which precedes a subsequent relocalization and transport step involved 
in its ultimate deposition at myelin-like membranes, which relies and depends, 
respectively, on a CHAPS-insoluble membrane localization (c.f.[10]).

To verify this potential scenario further, we next carried out a pulse-chase 
experiment to better define the initial steps in PLP trafficking. OLGs were metabolically 
labeled with Tran35S for 10 min at 37°C. Subsequently, excess non-radioactive 
methionine was added, and the cells were chased for 0, 15, 30 and 60 min, followed 
by extraction with 1% TX-100 and analysis of radiolabeled PLP in pellet (insoluble) and 
supernatant (soluble). As shown in Fig. 2C, during the first 15 min following de novo 
biosynthesis of PLP, essentially the entire PLP fraction was present within a TX-100-
resistant fraction (white bars), while over the next 45 min, PLP gradually partitioned 
in a TX-100-soluble fraction (black bars). These data further support the notion that 
de novo synthesized PLP is initially assembled into TX-100-insoluble membrane 
microdomains, localized within transport vesicles that presumably dock in a syntaxin 
3-dependent mechanism at the plasma membrane. The subsequent disappearance 
of PLP from such domains, as seen to gradually occur over the next 15-60 min (Fig. 
2C), suggests a dynamic behavior of PLP, possibly effectuated once arriving at the cell 
surface of the plasma membrane. 

To determine whether TX-100-resistant PLP-containing membrane fractions are in 
fact present at the cell surface, mature OLGs were surface biotinylated, followed by 
TX-100 extraction and analysis by OptiPrep density gradient fractionation. To separate 
surface localized (i.e., biotinylated) TX-100-resistant PLP from intracellular (i.e., non-
biotinylated) TX-100-resistant PLP, the gradient fractions were next subjected to 
streptavidin precipitation, and analyzed by Western blot. As shown in Fig. 2D, PLP 
was present at the surface and this surface pool partitioned roughly equally between 
a TX-100-resistant (fractions 3 and 4) and TX-100-soluble fraction (fractions 6 and 7). 
Of the intracellular fraction, less than 15% was resistant to solubilization by TX-100. 
As this biochemical characterization does not provide information on the actual 
(surface) membrane localization of PLP, i.e., cell body plasma membrane versus 
myelin-like membrane, we next visualized PLP in TX-100-resistant membrane domains 
by an in situ extraction with TX-100 prior to fixation. TX-100-resistant PLP was mainly 
observed in the cell body plasma membrane (Fig. 2E, TX-100). In contrast, CHAPS-
resistant PLP mainly resides intracellularly (fig. 2E, CHAPS). Hence, these findings are 
consistent with the notion that PLP is transported to the cell body plasma membrane, 
prior to myelin-like membranes. During this early processing, the protein appears to 
reside transiently in membrane microdomains at the cell body plasma membrane 
that are TX-100-resistant. The prominent intracellular CHAPS-resistance of PLP then 
presumably reflects the ensuing transport vesicle-mediated processing of the protein 
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from the plasma membrane towards the myelin membrane. To obtain further support 
for the ability of PLP to engage ina transcytotic transport route, we next analyzed PLP 
transport in the well-polarized hepatic cell line HepG2.  

3.4.  PLP is present at apical and basolateral domains in polarized HepG2 cells

Polarized HepG2 cells display two structurally and functionally different plasma 
membrane domains (Fig. 3A). The two membrane domains are separated by tight 
junctions and comprise the apical membrane that faces the bile canaliculus (BC), 
and the basolateral domain which faces adjacent cells. In these cells, direct routes 
for basolateral and apical delivery exist as well as indirect transcytotic routes [41]. 
More specifically, in previous work [36] we have provided evidence that in these 
cells resident apical proteins may employ different pathways to reach the apical 
surface following biosynthesis. Thus, whereas single transmembrane proteins traffic 
to the apical membrane via the basolateral membrane, thus exploiting an indirect 
transcytotic pathway, multispanning membrane proteins may arrive at the apical 
surface along a direct pathway, after exiting the Golgi. To define polarized transport 
properties of the multimembrane spanning PLP in these cells, we transfected HepG2 
cells with PLP-eGFP. In stably transfected cells, PLP-eGFP was prominently present at 
the apical (BC) surface (Fig. 3B, arrow), whereas a fraction was also detectable at the 
basolateral surface (Fig.3B, arrowhead). Surprisingly, the PLP-eGFP at the basolateral 
membrane, was not recognized by the anti-PLP O10 antibody (data not shown), 
implying an inaccessibility of PLP’s conformational epitope in HepG2 cells. However, 
the anti-PLP ET3 antibody does recognize extracellular PLP-eGFP at the basolateral 
surface (Fig. 3C). To examine whether PLP’s detergent (in)solubility resembles its (in)
solubility in OLGs, HepG2-PLP-eGFP cells were subsequently extracted with either 
TX-100 or CHAPS, followed by OptiPrep density gradient centrifugation and Western 
blot analysis. As shown in Fig.3D, at steady state conditions, PLP-eGFP primarily 
associated with CHAPS-insoluble membrane microdomains, whereas only a minor 
fraction was TX-100-insoluble. Thus, at these conditions PLP-eGFP partitioned in 
microdomains, displaying similar detergent resistance properties as in primary OLGs 
(cf. Fig. 2B, mock). In situ extraction revealed that CHAPS-resistant PLP is present at 
both the apical and basolateral membrane, whereas the PLP fraction that resisted 
TX-100 extraction was exclusively associated with the apical domain (Fig. 3E). 
Quantitative analysis, based upon the use of MRP2 as a TX-100- and CHAPS-resistant 
apical marker, revealed that upon in situ extraction with TX-100, only 5-10% of the 
MRP2-postive apical membranes are positive for PLP-eGFP, whereas upon in situ 
extraction with CHAPS, 60-70% of the apical membranes are positive for PLP (Fig. 
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3F). In control cells, approx. 85% of the MRP2-positive apical membranes are positive 
for PLP-eGFP. Therefore, these findings show that in HepG2 cells PLP was associated 
with TX-100-resistant microdomains, which were present at the apical, but not 
basolateral membrane, whereas CHAPS-resistant PLP resided at both membranes. 
Since PLP localized at both surfaces, albeit to different extents, it was of obvious 
interest to better define its transport itinerary. Thus, to verify whether PLP-eGFP, as 
a multispanning membrane protein, is transported in a direct manner to the apical 
surface or, alternatively, may employ an indirect transcytotic pathway from the 
basolateral to the apical surface, an antibody-trafficking assay was performed, as 
described previously [36]. HepG2-PLP-eGFP cells were incubated for 30 min (on ice) 
with anti-extracellular PLP ET3 antibody, followed by a 90 min incubation at 37°C to 
activate trafficking, and subsequent immunocytochemical analysis of the localization 
of the antibody-antigen complex. As shown in Fig. 3G, the antibody-stained PLP-eGFP 
became internalized, but did not reach the apical membrane following an incubation 
period of 60 min. In contrast, DPPIV, a single pass resident apical membrane protein 
and a marker for basolateral to apical transcytosis in HepG2 cells [36], is transported 
to the apical domain upon antibody internalization over the same incubation period 
at 37°C (Fig. 3G), indicating that basolateral to apical transcytosis is functional in the 
HepG2 cells that express PLP-eGFP. Therefore, these findings suggest that PLP, as a 
multispanning membrane protein, is directly and effectively transported to the apical 
membrane in polarized HepG2 cells, following biosynthesis. Subsequently, PLP may 
engage in transcytotic transport to the basolateral surface, where re-internalization 
may occur without ensuing effective re-delivery of PLP to the apical surface.

To obtain further insight into the underlying mechanism that drives polarized PLP 
transport, we focused on the potential role of glycosphingolipids, prompted by the 
transient localization of PLP in distinct membrane microdomains, as occurs in both 
OLGs and HepG2 cells. GalC and sulfatide are major galactolipids typically enriched in 
myelin, their expression preceding the appearance of PLP in OLGs [2]. Participation of 
both galactolipids in PLP transport has been suggested, although the role of sulfatide 
is still a matter of controversy. Whereas GalC and sulfatide are highly enriched in OLGs, 
but not in HepG2 cells, we next analyzed the expression of GalC and sulfatide in PLP-
eGFP expressing HepG2 cells. As shown in Fig. 3H, upon stable expression of PLP-eGFP, 
the expression of sulfatide was dramatically increased as compared to parental cells 
(approx. 2-fold), suggesting a potential link between PLP and sulfatide expression. 
Hence, upon stable expression of PLP, HepG2 cells likely adapt by increasing the levels 
of sulfatide. This finding is rather surprising, given a reported role for GalC-enriched 
microdomains, but not sulfatide in PLP transport to the myelin-like membranes [10]. 
However, although controversial, sulfatide has been implicated in PLP transport 
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[42,43]. The apparent contradictory findings likely originate from the different 
experimental conditions, among others the polarized status of the cells. Therefore, we 
next revisited the role of sulfatide in PLP transport in OLGs.
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Figure 3. PLP-eGFP is present at apical and basolateral membrane domain in polarized 
HepG2 cells. 
A. Schematic model of polarized HepG2 cells. The apical (bile canaliculus (BC), red) and 
basolateral (blue) membrane domains are separated by tight junctions (green). B. Localization 
of PLP-eGFP upon stable expression in HepG2 cells. Note that PLP-eGFP is present at the 
apical (arrow) and basolateral (arrowhead) membrane domain. Scale bar is 10 µm. C. 
Localization of extracellular PLP (ET3 antibody) and total PLP-eGFP (inset) at the basolateral 
surface upon stable expression in HepG2 cells. Scale bar is 10 µm. D. Membrane microdomain 
association of PLP-eGFP in HepG2 cells. HepG2-PLP-eGFP cells were extracted with 1% TX-
100 or 20 mM CHAPS at 4°C, and analyzed by OptiPrep density gradient centrifugation. PLP-
eGFP was visualized by Western blotting (anti-GFP antibody). Detergent-resistant membrane 
microdomains are present in fractions 3 and 4. The blots are representative of three 
independent experiments. E. HepG2-PLP-eGFP cells were untreated (ctrl) or subjected to 
an in situ detergent extraction with either 1% TX-100 or 20 mM CHAPS prior to fixation. The 
localization of apical membranes was visualized by immunostaining for the apical marker 
MRP2 (insets, red). Representative pictures of three independent experiments are shown. 
Note that TX-100-resistant PLP-eGFP (green) localized to some of the apical membranes, 
whereas CHAPS-resistant PLP-eGFP (green) resided at both membrane domains and 
intracellular. Scale bar is 10 µm. F. The number of PLP-positive of total MRP2-positive BCs 



69

 Sulfatide in transcytotic PLP transport

was determined at the indicated conditions. Each bar represents the mean + SD of three 
independent experiments. G. Basolateral to apical transcytosis of PLP-eGFP and DPPIV as 
analysed by an antibody trafficking assay. HepG2-PLP-eGFP cells were incubated for 30 min 
at 4°C with anti-PLP (ET3) or anti-DPPIV, after which internalization was allowed for 90 min at 
37°C. Antibodies (red) were visualized by immunostaining. Note that DPPIV, but not PLP-eGFP, 
was transcytosed to the apical membrane domain (BC) upon antibody internalization. The 
localization of total PLP-eGFP is shown in the insets (green) Scale bar is 10 µm. H. TLC analysis 
of cellular glycosphingolipids in HepG2 and HepG2-PLP-eGFP cells. Note that the expression of 
sulfatide is increased upon stable transfection of PLP-eGFP.

3.5. Sulfatide is not essential for the transport of PLP to the cell body plasma 
membrane

Previously, we have shown that GalC and sulfatide are differently distributed in 
mature OLGs, GalC preferentially localizing to myelin-like membranes and compact 
myelin, whereas sulfatide is largely excluded from myelin-like membranes and 
enriched in paranodes [44]. Co-labeling of PLP and either GalC or sulfatide in fixed and 
permeablized mature OLGs showed that intracellular PLP and GalC co-localize (Supp. 
Fig. 1), whereas sulfatide is mainly present at the plasma membrane of the cell 
body and processes and hardly co-localized with intracellular PLP. To assess whether 
sulfatide is a priori involved in mediating transport of PLP, we next examined the 
cellular localization of PLP in primary immature OLGs, i.e., conditions at which PLP 
transport to the cell body plasma membrane is already apparent (c.f. Fig. 1A), upon 
inhibition of sulfatide biosynthesis using sodium chlorate from OPCs onwards. 
Sodium chlorate is a competitive inhibitor of sulfation, thus inhibiting sulfatide 
biosynthesis, but not that of GalC [45–47]. Labeling of cell surface PLP, with antibody 
ET3 in live cells, followed by fixation, permeabilisation and staining of PLP with 4C2 
[29], revealed that in cells in which sulfatide biosynthesis was blocked, PLP localized 
predominantly at the plasma membrane of the cell body, whereas in control cells, 
PLP was mainly localized intracellularly (Fig. 4A). A quantitative analysis of the cells 
showing cell surface staining revealed a 3-fold increase in PLP surface staining upon 
inhibition of sulfatide biosynthesis, compared to control cells (Fig. 4B). In conjunction 
with a reduced intracellular staining of PLP (Fig. 4A), the accumulated surface fraction 
of PLP presumably reflects a decrease in PLP internalization by the cells. Remarkably, 
irrespective of sulfatide inhibition, PLP expressed on the surface of immature OLGs 
does not yet expose the O10 epitope (Fig. 4B), indicating that along its transport 
pathway PLP is subjected to conformational alterations. Nevertheless, sulfatide is 
not essential for PLP transport to the membrane surface of the cell body, given the 
presence of PLP at the surface upon sulfatide depletion (Fig. 4A and B).

To further confirm that sulfatide is not essential for PLP transport to the plasma 
membrane, PLP surface expression was visualized by anti-PLP ET3 antibody staining
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Figure 4. Sulfatide is essential for segregation to TX-100 soluble membrane microdomains. 
A, B. Oligodendrocyte progenitor cells were differentiated for 3 days in the absence (ctrl) or 
presence of 30 µM sodium chlorate, an inhibitor of sulfatide synthesis. The surface localization 
of PLP was determined by immunostaining of live cells using anti-PLP antibodies directed 
against extracellular (ET3, O10), followed by fixation, opening and staining with the anti-PLP-
4C2 antibody. Representative pictures of three independent experiments (A) and the % of 
surface-positive cells (B) are shown. Statistical differences with control cells (ctrl) as assessed 
with a student t-test (** p< 0.001). Note the prominent PLP surface expression at the cell body 
plasma membrane upon inhibition of sulfatide biosynthesis. Scale bar is 10 µm. C. TLC analysis 
of cellular glycosphingolipids in OLN-PLP (mock), OLN-PLP-G (GalC) and OLN-PLP-GS (GalC 
and sulfatide) cells. D. Cell surface proteins were biotinylated, lysed and immunoprecipitated 
with SA-agarose beads, to separate surface-localized proteins (s), and non-biotinylated, i.e., 
intracellulary-localized (i) proteins. PLP-eGFP was visualized by Western blotting (anti-GFP 
antibody). Note that PLP-eGFP is present at the cell surface of OLN-PLP cells (mock), i.e., in the 
absence of GalC (G) and sulfatide (S). E. OLN-PLP, OLN-PLP-G and OLN-PLP-GS cells cultured 
for 3 days in DMEM and 0.5% FCS were extracted with 1% TX-100 or 20 mM CHAPS at 4°C, 
and analyzed by OptiPrep density gradient centrifugation. PLP-eGFP was visualized by Western 
blotting (anti-GFP antibody). Detergent-resistant membrane microdomains are present in 
fractions 3 and 4. The blots are representative of three independent experiments. Note that 
PLP-eGFP is TX-100-resistant in the absence of sulfatide. F. Oligodendrocyte progenitor cells 
were differentiated for 7 days in the absence (ctrl) or presence of 30 µM sodium chlorate. 
Cell surface proteins of mature OLGs (7 days in differentiation) were biotinylated, lysed and 
subjected to either 1% TX-100 or 20 mM CHAPS extraction and OptiPrep density gradient 
centrifugation. Surface-localized proteins were immunoprecipitated using SA-agarose beads, 
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and surface PLP was visualized by Western blotting (4C2 antibody). Note that surface PLP is 
TX-100- and CHAPS-resistant in control cells,whereas upon inhibition of sulfatide synthesis 
(chlorate), surface PLP is CHAPS-soluble. 

in an oligodendroglial derived cell line, OLN-93, expressing PLP-eGFP, but not GalC 
and sulfatide (Fig. 4C, mock). As shown in Supp. Fig.2, PLP-eGFP was prominently 
expressed at the surface of OLN-PLP cells (mock), corroborating that GalC and 
sulfatide were not required for transport to the plasma membrane. Surface 
biotinylation experiments confirmed the plasma membrane localization of PLP-eGFP 
in galactolipid-deficient OLN-PLP cells (Fig. 4D, mock, surface (s) vs intracellular (i)). 
Importantly, as in primary OLGs, overexpression of syntaxin 3 dramatically reduced 
the surface levels of PLP in OLN-PLP cells (Supp. Fig. 2, S3↑, arrow), suggesting 
a similarity in underlying mechanism in plasma membrane directed transport in 
both cell types. Therefore, these findings are consistent with previous findings  that 
sulfatide is not essential for the transport of PLP to the oligodendroglial plasma 
membrane [45,46].

3.6.  Sulfatide is necessary for PLP’s reallocation to TX-100-soluble membrane 
microdomains 

To further clarify the role of GalC and sulfatide in PLP transport and its lateral 
membrane distribution, OLN-PLP cells were transduced with constructs that 
express ceramide galactosyl transferase (CGT), the enzyme catalyzing the final step 
in GalC biosynthesis and/or ceramide sulfatide transferase (CST), which catalyzes 
the biosynthesis of sulfatide. The GalC-overexpressing and GalC- and sulfatide-
overexpressing OLN-PLP cells are referred to as OLN-PLP-G and OLN-PLP-GS, 
respectively. TLC analysis revealed that compared to mock-transduced cells (OLN-
PLP, i.e., vector-only), OLN-PLP-G express significant levels of GalC, while both 
GalC and sulfatide are present in OLN-PLP-GS (Fig. 4C). Of interest, the presence of 
both galactolipids, and to a lesser extent the presence of GalC alone, resulted in an 
approx. 2 fold increase in surface expression of PLP-eGFP (Fig. 3D). Given that PLP 
partitions in either TX-100- or CHAPS-resistant membrane domains (Fig. 2), the lateral 
distribution of PLP-eGFP in OLN-PLP, OLN-PLP-G and OLN-PLP-GS cells was analyzed 
by means of TX-100 or CHAPS extraction. In OLN-PLP-GS cells, PLP-eGFP was CHAPS-
resistant and TX-100-soluble, in line with PLP’s resistance in primary OLGs (Fig. 2B, 
mock) and HepG2 cells (Fig. 3D). Strikingly, in galactolipid-deficient OLN-PLP-mock 
cells, PLP-eGFP is TX-100-resistant, and partly CHAPS-resistant (Fig.4E, approx. 70%), 
while in the sulfatide-deficient OLN-PLP-G cells, PLP-eGFP is CHAPS-resistant, and only 
partly TX-100-soluble (approx. 50%). In all OLN lines, PLP acquired CHAPS-resistance, 
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indicating that in OLN-93 cells, the presence of sulfatide is not a prerequisite for PLP’s 
sequestration in CHAPS-resistant domains. However, the presence of sulfatide caused 
PLP-eGFP to redistribute into membrane microdomains that are soluble in TX-100. 
To examine whether sulfatide is also a determining factor for PLP to reallocate to TX-
100-soluble membrane microdomains in primary OLGs, control and sodium chlorate-
treated mature OLGs were surface biotinylated, after which the protein’s lateral 
domain distribution at the plasma membrane was analysed by means of detergent 
extraction followed by OptiPrep gradient fractionation and Western blot analysis. 
The fraction of PLP present at the surface of control mature OLGs was partly TX-100-
resistant and CHAPS-resistant, whereas in sodium chlorate-treated, i.e., sulfatide-
depleted cells, surface PLP was still partly TX-100-resistant, but CHAPS-soluble 
(Fig. 4F). Thus in contrast to its role in OLN-93 cells, sulfatide is required for PLP to 
be sequestered into CHAPS-resistant microdomains in cultured OLGs. Accordingly, 
sulfatide depletion particularly results in a perturbation of CHAPS-resistant 
microdomains, but not TX-100-resistant domains at the cell surface. Furthermore, 
our data also indicate that the presence of sulfatide mediates a microdomain 
reallocation of PLP, as reflected by a detergent (in)solubility transition of PLP from TX-
100- to CHAPS-resistance. Since PLP only transiently associates with TX-100-resistant 
membrane domains, i.e., upon its biosynthesis, while the protein acquires CHAPS-
resistance in subsequent transcytotic transport, we next determined the location and 
underlying driving force of this shift in lateral membrane distribution. 

3.7.  Sulfatide-dependent redistribution of PLP to different microdomains at 
the plasma membrane 

To determine whether PLP, after arrival at the plasma membrane, and sulfatide 
may partition within the same membrane domains at the cell surface, we first 
determined potential co-localization of PLP with either GalC of and/or sulfatide in live 
OLN-PLP-GS cells. As shown in Fig. 5A, PLP-eGFP co-localized with sulfatide (O4), but 
not GalC (O1) at the cell surface (see inset). In fixed and permeablized OLN-PLP-GS 
(Fig. 5A) and OLN-PLP-G cells (Supp. Fig. 3), intracellular PLP-eGFP co-localized with 
GalC, but not sulfatide, in line with observations in primary OLGs (Supp. Fig. 1). In 
OLN-PLP-GS cells, a patch-like appearance of intracellular sulfatide was detected (Fig. 
5A), which was not observed in primary OLGs (Supp. Fig. 1). The sulfatide patches co-
localized with LAMP1, but not EEA1 (data not shown, Supp. Fig. 3), and might be a 
reflection of a reduced ability to degrade sulfatide in OLN-PLP-GS cells. In the presence 
of sulfatide, an increasing PLP fraction redistributed from TX-100-insoluble to TX-100-
soluble membrane domains (Fig. 4E and F). 
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Figure 5: PLP conveys from TX-100- to CHAPS-resistant membrane microdomains at the 
plasma membrane.
A. Colocalization of PLP-eGFP with GalC and sulfatide in OLN-PLP-GS cells. Immunostaining 
with anti-GalC (O1) and anti-sulfatide (O4) antibodies was performed in live or fixed and 
permeabilized cells. Note that PLP-eGFP colocalized with sulfatide, but not GalC, at the surface 
(see inset), whereas intracellular PLP-eGFP partially colocalized with GalC, but not sulfatide 
(see inset).Scale bar is 10 µm. B. Enriched endosomal and lysosomal fractions of OLN-PLP and 
OLN-PLP-GS cells were extracted with 1% TX-100 or 20 mM CHAPS at 4°C, and analyzed by 
OptiPrep density gradient centrifugation. PLP-eGFP was visualized by Western blotting (anti-
GFP antibody). Detergent-resistant membrane microdomains are present in fractions 3 and 4. 
Note that PLP-eGFP is TX-100-soluble and CHAPS-insoluble in both endosomes and lysosomes 
in OLN-PLP-GS cells, whereas in galactolipid-deficient OLN-PLP cells PLP-eGFP is still CHAPS-
soluble in the enriched endosomal fraction.

To determine the cellular location of PLP’s redistribution to TX-100-soluble membrane 
microdomains, i.e., at the plasma membrane or upon internalization, subcellular 
fractions enriched in endosomes and lysosomes were isolated, and separated on a 
discontinuous sucrose gradient (Supp. Fig. 4, [32,33]), followed by either TX-100 or 
CHAPS extraction. As shown in Fig. 5B, in OLN-PLP-GS cells, PLP-eGFP is TX-100-soluble 
but CHAPS-resistant in both endosomes and lysosomes, indicating that the detergent 
(in)solubility shift, as in HepG2-cells (Fig.3, data not shown), likely occurred at the 
cell surface, or immediately following internalization. In OLN-PLP cells, i.e., cells that 
do not express galactolipids, PLP-eGFP is CHAPS-soluble in the enriched endosomal 
fraction, but CHAPS-resistant in the enriched lysosomal fraction (Fig. 5B). Of note, 
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in OLN-PLP cells, more PLP-eGFP is present in the enriched endosomal fraction and 
less in the enriched lysosomal fraction as compared to OLN-PLP-GS cells (Supp. Fig. 
4, fractions 3-5 vs fractions 7-8). Hence, the detergent analysis suggests that sulfatide 
potentially induces a lateral redistribution of PLP in the plasma membrane of OLGs, 
which was examined next in live cells.  

3.8. Sulfatide modulates the conformation of PLP 

Presumably, a change in the lateral microenvironment of a membrane protein 
may affect its dynamics, which, in turn, might be related to changes in the protein’s 
structure, including oligomerization. Whether PLP could undergo such changes 
when sensing the presence of sulfatide at the level of the plasma membrane, we 
investigated this possibility by employing the three available anti-extracellular 
PLP antibodies in the OLN-PLP cell lines. PLP consists of four hydrophobic 
α-helices that span the lipid bilayer with two extracytoplasmic domains and three 
cytoplasmic domains, while both the C- and N terminus face the cytoplasm [27,28]. 
Immunocytochemical analysis in live cells revealed that the anti-PLP 4C2 antibody, 
which is directed against a non-conformational epitope in the first extracellular loop 
of PLP [29] recognizes PLP-eGFP at the surface in virtually all OLN-PLP, OLN-PLP-G 
and OLN-PLP-GS cells (Fig. 6A), confirming the biochemical analysis (cf. Fig. 4D) that 
PLP reaches the surface, independent of the presence of sulfatide. Similarly, when 
applying the anti-PLP ET3 antibody that recognizes a conformational epitope in the 
second extracellular loop, a prominent surface staining in all three OLN-lines was 
observed (Fig. 6A). In contrast, the O10 epitope emerged in OLN-PLP-GS cells (Fig. 
6A and B) but was hardly detectable in OLN-PLP and OLN-PLP-G cells, suggesting that 
the presence of sulfatide is sensed by PLP, which apparently adjusted its structure in 
terms of conformation. Importantly, it has been reported that the O10 epitope only 
emerges when PLP reaches a functional tertiary structure and/or oligomerizes [30], 
while the secondary structure of the second extracellular loop changes as a function 
of its environment [31]. Given that ET3 mainly recognizes PLP at the cell body plasma 
membrane where sulfatide is enriched [44], whereas the O10 epitope is more 
prominently exposed at the myelin membrane (Fig. 1B and C), it is tempting to suggest 
that sulfatide likely initiates structural changes in PLP upon its internalization. In 
addition, given that O10 does recognize PLP-eGFP at the surface of OLN-PLP-GS cells, 
but not HepG2 cells (see above), this finding indicates that apparently a component is 
lacking in HepG2 cells that is necessary to generate the O10 epitope.  
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Figure 6. Sulfatide modulates the conformation of PLP at the plasma membrane. 
Expression of surface PLP-eGFP in differentiated OLN-PLP, OLN-PLP-G and OLN-PLP-GS using 
three different anti-PLP antibodies against two distinct epitopes, i.e., the first extracellular 
loop (4C2) and second extracellular loop (O10, ET3) of PLP. A. Representative pictures of 
three independent experiments are shown. Note that O10, directed against a conformational 
epitope, only recognizes surface PLP-eGFP when sulfatide is present, whereas the binding of 
4C2 and ET3 were not dependent on sulfatide expression. Scale bar is 10 µm. B. Quantification 
of the number of O10-positive cells of total cells. Each bar represents the mean + SD of at least 
three independent experiments. Statistical differences with OLN-PLP cells as assessed with 
one-way ANOVA with Tukey’s post-test (*** p< 0.001).

4. Discussion

In the present work, we have shown that myelin biogenesis in OLGs at least 
partly relies on the involvement of a transcytotic transport mechanism, as reflected 
by myelin membrane-directed transport of PLP. Thus our data support a model in 
which PLP, early after biosynthesis, integrates into distinct membrane domains, 
characterized by TX-100 insolubility, for transport to the plasma membrane of the 
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OLG cell body, which relies on syntaxin 3-mediated docking (Fig. 7). At the plasma 
membrane, at least part of the PLP fraction is redistributed into membrane domains 
that are characterized by TX-100-solubility but CHAPS-resistance, consistent with 
previously reported observations (cf. [10]). Interestingly,  inhibition of sulfatide 
biosynthesis in primary OLGs, and parallel experiments in OLN-93 cells, expressing 
GalC or GalC and sulfatide, indicate that sulfatide is instrumental in this shift in 
membrane domain localization, likely related to a sulfatide-induced conformational 
change in the protein. As shown previously, and as part of this ‘apical to basolateral’ 
transport process, PLP has become integrated in cholesterol and GalC-enriched 
microdomains in myelin membranes, suggesting its eventual dissociation from 
sulfatide [10]. Evidently, a transcytotic mechanism would be entirely in line with 
our previous contentions that OLGs can be envisioned aspolarized cells, displaying 
properties analogously to those reported for typical polarized cells like epithelial cells. 
In fact, in the present work we demonstrate that in such cells, i.e., hepatocytes, the 
major epithelial cell in the liver, PLP transcytotic transport may occur between the 
apical and basolateral surface.

CHAPS - insoluble  

1 

2 

3 

3 

sulfatide-mediated lateral
redistribution and 
conformational alteration

syntaxin 3-dependent
TX100-insoluble
sulfatide-independent

Figure 7. Schematic overview of the trafficking of de novo synthesized PLP to myelin-like 
membranes via transcytosis. 
1. Transport of PLP from the trans-Golgi-network to the apical-like (red) plasma membrane 
of the cell body is syntaxin 3-dependent, sulfatide-independent and occurs as part of TX-
100-insoluble, CHAPS-soluble membrane microdomains. 2. At the plasma membrane PLP is 
redistributed to TX-100-soluble, CHAPS-insoluble microdomains, a process that is sulfatide-
mediated, and likely involves a conformational alteration. 3. Transport from the plasma 
membrane of the cell body to the basolateral-like (blue) myelin-like membranes occurs 
by means of TX-100-soluble, CHAPS-insoluble microdomains. Along this route, PLP likely 
temporally accumulates in a late endosomal compartment [10,11]. See text for further details.
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Our observations indicate that transport of PLP to the myelin membrane relies 
on a syntaxin 3-dependent mechanism. Thus, following biosynthesis, PLP is first 
transported to the apical-like plasma membrane of the cell body in a syntaxin 
3-dependent manner, after which the protein is laterally reallocated, internalized 
and directed towards the myelin membrane. A transient localization of PLP at the 
apical-like cell body plasma membrane followed by its subsequent internalization 
via endocytosis would, as a matter of mechanistic principle, also be consistent with 
observations, reported by others [15,17]. Although syntaxin 3 is clearly involved in the 
delivery of PLP at the cell body plasma membrane following biosynthesis, the t-SNARE 
involved in docking of PLP at the myelin membrane remains to be determined. Our 
recent data indicate that PLP transport is independent of syntaxin 4 (Bijlard et al., 
submitted), a typical t-SNARE that localizes at the basolateral surface in polarized 
epithelial cells [25] and at the basolateral-like myelin membrane [5]. The latter would 
thus imply the potential involvement of another transport/docking mechanism at the 
myelin sheet in PLP transport from the cell body plasma membrane to basolateral-like 
myelin membranes. A possible candidate is syntaxin 2, which like syntaxin 4 is present 
in OLGs and also localizes to myelin-like membranes (our unpublished observations, 
[21]). 

At first glance our data are inconsistent with the studies of Feldmann et al. [18]. 
These authors proposed that vesicular delivery of PLP from endosomal compartments 
to the myelin membrane relies on VAMP7, the cognate v-SNARE partner of syntaxin 
3, whereas our findings indicate an earlier role for syntaxin 3, i.e., in the biosynthetic 
pathway to the plasma membrane, rather than the transcytotic pathway. However, 
the conclusion of Feldmann et al. [18] on the localization of VAMP7 was primarily 
based on studies with GFP-VAMP7 constructs in mouse-derived Oli-neu cells that 
express sulfatide [48], whereas our data are derived from mature rat OLGs. Based on 
the current findings, it would be of interest to determine the nature of the detergent 
sensitivity of the PLP containing transport vesicles and sulfatide-dependence upon 
VAMP7 dysfunctioning, either by downregulation or overexpression of the v-SNARE, 
analogously as reported in the present study for a syntaxin 3-dependence of PLP 
transport. Nevertheless, myelin defects arise when interfering with VAMP7-mediated, 
but not VAMP3-mediated vesicular transport, which emphasizes that the cognate 
VAMP7/syntaxin 3 pair, but not VAMP3/syntaxin 4 pair, is essential for PLP transport to 
myelin membranes [18], which is entirely consistent with our observation in primary 
OLGs. 

A hallmark of the transcytotic transport route of PLP is its transient partitioning 
into distinct membrane domains at different stages of its processing after de novo 
biosynthesis. Thus, following its biosynthesis, PLP is transported from the trans-Golgi-
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network in a TX-100-insoluble membrane microdomain fraction to the cell body 
plasma membrane, where the protein redistributes to TX-100-soluble membrane 
domains, that in time become resistant toward CHAPS solubilization (Fig. 7). A similar 
sequential shift between distinct membrane domains, reflected by differences in 
detergent (in)solubility, was observed in polarized HepG2 cells. In further support 
of such a sequence of events and its functional consequences are observations 
reported by Simons et al. [10,49] that the kinetics of PLP’s acquirement of TX-100-
solubility appears to commensurate with those of acquiring CHAPS-insolubility. 
More specifically, PLP is largely CHAPS-soluble at the Golgi, and only after 30-60 
min, i.e., likely the time required to reach the plasma membrane, PLP redistributes 
from a TX-100 insoluble (Fig. 2) to a CHAPS-insoluble domain [10]. As noted above, 
this detergent-sensitive shift, as we show here in OLGs and HepG2 cells, does likely 
take place at the apical membrane, rather than within endocytic compartments. 
Presumably, this lateral sorting step might be involved in the subsequent 
internalization and transport of PLP from the plasma membrane to endosomal 
compartments, instrumental in transcytosis [50] and subsequent delivery to the 
myelin membrane.

Our data indicate that sulfatide is presumably responsible for the lateral 
reallocation to distinct membrane microdomains. Thus, in primary OLGs, sulfatide, 
rather than GalC, conveys TX-100-solublilty to PLP, prior to its integration into CHAPS-
resistant domains, a finding that is consistent with observations in mice that are 
unable to synthesize GalC and sulfatide. In these mice, a major fraction of PLP resides 
in TX-100 resistant domains and fails  to segregate into CHAPS-resistant domains [10]. 
The underlying mechanism as to how sulfatide sequesters PLP from TX-100-insoluble 
domains remains to be determined, although sulfatide-induced conformational 
alterations of PLP, as reported in the present work, may be of relevance in this regard. 
However, of interest in this context is also the reported cholesterol-dependence of 
PLP’s internalization before acquiring CHAPS-insolubility and the exposure of the O10 
epitope [10,16]. Given that PLP and sulfatide may both associate with cholesterol 
[39,51], such interactions can affect the physicochemical properties of microdomains 
and hence their content [52]. As a consequence, sulfatide- and cholesterol-dependent 
invagination may be triggered, allowing subsequent transcytotic transport to the 
myelin membrane. Moreover, a preferential role of sulfatide in endoctytosis in OLGs 
has been reported [53].

Taken together, along with being a key compound in regulating the timing of 
terminal OLG differentiation [47,54,55], we show here that sulfatide is also a key 
regulator of transcytotic PLP transport, presumably relying in part on a sulfatide-
induced conformational change. This may allow for a regulated timing of PLP’s 
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appearance in myelin membranes, thereby preventing premature and ectopic 
compaction. Remarkably, in vivo, PLP transport to myelin membranes is uninterrupted 
in the absence of sulfatide [45,46,56]. Likely, under these conditions, PLP trafficking 
is not timely regulated and is transported to myelin membranes by bulk flow, or by 
an unknown compensatory, likely non-transcytotic mechanism that allows CHAPS-
soluble, and possibly TX-100-insoluble PLP to insert into myelin membranes. Of 
interest in this context is that in the absence of sulfatide, a non-selective association 
with myelin-directed vesicles has been noted [57]. In addition, sulfatide interacts with 
several key adhesion and ECM proteins, including laminin-2 [58,59], which is secreted 
by developing axons [60] and promotes myelin biogenesis (reviewed in [61]). Hence, 
it is tempting to suggest that the recently reported interaction between laminin-2 and 
sulfatide in OLGs [47], might regulate (transcytotic) PLP transport in vivo, a process 
that may be disrupted in MS. These issues are currently investigated in our laboratory.
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Supplementary Figure 1: Colocalization of PLP with GalC and sulfatide in oligodendrocytes.  
Oligodendrocytes, 7 days after initiating differentiation, were fixed, permeabilized and co-
stained for PLP (red, 4C2) and galactolipids, sulfatide (green, O4 antibody) or GalC (green, O1 
antibody). Representative pictures of three independent experiments are shown. Note that 
intracellular PLP and GalC, but not sulfatide, co-localize. Scale bar is 10 µm.

PLP-eGFP surface (ET3)

m
oc

k
S3
↑

Supplementary Figure 2: Overexpression of syntaxin 3 inhibits surface transport of PLP in 
OLN-93 cells. 
The surface localization of PLP-eGFP was determined in mock-transduced (vector only) and 
syntaxin 3-overexpressing cells (S3↑) in OLN-PLP cells by immunostaining using anti-PLP 
antibodies directed against an extracellular PLP epitope (ET3). Note decreased PLP-eGFP 
surface expression upon overexpression of syntaxin 3. Scale bar is 10 µm.
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Supplementary Figure 3: Colocalization of PLP-eGFP with GalC in OLN-PLP-G cells. 
Immunostaining with anti-GalC (O1) antibody was performed in live or fixed and permeabilized 
OLN-PLP-G cells. Note that intracellular, but not surface PLP-eGFP colocalized with GalC (see 
inset). Scale bar is 10 µm.
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Supplementary Figure 4: Generation of fractions enriched in endosomes or lysosomes.  
Organelle-fractionation and the generation of a fraction enriched in endosomes and lysosomes 
enriched, as marked by the expression of EEA1 and LAMP1, were obtained as described 
in Materials and Methods. Endosomes and lysosomes were separated from each other by a 
discontinuous sucrose gradient, and the distribution of EEA1, LAMP1, and PLP-eGFP (anti-GFP 
antibody) were visualized by Western blotting. The distribution of sulfatide is visualized with a 
dotblot using anti-sulfatide antibody O4 for detection. The boxes encloses the pooled fractions 
of the gradient used for detergent extractions of enriched endosomal and lysosomal fractions 
shown in Fig. 5B.
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Abstract

In the central nervous system, lipid-protein interactions are pivotal for myelin 
maintenance, as these interactions regulate protein transport to the myelin 
membrane as well as the molecular organization within the sheath. To improve our 
understanding of the fundamental properties of myelin, we focused here on the 
lateral membrane organization and dynamics of peripheral membrane protein 18.5-
kDa myelin basic protein (MBP) and transmembrane protein proteolipid protein (PLP) 
as a function of the typical myelin lipids galactosylceramide (GalC), and sulfatide, 
and exogenous factors such as the extracellular matrix proteins laminin-2 and 
fibronectin, employing an oligodendrocyte cell line, selectively expressing the desired  
galactolipids. The dynamics of MBP were monitored by z-scan point fluorescence 
correlation spectroscopy (FCS) and raster image correlation spectroscopy (RICS), 
while PLP dynamics in living cells were investigated by circular scanning FCS. The 
data revealed that on an inert substrate the diffusion rate of 18.5-kDa MBP increased 
in GalC-expressing cells, while the diffusion coefficient of PLP was decreased in 
sulfatide-containing cells. Similarly, when cells were grown on myelination-promoting 
laminin-2, the lateral diffusion coefficient of PLP was decreased in sulfatide-containing 
cells. In contrast, PLP’s diffusion rate increased substantially when these cells were 
grown on myelination-inhibiting fibronectin. Additional biochemical analyses revealed 
that the observed differences in lateral diffusion coefficients of both proteins can be 
explained by differences in their biophysical, i.e., galactolipid environment, specifically 
with regard to their association with lipid rafts. Given the persistence of pathological 
fibronectin aggregates in multiple sclerosis lesions, this fundamental insight into the 
nature and dynamics of lipid-protein interactions will be instrumental in developing 
myelin regenerative strategies. 

1.  Introduction

Myelin is produced by oligodendrocytes (OLGs) in the central nervous system 
(CNS), where it enwraps axons in a multilamellar fashion to enable fast conduction 
of the action potential [1]. Myelin membranes contain a repertoire of myelin 
specific proteins of which proteolipid protein (PLP), a transmembrane protein, and 
the classical 18.5-kDa myelin basic protein (MBP) isoform, a peripheral membrane 
protein, are the most abundant ones. Compared to other plasma membranes, myelin 
has an unusual high lipid to protein ratio as 70% of its dry weight consists of lipids, 
including cholesterol and the galactolipids, galactosylceramide (GalC) and sulfatide 
[2]. These lipids often partition into so-called lipid rafts and the intercalation of a 
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variety of myelin proteins in these membrane microdomains is pivotal for protein 
trafficking and myelin assembly [3–5]. For example, galactolipids play a prominent 
role in vesicle-mediated transport of PLP [3,6], whereas a functional lateral role of the 
galactolipids in PLP’s localisation in the plasma membrane is not known. Interestingly, 
as a cytoplasm-localized peripheral membrane protein, MBP does sense the presence 
of GalC and sulfatide, although both lipids localize at the extracellular surface of the 
myelin membrane [7]. Specifically, GalC and/or sulfatide containing liposomes induce 
a redistribution of GalC at the exoplasmic surface, via a so-called glycosynapse, 
thereby causing a concomitant redistribution of MBP at the cytoplasmic surface [8–
10]. Additionally, the co-clustering of GalC together with MBP has been also observed 
when OLGs were treated with anti-GalC or anti-sulfatide antibodies [11,12]. Moreover, 
the inhibition of GalC synthesis, and as a consequence that of sulfatide, causes a 
redistribution of MBP from raft to non-raft fractions [13]. Therefore, raft formation 
may be crucial for myelin assembly and a perturbation of the dynamic equilibrium 
of lipid rafts may result in an imbalance in the assembly of functional microdomains, 
leading to neurological disorders, such as multiple sclerosis (MS). 

Apart from the important functional role of these structural myelin components 
for myelin assembly, a pivotal role of the surrounding extracellular matrix (ECM) is also 
apparent. ECM serves as a scaffold, providing signals to maintain and regulate cellular 
processes such as proliferation, migration and differentiation [14]. The ECM proteins 
fibronectin (Fn) and laminin-2 (Ln2) play opposite roles in the regulation of these 
cellular processes. Ln2, which harbors binding sites for sulfatide [14,15], is known 
to promote myelin membrane formation [16–19], whereas Fn arrests intracellular 
vesicular transport in cultured OLGs and differentiation of oligodendrocyte progenitor 
cells to mature OLGs in vivo [3,20]. Evidently, since the composition and function 
of the ECM is altered in neurological disorders including MS [21,22], a detailed 
understanding of the specific role of ECM components in myelination is imperative, 
from both a fundamental and therapeutic point-of-view.

Lipid rafts, commonly characterized by their detergent insolubility, are considered 
dynamic membrane platforms, playing a role in various cellular processes [23,24]. 
Biochemical isolation procedures of such membrane microdomains are technically 
challenging as the various experimental conditions may alter the results. Furthermore, 
although determination of the detergent (in)solubility of a specific membrane protein 
by biochemical means is very informative, by doing so, the dynamic information 
is obviously lost. Hence, biophysical techniques such as fluorescence correlation 
spectroscopy (FCS) [25–28] and raster image correlation spectroscopy (RICS) [29–31], 
which allow determination of the lateral diffusion of molecules in a non-invasive 
manner, are more appropriate if not ideal approaches for clarifying biological 
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issues related to molecular dynamics. In this study, we applied, in conjunction with 
classical biochemical assays, different FCS techniques in living cells including z-scan 
point FCS, circular scanning FCS (s-FCS) and RICS to investigate the dynamics of 
membrane associated PLP and MBP in the presence of GalC and/or sulfatide, which 
were selectively expressed in oligodendrocyte-derived OLN-93 cells. In addition, 
we investigated whether Ln2 and Fn could modulate these dynamics and as such 
interfere with myelin biogenesis and assembly. The data revealed differences in the 
lateral diffusion coefficients of PLP and 18.5-kDa MBP, as dictated by their biophysical 
environment, specifically with regard to their association with detergent-resistant lipid 
rafts, and, in addition, by the nature of the ECM on which the cells were grown. 

2.  Materials and Methods

2.1.  Cell culture and transfection

The rat derived oligodendrocyte progenitor cell line OLN-93 [32], a kind gift of Dr. 
Christiane Richter-Landsberg (University of Oldenburg, Germany), was cultured as 
described previously [33]. For the circular s-FCS, z-scan FCS and RICS measurements, 
cells were cultured on 8-well Labtek-I slides (VWR, Nunc, Naperville, IL), pre-coated 
with poly-L-lysine (PLL, 5 µg/ml, Sigma, St. Louis, MO), Fn (10 µg/ml, Sigma) and Ln2 
(10 µg/ml, Sigma) in phenol-red free DMEM at a cell density 30,000 per well, one 
day prior to transfection. The cells were transfected with PLP-eGFP plasmid (pEGFP-
N1-PLP, a kind gift of Dr. Niels Hellings, University of Hasselt, Belgium) or 18.5-kDa 
MBP-eGFP (pEGFP-C1-MBP-18.5-UTR, a kind gift of Dr. George Harauz, University of 
Guelph, Canada, [34]), using Lipofectamine™ 2000 Transfection Reagent (Invitrogen) 
as described in the manufacturer’s instructions. 

2.2.  Overexpression of galactolipids and thin layer chromatography (TLC)

The cDNAs encoding ceramide galactosyltransferase (CGT) and galactosylceramide 
3’-sulfotransferase (cst) were kind gifts of Drs. Matthias Eckhardt (University of Bonn, 
Germany) and Brian Popko (University of Chicago, IL), respectively. CGT and CST 
were cloned into the EcoRI site of the retroviral pLXIN plasmid (Clontech Biosciences, 
Mountain View, CA). The production of retroviral particles and the subsequent 
infection and selection of OLN-93 cells were performed according to Maier et al. [35]. 
Briefly, OLN-93 cells were first transduced with CGT and subsequently selected for 10 
days with 2 mg/ml geneticin to generate a polyclonal cell line that expresses GalC. To 
obtain a polyclonal cell line that expresses both GalC and sulfatide, this polyclonal cell 
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line was subjected to a second transduction with CST. From the polyclonal cell lines, 
monoclonal OLN-G and OLN-GS cell lines were generated. To this end, the resistant 
cells were diluted to single isolated cells in 48 well plates, which were subjected to 
another selection procedure for 10 days. During the process of clone selection, 
we picked the clones that expressed GalC and/or sulfatide at their surface. OLN-
mock cells were obtained by retroviral infection of OLN-93 cells with pLXIN (vector-
only). The expression of GalC and/or sulfatide was characterized by TLC as described 
previously [36].

2.3. Detergent extract preparation and OptiPrep density gradient 
centrifugation

One day after transfection with PLP-eGFP or 18.5-kDa MBP-eGFP, detergent 
extract preparation with 20 mM CHAPS and discontinuous OptiPrep density gradient 
centrifugation were performed as previously described [37]. Fractions were collected 
from top (fraction 1) to bottom (fraction 7). 250 µl was taken from each fraction and 
subjected to TCA precipitation [38] followed by Western blotting.

2.4.  Western Blot Analysis

Samples were mixed with reducing sample buffer and heated for 30 min at 37°C. 
Proteins were separated by 10% SDS-PAGE and subjected to immunoblot analyses as 
described previously [33]. Primary antibodies used were polyclonal rabbit anti-GFP 
(1:1000, Molecular Probes, Invitrogen), polyclonal rabbit anti-MBP (1:1000, Dako 
Cytomation, Carpinteria, CA), polyclonal rabbit anti-caveolin-1 (1:2000, Transduction 
Laboratories, Lexington, KY) and monoclonal mouse anti-Rho-GDI (1:1000, 
Transduction Laboratories). IRDye®-conjugated were used as secondary antibodies (Li-
Cor Biosciences, Lincoln, NE).

2.5. Immunocytochemistry

24 hours after transfection with PLP-eGFP or 18.5-kDa MBP-eGFP, antibody staining 
of the cell surface lipids GalCer and sulfatide were performed on live cells at 4°C. 
After blocking non-specific binding with 4% bovine serum albumin in phosphate-
buffered saline (PBS), cells were incubated with primary antibody for 30 min, washed 
three times and incubated for 25 min with TRITC-conjugated antibodies (Jackson 
ImmunoResearch, West Grove, PA). The cells were fixed with 4% paraformaldehyde 
(PFA) PBS for 20 min at RT, after which the nuclei were stained with DAPI (1 µg/
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ml, Sigma). O1 (anti-GalC) and O4 (anti-sulfatide) were both a kind gift of Dr. Guus 
Wolswijk [39]. Images were acquired by a confocal laser scanning microscope (Leica 
SP8 AOBS CLSM, Leica Microsystems, Heidelberg, Germany), equipped with an argon 
laser (488 nm), 2 He/Ne lasers (552 and 633 nm, respectively) and Leica Confocal 
Software. A 63×/1.25 oil immersion objective was used for 2-channel scanning (488 
nm, 552 nm). Images of single cells were acquired with similar gain settings and 15 
cells were measured at each condition. First, a stack of images was acquired to 
detect the best plane for analysis of the percentage co-localization. Afterwards, the 
co-localization coefficient was calculated by the Image-J plugin JACOPS as previously 
described [40]. After background subtraction, the optimal threshold value was 
defined separately for PLP-eGFP or 18.5-kDa MBP-eGFP and TRITC staining. The same 
threshold value was applied to all the images. The co-localization coefficient was 
calculated with the Manders Correlation Coefficient calculator. This analysis method 
gave rise to two correlation coefficients: the green pixels overlapping with the red 
channel (M1) or vice versa (M2). In order to calculate the percentage of co-localization 
at the plasma membrane, we used M2, which calculates overlapping red pixels 
(galactolipids) with green pixels (18.5-kDa MBP-eGFP or PLP-eGFP). In this manner, 
potential interference of the cytoplasmic signal that arises from free 18.5-kDa MBP-
eGFP or PLP-eGFP in the cytoplasm was avoided. 100% co-localization gives a value of 
1. 

2.6.  Fluorescence fluctuation spectroscopy (FFS)

FCS and RICS measurements were performed on a home-built laser scanning 
pulsed interleaved excitation fluctuation imaging (PIE-FI) setup as described before 
[31], with the difference that a Nikon CFI Apo TIRF 100X Oil NA1.49 objective was 
used. Prior to the measurements, a calibration of the confocal volume was carried 
out by using a 5 nM Atto488-CA solution (D=370 µm²/s at 22°C, diffusion coefficient 
application note of PicoQuant) with a total laser power of 10 µW before the objective 
(~4 µW in solution). All in vivo measurements were performed at room temperature 
to reduce cell mobility and with an excitation power of 2 µW to minimize bleaching 
(~0.8 µW in solution). The diffusion coefficients of both PLP-eGFP and 18.5-kDa MBP-
eGFP were determined at the bottom plasma membrane to minimize distortion of 
the point-spread-function (PSF) of the oil objective. Moreover, in this manner, the 
effect of the different ECM proteins on the diffusion of the proteins could be studied. 
The software packages PAM and MIA [41] were used to analyze FCS and RICS data, 
respectively.
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2.6.1. z-scan FCS measurements 

With a stack of images, we determined that 18.5-kDa MBP-eGFP had the highest 
fluorescence intensity near the bottom plasma membrane. In order to determine the 
optimal z-plane for each experiment, FCS measurements were performed at multiple 
z-positions. Hereby, the laser light was first focused slightly above the cell membrane 
and then subsequent point FCS measurements were performed at 10 different 
planes with a separation of 200 nm between planes, moving downwards (Fig. 3A). 
For z-positioning, a piezo stage (P-517.3CL; E-501-00, Physik Instrumente (PI) GmbH 
& Co. KG Karlsruhe, Germany) was used. To minimize axial drift and photobleaching 
during the measurement, the following scanning procedure was applied: all 10 planes 
were measured sequentially for 5 s. After completion of one stack, the first position 
was refocused using a home-built perfect focus system. The procedure was repeated a 
total of 12 times resulting in an acquisition time of 60 s per plane. From the z-position 
corresponding to the highest mean intensity (Fig. 3B), an autocorrelation was 
calculated and fitted using a 2D one component diffusion model with two exponential 
decays, describing a fast triplet (~30 µs) and a slow eGFP blinking (~500 µs):

                       

    




The fraction and decay time of the exponential decays are described by Fi and τi 
respectively. ‹N› and D correspond to the number and diffusion coefficient. The focal 
radius is given by wr and γ is the geometry factor of a 2D Gaussian. Per condition, 7-10 
cells were analyzed and fitted.

2.6.2.  z-scan RICS

The RICS method has been described in detail elsewhere [29–31]. Briefly, 24 
hours after transfection with 18.5-kDa MBP-eGFP, cells were subjected to RICS 
measurements. As with point FCS measurements, a similar z-scan procedure was 
used. In total 10 planes were imaged 50 times each with 1-s acquisition time. The one 
corresponding to the highest fluorescence intensity was selected and analyzed for 
each cell. 

2.6.3.  Circular scanning FCS measurements (s-FCS)
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To determine the diffusion coefficient of PLP-eGFP, FCS experiments were 
performed in cells while scanning the laser focus in x-y over the membrane in 
a 4.5-µm-diameter circle at an orbit frequency of 5 kHz over 6 minutes and a laser 
power of 2 μW before the objective. No significant photobleaching was observed 
during data acquisition. The collected data was divided into 200 bins per scanning 
orbit, corresponding to the different laser positions. Within a bin the laser focus was 
considered stationary (laser displacement only approximately 70 nm). For each bin, 
an intensity trace and auto-correlation function (ACF) was calculated, and both were 
averaged over 10 consecutive positions to increase signal-to-noise of the data. Then, 
points with clearly aberrant intensity or ACF traces, likely caused by vesicles diffusing 
through the focus, were omitted and all remaining bins of several measurements per 
cell were averaged (Fig. 5B and C). In this way, diffusion coefficients of PLP could be 
measured, even in the presence of vesicular movement. Given the manual selection 
of outliers, albeit with direct feedback from the correlation, the actual diffusion 
coefficients might slightly differ. GPI-anchored GFP was used as a control to verify 
whether the method worked satisfactorily (data not shown). The average ACFs 
of different independent experiments were fitted globally with the following 2D 
anomalous diffusion model;

               
   

 


Where γ is the geometry factor for the 2D Gaussian and y0 is the offset. ‹N› is the 

average number of molecules in the observation volume. F and τtrip are the dark state 
fraction and the blinking time, respectively, accounting for the slow blinking behavior 
of eGFP [42]. D represents the diffusion coefficient, wr the radius of the focus and α 
the anomaly coefficient.

2.7.  Statistical analysis

All data are represented as the mean ± standard error of the mean (SEM) of at least 
three independent experiments. The statistical significance was calculated by a two-
tailed Student’s t-test for comparison between two means and by a one-way ANOVA 
followed by Newman-Keuls posttest to compare more than two means. A p value of 
p<0.05 was considered statistically significant.
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3.  Results

3.1.  18.5-kDa MBP associates with CHAPS-insoluble microdomains in GalC-
expressing OLN-93 cells

To investigate the effect of the major myelin galactolipids GalC and sulfatide on 
the dynamics and lateral membrane organization of the myelin-specific proteins MBP 
and PLP, we took advantage of a rat derived oligodendrocyte cell line, OLN-93. These 
cells represent immature OLGs and they neither synthesize PLP and MBP nor GalC 
and sulfatide. Accordingly, this enabled us to apply a bottom-up approach where we 
first stably overexpressed the enzymes (see Materials and Methods) responsible for 
the synthesis of GalC and sulfatide, respectively, and then transiently introduced 18.5-
kDa MBP or PLP. As a result, in addition to OLN-93 parental (OLN-P) cells devoid of 
either galactolipid, we generated OLN-93 monoclonal cell lines expressing only GalC 
(OLN-G) and OLN-93 cells expressing both GalC and sulfatide (OLN-GS). To verify the 
presence of these lipids, total lipid extracts were analyzed by TLC. Whereas OLN-P 
cells and OLN-93 cells transduced with vector-only (mock) were negative for both GalC 
and sulfatide, GalC was present in OLN-G and OLN-GS cells, while sulfatide was only 
detectable in OLN-GS cells (Fig. 1A). Examination of the galactolipid-expressing cells by 
live staining fluorescence microscopy revealed that both lipids localized at the plasma 
membrane of the cells and display a heterogeneous, patchy distribution (Fig. 1B), 
similar to what is seen in primary oligodendrocytes [43, 44].

OLN-P OLN-G OLN-GSmock

GalC

sulfatide

A B
OLN-G OLN-GS

GalC GalC

sulfatidesulfatide

Figure 1: Expression and localization of galactolipids in OLN-93 cells. 
A. The expression of GalC and sulfatide was characterized in OLN-P, OLN-G, OLN-GS and mock-
transduced cells by TLC. B. OLN-G and OLN-GS cells were cultured on PLL and stained for cell 
surface GalC or sulfatide with O1 and O4 antibodies, respectively. Scale bar is 5 µm.

After having determined the expression and surface localization of GalC and 
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sulfatide in the OLN-G and OLN-GS monoclonal cell lines, we transiently transfected 
the cells with eGFP-tagged 18.5-kDa MBP. To solely determine the effect of 
extracellular leaflet localized galactolipids on the intracellular distribution of inner 
leaflet associated peripheral membrane protein 18.5-kDa MBP, we first examined 
the effect of OLN-P, OLN-G and OLN-GS on the inert coating material PLL. As shown in 
Fig. 2A and B, 18.5-kDa MBP distributed diffusely throughout the cytoplasm in all cell 
types revealing an occasional patchy appearance particularly at or near the plasma 
membrane. Next, we further characterized the distribution of 18.5-kDa MBP at the 
plasma membrane in the context of cellular surface expression of GalC and sulfatide. 
Interestingly, following surface staining of GalC and sulfatide in OLN-G and OLN-
GS cells, a substantial co-labeling of 18.5-kDa MBP and GalC was observed in OLN-G 
cells, which was less in cells expressing both galactolipids. To obtain further support 
for these findings, a quantitative co-localization percentage was calculated using the 
Manders Correlation Coefficient Calculator, where 100% co-localization is represented 
by 1 (see Materials and Methods). As shown in Fig. 2C, the fractional co-distribution 
of 18.5-kDa MBP with GalC was indeed significantly higher in OLN-G than in OLN-GS 
cells (0.69±0.03 and 0.51±0.06 respectively), while a similar fractional co-distribution 
as GalC was obtained with sulfatide in OLN-GS cells (0.47±0.04). These data suggest 
that 18.5-kDa MBP, being a peripheral membrane protein and interacting with the 
cytoplasmic leaflet of the myelin membrane, senses the presence of the galactolipids 
in the outer leaflet, in particular GalC, assuming that glycosphinglipids are exclusively 
present in the outer leaflet of the plasma membrane [8–10].

In different cell types, including OLGs, GalC and sulfatide are able to integrate 
into small membrane microdomains known as lipid rafts or detergent-resistant 
membranes [4,23,45]. It is important to note that the co-localization analysis does not 
necessarily imply that MBP and galactolipids directly interact; rather the data reveal 
that galactolipids and MBP might localize within the same membrane domain. 
Within this context, the data would indicate that MBP prefers integration within 
GalC-enriched microdomains. MBP is known to be incorporated in CHAPS-resistant 
microdomains [13,46]. To determine whether the presence of either or both 
galactolipids affected the membrane microdomain association of 18.5-kDa MBP, the 
various cell lines were extracted with CHAPS and analyzed using OptiPrep gradient 
analysis. In the gradients, fractions 3 and 4 are considered to represent insoluble-
raft fractions, as reflected by the localization of the well-established raft marker 
caveolin-1, whereas fractions 6 and 7 are considered to represent soluble-non-raft 
fractions in which the negative control Rho-GDI localizes (Fig. 2D). As shown in Fig 2E 
and F, only minor amounts of 18.5-kDa MBP, if at all, were detected in raft fractions 
for both control OLN-P cells and OLN-GS cells. Specifically, 92.7±6.5% (OLN-P) and 
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83.4±2.5% (OLN-GS) of the extracted protein fractions were soluble in CHAPS. In 
contrast, a substantial fraction of the 18.5-kDa MBP pool (26.5±2.5%) expressed in the 
OLN-G cells (Fig. 2D and E) localized in CHAPS-insoluble raft fractions, implying that in 
this case GalC represents the driving force for MBP’s (partial) association with CHAPS-
insoluble microdomains. Of note, an increase in CHAPS-resistance of 18.5-kDa MBP 
was also observed in another OLN-G monoclonal cell line, and not in another OLN-GS 
monoclonal cell line (data not shown).

Figure 2: Co-localization of MBP with galactolipids at the plasma membrane of OLN-93 cells 
and its microdomain association. 
OLN-P, OLN-G and OLN-GS cells were cultured on PLL and transiently transfected with 
18.5-kDaMBP-eGFP. The experiments were performed 24 hours after transfection. A,B. 
Representative images of transfected cells stained for either cell surface GalC or sulfatide 
withO1 and O4 antibodies (red), respectively. Scale bar is 6 µm. Insets show higher power 
magnifications of which brightness-contrast and median filtering were performed by Image J. 
C. The fractional co-localization between detection channels was determined by the Manders 
Correlation Coefficient Calculator (see Materials and Methods) and displayed as a bar graph. 
Bars represent the mean+SEM of at least 15 cells. The statistical analysis was performed by 
GraphPad Prism 5 (one-way ANOVA followed by the Newman-Keuls posttest, * p<0.05). D-F.
OptiPrep density gradient centrifugation analysis after CHAPS extraction. Caveolin-1 and Rho-
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GDI are a positive and negative marker for membrane microdomains (lipid rafts), respectively 
(D). 18.5-kDa MBP-eGFP expression was determined using an anti-MBP polyclonal antibody 
(E). Representative Western blots are shown. The intensities of the MBP-eGFP bands in E were 
quantified by Image J. The total protein expression was calculated by adding the intensity 
of all the fractions. The protein percentage of each fraction was then calculated by dividing 
the protein intensity present in that fraction by total protein expression. A bar graph of the 
distribution of MBP-eGFP is shown. The fraction percentage of (raft) fractions 3 and 4 are plotted 
in black and the fraction percentage of (non-raft) fractions 6 and 7 are shown as grey bars. Bars 
represent the mean+SEM. The statistical analysis was performed using GraphPad Prism 5 (n=3, 
one-way ANOVA followed by the Newman-Keuls posttest, ** p<0.01).

3.2.  The lateral mobility of 18.5-kDa MBP is increased in GalC-expressing 
OLN-93 cells 

To verify whether the galactolipid-dependent differences in raft partitioning and/
or apparent co-distribution of 18.5-kDa MBP were also reflected by differences in its 
lateral mobility, we performed single-point FCS measurements. A z-stack of images 
was collected to determine the position of the bottom plasma membrane where the 
maximum amount of protein was localized (illustrated in Fig. 3A). Specifically, the 
measurements were performed in 10 z-planes, each 200 nm apart, starting in the 
middle of the cell and gradually moving down. FCS was performed in the plane with 
the highest fluorescence intensity of 18.5-kDa MBP (Fig. 3B), and the FCS curves were 
averagedand fitted empirically with a 2D one component diffusion model. Our results 
show that the diffusion rate of 18.5-kDa MBP in OLN-G cells is significantly higher 
(0.39±0.03 µm²/s) than in OLN-P cells (0.25±0.04 µm²/s) and OLN-GS cells (0.25±0.03 
µm²/s) (Fig. 3C).  
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Figure 3: Lateral mobility of 18.5-kDa MBP in OLN-93 cells. 
z-scan FCS and z-scan RICS measurements were performed on OLN-P, OLN-G and OLN-GS 
cells cultured on PLL and transiently transfected with 18.5-kDa MBP-eGFP. Experiments were 
performed 24 hours after transfection. A. A schematic of a cell showing z-scanning at the basal 
plasma membrane. B. The total intensity as a function of z-position for a typical z-scanning 
measurement is shown. C. The averaged autocorrelation curves from 10 cells were fitted with 
a 2D one component diffusion model. The diffusion coefficients from z-scan FCS are shown as a 
bar graph. D. A representative autocorrelation curve and corresponding 2D1C fit model is shown 
from a z-scan RICS measurement at the ventral plasma membrane. E. The diffusion coefficients 
for the z-scan RICS experiments are shown as a bar graph and represent the average of at 
least 10 cell measurements. Bars (C,E) represent the mean+SEM. The statistical analysis was 
performed using GraphPad Prism 5 (one-way ANOVA followed by the Newman-Keuls posttest, * 
p<0.05, *** p<0.01).

To obtain further support for these observations, we also applied RICS to 
determine the lateral diffusion rate of 18.5-kDa MBP in control and galactolipid-
expressing cells. For similar reasons as for FCS, we also combined z-scan with RICS, 
keeping the same settings. Following the measurements, the data was fitted with a 
one component model (Fig. 3D). Consistent with z-scan FCS, we observed that the 
diffusion rate of 18.5-kDa MBP in OLN-G cells was significantly higher (0.37±0.04 
µm²/s) than the rates observed in OLN-P cells (0.23±0.01 µm²/s) and OLN-GS cells 
(0.28±0.03 µm²/s) (Fig. 3E).

3.3. PLP preferentially associates with CHAPS-insoluble microdomains in GalC- 
and sulfatide-overexpressing OLN-93 cells 

Next, it was of particular interest, given the uniqueness of the OLN-93 cell system, 
to investigate whether GalC and/or sulfatide could affect the lateral distribution 
and dynamics of the integral membrane protein PLP. To obtain detailed information 
on subcellular localization in a reliable manner, z-stacks were taken and the three-
dimensional information analyzed. As shown in Fig. 4A and B, besides localization in 
the plasma membrane, PLP-eGFP was found predominantly in intracellular vesicular 
structures and distributed throughout the cytoplasm, which is comparable and 
consistent with that seen in primary rat OLG mono-cultures [38]. To investigate a 
potential galactolipid-dependent effect on this distribution, the OLN-93 cells were 
subsequently subjected to surface galactolipid immunostaining. Interestingly, 
prominent co-labeling of PLP and GalC appear to occur in OLN-G cells, whereas very 
little co-localization between GalC and PLP was apparent in cells expressing both GalC 
and sulfatide (OLN-GS) (Fig. 4B). Remarkably, in cells expressing both galactolipids, 
PLP showed a most pronounced and preferential co-localization with sulfatide (Fig. 
4B, lower panel), rather than GalC. The co-distribution percentage as obtained with 
the Manders Correlation Coefficient Calculator confirmed these observations. Thus, in 
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OLN-G cells, which are devoid of sulfatide, a degree of co-localization of GalC and PLP 
was observed that amounted up to 0.48±0.06 (Fig. 4C). This level of co-localization of 
GalC and PLP decreased considerably in the OLN-GS cells (0.31±0.03; Fig. 4C). Indeed, 
in OLN-GS cells, PLP preferentially co-localized with sulfatide (0.43±0.03; Fig. 4C). 
PLP, like MBP, displays a CHAPS detergent insolubility in myelin membranes [3,36]. To 
investigate whether GalC and sulfatide similarly affect this biochemical property of PLP 
in OLN-93 cells, we determined the protein’s detergent (in)solubility in parental and 
galactolipid-expressing OLN-93 cells by CHAPS extraction followed by OptiPrep density 
gradient analysis. As shown in Fig. 4D and E, while in parental OLN-P cells the majority 
of PLP (74.1±22.1%) resided in CHAPS-soluble fractions, in OLN-GS the majority of the 
protein localized in CHAPS-insoluble fractions (55.4±8.1%). In GalC-expressing cells, 
we observed an intermediate distribution where PLP resided in both CHAPS-soluble 
and insoluble fractions. Similar findings were observed in another OLN-G and OLN-GS 
monoclonal cell line, while sodium chorate-mediated inhibition of sulfatide expression 
in OLN-GS cells counteracted the CHAPS-resistance of PLP (data not shown). Together, 
these data suggest that PLP preferentially associates with sulfatide and co-localizes 
with this lipid in membrane microdomains, characterized by their insolubility in 
CHAPS.
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Figure 4: Co-localization of galactolipids with PLP at the plasma membrane of OLN-93 cells 
and its microdomain association. 
OLN-P, OLN-G and OLN-GS cells were cultured on PLL and transiently transfected with 18.5-kDa 
MBP-eGFP. The experiments were performed 24 hours after transfection. A,B. Representative 
images of transfected cells stained for either cell surface GalC or sulfatide with O1 and O4 
antibodies (red), respectively. Scale bar is 6 µm. Insets show higher power magnifications of 
which brightness-contrast and median filtering were performed by Image J. C. The fractional 
co-localization between detection channels was determined by the Manders Correlation 
Coefficient Calculator (see Materials and Methods) and displayed as a bar graph. Bars represent 
the mean+SEM of at least 15 cells. The statistical analysis was performed using GraphPad Prism 
5 (one-way ANOVA followed by the Newman-Keuls posttest, *p<0.05). D,E. OptiPrep density 
gradient centrifugation analysis after CHAPS extraction. PLP-eGFP expression was determined 
using an anti-GFP polyclonal antibody (D). Representative Western blots are shown. The 
percentages of the PLP-eGFP bands were quantified as described in the legend to Fig. 2 for MBP-
eGFP bands (E). A bar of the distribution of PLP-eGFP is shown. The raft fractions are plotted 
in black and the non-raft fractions are shown as grey bars. Bars represent the mean+SEM. The 
statistical analysis was performed using GraphPad Prism 5 (n=3, one-way ANOVA followed by the 
Newman-Keuls posttest, **p<0.01).

3.4.  The lateral mobility of PLP is decreased in GalC and sulfatide expressing 
OLN-93 cells 

To examine whether the galactolipid-dependent differences in PLP’s biophysical 
environment might be reflected by differences in its dynamics, we determined the 
lateral mobility of PLP-eGFP in OLN-P, OLN-G and OLN-GS cells. From a technical 
perspective, it was not possible to monitor the dynamics of PLP by single point FCS 
neither by RICS, as PLP is highly present in bright and mobile cytoplasmic vesicles 
(Fig. 4A, [38]) that interfere with the data acquisition and analysis. Therefore, to 
investigate PLP’s dynamics at the bottom plasma membrane in living cells, we applied 
circular s-FCS, a technique previously used to measure dynamics of proteins and lipids 
in giant unilamellar vesicles (GUVs; [28,47]) and living cells [48], and combined this 
with intensity carpet analysis. In order to collect the signal coming exclusively from the 
plasma membrane and not from the vesicles present in the cytoplasm, we used a high 
numerical aperture objective. Although the laser focus was on the plasma membrane, 
the confocal PSF extended about a micrometer into the cytoplasm. Since the vesicles 
were highly mobile and constituted very bright particles, the resulting correlations 
were heavily biased towards this vesicular movement. In order to overcome this 
limitation, the data was not recorded from a single point, but rather by data collection 
while scanning a circle, as illustrated in Fig. 5A, and further processed as described 
in Materials and Methods section. Both intensity traces and FCS curves were plotted 
as carpets where the x-axis represented the bins and the y-axis the time (Fig. 5B). 
Lines that show a very heterogeneous intensity trace were likely caused by a vesicle 
diffusing through the focus (Fig. 5B, arrows). Using the individual point correlation 
functions as direct feedback, we manually removed these outliers in a straightforward 
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manner and thus minimize the influence of the movement of cellular compartments. 
The remaining FCS curves of such measurements were then averaged, giving rise to 
a single FCS curve per cell, and fitted with an anomalous diffusion model (Fig. 5C). 
The fit revealed that the lateral diffusion coefficient of PLP in the OLN-93 plasma 
membrane was substantially slower in sulfatide-expressing OLN-GS cells (0.06±0.02 
µm2/s; α=0.467) than in GalC-expressing OLN-G cells (0.10±0.01 µm2/s; α=0.529) or 
parental OLN-P cells (0.11±0.01 µm2/s; α=0.569) (Fig. 5D). Accordingly, these data 
indicate that the preferential association of PLP with sulfatide-enriched domains and 
their co-localization in CHAPS-resistant fractions, or CHAPS-domains, is reflected by a 
pronounced decrease in the protein’s lateral mobility in OLN-GS cells. 
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Figure 5: Lateral mobility of PLP in the presence of GalC and sulfatide as determined by s-FCS. 
OLN-P, OLN-G and OLN-GS cells were transiently transfected with PLP-eGFP on PLL and 24 hours 
after transfection the mobility was measured using circular scanning-FCS. A. The scanned circle 
was divided into bins and each individual bin (e.g. highlighted by a red spot) was correlated. 
For analysis, 10 bins were averaged (dark red area). B. An averaged intensity and correlation 
carpet for PLP-eGFP diffusion in an OLN-P cell are shown. Inhomogeneous intensity traces were 
discarded and the remaining FCS curves averaged (arrows). C. The autocorrelation function for 
all bins (dotted line) and selected bins (black line) where intensity heterogeneities that disturb 
the measurements have been removed. D. The diffusion coefficients are presented as a bar 
graph. The bars represent mean+SEM of at least 7 cell measurements. The statistical analysis 
was performed using GraphPad Prism 5 (one-way ANOVA followed by the Newman-Keuls 
posttest *p<0.05).

3.5.  Fibronectin prevents co-localization of PLP and sulfatide

As we measure lateral mobility of 18.5-kDa MBP-eGFP and PLP-eGFP at the 
bottom plasma membrane, it was next of particular interest to analyze its dynamics 
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as a function of two myelination affecting ECM components, i.e., Fn and Ln2, of 
which we and others have shown previously that they either strongly inhibit or 
promote myelination, respectively [18,20,49]. To investigate the potential ability of 
ECM proteins Ln2 and Fn to interfere with myelin biogenesis and assembly, we first 
evaluated the lateral membrane dynamics of 18.5-kDa MBP and PLP in OLN-93 cells 
cultured on either ECM substrate. z-scan FCS analysis revealed that no significant 
differences in the diffusion rates of 18.5-kDa MBP were detected for the different 
cell types on the different ECM substrates (data not shown). s-FCS measurements 
showed that the lateral diffusion rate of PLP in OLN-93 cells grown on Ln2 was similar 
in parental cells (OLN-P) and in GalC-expressing cells, i.e., 0.13±0.01 µm2/s and 
0.12±0.02 µm2/s, respectively. However, in the case of OLN-GS cells grown on Ln2, the 
rate decreased to 0.05±0.01 µm2/s (Fig. 6A), indicating that the diffusion coefficient of 
PLP was significantly slower when the membrane also contained sulfatide, similar as 
observed when cells were grown on PLL (Fig. 5D). In marked contrast, when grown on 
Fn, the galactolipid expressing cells showed a considerably faster diffusion coefficient 
of PLP. In OLN-G cells and OLN-GS cells, a diffusion coefficient of 0.09±0.01 µm2/s 
and 0.11±0.01 µm2/s were determined respectively, whereas in OLN-P cells only a 
lateral diffusion coefficient of 0.05±0.01 µm2/s was obtained (Fig. 6B). Remarkably, 
when comparing the diffusion coefficients of PLP in OLN-G cells grown either on PLL 
(0.10±0.01 µm2/s), Fn (0.09±0.01 µm2/s) or Ln2 (0.12±0.02 µm2/s), no significant 
differences were observed, which further supports the specificity of sulfatide in ECM-
dependent PLP processing. Given the observed quantitative differences in lateral 
diffusion rates of PLP in the presence of different galactolipids as a function of the 
nature of the ECM, we then further investigated the co-localization degree of PLP with 
GalC and sulfatide on Ln2 and Fn. When grown on Ln2, the degree of co-localization 
of PLP with GalC in OLN-G cells (0.77±0.03) was significantly higher than the level 
of co-localization observed with GalC and sulfatide in OLN-GS cells (0.59±0.04 and 
0.62±0.04 respectively, Fig. 7A and B). A similar analysis of cells grown on Fn revealed 
that the degree of co-localization of PLP with GalC was also in this case significantly 
higher in OLN-G cells than in OLN-GS cells (0.81±0.02 and 0.57±0.05, respectively; 
Fig. 7A and B). Notably, on both ECM substrates the degree of co-localization of PLP 
and GalC was higher as compared to PLL. In contrast, we observed very little if any 
co-localization of PLP and sulfatide in OLN-GS cultured on Fn (0.21±0.03; Fig. 7A and 
C). Compared to the value of 0.62±0.04, as obtained for the co-localization of PLP 
and sulfatide on Ln2, these data imply that Fn abolished the partitioning of PLP in 
sulfatide-enriched domains, without significantly affecting PLP’s integrations within 
GalC-domains. 
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Figure 6: Lateral mobility of PLP in the presence of GalC and sulfatide on Ln2 and Fn.  
A,B. s-FCS experiments were performed on OLN-P, OLN-G and OLN-GS cells that were plated on 
either Ln2 or Fn and transiently transfected with PLP-eGFP. The experiments were performed 
24 hours after transfection. The averaged autocorrelation curves from at least 7 cells were fitted 
with an anomalous diffusion model. The diffusion coefficients of the slow component (i.e., 
the diffusion term) are presented as a bar graph (Ln2, A and Fn, B). The data were plotted as 
mean+SEM and statistical analysis was performed using GraphPad Prism 5 (one-way ANOVA 
followed by the Newman-Keuls posttest, * p<0.05, ** p<0.01, *** p<0.001).

3.6. PLP is recruited into sulfatide-enriched microdomains in an ECM-
dependent manner

Significant differences in the lateral diffusion coefficients and co-localization 
degrees of PLP were observed in OLN-P cells and OLN–GS cells dependent on the 
composition of the ECM. To rationalize these intriguing differences, we took into 
account that a shift of PLP from a CHAPS-soluble to CHAPS-insoluble fraction was 
observed when grown on inert PLL, particularly upon inclusion of sulfatide in the 
plasma membrane (Fig. 4D). Moreover, this shift was reflected by a substantial 
decrease in the lateral diffusion rate of the protein relative to that measured in the 
control cells (OLN-P) (Fig. 4D and E). Accordingly, we hypothesized that the differences 
observed in the s-FCS measurements for OLN-GS cells on Fn versus Ln2 might also be 
due to differences in the microdomain association of PLP. To investigate this possibility, 
OLN-P and OLN-GS cells cultured on either Fn or Ln2 were extracted with CHAPS 
followed by OptiPrep density gradient analysis. The data, illustrated in Fig. 8A and 
B, demonstrate that in cells grown on Ln2, the fraction of CHAPS-insoluble PLP was 
significantly higher in OLN-GS cells (approx. 70%) than in control OLN-P cells (approx. 
45%). In contrast, cells cultured on Fn showed reduced partitioning of PLP into CHAPS-
insoluble domains to approx. 30%. Moreover, we did not detect significant differences 
in the CHAPS-insoluble domain association of PLP in OLN-GS versus OLN-P cells (Fig. 
8B). Clearly, the enhanced partitioning of PLP into CHAPS-insoluble microdomains 
in GS-expressing cells, grown on Ln2, is also reflected by a strongly reduced lateral 
diffusion rate of the protein in these cells compared to the rate observed in OLN-P 
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cells. Intriguingly, such a correlation is not apparent in cells grown on Fn, suggesting 
that factors other than a restriction in lateral diffusion due to raft localization diminish 
PLP dynamics in these cells (see Discussion).
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Figure 7: Co-localization of galactolipids with PLP at the plasma membrane of OLN-93 cells on 
Ln2 and Fn. 
A. OLN-G and OLN-GS cells were cultured on either Ln2 (left panel) or Fn (right panel), transiently 
transfected with PLP-eGFP, and 24 hours after transfection stained for either cell surface GalC or 
sulfatide with O1 and O4 antibodies (red), respectively. Representative images are shown. Scale 
bar is 6 µm. Insets show higher power magnifications of which brightness-contrast and median 
filtering were performed by Image J. B,C. The fractional co-localization between detection 
channels was determined by the Manders Correlation Coefficient (see Materials and Methods) 
and displayed as a bar graph. Bars represent the mean+SEM of at least 15 cells. The statistical 
analysis was performed using GraphPad Prism 5 [student’s t-test, ** p<0.01, *** p<0.001 
(OLN-G and OLN-GS on the same ECM substrate)].

4. Discussion

In this study, we have examined by means of biochemical and biophysical tools 
how the myelin typical galactolipids GalC and sulfatide affect the organization, 
distribution and dynamic properties of myelin-specific proteins MBP and PLP in the 
plasma membrane of OLN-93 cells in conjunction with a modulatory effect of the 
ECM. When exposed to an inert substrate PLL or to the physiologically relevant and 
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myelination-promoting ECM protein Ln2, we show that the presence of sulfatide 
altered PLP’s membrane microdomain association and mobility. In contrast, when 
grown on the myelination-inhibiting substrate Fn, the membrane microdomain 
association of PLP is disturbed in the presence of sulfatide and the diffusion rate 
of the protein increased. Interestingly, while PLP preferentially associates with 
sulfatide-containing membrane domains, MBP dynamics is mainly governed by GalC, 
its presence causing 18.5-kDa MBP, as a peripheral membrane protein, to (partly) 
associate with detergent-insoluble microdomains. Given the asymmetric distribution 
of MBP and GalC, this effect presumably relies on a transmembrane GalC-mediated 
stimulus.

0

20

40

60

80

100

120

1 2 3 4

OLN-GS

OLN-P

A B
1          2        3        4       5       6        7

1         2         3       4       5        6         7

Ln2 raft non-raft

raft non-raftFn

OLN-GS

OLN-P

PLP

PLP

#*

Fr
ac

tio
n 

%
 o

f t
ot

al
 P

LP

OLN-P OLN-GS OLN-GSOLN-P

raft non-raft

Ln2 Fn

Figure 8: Microdomain association of PLP on the ECM proteins Ln2 and Fn. 
OptiPrep density gradient centrifugation experiments were performed on OLN-P and OLN-
GS cells that were plated on either Ln2 or Fn and transiently transfected with PLP-eGFP. 
Experiments were performed 24 hours after transfection. PLP-eGFP expression was determined 
using an anti-GFP polyclonal antibody Representative Western blots are shown (A) The 
percentages of the PLP-eGFP bands were quantified as described in the legend to Fig. 2. A bar 
graph of the distribution of PLP-eGFP is shown (B). The raft fractions are plotted in black and 
the non-raft fractions are shown as grey bars. The bars represent the mean+SEM. The statistical 
analysis was performed using GraphPad Prism 5 [n=3, student’s t-test, * p<0.05 (OLN-P and OLN-
GS on the same ECM substrate), # p<0.05 (OLN-GS or OLN-P on Fn and Ln2)]. 

Myelin galactolipids GalC and sulfatide are crucial for maintaining myelin integrity 
as is apparent from knockout experiments of enzymes responsible for their synthesis. 
In the absence of galactolipids, PLP expression remains unaltered however the protein 
no longer integrates within CHAPS-resistant microdomains [36,50,51]. Furthermore, 
in these GalC-knockout models, down regulation of the expression of several proteins 
was reported, e.g., members of the septin family and SIRT2, which were also down 
regulated in a PLP-null mouse model [52]. This might suggest that the absence of 
galactolipids may create a similar environment, in which PLP is malfunctioning. 
One possibility is that PLP may only function properly by localizing in the correct 
plasma membrane microdomain, which might directly or indirectly relate to proper 
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functioning of other proteins as well. However, current knowledge of how membrane 
microdomain association of PLP, and involvement of distinct galactolipids in this 
process, regulate its dynamic properties, is scanty. To investigate this possibility, we 
employed the oligodendrocyte cell line OLN-93 [32] in which we selectively (over)
expressed GalC or GalC and sulfatide, conditions that are very difficult to mimic 
with primary cells or myelin tissue. Due to the heterogeneous cellular distribution 
of PLP, localizing as a transmembrane protein in both highly dynamic cytoplasmic 
transport vesicles and the plasma membrane, we applied circular s-FCS, a more 
advanced technique that can provide more consistent results than point FCS in model 
membranes, such as GUVs (see [47]). As shown here, we successfully applied this 
approach to living cells by adjusting the measurement and analysis conditions such 
that for the first time the signal contribution from the protein associated with the 
cytoplasmic vesicles is minimized while that of the plasma membrane is enhanced. 
Moreover, we demonstrate that PLP preferentially co-localizes with sulfatide rather 
than GalC, at the plasma membrane. As a consequence, PLP, which is CHAPS-soluble 
in OLN-93 cells devoid of galactolipids, is mainly recovered in CHAPS-insoluble 
fractions on inert PLL, suggesting its recruitment in detergent-insoluble sulfatide-
enriched microdomains. Consistent with its capture in restricted domains, PLP’s lateral 
diffusion rate as determined by s-FCS was slowed down in the presence of sulfatide, as 
compared to its dynamics in galactolipid-deficient OLN-93 cells and OLN-93 cells that 
only express GalC. 

Remarkably, although 18.5-kDa MBP is a peripheral membrane protein, its 
dynamics are affected by the presence of galactolipids, in particular GalC. Thus, 18.5-
kDa MBP co-distributed to a major extent with GalC in spite of their asymmetric 
membrane localization. Moreover, in GalC-expressing cells, a substantial fraction 
(~ 30%) of the protein was recovered in CHAPS-insoluble microdomains. This effect 
was absent in galactolipid deficient cells and, surprisingly, in cells expressing both 
GalC and sulfatide. Intermixing of sulfatide with GalC pools may repress a specific 
transmembrane-induced GalC effect on MBP distribution in the inner leaflet and, 
therefore, it is tempting to suggest that GalC may function as a cell surface transmitter, 
propagating the signal that triggers MBP’s peripheral association with microdomains. 
Indeed, GalC-containing liposomes or glycol-nanoparticles containing GalC/sulfatide, 
when added to primary OLGs caused a redistribution of MBP at the cytoplasmic 
surface and GalC at the extracellular surface together with a redistribution of some 
phosphorylated proteins involved in signal transduction [53]. It is also possible 
that the presence of GalC in the outer leaflet may change the inner leaflet lipid 
organization, which might lead to a change in MBP’s phosphorylation status. It has 
been shown, for example, that phosphorylated MBP associates with CHAPS-insoluble 
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domains in bovine myelin [52,53] and addition of anti-GalC antibodies caused a 
decrease in phosphorylation of MBP [54]. Remarkably, in spite of an enhanced 
association with detergent-resistant domains in GalC-expressing cells, z-scan point 
FCS and RICS analysis revealed that the mobility of 18.5-kDa MBP was significantly 
higher in OLN-G cells compared to OLN-GS. The apparent difference in raft association 
between the peripheral protein MBP (association) and the transmembrane protein 
PLP (integration) is also reflected by the much slower diffusion rate seen for PLP 
than for 18.5-kDa MBP in the presence of GalC. Differences in the mode of protein 
interaction with microdomains have been reported before to give rise to differences 
in lateral diffusion coefficients [45]. However, it should be noted that it is currently 
unclear to what extent the various MBP pools (CHAPS-soluble or -insoluble) 
contribute to the analyses of the lateral diffusion coefficients. In addition, it is 
probable that the raft association of MBP is not the only factor determining MBP’s 
diffusion. In fact, the inner leaflet contains fewer barriers to protein diffusion than the 
outer leaflet, which also depends on membrane anchorage [55]. Furthermore, the 
presence of only GalC might alter the interaction partners of MBP and thereby the 
mobility of the protein. In this context it is relevant to note that we have observed 
in primary OLGs by extraction in situ that GalC-positive microdomains are largely 
confined to the myelin membranes, whereas sulfatide containing microdomains are 
restricted to the cell body and primary processes (unpublished observations). Further 
investigations will be necessary to understand the role of GalC- and/or sulfatide-
enriched microdomains in MBP dynamics in myelin membranes, and may benefit from 
the application of artificial membranes such as GUVs and Giant Plasma Membrane 
Spheres [56,57] to more carefully define the distinct interactions that determine the 
diffusion coefficients, including the possibility to create solely sulfatide-containing 
domains.

It is becoming increasingly apparent that changes in the ECM affect myelination 
efficiency and alterations in the lateral organization of myelin proteins have been 
proposed to be part of the underlying mechanism [13,20,49,58,59]. Specifically, 
at physiological conditions, axonal Ln2 [60] promotes (re)myelination whereas, at 
pathological conditions such as MS lesions, Fn inhibits (re)myelination [49]. The 
present approach, which allows for carefully controlled expression of galactolipids, 
in conjunction with careful biophysical measurements of the lateral dynamics of PLP 
and MBP thus provided the unique opportunity to selectively investigate the role of 
the distinct galactolipids and myelin protein dynamics in an ECM-dependent manner. 
Our present findings demonstrate that Ln2 and Fn did not affect MBP’s dynamics. 
Apparently, as shown in a recent study secreted neuronal signals rather than the 
ECM might be crucial for the lateral organization of MBP as such signals can shift the 
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localization of MBP completely to CHAPS-insoluble fractions [13]. In contrast, the 
dynamics and lateral membrane organization of PLP are dependent on the ECM which 
the cells encounter. Thus, on Fn, PLP resides mainly in CHAPS-soluble microdomains 
whereas on Ln2, i.e., at physiological conditions, PLP redistributes from CHAPS-soluble 
to CHAPS-insoluble domains. This observation is very reminiscent of a previous study, 
demonstrating that in cultured primary OLGs raft association of the myelin protein 
NF155 is decreased in the presence of Fn, which is detrimental to (re)myelination 
[37,61]. In fact, recent work from our laboratory has demonstrated a decrease in the 
partion of sulfatide into detergent-insoluble domains when primary OLGs are cultured 
on Fn [44], suggesting a severe disruption of membrane microdomain assembly. 
Consistent with these observations, the extent of PLP-sulfatide co-distribution at 
the plasma membrane decreased 3-fold in sulfatide-expressing OLN-GS cells when 
the cells were cultured on Fn rather than Ln2 (Fig. 7C). Furthermore, the lateral 
diffusion rate of PLP in OLN-GS cells cultured on Fn is relatively high compared to 
measurements on Ln2. Remarkably, we also observed that the diffusion rate of 
PLP in the plasma membrane of control OLN-P cells, i.e., in cells not expressing 
galactolipids, was three fold slower when the cells were grown on Fn, rather than Ln2. 
Since this difference is not reflected by similar differences in CHAPS-insolubility (Fig. 
8A and B), these data suggest that Fn apparently displays a rigidifying effect on the 
cell surface, which restricts lateral (protein) mobility. Evidently, such an effect may 
obviously frustrate membrane dynamics necessary for cellular trafficking including 
myelin biogenesis [20], thus potentially rationalizing the detrimental effect of Fn on 
(re)myelination. However, additional work will be required to clarify the underlying 
mechanism. 
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Abstract

Multiple sclerosis (MS) is a demyelinating disease, characterized by inflammation, 
demyelination, failure of remyelination, and axonal loss. Pro-inflammatory 
cytokines are elevated in MS and contribute to MS pathology. Here, we examined 
the effect of the pro-inflammatory cytokine TNFα on myelin membrane integrity of 
oligodendrocytes, grown in primary and mixed myelinated cultures. Interestingly, 
treatment of myelinated spinal cord-derived cultures caused a reduction of the length 
of the MBP-positive internodal segments. Exposure of mature oligodendrocytes 
to TNFα did not affect protein and mRNA levels of the structural myelin protein 
MBP; neither did the cytokine interfere with cell survival and oligodendrocyte 
differentiation. However, in TNFα-treated oligodendrocytes, MBP protein was 
localized mainly in the cell body and primary processes, rather than in the myelin 
sheets. Upon removal of TNFα the preferential localization of MBP was again in the 
myelin sheets. Remarkably, while the myelin typical galactolipid galactocylceramide 
redistributed to TX-100-soluble membranes upon TNFα treatment, the altered 
localization of MBP is not reflected by detergent (in)solubility. However, TNFα 
treatment perturbed the organization of the actin cytoskeleton, which was 
accompanied by a redistribution of MBP from actin-dependent to actin-independent 
membrane microdomains. The ensuing decompaction appears to interfere with 
the barrier function of MBP, given that treatment with TNFα causes a similar 
redistribution of other myelin proteins, including PLP and CNP. Hence, our findings 
revealed that transient exposure to TNFα alters the internodal length of myelin 
by altering the actin cytoskeleton and the localization of myelin proteins and lipids, 
thereby likely allowing for myelin remodeling, while persistent exposure to TNFα 
might eventually interfere with myelin compaction. 
 
1.  Introduction

In the central nervous system (CNS) oligodendrocytes (OLGs) form myelin 
sheaths that are necessary for correct impulse conduction and support of neurons. 
Damage to OLGs and myelin has deleterious consequences, as reflected by the 
chronic neurodegenerative disease multiple sclerosis (MS), which is characterized 
by inflammation, demyelination, failure of remyelination and axonal loss. The pro-
inflammatory cytokine TNFα appears to be one of the key players in MS pathology. 
This is illustrated by elevated TNFα levels in MS lesions [1–3], and in patient-derived 
T-cells [4,5], and TNFα levels in the cerebrospinal fluid (CSF) correlate with the degree 
of disability [6,7]. Moreover, in MS patients blood levels of TNFα are upregulated 
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before and during exacerbations [5,8], while patients with relapsing-remitting MS 
show a concomitant transient increase of TNFα levels [9]. In anti-cytokine therapy, 
a diminished production of TNFα reduces the incidence and causes a delay in the 
onset of EAE [9], without affecting, however, the disease severity once EAE has been 
established [11]. Unfortunately, clinical trials with monoclonal anti-TNF antibodies 
were unsuccessful, and even resulted in exacerbated inflammation [12,13], indicating 
that TNFα has both adverse and beneficiary effects in MS.  

Cytokines regulate a wide variety of cellular functions in developing and mature 
brain. TNFα, for example, is highly expressed in the embryonic brain [14]. However, 
mouse studies revealed that TNFα signalling is not essential for brain development or 
behaviour [15,16]. Rather, it is upon CNS injury that cytokines seem to play a more 
prominent role. Infiltrating cells of the immune system, including lymphocytes and 
monocytes, but also residential glial cells, produce numerous cytokines in response to 
a changing environment, such as in demyelinating lesions, and they may shape cellular 
reactions, in either a (transient) inhibitory or beneficiary manner, that influence repair 
capacity. TNFα has been claimed to be essential for correct remyelination by inducing 
proliferation of oligodendrocyte progenitor cells (OPCs), as observed in a toxin-
induced demyelination model [17]. However, in other studies it has been shown that 
TNFα hampers both OPC differentiation to mature myelin producing OLGs and OLG 
survival [18–22]. For expressing its activity, TNFα can bind to two related receptors, 
55-kDa TNFR1 and 75-kDa TNFR2, and is therefore capable of many and opposing 
cellular responses [23,24]. Cells of the OLG lineage express both TNF receptors; 
TNFR2 is particularly expressed during early development [25], and contributes to 
remyelination [17]. By contrast, TNFR1 expression is not developmentally regulated 
and has been suggested to mediate primarily demyelination [12]. 

Upon CNS injury, TNFα levels will be upregulated and, in addition to OPCs, also 
existing ‘healthy’ myelin membranes will become exposed to this cytokine. Therefore, 
we examined the influence of TNFα on mature OLGs, focussing on the dynamics of 
myelin basic protein (MBP), a major myelin protein, located at the cytoplasmic surface 
of the myelin membranes. MBP is a basic, membrane-associated adhesive structural 
protein, and imperative for myelination [26–28]. Its adhesive properties organize 
the close apposition and compaction of the inner membrane leaflets, where it may 
also act as an ‘entry port’ for myelin components [29]. MBP isoforms that lack exon-II 
are transported to the myelin sheath in their mRNA form [30–32], which is thought 
to circumvent premature adhesion of membranes [26,28,33], whereas exon-II 
containing MBP isoforms remain in the cell body, where they localize to the nucleus 
and cytoplasm [28,34,35]. Here we report that TNFα induces a reorganization of the 
actin cytoskeleton, along with a lateral redistribution of MBP from actin-dependent to 



Chapter 5

116

actin-independent membrane microdomains. In addition we observed a reallocation 
of MBP towards the cell body and primary processes, which may lead to shortening of 
existing myelin segments. The in vivo significance of these data may relate to a 
beneficiary effect of TNFα upon remyelination, allowing existing myelin segments to 
shorten in order to provide space to newly formed myelin segments and paranodes 
for ‘remodeling’.

2.  Materials and Methods

2.1.  Cell cultures

Primary oligodendrocytes. Primary OLGs and astrocyte cultures were generated by 
a shake-off procedure as described previously [36]. Enriched OPCs were resuspended 
in SATO medium containing 10 ng/mL PDGF-AA (Peprotech, Rocky Hill, NJ) and 10 ng/
mL FGF-2 (Peprotech). For immunocytochemical studies, OPCs were plated on poly-
L-lysine (PLL, 5 μg/ml, Sigma, St. Louis, MO)-coated 13-mm glass coverslips (VWR, 
Amsterdam, The Netherlands) in a 24-well plate at 30,000 cells per well (500 μL), and 
for qPCR and Western blot analysis on PLL-coated 10-cm dishes (Nunc) at 1 × 106 cells 
per dish (6 mL). After 48 hrs, differentiation was induced by growth factor withdrawal, 
and cells were cultured in SATO supplemented with 0.5% fetal calf serum (FCS, 
Bodinco, Alkmaar, The Netherlands). 7 days after initiating differentiation the majority 
of the OPCs matured towards MBP-positive OLGs bearing myelin-like membranes 
(myelin sheets). These mature OLGs were exposed to 20 ng/ml recombinant rat TNFα 
(Peprotech) for 3 days, unless otherwise indicated. For the recovery experiments, the 
cells were allowed to recover in SATO+0.5% FCS for 24 hrs. For the TNFR1 blocking 
experiments, cells were treated with the antibody 1 hr prior to TNFα treatment. The 
TNFR1 blocking antibody (TNFR1, E20, 1:100, Santa Cruz, Huissen, Netherlands, [37]) 
was present throughout the experiment. 

Myelinated spinal cord cultures. Myelinated spinal cord cultures were generated 
from 15 days old Wistar embryo’s (Harlan, the Netherlands), as described before, 
with minor modification [38]. Briefly, meninges were removed from isolated spinal 
cords, minced in 1 ml MEM, and subjected to enzymatic digestion by adding 100 μl 
of 2.5% trypsin solution (Sigma) and 80 μl of liberase (2.5 mg/ml; Roche, Diagnostics, 
Mannheim, Germany) for 20 minutes at 37°C. To stop digestion, 1 ml of SD solution 
[0.52 mg/ml trypsin soybean inhibitor (Sigma); 0.04 mg/ml bovine pancrease DNase 
(Roche); 3 mg/ml BSA) in L-15 medium] was added for 3 minutes. Next, cells were 
gently triturated and centrifuged at 1000 rpm for 5 minutes. The cell pellet was 
resuspended in plating medium [PM; 50% DMEM (Gibco, Paisley, UK); 25% horse 
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serum (Invitrogen); 25% HBSS (Gibco) and 2 mM glutamine], and cells were plated 
onto 13 mm coverslips with an astrocyte monolayer at a density of 150,000 cells/
coverslip (500 μl/well). Notably, the astrocytes were derived from the remaining 
astrocyte monolayer after shaking off the OPCs. The monolayer was trypsinized and 
passaged once before cells were plated on PLL-coated (5 μg/ml) 13-mm coverslips 
(VWR) at a density of 60,000/coverslip in 10% FCS in DMEM (500 μl/well) for 3 days. 
The dissociated spinal cords were allowed to attach for 2 hrs, after which 500 μl of 
differentiation medium [(DM) DMEM supplemented with 1 mg/ml holotransferin 
(Sigma), 20 mM putrescine (Sigma), 4 μM progesterone (Sigma), 6 μM selenium 
(Sigma), 10 ng/ml biotin (Sigma), 50 nM hydrocortisone (Sigma) and 10 μg/ml insulin 
(Sigma)] was added. Half of the volume of medium was replaced every second day 
with fresh DM. After 12 days in vitro (DIV), insulin was omitted. At 19 DIV, cultures 
were treated with or without 10 ng/ml TNFα.. TNFα was added upon each medium 
change, i.e., every 2 days. The cultures were analysed at 26 DIV.

2.2.  LDH and MTT assay

The LDH and MTT assay were performed as described previously [36]. Briefly, 
mature OLGs,  i.e., 7 days after initiating differentiation, were exposed to the indicated 
TNFα concentrations for 3 days, after which the medium (LDH assay) and cells (MTT) 
were analyzed. To determine the cytotoxicity of TNFα, the release of LDH into the 
medium was measured using a commercial LDH assay kit (Roche, Indianapolis, IN) 
according to manufacturer’s instructions. The effect on cell viability was determined 
with an MTT assay on the remaining cells. Cytotoxicity (LDH) and cell viability (MTT) 
are expressed as the percentage of control cells, which was set at 100%. 

2.3.  Isolation of Triton X-100-resistant membrane microdomains

Cells were subjected to 1% Triton X-100 (TX-100) extraction at 4°C, followed by 
10-30-40% discontinuous OptiPrep density gradient centrifugation of equal protein 
amounts, as previously described [39]. Fractions were collected from top (1) to 
bottom (7), the membrane microdomains being present at fractions 3 and 4, after 
which equal volumes of each fraction were subjected to Western blot (60 µl) and 
dotblot (10 µl) analysis.

2.4.  Isolation of detergent free lipid rafts

Detergent-free lipid rafts were isolated as described by Klappe et al. [40]. Primary 
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cells were scraped in base buffer (20 mM Tris/HCl, pH 7.8, and 250 mM sucrose, 1 mM 
CaCl2 and 1 mM MgCl2) on ice and centrifuged at 250 g for 2 minutes. The pellet was 
suspended in 1 ml base buffer supplemented with a cocktail of protease (Complete 
Mini, Roche) and phosphatase (Calbiochem, Cocktail set II, La Jolla, CA) inhibitors. The 
suspension was homogenized by passaging 20 times through a 25-gauge needle and 
centrifuged at 1000 g for 10 minutes. This procedure was repeated, and the first and 
second post-nuclear supernatant (PNS) were combined. To equal protein amounts 
of the PNS (in a total volume of 2 ml), 2 ml of base buffer containing 50% OptiPrep 
(Axis-Shield PoC AS, Dundee, Scotland) was added. On top of this mixture, an 8 ml 
continuous gradient of 0–20% OptiPrep buffer was poured with the use of a gradient 
mixer. After centrifugation at 22,000 rpm for 90 min at 4°C (Beckman SW41 rotor), 
9 fractions of 1.34 ml were collected (from top to bottom) and half of this fraction 
volume was subjected to TCA precipitation [41] followed by Western blot and dotblot 
analysis.

2.5. Western Blot and dotblot analysis

Cells were scraped in PBS, and lysed on ice for 30 min in TNE-lysis buffer (50 mM 
Tris-HCl, pH 7,5, 150 mM NaCl, 5 mM EDTA, 1% TX-100 and protease and phosphatase 
cocktail inhibitors). For Western blot analysis, equal protein (lysates) or volume 
amounts (gradients) were mixed with SDS reducing sample buffer, heated for 5 min at 
95 °C and subjected to SDS-PAGE. Samples were loaded onto 15% SDS-polyacrylamide 
gels and subjected to Western blot analysis as described previously [36]. Primary 
antibodies used were polyclonal rat anti-MBP (1:2000, Millipore) and monoclonal 
mouse anti-β-actin (1:2000, Sigma). For dotblot analysis, equal volumes of the 
gradient fractions (10 µl) were applied onto nitrocellulose membrane, and when dried 
subjected to similar immunoblot analysis as described above for the Western blots. 
Primary antibodies were anti-GalC antibody O1 (ammonium sulfatide precipitated, 
1:3000) and anti-sulfatide O4 antibody (ammonium sulfatide precipitated, 1:400), 
which were both a kind gift of Dr. Guus Wolswijk [42]. The signals were detected using 
appropriate IRDye®-conjugated secondary antibodies (Li-Cor Biosciences, Lincoln, NE) 
and the Odyssey Infrared Imaging System (Li-Cor Biosciences). The protein bands were 
quantified by imaging software Image J.

2.6.  qPCR analysis

Total RNA from cells was isolated using the InviTrap Spin Cell RNA Mini Kit (Stratec 
molecular, Berlin, Germany). Total RNA (1 μg) was reversed transcribed in the 
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presence of oligo(dT)12-18 and dNTPs (Gibco) with superscript II reverse transcriptase 
(Roche) according to the manufacturer’s instructions. qPCR amplifications were 
performed on copy DNA using primers specific for rat MBP with exon-II (forward, 
5’-CACATGTACAAGGACTCACAC-3’; reverse 5’-GAAGAAGTGGACTACTGGGT-3’), 
rat MBP without exon-II (forward, 5’- ACTTGGCCACAGCAAGTACC-3’; reverse, 5’- 
TGTGTGAGTCCTTGCCAGAG-3’) and the house-keeping genes HBMS (forward, 5’- 
CCGAGCCAAGCACCAGGAT-3; reverse, 5’-CTCCTTCCAGGTGCCTCAGA-3’), and HPRT1 
(forward,  5’- GACTTGCTCGAGATGTCA-3’; reverse, 5’- ACCACCCTGTTGCTGTAG-3’). The 
results were analyzed with StepOne software and normalized to the house-keeping 
genes HBMS and HPRT1. 

2.7.  Immunocytochemical analysis

Monocultures. Cells were gently fixed with 2% paraformaldehyde (PFA) for 15 min 
at room temperature (RT), followed by incubation with 4% PFA for 15 min. Fixed cells 
were blocked and permeabilized, respectively with 4% bovine serum albumin (BSA) 
and 0.1% TX-100 for 30 min. The cells were incubated for 60 min at RT with polyclonal 
rat anti-MBP (1:100, Millipore, Temecula, CA), monoclonal anti-CNP (1:100, Sigma), 
monoclonal anti-PLP (4C2, 1:10, kind gift of Dr. Vijay Kuchroo (Harvard Medical School, 
Boston,[43]), or monoclonal anti-mouse β-tubulin (1:500, Sigma) antibodies. After 
three times washing with phosphate buffered saline (PBS), cells were incubated with 
appropriate TRITC- or FITC-conjugated secondary antibodies (1:50, Jackson 
ImmunoResearch Laboratories, Inc., West Grove, PA) diluted in 4% BSA in PBS for 
30 min at RT, followed by three times PBS washing. During secondary antibody 
incubation, DRAQ5 (1:500, Bistatus Limited, Leicestershire, UK) and TRITC-conjugated 
phalloidin (1:200, Sigma) were also included to visualize the nuclei and F-actin, 
respectively. For double staining, cells were sequentially stained with the different 
antibodies. Cells were mounted in DAKO mounting medium. Images were acquired 
by a confocal laser scanning microscope (Leica SP8 AOBS CLSM, Leica Microsystems, 
Heidelberg, Germany), equipped with an argon laser (488 nm), 2 He/Ne lasers (552 
and 633 nm, respectively) and Leica Confocal Software. A 63×/1.25 oil immersion 
objective was used for 3-channel scanning (488 nm, 552 nm, 633 nm). Images of single 
cells were acquired with similar gain settings and 15 cells were measured at each 
condition. To quantify the cellular distribution of protein or mRNA, i.e., cell body and 
primary processes and myelin sheets, the cells were segmented in ‘in’ (encompassing 
the cell body and primary processes) and ‘out’ (constituting the remaining processes 
and sheets) by selection by hand and in a blinded manner. Since OLGs grown in 
vitro do not form a continuous sheet covering the supporting glass coverslip, the 
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area within the selections that did not hold cellular material was eliminated by a 
treshhold to only visualize cellular material. The cellular distribution was defined as 
the ratio between fluorescent intensity between ‘out’ and ‘in’, i.e., a value above 1 
corresponded to a relative enrichment in the myelin membrane. 

Myelinated-cultures. Cultures were fixed in 4% PFA and incubated at RT in 0.5% 
TX-100 in 5% normal goat serum (NGS, Vector Laboratories, Burlingame, CA) for 60 
min. After washing with PBS, cells were incubated for 2 hrs at RT with monoclonal 
rat anti-MBP (1:250, Serotec, Oxford, UK), and anti-NF-H antibodies (1:5000, EnCor 
Biotechnology Inc, Gainesville, FL) diluted in 2% NGS. Staining was visualized by an 
incubation for 60 min at RT with appropriate Alexa-conjugated secondary antibodies 
diluted in 2% NGS. Coverslips were mounted in Dako mounting media. All analyses 
were performed using a confocal laser scan microscope (Leica SP8 AOBS CLSM). The 
length of the myelin segment was determined by measuring MBP-positive segments 
that colocalized with NF-positive segments by using NeuriteTracer in ImageJ [44], 
for at least 20 myelin segments per experimental condition in 3 independent 
experiments. 

2.8.  In situ hybridization

OLGs were hybridized with 48 TMR labeled 20-nucleotide long probes designed 
against rat 14-kDa MBP, the major isoform present in rodent myelin [45]. Briefly, cells 
were fixed in 4% PFA and opened with ethanol, incubated overnight at 37ºC with 1 ng/
µL probe mix in 10% formamide-containing hybridization buffer and washed with SSC 
(150mM NaCl, 15mM sodium citrate). Cells were subsequently blocked with BSA and 
incubation with primary anti-MBP and appropriate secondary antibodies as described 
above. Coverslips were mounted in Dako mounting medium and analyzed with a 
confocal laser scan microscope (Leica SP8 AOBS CLSM). For quantification of the 
cellular distribution see above. 

2.9.  Statistics

All data are represented as the mean ± SD of at least three independent 
experiments. Statistical significance was calculated by a two-tailed Student’s t-test 
for comparison between two means and by one-way ANOVA followed by a Dunnet’s 
posttest when more than two means were compared to the control group (untreated 
cells). A p value of p<0.05 was considered statistically significant.

3.  Results
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3.1.  TNFα treatment induces shortening of myelin segments in myelinated 
cultures

TNFα is prominently present in MS lesions, and within the CSF, the levels of 
TNFα correlate with disease activity [1,2,6,7]. However, TNFα is also thought to be 
necessary for remyelination, and OPC proliferation in particular [17]. It is unknown 
whether TNFα has an effect on myelin membrane integrity. To asses such a potential 
effect, myelinated spinal cord cultures were employed. These spinal cord-derived 
cultures, plated on top of a feeding layer of astrocytes, represent an appropriate 
model system to study myelin maintenance, and approximately three weeks after 
plating, myelin segments can be clearly visualized by optical microscopy [38]. To 
examine the effect of TNFα on myelin stability, the myelinated cultures were exposed 
at 19 DIV to the cytokine at a relatively low concentration of 10 ng/ml (approx. 
100 U/ml). At 26 DIV, the cultures were fixed and stained with the neurofilament 
marker NF-H to visualize axons, and with the myelin marker MBP to visualize myelin 
segments. As shown in Fig. 1, in TNFα-treated cultures, remarkable discontinuities 
between (arrows) and in the length of MBP-positive myelin segments (‘internodes’) 
were apparent, the internodal length as such being diminished on average by 
approx. 50%, relative to untreated cultures. Hence, this finding suggests that the 
length of existing myelin segments is susceptible to remodeling, being shortened 
upon exposure to TNFα. In these cultures all cells, including neurons, astrocytes and 
oligodendrocytes, harbor receptors for TNFα [46,47]. Therefore, we next examined 
in OLG monocultures whether the effect of TNFα on myelin membrane remodeling is 
due to a direct and/or indirect effect on oligodendrocytes. 
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Figure 1: TNFα treatment induces shortening of myelin segments in myelinated cultures.  
At 19 days in vitro (DIV) embryonic rat myelinated spinal cord cultures plated on a 
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feeding layer of rat cortical astrocytes were untreated (ctrl) or treated with 10 ng/ml TNFα. A. 
Spinal cord cultures at 26 DIV were stained for MBP (myelin marker). Representative images 
are shown. Scale bar is 100 µm. B. Quantitative analysis of the length of the myelin segments 
(internodal length). Bar represents mean + SD of 3 independent experiments. Statistical 
difference with untreated (ctrl) cells as assessed with a Student’s t-test (* p<0.05). Note 
that upon exposure of TNFα, the length of the MBP-positive myelin segments is significantly 
reduced. 

3.2.  TNFα treatment induces a reversible redistribution of MBP protein from 
myelin membranes towards primary processes 

OLGs grown in monoculture follow the same developmental pattern as in the 
presence of neurons, i.e., all the myelin components are expressed in a coordinated 
fashion and transported to the different subdomains in the myelin sheet [29,33,48]. 
Therefore, mature OLGs represent a good in vitro model to study remodeling 
of myelin membranes. As direct exposure to TNFα may be toxic to OLGs in a 
concentration-dependent manner [20,21], we first exposed mature OLGs to different 
concentrations of TNFα ranging from 2 to 200 ng/ml. Cytotoxicity was determined 
by measuring the release of LDH into the culture medium, and cell viability with an 
MTT assay. At all concentrations tested, no significant effect of TNFα was apparent 
on LDH release and MTT activity relative to untreated cells (Supp. Fig. 1). Based 
on these findings, the concentration of 20 ng/ml of TNFα was used for all further 
experiments with OLG monocultures. To examine the effect of TNFα on myelin 
maintenance, mature OLGs were treated with TNFα, i.e., 7 days after initiating OPC 
differentiation, when the majority of the MBP-positive OLGs have synthesized a myelin 
sheet. As shown in Fig. 2A, following 3 days of exposure to TNFα, MBP protein was 
mainly localized to the cell body and primary processes, whereas in untreated OLGs 
MBP’s localization was more pronounced in the myelin sheets. Indeed, the number 
of cells positive for MBP that bear MBP-positive membranous structures between 
the cellular process, i.e., sheets, was reduced upon TNFα treatment as compared 
to untreated mature OLGs (Fig. 2B). Western blot and qPCR analysis showed no 
significant difference in both MBP protein and mRNA expression levels, respectively 
(Supp. Fig. 2), indicating that the observed difference in MBP localization is not due 
to degradation or altered synthesis. To reveal a potential enrichment of MBP protein 
expression in cell body and primary processes upon exposure of mature OLGs to 
TNFα, we developed a method to quantify the cellular distribution of MBP per cell. 
Given the irregular shape of OLGs, 3 circular lines were manually drawn per cell, i.e., 
one around the cell body, the second one at the interface of the end of the primary 
process and the start of the myelin sheet, and the third one around the outer edge 
of the myelin sheet (Fig. 2C). To determine the relative cellular distribution of MBP in 
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each cell, the ratio between the fluorescent intensity of MBP in the myelin sheet, i.e., 
the area within the two outer circular lines and the fluorescence intensity of MBP in 
the cell body and the primary processes, i.e., the area within the two inner circular 
lines, was calculated. If the ratio exceeds a value of 1, MBP can be considered as to 
mainly localize to the outer myelin sheets and conversely, if the ratio was below 1, 
MBP is enriched in the cell body and primary processes. Applying this quantification 
method, we confirmed our visual observations that in TNFα -treated mature OLGs, 
MBP is significantly enriched in the cell body and primary processes, whereas in 
untreated cells MBP mainly localized to the myelin sheet (Fig. 2D).  
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processes in mature oligodendrocytes. 
Mature oligodendrocytes were left untreated (ctrl), treated with 20 ng/ml TNFα, or prior 
to treatment with TNFα pretreated with a blocking antibody against TFNR1 for 3 days, or 
allowed to recover from TNFα for 24 hrs (recovery). Cells were subjected to MBP mRNA probe 
labeling followed by immunocytochemistry for MBP protein. A. Representative confocal 
images of the localization of MBP protein and mRNA in the same cell. Scale bar is 20 µm. B. 
Quantitative analysis of the number of MBP-positive cells bearing myelin-like membranes. 
Each bar represents the mean + SD of 3 independent experiments. In each experiment, the 
data of untreated cells was set at 100%. Statistical difference with untreated (ctrl) cells as 
assessed with an one sample t-test (* p<0.05). C. Representative example of the quantification 
method to analyze MBP protein localization within a cell (see Materials and Methods for 
details). For each cell the ratio of the intensity of the protein (or mRNA) in the outer myelin 
membrane (‘out’) vs the intensity of the protein in the cell body and primary processes (‘in’) 
is determined. A ratio above 1 indicates an enrichment in myelin-like membranes. Scale bar 
is 10 µm. D,E. Quantitative analysis of the localization of MBP protein (D) and mRNA (E) as 
described at C. Each bar represents the mean + SD of 3 independent experiments. In each 
independent experiment 15 cells per condition were analyzed. Statistical difference with 
untreated (ctrl) cells as assessed with an one-way ANOVA (* p<0.05, Dunnet’s posttest). Note 
that TNFα induces a reversible retraction of MBP protein from myelin sheet towards cell body 
and primary processes, likely by activation of TNFR1.

Intriguingly, when the cells were allowed to recover for 24 hrs after 3 days of 
exposure to TNFα, MBP protein was prominently localized to the myelin sheets, 
and indistinguishable from untreated cells (Fig. 2A and D), indicating that the effect 
of TNFα is reversible. Moreover, the effect of TNFα wasmediated by TNFR1, since a 
functional blocking antibody directed against TNFR1 counteracted the effect of TNFα 
on MBP localization (Fig. 2A and D). Hence, these results suggest that the TNFα 
-mediated ectopic localization of MBP in the cell body and primary processes of 
mature OLGs might be a reversible reallocation of already synthesized MBP protein 
towards to the cell body and primary processes. Of interest, MBP mRNA was similarly 
distributed in untreated and TNFα -treated mature OLGs, being localized deep into 
the processes (Fig. 2A and E), indicating that the enrichment of MBP protein in cell 
body and primary processes upon TNFα treatment was likely not due to impaired MBP 
mRNA trafficking. Given the difference in localization pattern of MBP upon treatment 
with TNFα, we next examined the lateral membrane organization of MBP.

3.3.  Galactosylceramide is enriched in TX-100 resistant microdomains upon 
TNFα treatment 

In spite of its nature as a peripheral membrane protein, MBP does associate with 
detergent resistant microdomains, termed ‘lipid rafts’, upon OLG maturation [49,50]. 
Therefore, given the apparent redistribution of MBP following TNFα treatment, 
we next analyzed whether this redistribution of MBP is also reflected by a lateral 
reorganization of MBP’s association with membrane microdomains. Previous findings 
have revealed that CHAPS-resistant membrane microdomains are prevalent in myelin 
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membranes (reviewed in [51]), while TX-100-resistant domains are more enriched 
at the cell body and primary processes (chapter 3). Therefore, given the observed 
TNFα -induced redistribution of MBP from the sheet towards cell body and primary 
processes, we first isolated membrane microdomains by TX-100 detergent extraction 
followed by OptiPrep density gradient centrifugation and Western blot analysis. Of 
the obtained 7 fractions, fractions 3 and 4 are considered as raft fractions, whereas 
TX-100 soluble proteins appear in fractions 6 and 7 [39]. MBP is prominently 
present in TX-100-resistant membrane microdomains in both untreated and TNFα 
-treated mature OLGs (Fig. 3A,B, 49.4±13.0% and 47.2±5.2% respectively). Similarly, 
irrespective of TNFαtreatment, no change was apparent in the distribution of MBP 
in CHAPS-resistant microdomains (data not shown). Galactosylceramide (GalC), a 
lipid typically present at the extracellular leaflet of the lipid bilayer, including the 
myelin membrane, plays a major role in the lateral membrane association of MBP, 
localizing at the cytoplasmic face of the membrane [50,52–56]. Remarkably, following 
TNFα treatment, GalC became relatively enriched in TX-100-resistant membrane 
microdomains (Fig. 3A,C, fractions 3-4), with a concomitant decrease in non-raft 
fractions (Fig. 3A,C, fractions 6-7). Interestingly, following TNFα treatment, the 
glycolipid appears to be clustered at the cell body plasma membrane and primary 
processes, as visualized with the anti-GalC antibody O1 (Fig. 4). Hence, TNFα alters 
the lateral organization of GalC, and induces its partial clustering, particularly in the 
processes, which seems to reflect the appearance of MBP at similar conditions (cf. 
Fig. 2A). However, these findings still do not explain the underlying mechanism as to 
why MBP in mature OLGs redistributes from myelin membranes towards cell body and 
primary processes upon exposure to TNFα. 
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Figure 3: Galactosylceramide is enriched in TX-100 resistant microdomains upon TNFα
treatment. 
Mature oligodendrocytes were left untreated (ctrl) or treated with 20 ng/ml TNFα for 3 days. 
The presence of MBP (A,B) and GalC (A,C) in membrane microdomains was analysed by TX-100 
detergent extraction followed by OptiPrep density gradient centrifugation and Western (A,B) 
or dotblot (A,C) analysis. Representative blots of 3 independent experiments are shown. The 
total protein/lipid expression was calculated by adding the intensity of all the fractions. The 
protein/lipid percentage of each fraction was then calculated by dividing the protein intensity 
present in that fraction by total protein/lipid expression. Bar graphs of the pooled fraction 
percentage of (raft) fractions 3 and 4 and (non-raft) fractions 6 and 7 of MBP (B), GalC (C), 
relative to untreated cells (ctrl, set at 100% in each experiment) are shown. In untreated cells, 
49.4±13.0% of MBP and 43.3±21.2% of GalC were present in fractions 3 and 4, and 25.8±5.9% 
of MBP and 43.7±28.4% of GalC in fractions 6 and 7. Statistical difference with untreated (ctrl) 
cells as assessed with an one sample t-test (* p<0.05). Note that upon TNFα treatment GalC, 
but not MBP, is enriched in TX-100-resistant membrane microdomains, while a contaminant 
significant decrease in the non-raft fractions was noticed

Ga
lC

TNFαctrl

Figure 4: TNFα treatment alters the localization of galactosylceramide. 
Mature oligodendrocytes were left untreated (ctrl), or treated with 20 ng/ml TNFα. After 3 
days, the surface localization of GalC was assessed using immunocytochemistry on live cells 
(O1 antibody). Scale bar is 20 µm. Note that upon TNFα treatment GalC appears as clusters at 
the plasma membrane of the cell body and primary processes.

3.4. TNFα treatment disrupts the actin cytoskeleton in mature 
oligodendrocytes

To further examine the underlying mechanism of the redistribution of MBP upon 
TNFα treatment, we considered a potential involvement of the cell’s cytoskeleton. 
Previous studies have shown that TNFα induces changes in cytoskeletal structures 
[57–59], and that MBP interacts with the cytoskeleton [60–62]. Also, a connection 
between raft localization and cytoskeleton has been proposed [63]. In OLGs, the 
cytoskeleton consists of tubulin and actin filaments, while it lacks intermediate 
filaments [64]. In control mature OLGs, actin filaments, visualized with fluorescently-
labeled phalloidin, are predominantly present in the processes as well-structured 
long filaments (Fig. 5A). In TNFα -treated cells, this well-structured pattern of 
actin filaments is lost, revealing a diffuse distribution of apparently smaller 
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filaments in secondary and tertiary process, but remarkably not in the cell body 
and primary processes. Quantitative analysis showed that the number of cells 
with this diffuse distribution pattern of actin filaments was increased in TNFα 
-treated cells as compared to untreated mature OLGs, which was reversed 24 hrs 
after TNFα withdrawal (Fig. 5A and B), indicating that the actin cytoskeleton is not 
irreversibly damaged. Importantly, in both untreated and recovered cells MBP and 
actin co-localized. The (partial) co-localization was lost when mature OLGs were 
exposed to TNFα, indicating an uncoupling of MBP and the actin cytoskeleton. 
Immunocytochemical analysis of the tubulin cytoskeleton using an antibody against 
β-tubulin revealed virtually no difference in the localization of tubulin (Supp. Fig. 
3); tubulin is primarily present in the primary processes, in both TNFα -treated and 
untreated cells. Therefore, these results indicate that TNFα reversibly disrupts the 
actin, but not tubulin cytoskeleton in mature OLGs. Given the uncoupling of MBP and 
actin upon TNFα treatment and the fact that actin may serve as a stabilizer of distinct 
membrane microdomains [65,66], we next examined whether the lateral movement 
of MBP towards the cell body and primary processes was actin-dependent upon TNFα 
treatment.
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Figure 5: TNFα treatment disrupts the actin cytoskeleton in mature oligodendrocytes. 
Mature oligodendrocytes were left untreated (ctrl), treated with 20 ng/ml TNFα, for 3 
days, or allowed to recover from TNFα for 24 hrs (recovery). Cell were subjected to MBP 
immunocytochemistry (green), followed by visualization of actin filaments with TRITC-
conjugated phalloidin. Representative confocal images (A) are shown. Scale bar is 20 µm. 
The appearance of the actin cytoskeleton of at least 100 cells was scored and characterized 
as organized or disorganized (B). Each bar represents the mean + SD of 3 independent 
experiments. In each experiment, the data of untreated cells was set at 100%. Statistical 
difference with untreated (ctrl) cells as assessed with an one-way ANOVA (* p<0.05, Dunnet’s 
posttest). Note that upon TNFα treatment the actin cytoskeleton is disordered into apparently 
smaller filaments in secondary and tertiary processes

3.5. TNFα treatment alters MBP’s microdomain association from actin-
dependent to actin-independent 

Previous studies revealed that detergent fractionation at 4°C may create artefacts 
with regard to a protein’s distribution in the gradient, particular when it associates 
with the cytoskeleton. To examine whether the TNFα-mediated change in the 
cellular localization of MBP was actin-dependent, we applied a detergent-free raft 
isolation method that separates actin-dependent and actin-independent membrane 
microdomains [40]. Upon detergent-free OptiPrep gradient fractionation, fractions 1 
and 2 are the very light fractions and represent membrane microdomains with a high 
lipid to protein ratio. The association of proteins in these membrane microdomains 
is sensitive to latrunculin B treatment [40], and fractions 1 and 2 are therefore 
considered as actin-dependent rafts. Fractions 3 and 4 also represent membrane 
microdomains, given the high lipid to protein ratio, and are characterized as actin-
independent membrane microdomains. Proteins that are not present in membrane 
microdomains appear in fractions 7-9. As shown in Fig. 6A, in control mature OLGs, 
approx. 55% of the MBP fraction resided in fractions 1 and 2, i.e., in actin-dependent 
membrane microdomains. By contrast, TNFα treatment significantly reduced the 
actin-dependent membrane microdomain association of MBP (Fig. 6B). In fact, MBP 
became associated with actin-independent membrane microdomains, given its 
abundant and increased presence in fractions 3 and 4 (Fig. 6A and B). Furthermore, 
TNFα treatment also reduced the levels of actin and GalC in fractions 1-2 (Fig. 6A 
and C, D) without a concomitant increase in fractions 3-4, suggesting a redistribution 
tonon-raft membranes. Hence, TNFα treatment perturbed the integrity of the actin 
cytoskeleton in mature OLGs, which correlates with a segregation of MBP from actin-
dependent to actin-independent membrane microdomains. In addition to its function 
as a molecular membrane glue, MBP also acts as a molecular barrier for proteins to 
enter the myelin membranes. Therefore, we next examined functional consequences 
of TNFα -induced reallocation of MBP with regard to the localization of other myelin 
proteins. 
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Figure 6: TNFα treatment alters MBP’s microdomain association from actin-dependent to 
actin-independent. 
Mature oligodendrocytes were left untreated (ctrl) or treated with 20 ng/ml TNFα for 3 days. 
The presence of proteins (A-C, MBP, actin) and GalC (A,D) in membrane microdomains isolated 
in a detergent-free manner in combination with OptiPrep density gradient centrifugation, 
and Western (MBP, actin) or dotblot (GalC) analysis. Representative blots of 4-5 independent 
experiments are shown. The total protein/lipid expression was calculated by adding the 
intensity of all the fractions. The protein/lipid percentage of each fraction was then calculated 
by dividing the protein intensity present in that fraction by total protein/lipid expression. Bar 
graphs of the pooled fraction percentage of actin-dependent raft fractions 1 and 2 and actin-
independent raft fractions 3 and 4 of MBP (B), actin (C) and GalC (D) relative to untreated 
cells (ctrl, set at 100% in each experiment) are shown. In untreated cells, 56.0±12.1% of MBP, 
27.9±20.9% of actin and 23.2±4.7% of GalC were present in fractions 1 and 2, and 19.3±0.6% 
of MBP, 25.1±3.7% of actin and 29.5±4.4% of GalC in fractions 3 and 4. Statistical difference 
with untreated (ctrl) cells as assessed with an one sample t-test (* p<0.05). Note that upon 
TNFα treatment MBP redistributed from actin-independent membrane microdomains (A, B, 
fractions 1-2) to actin-dependent membrane microdomains (A, B, fractions 3-4).

3.6.  TNFα treatment interferes with the localization of myelin proteins PLP 
and CNP

Proteolipid protein (PLP) and 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP) 
are myelin specific proteins, showing a distinct localization in myelin; PLP is present in 
compact myelin, facilitating the apposition of the extracellular leaflets of the different 
myelin membrane wraps [67,68], whereas CNP is abundantly present in non-compact 
myelin, and has been identified as a factor that delays myelin compaction during 
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development [69]. In cultured untreated mature OLGs, PLP is present in the cell body, 
primary processes and myelin sheets, while CNP expression is more restricted to the 
cell body and primary processes (Fig. 7A and B). Following cellular treatment with 
TNFα for three days, PLP mainly localizes in the cell body and primary processes, while 
the protein is nearly absent from the myelin sheet (Fig. 7A and C). In contrast, CNP was 
more evenly distributed in the cells following TNFα exposure (Fig. 7B and D). Hence, 
TNFα treatment perturbs the organized structure of myelin specific proteins within 
mature OLGs, and therefore likely the compaction, which might allow for remodeling 
and shortening of existing myelin membranes (Fig. 1).
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Figure 7. TNFα treatment interferes with the localization of myelin proteins PLP and CNP. 
Mature oligodendrocytes were left untreated (ctrl) or treated with 20 ng/ml TNFα for 3 
days. Cells were subjected to double immunocytochemistry for MBP (green) and either PLP 
(A, C, red) or CNP (B, D, red). Representative confocal images are shown. Scale bar is 20 µm. 
Quantitative analysis of the localization of PLP (C) and CNP (D) was performed as described in 
Materials and Methods (see also Fig. 1C). Each bar represents the mean + SD of 3 independent 
experiments. In each independent experiment 15 cells per condition were analyzed. Note that 
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TNFα induces a retraction of PLP from myelin membranes towards primary processes, while 
CNP was more evenly distributed upon TNFα treatment.

4.   Discussion

Upon CNS demyelination, extrinsic factors such as extracellular matrix proteins 
and pro-inflammatory cytokines contribute to tissue repair. However, their 
persistent presence may be detrimental as observed for example in MS, where OLG 
apoptosis, demyelination and/or impaired remyelination may occur. In this context, 
we examined the effect of pro-inflammatory cytokine TNFα on myelin membrane 
integrity and stability. Our findings revealed that long-term treatment with TNFα 
induced a remarkable decrease in the length of myelin segments, and a lateral 
redistribution of MBP from the sheet towards cell body and primary processes in 
cultured mature OLGs. A similar enrichment of MBP in OLG cell bodies was reported 
following treatment of neuron-OLG co-cultures with TNFα [70]. In mature OLGs, TNFα 
treatment resulted in a perturbed actin cytoskeleton along with the dissociation of 
MBP from actin-dependent membrane microdomains. The effect of TNFα was not 
cytotoxic, reversible upon TNFα withdrawal, and likely mediated by interaction of the 
cytokine with TNFR1. Indirectly, our data also support the notion that MBP may act as 
a molecular barrier for other myelin proteins [29] given that TNFα exposure caused 
a concomitant redistribution of PLP towards primary processes and a reallocation of 
CNP towards the myelin sheets. The in vivo significance of these data may relate to 
a beneficiary effect of, transiently present TNFα during remyelination, providing the 
necessary elasticity to existing myelin membranes, allowing the intercalation of newly 
formed myelin segments and paranodes to be ‘reconstructed’.

Upon TNFα treatment, the length of the MBP-positive internodes significantly 
decreased in myelinated cultures, indicating that the internodes permit remodeling 
of existing myelin segments when necessary. In this context it was recently 
demonstrated that in the adult brain myelin segments may remodel and that the 
length of internodes shorten with age [71]. To shorten myelin segments, myelin 
decompaction has to occur, which requires a reallocation of myelin proteins and 
lipids. The present study suggests that the presence of TNFα might be a key feature in 
triggering and/or facilitating such a decompaction. Thus, in mature OLGs the presence 
of TNFα caused a lateral dislocation of MBP from myelin membranes towards the 
cell body and primary process. The concomitant redistribution of MBP from actin-
dependent to actin-independent membrane microdomains may be instrumental in 
the overall mechanism of decompaction, its occurrence being supported by an altered 
localization of other myelin components, such as PLP and CNP, presumably reflecting 
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the relief of MBP’s barrier function [29]. 
It remains to be determined whether the perturbation of the actin cytoskeleton 

is a direct effect of TNFα treatment or a secondary response of MBP’s lateral 
redistribution to actin-independent membrane microdomains. A direct effect of 
TNFα on actin filaments has been observed in other cell types [57–59]. Furthermore, 
upon actin cytoskeleton disruption by cytochalasin B, both MBP and GalC are 
mislocalized [55,72]. A TNFα -mediated disruption of the actin filaments may thus 
lead to an uncoupling of MBP and the actin cytoskeleton, resulting into the lateral 
redistribution of MBP to actin-independent membrane microdomains, and the 
retraction of MBP towards cell body and primary processes. As a consequence, 
GalC might redistribute to TX-100-resistant membrane microdomains. Indeed, 
alterations in the lipid environment of MBP at the inner leaflet may result in 
clustering of GalC at the extracellular leaflet of the membrane [54]. In favor of a 
secondary, i.e., indirect effect of TNFα treatment on a perturbed actin cytoskeleton 
is the observation that MBP interacts with the actin cytoskeleton at the membrane 
surface [60], and that OLGs, in the absence of functional MBP, display a punctuated 
actin cytoskeleton [73]. Furthermore, MBP can undergo various posttranslational 
modifications, including methylation, phosphorylation, and deimination [26], the 
latter two being able to modulate MBP-mediated assembly of actin [60]. Thus, 
phosphorylation and deimination of MBP may decrease the ability of MBP to link 
actin to the membrane surface. In fact, we have noticed a slight decrease in the total 
levels of phosphorylated MBP upon long-term TNFα treatment (our unpublished 
observations). However, whether TNFα altered the deimination, or induced other 
reported posttranslational modifications of MBP remains to be determined. It is also 
possible that TNFα treatment leads to a segregation of GalC into TX-100-resistant 
membrane microdomains. This redistribution of GalC at the extracellular leaflet of 
the membrane may mediate a concomitant redistribution of MBP at the inner leaflet 
(chapter 4), thus resulting in uncoupling of MBP and the actin cystoskeleton, and 
hence a perturbed actin cytoskeleton. Indeed, GalC plays a major role in the lateral 
membrane localization of MBP, i.e., antibody-mediated clustering of GalC alters the 
distribution of MBP and the actin cytoskeleton [55]. Clearly, these considerations 
on the exact scenario of events upon TNFα treatment leading to myelin membrane 
shortening warrants further investigations. 

Upon injury in healthy CNS, TNFα is only transiently secreted, and at those 
conditions its role is likely beneficiary for TNFR2-mediated OPC proliferation in 
relation to remyelination [17] and, as shown here, TNFR1-mediated remodeling of 
existing myelin segments. However, in MS and other inflammatory demyelinating 
diseases, the level of TNFα is persistently increased [74]. Upon ‘natural’ remyelination, 
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myelin sheaths are still in the process of internodal elongation during axonal 
enwrapment and compaction [69]. Yet, at disease conditions, reflected by the 
persistent presence of TNFα, the described lateral reallocation of myelin components 
in conjunction with the perturbed actin cystoskeleton might preclude the compaction 
of newly formed myelin sheaths, thus contributing to remyelination failure when 
present persistently. Indeed, our preliminary results suggest that TNFα treatment of 
developing OLGs and myelinating cultures for 14 days, exert similar effects as shown 
here for mature OLGs and myelinated cultures, further emphasizing the necessity to 
reduce TNFα -actions at later stages of the remyelination process.  
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Supplementary Figure 1: TNFα is not toxic to mature oligodendrocytes. 
Mature oligodendrocytes were left untreated (ctrl), or treated with 2, 20 or 200 ng/ml TNFα. 
After 3 days, LDH (A) and MTT (B) assays were performed. Each bar represent the mean + SD of 
the relative cytotoxicity (A) and viability (B) to untreated (ctrl, horizontal line) cells. Statistical 
analysis were performed with an one sample t-test.
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Supplementary Figure 2: TNFα treatment does not alter MBP protein and mRNA levels. 
Mature oligodendrocytes were left untreated (ctrl), or treated with 20 ng/ml TNFα for 3 days. 
A, B. Cell lysates were analysed for protein levels of MBP and actin. Representative blots are 
shown (A). Expression of MBP, as a ratio of actin, was quantified relative to that of untreated 
cells (ctrl), which were set at 100% in each experiment (B). Each bar represent the mean + SD 
of 3 independent experiments. Statistical analysis were performed with an one sample t-test. 
C. Cells were subjected to real time qPCR analysis using specific primers for MBP isoforms with 
and without exon-II. mRNA expression was normalized to the house-keeping genes HMBS 
and HPRT1. Bars depict mean + SD of 3 independent experiments. Statistical analysis were 
performed with an one sample t-test. Note that upon 3 days exposure to TNFαthe protein and 
mRNA levels of all MBP postnatal isoforms remain unaltered.
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Supplementary Figure 3: TNFα treatment appears not to affect the tubulin cytoskeleton. 
Mature oligodendrocytes were left untreated (ctrl), or treated with 20 ng/ml TNFα . After 3 
days, the tubulin cytoskeleton was visualized by immunocytochemistry (anti-β-tubulin). Scale 
bar is 20 µm.
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Abstract

The only known structural protein required for formation of myelin, produced by 
oligodendrocytes in the central nervous system, is myelin basic protein (MBP). This 
peripheral membrane protein has different developmentally-regulated isoforms, 
generated by alternative splicing. The isoforms are targeted to distinct subcellular 
locations, which is governed by the presence or absence of exon-II, although their 
functional expression is often less clear. Here, we investigated the role of exon-II-
containing MBP isoforms and their link with cell proliferation. Live-cell imaging and 
FRAP analysis revealed a dynamic nucleocytoplasmic translocation of the exon-II-
containing postnatal 21.5-kDa MBP isoform upon mitogenic modulation. Its nuclear 
export was blocked upon treatment with leptomycin B, an inhibitor of nuclear protein 
export. Next to the postnatal MBP isoforms, embryonic exon-II-containing MBP 
(e-MBP) is expressed in primary (immature) oligodendrocytes. The e-MBP isoform 
is exclusively present in OLN-93 cells, a rat-derived oligodendrocyte progenitor 
cell line, and interestingly, also in several non-CNS cell lines. As seen for postnatal 
MBPs, a similar nucleocytoplasmic translocation upon mitogenic modulation was 
observed for e-MBP. Thus, upon serum deprivation, e-MBP was excluded from the 
nucleus, whereas re-addition of serum re-established its nuclear localization, with a 
concomitant increase in proliferation. Knockdown of MBP by shRNA confirmed a role 
for e-MBP in OLN-93 proliferation, whereas the absence of e-MBP similarly reduced 
the proliferative capacity of non-CNS cells lines. Thus, exon-II-containing MBP isoforms 
may regulate cell proliferation via a mechanism that relies on their dynamic nuclear 
import and export, which is not restricted to the oligodendrocyte lineage. 
 
1. Introduction

Oligodendrocytes are the myelinating cells of the central nervous system (CNS) 
with a distinct and carefully regulated proliferation and differentiation timeline. 
During their maturation, they synthesize myelin sheaths, which enwrap axons to 
provide fast nerve conduction and to ensure axonal integrity [1]. Myelin membranes 
contain various myelin specific proteins of which myelin basic protein (MBP) is the 
second most abundant one and, most importantly, the only known structural protein 
that is indispensable for CNS myelin formation [2–5]. 

Several MBP isoforms are present in oligodendrocytes and it has been well 
established that the MBP family is generated from a large, 11 exon-containing gene 
complex called Golli (Gene in the Oligodendrocyte Lineage). Given the presence 
of two primary transcription starting sites, two subfamilies can be distinguished, 
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i.e., classical MBPs, expressed by myelinating oligodendrocytes, and golli MBPs 
that are also expressed by many other cells [6–9]. From this large gene complex, 
the alternative splicing of the seven most downstream exons (denoted by Roman 
numerals I-VII) gives rise to a single MBP mRNA transcript [10], which is transcribed 
into different classical MBP isoforms, four of which, i.e., 21.5-, 18.5-, 17-, and 14-kDa, 
are predominantly expressed in rats. The 14- and 18.5-kDa isoforms lack exon-II and 
localize to compact myelin, whereas the exon-II-containing 17- and 21.5-kDa MBP 
isoforms localize predominantly to the nucleus, but also appear in the cytoplasm 
[11–13]. These classical postnatal MBP isoforms are synthesized in a developmentally-
regulated manner. Thus, exon-II-positive MBP isoforms are expressed during early 
stages of myelination, whereas the expression of exon-II-negative MBP isoforms peaks 
in late myelination [14–16]. Interestingly, in addition to the classical MBP postnatal 
isoforms, embryonic isoforms also exist [17–19], including an exon-II-containing 16-
kDa MBP isoform, the expression of which persists during the early postnatal phase 
in mice and rats [16–18], and which expression is not limited to the oligodendrocyte 
lineage [17].

Thus far, MBP-related research has largely focused on exon-II-negative MBP 
isoforms, whereas knowledge of the function of nuclear exon-II-positive MBP 
isoforms is rather scanty. Specifically, exon-II-negative isoforms play a role in myelin 
compaction, and also serve as ‘molecular sieves’ by selectively allowing access 
of only proteins with short cytoplasmic tails into myelin membranes [2,19–21]. 
In addition, these isoforms act in signaling, cytoskeleton polymerization and 
stabilization, and calcium-calmodulin binding [2,22–25]. In contrast, the exon-II-
containing isoforms localize to the nucleus and cytoplasm when expressed in HeLa 
cells and oligodendrocytes [12,13], but the functional consequences of this distinct 
subcellular localization are still unresolved. However, as observed for other nuclear 
proteins, the localization of exon-II-containing MBP is affected by cell-cell contact 
[12], whereas nuclear translocation appears to be an active process, which is time, 
energy, and temperature dependent [12,26]. In terms of functioning, it is known that 
the 21.5-kDa MBP exon-II-containing isoform plays a role in calcium homeostasis in 
oligodendrocytes [25]. In addition, via the induction of a diffusible factor, 21.5-kDa 
MBP promotes proliferation of the immortalized N19-oligodendrocyte cell line, and 
enhances neurite outgrowth [27].

Here, we have investigated the role of the subcellular localization of postnatal 
and embryonic exon-II-positive MBP isoforms and their link with proliferation. 
Photobleaching (FRAP) and live-cell imaging techniques demonstrated a dynamic 
nucleocytoplasmic translocation of postnatal exon-II-containing 21.5-kDa MBP-RFP 
upon mitogenic modulation. Our findings further revealed that a 16-kDa exon-II-
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containing embryonic MBP isoform (e-MBP) is expressed in many cell lines, including 
non-myelinating cell lines, and like the postnatal 21.5-kDa MBP isoform, is involved in 
cell proliferation. Therefore, exon-II-containing MBP isoforms not only play a specific 
regulatory role in the early regulation of the myelin machinery, but in a more general 
context, also in (embryonic) cell proliferation.
 
2.  Materials and Methods

2.1.  Cell culture

Primary oligodendrocytes. Primary oligodendrocyte cultures were generated from 
1-3 day old Wistar rats as described [28]. Briefly, rats were decapitated, forebrains 
were collected, and a single cell suspension was obtained by mechanical and 
enzymatic (papain) digestion. Cells were cultured in DMEM (Gibco, Invitrogen, Paisley, 
Scotland) supplemented with 10% fetal calf serum (FCS, not heat-inactivated, Bodinco, 
Alkmaar, the Netherlands), L-glutamine (Invitrogen) and penicillin/streptomycin (P/S, 
Invitrogen) for 10-14 days on poly-L-lysine (PLL, 5 µg/mL, Sigma, St. Louis, MO)-coated 
tissue culture flasks (Nunc, Roskilde, Denmark). Oligodendrocyte progenitor cells 
(OPCs), growing on top of an astrocyte monolayer, were then isolated by a shake-
off procedure, followed by differential adhesion. After shaking, OPCs were collected 
from the medium and for Western blot analysis plated on PLL-coated 10-cm dishes 
(Nunc, Naperville, IL) at a cell density of 106 cells/dish. The OPCs were cultured 
in SATO medium [28], containing PDGF-AA (10 ng/mL, Peprotech, Rocky Hill, NJ) 
and FGF-2 (10 ng/mL, Peprotech) for 2 days. Differentiation was induced by growth 
factor withdrawal and cells were allowed to differentiate for 3, 7, and 10 days in SATO 
medium supplemented with 0.5% FCS. Medium was refreshed twice a week. 

Cell lines. The oligodendrocyte progenitor cell line OLN-93, a kind gift of Dr. 
Christiane Richter-Landsberg [29], was cultured in DMEM supplemented with 
L-glutamine, P/S and 10% FCS (heat-inactivated) under standard incubation conditions 
(humidified atmosphere, 7.5% CO2, 37°C). Experiments were performed at passage 
25-36. For carrying out a proliferation assay and immunocytochemical analysis, 
the cells were cultured on 8-well chamber slides (Nunc), pre-coated with PLL at the 
indicated cell densities for 3 days. Cells were cultured in 10% FCS unless otherwise 
indicated. After 2 days in culture, cells were treated with 20 µM roscovitine (Sigma) 
or leptomycin B (LMB, 10 ng/mL, LC Laboratories, Woburn, MA) for 24 and 6 hrs, 
respectively. For Western blot analysis, cells were plated on PLL-coated 10-cm tissue 
culture dishes (Corning Costar, Lowell, MA). Cell densities were calculated according 
to the corresponding surface area of 8-well chambers. For fluorescence recovery 
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after photobleaching (FRAP) and live-cell imaging, OLN-93 cells were plated on PLL-
coated 2-well Labtek-II chambered coverglass (Nunc, 50,000 cells/well). After 24 hrs, 
cells were transfected with 21.5-kDa MBP-RFP [25] or RFP, using Lipofectamine™ 2000 
Transfection Reagent (Invitrogen) as described in the manufacturer’s instructions. 
Experiments were performed 24 hrs after transfection. HEK293, HeLa, and HepG2 cells 
were cultured as OLN-93 cells. For BrdU assays and e-MBP immunocytochemistry, 
cells were plated a day prior to the analyses on 13-mm glass cover slides in 24 well 
plates at a cell density of 25,000 (HeLa, HepG2) or 35,000 (HEK293) per well. 

2.2.  Rat brain tissue 

Brain tissue of Wistar rats was homogenized, using a Wheaton homogenizer, in 1 
mL of ice-cold TE buffer (10 mM Tris-HCl, 2 mM EDTA, 0.25 M sucrose) and a cocktail 
of protease inhibitors (Complete Mini, Roche Diagnostics, Mannheim, Germany). 
Samples were stored at -80°C until further biochemical analysis.

2.3.  Constructs and lentiviral transduction

The generation of the plasmid coding for 21.5-kDa MBP-RFP has been described 
previously (pERFP-C1-rmMBP-21.5-UTR, [23]). The plasmid coding for RFP was 
pERFP-C1. Lentiviral-mediated knockdown of gene expression was performed 
using the pHR’trip-PGK-eGFP-WPRE-H1 vector. For this purpose, the vector was 
modified to allow for insertion of different short hairpins. In short, the pHR’trip-PGK-
eGFP-WPRE-H1 vector was amplified with two opposing primers containing either the 
recognition sequence for AscI (5’- CGTGGCGCGCCATCTGTGGTCTCATACAGAACTT-3’) 
or SbfI (5’- CGTCCTGCAGGGGAAAAGCTTATGAATTCGGC-3’) and self-ligated 
(restriction sites underlined). The PCR amplification was performed using Pfu 
turbo DNA polymerase (Stratagene, La Jolla, CA). Short hairpin sequences cloned 
into the modified vector had the following topology: 5’-acaaGGCGCGCC(N19-23)
actcgaga(N19-23c)gtttttCCTGCAGGacaa-3’ (AscI and SbfI restriction sites in capital 
letters). Ordered DNA oligonucleotides (Biolegio, Nijmegen, the Netherlands) 
were primed with a reverse primer (5’-TTGTGCCTGCAGGAAAAA-3’) and filled 
in using Phi29 DNA polymerase (New England Biolabs, Beverly, MA). Ligation 
was performed using 1 µL of hairpin DNA and 150 ng of digested modified 
pHR’trip-PGK-eGFP-WPRE-H1. The target sequence for MBP, directed 
against the interface of exon-III and exon-IV, was: 5’-acaaaGGCGCGCCA  
GCAGAGGACCCAAGATGAAACTCGAGATTCATCTTGGGTCCTCTGCGTTTTTCCTGCAGGcacaa-3’. 
Lentiviral particles were produced as described [30]. Cells were exposed to 
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two-times diluted lentiviruses containing MBP shRNA, for 16 hrs in the presence of 
4 μg/mL hexadimethrine bromide (polybrene; Sigma). Concomitant expression of 
GFP confirmed shRNA transduction. Analyses were performed 10-15 days after 
transduction. 

2.4.  RT-PCR 

Total RNA was isolated on day 3 using the InviTrap Spin Cell RNA Mini Kit 
(Invitek, Stratec, Berlin, Germany). The RNA yield and purity were quantified 
spectrophotometrically by measuring A260 and A280 absorbances in a Nano-Drop 
ND-Spectrophotometer (V3.1.0, Thermo Scientific, Wilmington, NC). From total 
RNA (1 μg), c-DNA synthesis was performed in the presence of oligo(dT) 12–18 and 
dNTPs (Gibco) with superscript II reverse transcriptase (Roche Diagnostic, Almere, 
Netherlands) according to the manufacturer’s instructions. From total c-DNA, the 
embryonic DNA band was generated by using a forward primer against embryonic 
exon [17], 5’-GGGAGGACAACACCTTCAAA-3’ and a reverse primer against MBP-exon-II, 
5’-GGCATGAGAAGGCAGAGG-3’. Primers were designed and purchased from Biolegio 
(Nijmegen, the Netherlands). The reaction conditions were one cycle of 5 min at 94°C, 
followed by 55 cycles of 30 s at 94°C, 30 s at 55°C, 1 min at 72°C, and one cycle of 7 
min at 72°C. The samples were run on a 2% agarose gel.

2.5.  Subcellular fractionation 

After three washes with phosphate-buffered saline (PBS), cells were scraped in 
500 µL subcellular fractionation buffer (250 mM sucrose, 20 nM HEPES pH 7.4, 10 
mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and protease inhibitor 
cocktail), and collected in a 1.5-mL Eppendorf tube. The lysates were passed 20 
times through a 25G needle, using a 1-mL syringe, and cooled for 20 min on ice. 
The nuclear fraction was pelleted at 720g for 5 min at 4°C. The supernatant was 
collected. The nuclear pellet was dissolved in 500 µL fractionation buffer, dispersed 
with a pipette, and passed 10 times through a 25G needle, and centrifuged at 720g 
for 10 min. The supernatant was collected and the nuclear pellet was washed 5 
times with fractionation buffer. In parallel, to separate the membrane fraction 
(pellet) from the cytoplasmic fraction (supernatant), the collected supernatants were 
centrifuged at 10000g for 30 min at 4°C. The cytoplasmic fraction was precipitated 
with trichloroacetic acid [31]. The nuclear, membrane, and cytoplasmic pellets were 
dissolved in equal amounts of TNE lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 150 mM 
NaCl, 1% Triton X-100, and protease inhibitor cocktail), and subjected to Western blot 
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analysis.

2.6.  Immunocytochemistry

Cells were fixed with 2% paraformaldehyde (PFA, Merck) for 15 min at room 
temperature (RT) followed by incubation for 15 min with 4% PFA at RT. Cells were 
washed three times with PBS, and blocked and permeabilized with 0.1% Triton X-100 
in 4% bovine serum albumin (BSA) for 30 min at RT. Cells were incubated with primary 
antibodies diluted in 4% BSA for 1 hr at RT. Primary antibodies were monoclonal rat 
anti-MBP antibody (1:10, Millipore, Billerica, MA), and polyclonal anti-GFP (1:00, 
Molecular Probes, Invitrogen). After three times washing with PBS, cells were 
incubated with Alexa- (1:500, Invitrogen) or Cy3- (1:400, Jackson ImmunoResearch, 
West Baltimore Pike, PA) conjugated secondary antibodies diluted in 4% BSA for 30 
min at RT, followed by three times PBS washing. During incubation with the secondary 
antibody, DRAQ5™ (1:500, Bistatus Limited, Leicestershire, UK) was also included to 
visualize the nuclei. Cells were mounted in DAKO mounting medium. Images were 
acquired by confocal microscopy, using a Leica SP2 AOBS CLSM (Leica Microsystems, 
Heidelberg, Germany) equipped with an argon laser (488 nm), 2 He/Ne lasers (543 
and 633 nm, respectively) and with Leica Confocal Software. A 63x/1.25 oil immersion 
objective was used for 2-channel scanning. The Cy3/Alexa 546 and Alexa 633 
signals were recorded sequentially in the green and red channels, respectively. The 
percentage of cells that expressed MBP in their nucleus was quantified by determining 
the ratio of cells with nuclear MBP over the total cell number. At least 10 fields, each 
containing more than 30 cells, were counted in three independent experiments. 

2.7.  BrdU incorporation assay

Cell proliferation was determined by a 5-Bromo-2’-deoxy-uridine (BrdU)-
incorporation assay (Roche), according to the manufacturer’s instructions with 
slight modifications. Three days after plating, cells were incubated with 10 µM BrdU 
for 8 hrs (OLN-93) or 16 hrs (HEK293, HeLa) at 37°C prior to fixation. The cells were 
washed three times with PBS and fixed with ice cold 95% ethanol- 5% acetic acid for 
15 min at RT. Subsequently, the cells were incubated with mouse monoclonal IgG 
antibody against BrdU (1:15) in a humidified chamber for 30 min at 37°C, followed 
by three washes with PBS and an incubation with secondary antibody, anti-mouse Ig-
fluorescein (1:15) for 30 min at 37°C. During incubation with the secondary antibody, 
DRAQ5™ was also included to stain the nuclei. After three times washing with PBS, 
cells were examined by fluorescence microscopy as described above. The percentage 
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of proliferating cells was quantified by determining the ratio of BrdU-positive cells 
over DRAQ5™- or GFP-positive cells. When the proliferation assay was carried out on 
the same sample as e-MBP immunocytochemistry, the cells were first subjected to 
e-MBP-immunocytochemistry (see above). The percentage of proliferating cells that 
express e-MBP in the nucleus was quantified by determining the ratio of cells with 
nuclear e-MBP over the total number of proliferating cells. At least 10 fields, each 
containing more than 40 cells, were counted in three independent experiments.

2.8.  Live-cell imaging

At 24 hrs after transfection, cells were subjected to live-cell imaging for 3 or 6 hrs at 
37 °C under an atmosphere of 5% CO2. All measurements were done in the presence 
of cycloheximide (50 μg/mL, Sigma), which was added 1 hr before the onset of the 
experiment. The Z-stacks with 0.5 µm optical serial sections were acquired every 10 
min using a Spinning Disk Leica DM IRE2 confocal laser scanning microscope (Leica 
Microsystems, Heidelberg, Germany), equipped with a 63x/1.3 glycerol immersion 
objective, and Argon (457 nm, 476 nm, 488 nm, 514 nm), and Krypton (568 nm, 647 
nm) lasers. Under these conditions, and given the low laser power used, bleaching 
hardly occurred, if at all. Images were recorded with a Stanford Photonics XR/Mega-
10I (intensified)-CCD camera using intuitive InVivo (Media Cybernetics) software 
with imaging format 1024x1024 pixels. In order to avoid any movement of the cell 
in the z direction, the z-stacks were merged to one picture using Imaris (Bitplane AG, 
Switzerland). 

2.9.  FRAP analysis 

At 24 hrs after transfection, the cells were subjected to FRAP analysis as described 
in [32] using a Zeiss 780 NLO confocal laser scanning microscope (Carl Zeiss 
MicroImaging GmbH, Jena, Germany), equipped with a 63X/1.3 glycerol immersion 
objective in an acquisition mode 256x256 frame size, 2.55 µs pixel dwell time, 390.98-
ms scan time without averaging. Briefly, 10 pre-bleach images were taken. Bleaching 
was performed with a DPSS-laser (561 nm) at 100% laser power. To monitor nuclear 
import, the entire nucleus was bleached, whereas for determination of nuclear 
export, the cytoplasm was bleached. For bleaching of the nucleus, 13 iterations with 
100.85-µs pixel dwell time, and for bleaching the cytoplasm, 6 iterations for MBP-RFP 
and 9 iterations for RFP with 50.85-µs pixel dwell time were used, resulting in 90% 
bleaching of the nucleus and 70-80% bleaching of the cytoplasm. Post-bleach images 
were taken in 4 sets. The first set consisted of 30 frames, taken at an interval of 0.4 s 
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(fastest); the second of 30 frames with 1.2 s intervals, the third of 30 frames at 5 s time 
intervals, and the remainder was taken at 10-s intervals. The images were acquired 
at 1% laser power. Importantly, upon continuous bleaching of dye-loaded plastic at 
one particular region, our system bleached up to a depth of 9 µm in the z direction 
(data not shown). Accordingly, since OLN-93 cells form a layer with a thickness of 5 
µm, our system is capable of readily bleaching the entire nucleus or cytoplasm. 
The fluorescence intensities of the bleached area (nucleus or cytoplasm) and non-
bleached area (cytoplasm or nucleus) were analyzed by ZEN Software (Zeiss). In 
addition, an area where no cells were present was recorded, which was considered as 
the background signal. The background signal was very low, however for the accuracy 
of our calculations, the signal was subtracted from the fluorescence intensities of 
the bleached and non-bleached areas. For determination of the nuclear import rate, 
the ratio of fluorescence intensity of nucleus to cytoplasm was calculated. The pre-
bleach ratio was set to 100%, and the other values were calculated accordingly. For 
determining the nuclear export rate, the ratio of fluorescence intensity of cytoplasm 
to nucleus was calculated. Import rates of 1500 s for 21.5-kDa MBP-RFP and 600 
s for RFP, and export rates of 1400 s for 21.5-kDa MBP-RFP and 600 s for RFP were 
analyzed, using a one-phase association curve in GraphPad Prism 5. To compare the 
rates at the different conditions, half-lives were plotted separately and compared, 
using a one way ANOVA followed by a Newman-Keuls posttest.

2.10.  Western blot analysis 

Cells were scraped in PBS and centrifuged at 9000 g for 10 min at RT. Cell pellets 
were lysed in TNE-lysis buffer. Protein concentrations were determined by a BioRad DC 
protein assay (Bio-Rad Laboratories, Hercules, CA), using BSA as standard. For the 
total cell lysate, equal amounts of protein (total cell lysates) or volume (subcellular 
fractionation) were mixed with reducing sample buffer, heated for 5 min at 95°C, 
and applied onto 15% SDS-polyacrylamide gels. Proteins were transferred to a 
nitrocellulose membrane using a wet blotting system (Bio-Rad). The membranes 
were rinsed with PBS and incubated for 1 hr in blocking buffer (Odyssey blocking 
buffer (Li-Cor Biosciences, Lincoln, NE), diluted with an equal volume of PBS) at RT. 
After blocking, the membranes were incubated overnight with primary antibodies 
diluted in blocking buffer containing 0.1% Tween-20. Primary antibodies used 
were monoclonal rat anti-MBP (1:100), polyclonal rabbit anti-MBP (1:1000, Dako 
Cytomation, Carpinteria, CA), polyclonal guinea pig anti-exon-II (1:1000, a kind gift 
from Dr. Liliana Pedraza, Montréal, Canada, [12]), monoclonal mouse anti-histone H3 
antibody (Abcam, Cambridge, UK), monoclonal anti-mouse NCAM 140/180 (Sigma), 
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and monoclonal mouse anti-β-actin (1:1000, Sigma) diluted in blocking buffer. The 
membranes probed with polyclonal guinea pig anti-exon-II were incubated next with 
a goat anti-guinea pig IgG linker antibody (1:1000, Jackson ImmunoResearch). The 
membranes were washed three times with PBS containing 0.05% Tween-20 (PBS-T) 
and incubated for 1 hr with appropriate IRDye-conjugated secondary antibodies (Li-
Cor Biosciences) at RT. After incubation, membranes were washed three times with 
PBS-T. Signals were detected using the Odyssey Infrared Imaging System (Li-Cor 
Biosciences). The protein bands were quantified by the imaging software Image J. 

2.11.  Statistics

Data (mean ± standard deviation (SD)) for both immunocytochemistry and 
Western blots were analyzed from at least three independent experiments. Statistical 
significance was calculated by Student’s t-test for comparison between two means 
and by one-way ANOVA followed by Newman-Keuls posttest to compare more than 
two means in GraphPad Prism 5. P-values <0.05 ,<0.01, and <0.001 are considered 
statistically significant (*, **, and ***, respectively). 
 
3.  Results

3.1.  The localization of 21.5-kDa MBP in OLN-93 cells changes upon mitogenic 
modulation

To investigate the potential role of nucleus-localized exon-II-containing MBP 
isoforms as mitogenic modulators, we employed an oligodendrocyte-derived 
cell line, OLN-93. These cells represent an established model for oligodendrocyte 
progenitor cells, and importantly, like many other oligodendroglial cell lines, they do 
not express postnatal classical MBP isoforms [23,29]. Therefore, OLN-93 cells may 
serve as a convenient model to study the function of exon-II-positive MBP isoforms 
without potential interference of exon-II-negative MBP isoforms, as their presence 
downregulates the expression of exon-II-containing MBP isoforms. To assess whether 
21.5-kDa MBP regulates proliferation in OLN-93 cells, we transfected the cells 
with RFP-tagged 21.5-kDa MBP and RFP alone, and subsequently examined their 
proliferation with a BrdU-incorporation assay. Transfection with 21.5-kDa MBP-RFP 
significantly increased total OLN-93 proliferation as compared to RFP-transfected cells 
(Fig.  1A and B). Remarkably, not only the proliferation of the transfected cells was 
increased, but also the proliferation of the cells that did not express 21.5-kDa MBP 
(Fig. 1A), suggesting that a secreted diffusible factor might modulate proliferation, as 
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has been suggested recently [27]. 
To determine whether the known distinct cytoplasmic versus nuclear localization 

of 21.5-kDa MBP, and hence nucleocytoplasmic translocation, might be linked to 
proliferation, we next examined the intracellular localization of 21.5-kDa MBP-RFP 
upon mitogenic modulation. When cultured in 10% FCS-containing medium, i.e., 
acondition where cells are highly proliferative, the OLN-93 cells displayed a primarily 
nuclear localization of the 21.5-kDa MBP-RFP (Fig. 1C and D). In contrast, upon serum 
deprivation, i.e., a condition that inhibits proliferation, the nuclear localization of 
21.5-kDa MBP-RFP decreased by approx. 30%. However, re-addition of serum at least 
partially re-established the nuclear localization of the 21.5-kDa isoform (SF+Recovery; 
Fig. 1C and D). Interestingly, upon treatment with leptomycin B (LMB), an unsaturated, 
branched-chain fatty acid that blocks nuclear export of many proteins [33,34], 
the 21.5-kDa MBP-RFP remained trapped in the nucleus at serum-free conditions 
(SF+LMB; Fig. 1C and D). 

To examine in further detail whether a regulated nucleocytoplasmic translocation 
upon mitogenic modulation relies upon active shuttling of the MBP-isoform between 
nucleus and cytoplasm, we exploited the fluorescence properties of the RFP-labeled 
21.5-kDa isoform. As revealed by live-cell imaging, when 24 hrs after transfection 
MBP-RFP labeled cells were subsequently cultured in serum-free medium, the labeled 
protein rapidly disappeared from the nucleus within a time interval of approx. 2 
hrs, after which the process further proceeded until nuclear localization could be 
barely detected after 6 hrs (cf., Fig. 1E, 10% FCS versus SF). However, when LMB was 
included into the serum-free medium, nuclear export of 21.5-kDa MBP-RFP was 
effectively prevented (Fig. 1E, SF+LMB). Re-addition of serum-containing media to 
the cells at either condition, which reestablished the proliferative state of the cells, 
simultaneously led to a relatively fast ‘recovery’ of nucleus-localized MBP-RFP, which 
occurred as fast as within approx. 30 min after addition of serum-containing medium 
(Fig. 1E, SF+Recovery). To exclude de novo synthesis of transporters and MBP under 
the various conditions, all the experiments were performed in the presence of 
the protein synthesis inhibitor cycloheximide. Importantly, the nucleocytoplasmic 
shuttling of 21.5-kDa MBP-RFP was not an RFP-induced artifact, as the localization 
behavior of RFP alone was not altered upon mitogenic modulation (Supp. Fig. 1). In 
this context, it is also relevant to note that RFP is considered the most appropriate 
control, since exon-II-negative MBP isoforms will not enter the nucleus. Hence, our 
findings indicate that the postnatal 21.5-kDa exon-II containing MBP isoform displays 
a considerable dynamics as reflected by its exit and entry into the nucleus, thereby 
closely correlating with cell proliferation of OLN-93 cells. 
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3.2.  21.5-kDa MBP actively shuttles in OLN-93 cells between nucleus and 
cytoplasm upon mitogenic modulation

t=6h

10
%

 F
CS

SF
SF

+L
M

B
SF

+R
ec

ov
er

y

t=0 t=2h t=4h

t=0 t=2h t=4h t=6h

t=0 t=2h t=4h t=6h

t=0 t=0.5h t=1h t=3h

RFP 
M

BP-R
FP

0

20

40

60

80

%
 p

ro
lif

er
at

io
n

A B

E

MBP-RFPRFP

*

 FCS SF

Rec
ove

ry

SF+L
MB

0

20

40

60

80

100

%
 M

B
P-

R
FP

 in
 n

uc
le

us

 

*

*
*

10% FCS SF SF+Recovery SF+LMB

10% FCS

SF+ LMBSF+Recovery

SF
C

t=6h

D

BrdU DRAQ 5

BrdU DRAQ 5

RF
P

21
.5

-k
Da

 
M

BP
 R

FP

Figure 1: The localization of 21.5-kDa MBP-RFP changes upon mitogenic modulation. 
OLN-93 cells were transiently transfected with 21.5-kDa MBP-RFP or RFP and treated as 
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indicated. A, B. At 24 hrs after transfection, cell proliferation was determined using a BrdU 
incorporation assay. The percentage proliferative cells, i.e., BrdU-positive, of total, i.e., 
DRAQ5-positive cells was determined. Scale bar is 25 µM. Note that transfection with 21.5-
kDa MBP-RFP significantly increases proliferation as compared to transfection with RFP alone 
(t-test, *p<0.05). C, D. Cells were either fixed 24 hrs after transfection (10% FCS), or cultured 
in serum-free medium in the absence (SF) or presence of 10 ng/mL leptomycin B (SF+LMB). 
After 6 hrs, cells were fixed or allowed to recover in normal culture medium supplemented 
with 20% FCS (SF+Recovery) for 3 hrs. Localization of 21.5-kDa MBP-RFP at the indicated 
condition is shown in panel C. Given the low transfection efficiency, representative single cells 
of 3 independent experiments are shown. Scale bar is 20 µm. At the indicated conditions, the 
percentage of cells with nuclear 21.5-kDa MBP-RFP expression, relative to the total, DRAQ5-
positive cells was examined (panel D). Note that upon inhibition of cell proliferation, 21.5-
kDa MBP-RFP preferentially localizes to the cytoplasm in the absence of LMB, but not in the 
presence of LMB, whereas in control and during recovery, i.e., at proliferating conditions, 21.5-
kDa MBP-RFP shows a more pronounced nuclear localization. The graphs were plotted as mean 
+ SD and statistical analysis was performed by GraphPad Prism 5 (one-way ANOVA followed 
by the Newman-Keuls posttest; *p<0.05). E. 24 hrs after transfection, the localization of 21.5-
kDa MBP-RFP was recorded in live cells for 6 hrs in 10% FCS, and in serum-free medium in the 
absence (SF) or presence of 10 ng/mL leptomycin B (SF+LMB). Alternatively, cells were kept for 
6 hrs in serum-free medium, after which the cell images were recorded for 3 hrs in medium 
supplemented with 20% (SF+Recovery). Z-stacks with 0.5 μm optical sections were acquired 
every 10 min. 3D image analysis was performed by IMARIS Software. All measurements were 
performed in the presence of 50 μg/mL cycloheximide to inhibit de novo protein synthesis. 
Scale bar is 10 µm. Note that 21.5-kDa MBP-RFP remained in the nucleus in medium containing 
10% FCS, whereas in serum-free medium 21.5-kDa MBP–RFP translocates to the cytoplasm in 
the absence, but not in the presence of LMB. During recovery, 21.5-kDa MBP-RFP translocates 
to the nucleus.

To more precisely determine the dynamics and nuclear export and import 
rates of the exon-II-containing 21.5-kDa MBP-RFP in live cells, we next performed 
photobleaching experiments (FRAP) under similar conditions as the live-cell imaging 
experiments. FRAP is a powerful technique to study the dynamic behavior of proteins, 
while it provides detailed insight into the kinetics of the protein of interest [35–38]. 
To measure nuclear import rates, the 21.5-kDa MBP-RFP-fluorescence, present 
in the nucleus, was bleached up to 90% (Fig. 2A), and the rate of the recovery 
of fluorescence intensity was recorded for up to 1500 s, i.e., when it reached 
its equilibrium. Compared to other nucleocytoplasmic shuttling proteins, the 
fluorescence recovery rate of 21.5-kDa MBP-RFP was relatively slow as compared 
to β-catenin, Lgs, and VDBRB1 [38–40], but similar to STAT3 [36]. Fluorescence 
recovery in the nucleus was calculated and shown as the nuclear to cytoplasmic 
ratio (N/C ratio) in one-phase association curves (Fig. 2B). Interestingly, the nuclear 
import rate of MBP-RFP, as reflected by its shorter half-life, was significantly faster 
in medium containing 10% FCS than in serum-free conditions (Fig. 2C). The nuclear 
import half-life decreased again upon re-addition of 10% FCS to a rate similar to that 
as determined before serum-depletion (Recovery). Notably, mitogenic modulation did 
not affect the nuclear import rate of RFP (Fig. 2D, Supp. Fig. 2). 

Next, we determined the nuclear export kinetics of 21.5-kDa MBP-RFP upon 
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mitogenic modulation. For that purpose, the 21.5-kDa MBP-RFP fluorescence of the 
cytoplasm was bleached up to 70-80% (Fig. 3A). As for determination of the import
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Figure 2: Nuclear import rate of 21.5-kDa MBP-RFP changes upon mitogenic modulation. 
A. OLN-93 cells were transiently transfected with 21.5-kDa MBP-RFP or RFP (control). At 24 hrs 
after transfection, cells were subjected to FRAP analysis in 10% FCS, or prior to FRAP analysis 
pretreated with serum-free medium for 6 hrs (SF), or allowed to recover from incubation for 6 
hrs in serum-free medium (3 hrs in 20% FCS, SF+Recovery). Representative confocal images of 
cells positive for 21.5-kDa MBP-RFP, before and after bleaching of the nucleus at all conditions, 
are shown. Images were acquired with 1% laser power, and during bleaching 100% laser 
power was used. Scale bar is 10 µm. B-D. Quantitative analysis of the nuclear import rate of 
(A). The ratio of fluorescence intensities of nucleus to cytoplasm (N/C) was set to 100% (after 
subtraction of background) and the ratio after bleaching was calculated accordingly. The 
results are plotted on the graph and fitted with a one-phase association curve using GraphPad 
Prism 5 (B). The half-life was calculated for each condition over a 1500-s time period for the 
21.5-kDa MBP-RFP (C), and for 600 s for the RFP (D). Note that the nuclear import rate was 
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significantly lower in serum-free medium and significantly higher during recovery, when 
compared to the rate obtained in the presence of 10% FCS for 21.5-kDa MBP-RFP (but not for 
RFP). For each condition, 8-10 cells were measured at once and this procedure was repeated at 
least three times. The graphs were plotted as mean + SD and statistical analysis was performed 
using GraphPad Prism 5 (one-way ANOVA followed by the Newman-Keuls posttest **p<0.01).

rates, the fluorescence recovery rate, i.e., export from the nucleus to the cytoplasm 
(C/N ratio), was monitored until it reached equilibrium after approx. 1400 s (Fig. 3B). 
Like the nuclear import rate, the nuclear export rate was slower, when compared 
to other proteins mentioned above [38–40], but also proteins such as STAT3 with 
similar export rates have been reported [36]. Analysis of the half-lifes revealed that 
the nuclear export rate of MBP-RFP was significantly slower in 10% FCS than in serum-
free conditions. However, when OLN-93 cells were simultaneously treated with LMB, 
thereby inhibiting CRM1-dependent nuclear protein export, the nuclear export rate 
became substantially slower as reflected by a longer half-life, confirming the live-cell 
imaging results, and further suggesting that the nuclear export of 21.5-kDa MBP-RFP 
is nuclear export signal (NES)-dependent. Surprisingly, the nuclear export rate of 21.5-
kDa MBP-RFP, 3 hrs after mitogenic recovery, was not decreased, given a short half-life 
value comparable to the half-life of 21.5-kDa MBP-RFP in serum-free medium. This 
result may suggest that additional factors, such as post-translational modification 
or other proteins, might regulate MBP nuclear export. As for nuclear import, FRAP 
analysis for RFP revealed that the nuclear export rates of RFP were not dependent on 
mitogenic modulation (Fig. 3D, Supp. Fig. 3), indicating MBP specificity. Importantly, 
these findings show in addition that at 10% FCS, i.e., in mitogenic conditions, 
the import rate of 21.5-kDa MBP-RFP exceeds the rate of export (300s vs. 600s 
respectively), meaning that 21.5-kDa MBP-RFP will be located in the nucleus at cell 
proliferation. Hence, FRAP analysis support active shuttling of 21.5-kDa MBP-RFP 
between nucleus and cytoplasm in OLN-93 cells upon mitogenic modulation. As noted 
above, OLN-93 cells do not express postnatal MBP isoforms, but it has been suggested 
that there is an embryonic MBP isoform, which is expressed prior to the expression 
of postnatal MBP isoforms [29]. Given the mitogenic modulation of cells by an exon-
II driven shuttling of MBP, it was therefore of particular interest to subsequently 
examine whether this embryonic MBP isoform harbors exon-II, and may similarly act 
as a regulator of cell proliferation. 

3.3.  OLN-93 cells express embryonic exon-II containing MBP, localizing in 
nucleus and cytoplasm 

As shown in Fig. 4 (arrows), using a monoclonal and polyclonal antibody that 
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both recognize all MBP isoforms, OLN-93 cells abundantly express an MBP isoform 
with an apparent molecular mass of 16 kDa. This isoform did not correspond to any 
of the classical postnatal MBP isoforms, i.e., 21.5-, 18.5-, 17- and 14-kDa, which were 
visualized on the same immunoblot using myelin extracts of adult brain. In addition, 
a weak immunoreactive band was detected at approx. 13 kDa (Fig. 4A, arrowhead). 
Western blot analysis with an antibody directed against MBP-exon-II [12] revealed 
that both the 16- and 13-kDa MBP isoforms in OLN-93 cells are reactive, indicating 
that these isoforms contain exon-II (Fig. 4A). The anti-exon-II antibody only recognizes 
the exon-II-containing MBP isoforms in rat myelin (17- and 21.5-kDa), confirming 
its specificity. Thus far, an exon-II-containing 13-kDa MBP isoform has not been 
described. Interestingly, an isoform with a molecular mass of 16 kDa has been 
detected during mouse and rat CNS development, and was identified as an embryonic 
MBP (e-MBP) isoform [16,17,41]. 

To verify whether the 16-kDa MBP isoform in OLN-93 cells has an embryonic 
origin, we next analyzed the expression of e-MBP at the mRNA level. Using a primer 
set that recognizes the embryonic exon [17] and exon-II, RT-PCR analysis revealed 
the presence of e-MBP mRNA (Fig. 4B). To obtain further support for the presence 
of e-MBP in OLN-93 cells, the expression of MBP isoforms during early rat brain 
development was compared to the expression of MBP isoforms in OLN-93 lysates. 
As shown in Fig. 4C, prominent expression of exon-II-containing MBP isoforms with 
the same molecular masses as present in OLN-93 cells was apparent in the embryonic 
stage (E18). These variants, however, readily disappeared within the early phase (i.e., 
within 72-96 hrs) of the postnatal stage. Furthermore, the 16-kDa e-MBP band was 
also detected in prenatal rat brain (Fig. 4C, arrow) and in primary rat oligodendrocytes 
at different maturation stages after initiating differentiation (Fig. 4D, arrow). 
Interestingly, the 16-kDa e-MBP was more prominently expressed early (i.e., 3 days) 
after initiating differentiation, than at later stages (7 and 10 days), whereas the exon-
II specificity of this isoform was confirmed with an anti-exon-II antibody (data not 
shown). 

As indicated above, given that e-MBP contains exon-II, we therefore next 
examined whether e-MBP and postnatal exon-II-positive MBP isoforms have similar 
subcellular localizations. Immunocytochemical studies revealed that e-MBP, similarly 
as the postnatal exon-II-positive 21.5-kDa MBP-RFP in OLN-93 cells, and postnatal 
exon-II MBP isoforms in oligodendrocytes (not shown; [12,26,42]), displayed a 
nucleocytoplasmic distribution pattern (Fig. 4E). Remarkably, cytoplasmic expression 
appeared as dots, consistent with a previous study [29]. Unfortunately, the anti-
exon-II antibody is not suitable for immunocytochemistry. Since the 16-kDa e-MBP 
represents by far the major MBP fraction (Fig. 4A), we assume that the distinctive 
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localization in either the cytoplasm, nucleus, or both reflects the distribution of this 
particular isoform. 
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Figure 3: Nuclear export rate of 21.5-kDa MBP-RFP changes upon mitogenic modulation. 
A. OLN-93 cells were transiently transfected with 21.5-kDa MBP-RFP or RFP (control). At 24 hrs 
after transfection, cells were subjected to FRAP analysis in 10% FCS, or prior to FRAP analysis 
pretreated with serum-free medium for 6 hrs in the absence (SF) or presence of leptomycin 
B (SF+LMB), or allowed to recover from incubation for 6 hrs in serum-free medium (3 hrs in 
20%FCS, SF+Recovery). Representative confocal images of cells positive for 21.5-kDa MBP-RFP 
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before and after bleaching of the cytoplasm at all conditions are shown. Images were acquired 
with 1% laser power, and during bleaching 100% laser power was used. Scale bar is 10 µm. B-D. 
Quantitative analysis of the nuclear export rate of (A). The ratio of fluorescence intensities of 
cytoplasm to nucleus (C/N) was set to 100% (after subtraction of background) and the ratio 
after bleaching was calculated accordingly. The results are plotted on the graph andfitted 
with a one-phase association curve using GraphPad Prism 5 (B). The half-life was calculated 
for each condition over a 1500-s time period for the 21.5-kDa MBP-RFP (C), and for 600 s for 
the RFP (D). Note that the nuclear export rate is significantly higher in serum-free medium, 
when compared to the rate obtained in the presence of 10% FCS for MBP-RFP (but not for 
RFP). For each condition, 8-10 cells were measured at once, and this procedure was repeated 
at least 3 times. The graphs were plotted as mean + SD and statistical analysis was performed 
using GraphPad Prism 5 (one-way ANOVA followed by the Newman-Keuls posttest *p<0.05, 
**p<0.01).

3.4.  The localization of embryonic MBP correlates with cell proliferation 

As previously shown in HeLa cells, cell density is one of the factors that affects the 
intracellular distribution of postnatal exon-II-positive MBP isoforms. Thus, when cells 
are plated at high cell density, the percentage of nuclear MBP localization decreases 
as compared to low-density cultures [12]. To determine whether e-MBP behaves 
similarly as classical postnatal exon-II positive MBP isoforms [12], OLN-93 cells were 
plated at low and high cell density and subsequently cultured for 3 days. At low 
density, approx. 50% of the cells showed a nuclear localization for e-MBP, whereas 
in high-density cultures, e-MBP was largely excluded from the nucleus, i.e., the 
percentage of cells with nuclear e-MBP was reduced to approx. 15% (Fig. 5A and B, 
LD and HD, respectively). Importantly, it should be noted that the overall expression 
levels of e-MBP were not affected by cell density (Fig. 5C), suggesting a genuine shift in 
intracellular e-MBP distribution. 

To obtain further support for such a cell density dependent shift, subcellular 
fractionation was carried out. To this end, three subcellular fractions, i.e., a nuclear, 
membrane, and cytoplasmic fraction were isolated from equal volumes of cell lysates 
obtained from low and high density cultures. Consistent with its physical nature 
as a peripheral membrane-bound protein, e-MBP was present in either the nuclear 
or membrane fraction, whereas it was completely absent from the cytoplasmic 
fraction (Fig. 5D). To assess the purity of the different fractions, NCAM 140 was 
used a membrane marker, and histone 3 as a marker for the nuclear fraction. Thus, 
after appropriate corrections for fraction purity, the nucleus to membrane ratio 
was consistently decreased in high-density cultures (Fig. 5D), in agreement with 
the immunocytochemical data (Fig.  5A and B). Together, these data indicate that 
cell density does not alter the overall expression levels of e-MBP, but does affect 
translocation of the protein from the nucleus to the cytoplasm. Previous studies have 
provided evidence that cell density controls cell proliferation, i.e., cells proliferate 



159

Exon-II-positive MBPs in cell proliferation

faster in low-density cultures than in high-density cultures [43,44]. We therefore next 
examined whether, as for 21.5-kDa MBP, there might be a direct link between cell 
proliferation and e-MBP translocation. 
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Figure 4: OLN-93 cells express 16-kDa e-MBP, localizing in nucleus and cytoplasm. 
A. Equal amounts of protein of total cell lysates of OLN-93 (OLN, 50 µg) and myelin extracts 
of adult rat brain (M, 7 µg) were subjected to Western blot analysis. The expression of MBP 
was visualized using two different antibodies directed against all MBP isoforms (monoclonal 
and polyclonal antibody), and a polyclonal antibody directed against MBP-specific exon-II [12]. 
Note that the molecular mass of the most prominent MBP isoform present in OLN-93 cells is 
around 16 kDa (arrow), whereas the classical MBP isoforms present in myelin appear at 14, 
17, 18.5, and 21.5 kDa. In addition, an exon-II-reactive band at 13 kDa was present in OLN-
93 cells (arrowhead). B. Total RNA was isolated from OLN-93 cells and RT-PCR was performed 
using a specific set of primers to detect e-MBP, i.e., forward primer against embryonic exon 
and reverse primer against exon-II. The “L” designates the kb ladder. C. Equal amounts of 
protein (20 µg), obtained from the indicated embryonic (E) and postnatal (P) total rat brain 
lysates, were subjected to Western blot analysis. The expression of MBP was characterized 
using two different anti-MBP antibodies, i.e., directed against exon-II or against all MBP 
isoforms (polyclonal). The expression of MBP isoforms is compared to the isoform present in 
OLN-93 cells (50 µg). Note that the 16-kDa MBP isoform present in OLN-93 cells is abundantly 
expressed at embryonic day 18 (arrow). D. Primary rat oligodendrocytes were collected at the 
indicated days after initiating differentiation. Equal amounts of protein (20 µg) were subjected 
to Western blot analysis for MBP expression. Note that the 16-kDa MBP isoform (arrow) 
is expressed by cultured oligodendrocytes even at 10 days after initiating differentiation; 
however, it is more enriched during early differentiation, i.e., 3 days after initiating 
differentiation. Notably, given the abundant presence of exon-II-negative MBP isoforms 
in myelin, the blots in (A) are shown at a lower intensity as in (C) and (D). E. OLN-93 cells, 3 
days in culture, were fixed and stained with anti-MBP monoclonal antibody. A representative 
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confocal image of three independent experiments is shown. Note that MBP localizes both to 
the nucleus (bright fluorescence) and to the cytoplasm (punctate appearance). Scale bar is 20 
µm.

To examine OLN-93 cell proliferation as a function of cell density, a BrdU 
incorporation assay was performed. As shown in Fig. 5F, proliferation was slightly, but 
significantly, decreased at high cell density relative to low cell density. Concomitantly, 
the majority of the proliferating cells also showed a nuclear staining for e-MBP at 
low-density cultures (Fig. 5E and G). In contrast, at high cell density, only a minor 
fraction of the proliferating cells harbor nuclear e-MBP, suggesting an uncoupling 
of cell proliferation and nuclear e-MBP expression upon cell-cell contact. Of note, 
e-MBP might regulate rather than trigger proliferation, as 55% of the cells that had 
nuclear e-MBP at high cell density cultures did incorporate BrdU during an 8 hrs pulse, 
whereas only 12% of nuclear e-MBP expressing OLN-93 cells proliferated in low-
density cultures (Fig. 5H). 

To assess more convincingly a direct correlation between proliferation and nuclear 
e-MBP expression, we next examined e-MBP localization in low-density cultures 
in two conditions that inhibit proliferation, i.e., upon serum deprivation, or in the 
presence of the CDK inhibitor roscovitine (Fig. 6). Concomitant with a 50% block in 
proliferation in either condition, the percentage of nuclear localization of e-MBP 
decreased by approx. 50% (Fig. 6A and C). Of note, serum deprivation did not affect 
the e-MBP expression levels (data not shown). Interestingly, upon reestablishing 
proliferating conditions (Fig. 6B), i.e., upon addition of serum-containing medium 
or removal of the CDK inhibitor followed by addition of serum-containing medium, 
respectively, the level of nuclear e-MBP localization returned to the level at starting 
conditions. 

3.5.  shRNA knockdown of MBP in OLN-93 cells decreases proliferation

To determine a direct link between e-MBP and proliferation, a lentiviral-mediated 
shRNA knockdown of MBP expression in OLN-93 cells was performed. Transduction 
of OLN-93 cells with shRNA directed against the interface of exon-III and exon-IV, two 
exons present in all MBP isoforms, showed at an approx. 50% efficiency a significant 
reduction of e-MBP expression compared to non-transduced cells, as examined by 
Western blotting (Fig. 7A, approx. 40% reduction) and immunocytochemistry (Fig. 
7B). To assess proliferation, a BrdU incorporation assay was combined with GFP 
immunocytochemistry (Fig. 7C). Proliferation was markedly decreased in GFP-positive 
cells, i.e., MBP shRNA-containing cells, as compared to GFP-negative cells on the 
same coverslip (Fig. 7D). Notably, due to the fixation procedure, GFP appeared in the 
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nucleus [45]. Taken together, these data indicate that e-MBP, like postnatal 21.5-kDa 
MBP, presumably plays a regulatory role in proliferation, which is correlated with its 
presence in the nucleus. Given its ubiquitous presence in both oligodendroglial cells 
and non-myelinating tissue [17], we subsequently wondered whether e-MBP may 
exert its effect beyond that of myelinating cells only, thus reflecting a general role as 
regulator of cell proliferation. 
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Figure 5: Cell density dependent localization of e-MBP correlates with cell proliferation. 
OLN-93 cells were plated at a low density (LD, 2000 cells per well) or high density (HD, 8000 
cells per well), and cultured for 3 days. Representative blots and images of at least three 
independent experiments are shown. A, B. Cells were fixed and stained for MBP (A). For 
each condition, the percentage of nuclear e-MBP expression of total DRAQ5-positive cells 
was determined (B). Note that nuclear e-MBP localization decreased in high cell density 
cultures. Scale bar is 20 µm. C. Equal amounts of protein (50 µg) obtained from total OLN-93 
cell lysates were subjected to Western blot analysis using the anti-MBP polyclonal antibody. 
The e-MBP expression levels were quantified relative to the expression of the housekeeping 
gene β-actin. Note that e-MBP expression levels are similar at both cell densities. D. OLN-
93 cell lysates were subjected to subcellular fractionation followed by Western blot analysis 
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for MBP (pAb), NCAM 140 (membrane marker) and H3 (histone 3, nuclear marker). Equal 
volumes of nuclear (N), membrane (M), and cytoplasmic (C) fractions were loaded. For each 
condition, the nucleus to membrane ratio (N/M) of e-MBP was determined taking fraction 
purity into account. Relative ratio of high-density to low-density cultures is shown, which was 
set to 1 in each experiment. Note that the nucleus to membrane ratio for e-MBP is decreased 
in high-density cultures. (E-H) Cell proliferation was determined using a BrdU incorporation 
assay. The percentage proliferative cells, i.e., BrdU-positive, of total, i.e., DRAQ5-positive cells 
was determined (F). In panels (E,G) and (H), a BrdU incorporation assay was combined with 
e-MBP immunocytochemistry. Scale bar in panel E is 20 µM. The percentage of nuclear e-MBP 
localization in BrdU-positive cells is shown in panel (G) and the percentage of BrdU-positive 
cells of the nuclear e-MBP containing cells is shown in panel (H). Note that OLN-93 cells 
proliferate more in low-density cultures, whereas the percentage of proliferating cells with 
nuclear e-MBP signal is higher in low-density cultures. Statistical analysis in (B-D) and (F-H) was 
performed using GraphPad Prism 5 [(one-sample) t-test, *p<0.05, ***p<0.001]. Values shown 
in (B-D) and (F-H) are means + SD of at least three independent experiments.

3.6.  e-MBP is also a regulator of proliferation in non-myelinating cell lines

Whereas the postnatal isoforms are exclusively expressed in myelinating cells, 
e-MBP is present at the protein level in various other tissues during embryonic 
development, including liver, thymus, and spleen [17]. However, since the function 
of e-MBP in other tissues has not been clarified so far, we next explored whether 
e-MBP may also act as a regulator of proliferation in non-myelinating cells. To this end, 
three different cell lines, i.e., HEK293 cells, a cell line originally derived from human 
embryonic kidney, HeLa cells, a human immortal cell line derived from cervical cancer, 
and HepG2 cells, a human hepatocellular liver carcinoma cell line, were examined by 
Western blot analysis for e-MBP expression. As shown in Fig. 7E, all examined cell lines 
express e-MBP, and similarly as observed in OLN-93 cells, e-MBP displayed in all cells 
lines a nucleocytoplasmic distribution pattern (Fig. 7F). Transduction of HeLa cells with 
MBP shRNA (approx. 90% efficiency) led to a major reduction in e-MBP expression 
(Fig. 7G, approx. 90% reduction), with a concomitant decrease in cell proliferation 
of 50% (Fig. 7H and I). Consistently, cell proliferation was similarly reduced upon 
downregulation of e-MBP in HEK293 and HepG2 cells (Supp. Fig. 4), although to a 
lesser extent than in OLN-93 and HeLa cells (Fig. 7). Given that at low density cultures 
OLN-93 and HeLa cells grow as single cells (Fig. 7), and HepG2 and HEK293 cells in cell 
clusters with many cell-cell contacts (Supp. Fig. 4), a partial uncoupling of e-MBP and 
cell proliferation, for the latter two cell lines could be envisioned, as observed upon 
cell-cell contact in OLN-93 cells (Fig. 5). Of note, a marked downregulation of e-MBP 
levels was only observed at least 11 days after transduction with shRNA against MBP, 
indicating that the turnover of e-MBP is very low and likely cell type dependent.

Taken together, these findings indicate that next to its presence in myelinating 
cells, e-MBP is also abundantly expressed in embryonic- and cancer-derived cell lines, 
and appears to act as a general regulator of cell proliferation. 
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Figure 6: Localization of e-MBP changes upon mitogenic modulation. 
OLN-93 cells plated at an initial density of 2000 cells per well, were cultured for 2 days, and 
either fixed (control), or treated with roscovitine (20 µM), or cultured in serum-free (SF) culture 
medium. After 1 day, cells were fixed or allowed to recover in normal culture medium 
supplemented with 10% FCS (recovery) for 1 day. A. Localization of e-MBP at the indicated 
conditions, as determined by immunocytochemistry. Representative images of three 
independent experiments are shown. Scale bar is 20 µm. B. Cell proliferation as determined 
with a BrdU incorporation assay. Note that cell proliferation is blocked by 50% when cultured 
in serum-free (SF) medium or upon treatment with roscovitine, whereas cell proliferation is 
recovered upon (re)-addition of 10% FCS. C. Quantitative analysis of (A) at the indicated 
conditions (the percentage of cells with nuclear e-MBP expression relative to total, 
DRAQ5-positive cells) was examined. Note that upon inhibition of cell proliferation, e-MBP 
preferentially localizes to the cytoplasm, whereas in control and during recovery, i.e., at 
proliferating conditions, e-MBP preferentially localizes to the nucleus. The graphs were plotted 
as mean + SD and statistical analysis was performed using GraphPad Prism 5 (one-way ANOVA 
followed by the Newman-Keuls posttest *p<0.05, **p<0.01, ***p<0.001).
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4.   Discussion

In the present study, we demonstrate that exon-II-containing embryonic 16-kDa 
MBP and the postnatal 21.5-kDa MBP shuttle between the nucleus and the cytoplasm, 
and that their nuclear localization regulates cell proliferation. Thus, in the absence 
of a mitogenic signal or upon CDK inhibition, the exon-II-containing MBP isoforms 
translocate from the nucleus to the cytoplasm, and re-appear in the nucleus when 
proliferation is re-induced. Furthermore, knockdown of MBP via shRNA interference 
significantly decreased proliferation. Therefore, exon-II-containing MBPs might be 
prominent regulators of oligodendrocyte proliferation. In this context, given the 
increased expression of postnatal exon-II-positive MBP isoforms at the onset of 
remyelination [16,46], it is tempting to suggest that these isoforms might function in 
a similar manner as important mediators in the early regulation of myelin biogenesis.

Classical MBP isoforms are generally considered as important markers for 
differentiated oligodendrocytes because of their localization and functioning in the 
myelin sheath. However, these different MBP isoforms are generated upon alternative 
splicing of a single MBP transcript of three of its seven exons, i.e., exons II, V, and VI. 
Specifically, the expression of exon-V-negative MBP isoforms is apparent already at 
embryonic development, and their subsequent (dis)appearance at the postnatal stage 
is developmentally regulated [16,17], emphasizing their distinct roles throughout the 
development of myelinating cells. Here, we show that the oligodendrocyte progenitor 
cell line, OLN-93, expresses an exon-II-positive embryonic 16-kDa MBP isoform, 
which is localized to the nucleus and cytoplasm. The subcellular localization of e-MBP 
is regulated by cell-cell interactions, i.e., e-MBP redistributed to the cytoplasm at 
high cell density, like classical postnatal exon-II-containing MBP isoforms [12,24]. As 
observed for many cell types, and consistent with a density-dependent diminution of 
the proliferation of OPCs [47,48], OLN-93 cell proliferation was markedly decreased 
upon cell-cell contact. At low cell density, the majority of the proliferating cells 
showed a nuclear localization of e-MBP, suggesting a role for nucleus localized e-MBP 
in cell proliferation. However, in the absence of a mitogenic signal, e-MBP translocated 
from the nucleus to the cytoplasm, yet re-appeared in the nucleus when proliferation 
was re-induced. Notably, in the low-density cultures, the majority of OLN-93 cells that 
had nuclear e-MBP did not proliferate during an 8 hrs BrdU pulse, suggesting that 
nuclear e-MBP as such regulates rather than triggers proliferation. Indeed, at high 
cell density, OLN-93 cells with e-MBP localized in the cytoplasm were still remarkably 
proliferative, whereas cells in these cultures with fewer cell-cell contacts showed 
nuclear e-MBP localization and proliferated. The latter phenomenon presumably 
reflects the same process as observed at low cell density. In addition, knock-down of 
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MBP gene expression via RNA interference confirmed a role for e-MBP in proliferation 
at low cell density. Hence, our data indicate that nuclear-localized e-MBP likely 
regulates cell proliferation upon mitogenic activation, i.e., in the absence of cell-cell 
contact, whereas upon cell-cell interactions, an e-MBP independent proliferation 
signaling pathway might be activated [49]. 
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Figure 7: shRNA knockdown of MBP significantly decreases cell proliferation. 
A-D. OLN-93 cells were untreated (ctrl), or transduced with shRNA directed against all 
isoforms of MBP (MBP↓), and analyzed 12 days after transduction. (A) Equal amounts 
of protein (20 µg) were subjected to Western blot analysis using the anti-MBP polyclonal 
antibody. Note the significant reduction (40%) of e-MBP protein upon transduction with MBP 
shRNA. (B) Cells were fixed and co-stained for MBP and GFP. The expression of GFP confirms 
the shRNA lentiviral transduction. A representative confocal image of three independent 
experiments is shown. Scale bar is 20 µm. Note that e-MBP is absent in GFP-positive cells. 
(C-D) Cell proliferation was determined using a BrdU incorporation assay combined with 
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GFP immunocytochemistry (C). Scale bar is 20 µm. The percentage of proliferative cells, 
i.e., BrdU-positive (arrowhead), of total GFP-positive (arrow) and GFP-negative cells (ctrl) 
was determined (D). Note that OLN-93 cells that contain shRNA against MBP, i.e., GFP-
positive cells, proliferate less. Statistical analysis in (D) was performed using GraphPad Prism 
5 (t-test, *p<0.05). Values shown in panel (D) are means + SD of at least three independent 
experiments. E. Equal amounts of protein (50 µg) were subjected to Western blot analysis 
using the anti-MBP polyclonal antibody. Note the presence of e-MBP in the examined cell lines 
(arrow). F. The indicated cell lines were fixed at 24 hrs in culture and stained with anti-MBP 
monoclonal antibody. A representative confocal image of three independent experiments is 
shown. Note that MBP localizes both to the nucleus (bright fluorescence) and the cytoplasm 
(punctate appearance) in the examined cell lines. Scale bar is 20 µm. G-I. HeLa cells were 
untreated (ctrl), or transduced with shRNA directed against all isoforms of MBP (MBP↓), and 
analyzed 12 days after transduction. (G) Equal amounts of protein (70 µg) were subjected to 
Western blot analysis using the anti-MBP polyclonal antibody. Note the significant reduction 
(90%) of e-MBP protein upon transduction with MBP shRNA. (H, I) Cell proliferation was 
determined using a BrdU incorporation assay combined with GFP immunocytochemistry (H). 
Scale bar is 20 µm. The percentage of proliferative cells, i.e., BrdU-positive, of total cells was 
determined (I). Note that HeLa cells that contain shRNA against MBP, i.e., GFP-positive cells, 
proliferate less. Statistical analysis in panel I was performed using GraphPad Prism 5 (t-test, 
*p<0.05). Values shown in panel I are means + SD of at least three independent experiments.

Here, we also demonstrate that the expression and function of e-MBP is not 
restricted to cells of the oligodendrocyte lineage. Thus, e-MBP is also expressed in 
several non-CNS cell lines showing a nucleocytoplasmic distribution pattern, while 
its downregulation by shRNA resulted in a decrease of cell proliferation. Therefore, 
e-MBP appears to play a role in proliferation in a variety of tissues during embryonic 
and neonatal development. In addition, given the expression of e-MBP in cancer-
derived cell lines, a role in the proliferation of cancer cells might be envisioned. 
However, and similar to OLN-93 cells, a partial uncoupling of e-MBP and cell 
proliferation was observed in cell lines with many cell-cell contacts. These findings 
also imply that e-MBP does not require oligodendrocyte specific factors for regulating 
proliferation. Although the mechanism by which e-MBP regulates cell proliferation is 
not known at this time, our preliminary work suggests a direct interaction between 
e-MBP and the well-known and ubiquitous CDK inhibitor p27 under proliferating 
conditions, whereas live-cell imaging studies demonstrated that e-MBP exits the 
nucleus before p27 (our unpublished observations). 

During postnatal development, the level of expression of MBP isoforms is markedly 
modulated in oligodendrocytes and not in the other tissues. The appearance of 
postnatal MBP isoforms is regulated at the transcription level via a coordinated action 
of various oligodendrocyte-specific transcription factors [50,51]. Thus, the level of 
e-MBP decreases rapidly (Fig. 4), while postnatal exon-II-containing MBP isoforms 
peak during early development [14]. In contrast, the exon-II-negative postnatal 
isoforms are primarily expressed at later stages of oligodendrocyte maturation 
[2,11,12,14,16]. As for exon-II-containing e-MBP, the nuclear localization of postnatal 
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exon-II-containing 21.5-kDa MBP-RFP correlated with increased proliferation. 
Quantitative FRAP analysis revealed that the nuclear import rate of 21.5-kDa MBP-RFP 
decreased upon serum deprivation, whereas concomitantly, the nuclear export rate 
increased. Replenishment of serum, i.e., activating proliferation, restored the nuclear 
import rate to a similar level as observed before serum deprivation. Interestingly, re-
establishment of the nuclear export rate displayed a lag phase, which might suggest 
that modifications of 21.5-kDa MBP-RFP might be essential for its nuclear export. 
Indeed, phosphorylation of many nuclear-localized proteins, e.g., p27, has been 
associated with their nuclear export [33,52], as has also been suggested for 21.5-
kDa MBP export [24]. Nuclear MBP isoforms do carry two non-traditional PY-nuclear 
localization signals within the exon-II sequence [53], whereas they do not possess a 
classical nuclear export signal. The nuclear export of MBP apparently requires another 
protein, since our live-cell imaging data and FRAP analysis revealed that the CRM1 
nuclear export inhibitor, LMB, prevented nuclear export of 21.5-kDa MBP-RFP.

Taken together, in contrast to exon-II devoid MBP isoforms that act as a molecular 
sieve and have a role in myelin compaction [2,19,22], postnatal and embryonic 
exon-II-containing MBP isoforms likely play a regulatory role in oligodendrocyte 
proliferation. The exact role of 26 amino acids containing exon-II in this process 
remains to be determined, particularly since very recently golli MBPs, which lack exon-
II [54] may also show a nuclear localization pattern, and have been proposed to play 
a role in oligodendrocyte proliferation during remyelination [55]. Further studies are 
needed to reveal the underlying mechanism(s) as to how e-MBP and postnatal exon-
II-positive MBP modulate proliferation, and whether these mechanisms are similar. As 
shown in the present manuscript in OLN-93 cells, and in a previous study in N19 cells 
[27], the proliferation of both transfected and untransfected cells was increased, while 
a nuclear localization of 21.5-kDa MBP-RFP was required. Therefore, expression of 
exon-II-containing MBPs highly likely increased cell proliferation via a diffusible factor, 
and although the identity of this diffusible factor is currently unknown, the expression 
and/or secretion might be regulated by the presence of exon-II-containing MBP in the 
nucleus or its absence in the cytoplasm. Given that e-MBP is functionally expressed 
in other tissues [17,41] and in a variety of cell lines (as we have shown here), an 
understanding of the mechanism(s) might provide also novel means to control (ab)
normal proliferation, as occurs in cancer.  
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Supplementary Figure 1: The localization of RFP does not change upon mitogenic 
modulation. 
OLN-93 cells were transiently transfected with RFP, treated as indicated. 24 hrs after 
transfection, live cells were recorded for 6 hrs in 10 % FCS, in serum-free (SF) medium for 6 
hrs or cells were kept for 6 hrs in serum free medium, after which the cells were recorded 
for 3 hrs in medium supplemented with 20% (SF+Recovery). Z- stacks with 0.5 µm optical 
sections were acquired every 10 min. 3D image analysis was performed by IMARIS Software. 
All measurements were performed in the presence of 50 µg/ml cycloheximide to inhibit de 
novo protein synthesis. Scale bar is 10 µm. Note that the localization of RFP does not change in 
serum-free medium or during recovery.
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Supplementary Figure 2: Nuclear import rate of RFP does not change upon mitogenic 
modulation. 
OLN-93 cells were transiently transfected with RFP. 24 hrs after transfection, cells were 
subjected to FRAP analysis in 10% FCS, or prior to FRAP measurements pretreated with serum-
free medium for 6 hrs (SF), or allowed to recover from an incubation for 6 hrs in serum-free 
medium (3 hrs in 20% FCS, SF+Recovery). The ratio of fluorescence intensities of nucleus to 
cytoplasm was set to 100% (after subtraction of background) and the ratio after bleaching 
was calculated accordingly. The results are plotted in a graph and fitted with a one-phase 
association curve using GraphPad Prism 5.
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Supplementary Figure 3: Nuclear export rate of RFP does not change upon mitogenic 
modulation. 
OLN-93 cells were transiently transfected with RFP. 24 hrs after transfection, cells were 
subjected to FRAP analysis in 10% FCS, or prior to FRAP analysis pretreated with serum-free 
medium for 6 hrs in the absence (SF) or presence of leptomycin B (SF+LMB), or allowed to 
recover from an incubation for 6 hrs in serum-free medium (3 hrs in 20%FCS, SF+Recovery). 
The ratio of fluorescence intensities of nucleus to cytoplasm was set to 100% (after subtraction 
of background) and the ratio after bleaching was calculated accordingly. The results are plotted 
in a graph and fitted with a one-phase association curve using GraphPad Prism 5.
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Supplementary Figure 4: shRNA knockdown of MBP significantly decreases cell proliferation 
in HEK293 (A-C) and HepG2 cells (D-F). 
Cells were untreated (ctrl), or transduced with shRNA directed against all isoforms of MBP 
(MBP↓), and analyzed 12 (HEK293) or 16 days (HepG2) after transduction. A, D. Equal 
amounts of protein (50 µg) were subjected to Western blot analysis using the anti-MBP 
polyclonal antibody. Note the 20% (HEK293) and 50% (HepG2) reduction of e-MBP protein 
upon transduction with MBP shRNA. (B, C, E, F) Cell proliferation was determined using a 
BrdU incorporation assay combined with GFP immunocytochemistry (B, D). Scale bar is 20 
µm. The percentage of proliferative cells, i.e., BrdU-positive, of total cells was determined (C, 
F). Note that HEK293 and HepG2 cells that contain shRNA against MBP, i.e., the GFP-positive 
cells, proliferate less. Statistical analysis in C and F were performed using GraphPad Prism 5 
(t-test, *p<0.05). Values shown in panel C and F are means + SD of at least three independent 
experiment.
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Summary

Oligodendrocytes (OLGs) are specialized, myelin forming cells of the central 
nervous system . One OLG can myelinate more than 50 axons at a time, thereby 
providing rapid and efficient saltatory nerve conduction. To reach a myelin forming 
stage, oligodendrocyte progenitor cells (OPCs) need to undergo a series of tightly 
regulated developmental and morphological changes. During early development 
OPCs proliferate and migrate, properties that cease to function upon further 
differentiation, which leads to myelin membrane biosynthesis [1]. Signaling molecules 
present in the extracellular environment contribute to OLG development in a spatial, 
sequential and transient manner [2]. Upon demyelination of an axon, this myelination 
machinery resumes its function, as only adult OPCs, and not mature OLGs, are able 
to enwrap denuded axons by functional myelin sheaths [3,4]. However, in the 
case of demyelinating diseases, such as multiple sclerosis (MS), the myelination 
machinery malfunctions, and loss of OLGs or the presence of quiescent OPCs, unable 
to differentiate and synthesize myelin sheaths, results in severe demyelination, 
ultimately leading to secondary axonal loss [3,5]. Remyelination failure in MS is 
likely a result of dramatic changes in the external environment, among others due 
to the persistent presence of signaling molecules, like pro-inflammatory cytokines 
such as TNFα [6,7], and the presence of deleterious extracellular matrix (ECM) 
molecules, such as fibronectin  [8,9] (chapter 1). In order to elucidate the underlying 
mechanism(s) of remyelination failure, extensive knowledge of the functioning of the 
myelination machinery is required. Therefore, to improve our knowledge of OLGs and 
myelination, it is crucial to comprehend the exact role of structural myelin lipids and 
proteins, as well as the functioning of the extracellular environment such as ECM and 
soluble signals, which was the focus of the studies described in this thesis. 

Along their differentiation, OLGs synthesize myelin specific proteins and lipids in a 
sequential manner. When compared to other membranes, the composition of myelin 
membranes is unique with its high lipid to protein ratio (70:30) [10,11]. Almost one 
third of the myelin lipid pool consists of the galactolipids, galactosylceramide (GalC) 
and sulfatide. Furthermore, OLGs express a specific repertoire of myelin proteins of 
which proteolipid protein (PLP) and myelin basic protein (MBP) are the major ones. 
Due to their polarized nature, OLGs exploit a polarized trafficking machinery to 
transport their cargo to the final destination, myelin membranes being served by 
a basolateral route [10,12]. Besides the trafficking machinery, the organization of 
myelin lipids and proteins within the membrane is also crucial for myelin to enable 
salutatory nerve conduction. For example, galactolipids are important constituents 



177

Summary and Future Perspectives

of membrane microdomains, so called ‘lipid rafts’, which play an important role 
in OLG development and differentiation [13]. In addition to that, the localization 
behavior of myelin proteins within these membrane microdomains is also essential 
for myelin assembly (chapters 3 and 4, [10]) . All these aspects and the continuous 
reorganization of myelin suggest that myelin membranes display a dynamic structure. 
For example, the sequential surface expression of myelin lipids might alter the fluidity 
of myelin membranes, which leads to changes in the lateral organization and mobility 
of the myelin proteins. In order to obtain more detailed insight into the dynamics of 
myelin proteins in the cell body plasma membrane or myelin membranes, different 
methodologies such as non-invasive optical microscopic biophysical techniques 
like fluorescence correlation spectroscopy (FCS), and raster image correlation 
spectroscopy (RISC) might be of use [15–17]. In chapter 2, we provided insight into 
how these biophysical methodologies can be applied in the myelin field. Furthermore, 
we provided information on the availability of different model systems such as OLG 
cell lines and model membrane systems like large and giant unilamellar vesicles (LUVs/
GUVs) [18,19]. These kinds of model membranes can be composed with a minimum 
number of elements such as lipids only or a joint set of lipids and proteins, taking into 
account the appropriate physiological ratios. In this manner, answers to lipid specific 
questions, i.e., the effect of fatty acyl chain length of galactolipids on membrane 
domain formation [20] can be investigated, or alternatively, provide information about 
specific myelin lipid-protein interactions [21].

The major myelin protein PLP is very important for the integrity of the myelin 
membrane as it regulates the close apposition of the extracellular leaflet of the 
myelin membranes [22,23]. PLP employs a vesicular transport machinery to reach the 
myelin membrane and as shown in chapter 3, vesicular transport of PLP is regulated 
in line with the polarized nature of OLGs; i.e., the myelin membrane is the target of 
a basolateral-like trafficking mechanism, whereas the cell body plasma membrane 
is a target of an apical-like mechanism [10,24,25]. We showed that PLP, prior to its 
incorporation into CHAPS-resistant membrane microdomains in the basolateral myelin 
membrane, is transported to the apical-like plasma membrane of the OLG cell body in 
a syntaxin-3 (t-SNARE) dependent manner, displaying resistance to the detergent TX-
100. Our data further revealed a sulfatide-mediated shift of PLP from TX-100-resistant 
microdomains to CHAPS-resistant-microdomains at the cell surface. This apical-to 
basolateral transcytotic transport route of PLP to the myelin membrane could be 
mimicked in the polarized liver cell line, HepG2 cells. Interestingly, upon transcytotic 
transport of PLP to the myelin membranes, we showed that the conformation of the 
second extracellular loop of PLP is altered in a sulfatide-dependent manner. 

After pinpointing the role of sulfatide in transcytotic PLP transport and the 
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role of PLP’s lateral organization within the membrane, we further examined the 
link between this lateral organization and dynamic behavior (chapter 4). A CHAPS 
extraction study performed in an OLN-93 cell line that allows selective expression of 
GalC alone or GalC and sulfatide, revealed that upon transient transfection with PLP, 
the presence of sulfatide increases PLP’s CHAPS insoluble membrane association. 
In relation to this observation, a pronounced sulfatide-mediated decrease in the 
lateral mobility of PLP was detected. A similar sulfatide-induced increase in the 
association with CHAPS-resistant membrane microdomains, along with a decreased 
lateral mobility of PLP in the presence of sulfatide was observed, when the cells 
were grown on laminin-2, a physiological substrate that promotes myelin membrane 
formation and harbors binding sites for sulfatide [26–29]. In contrast, on fibronectin, 
a pathological substrate, which inhibits myelin membrane formation and impairs 
remyelination in MS lesions [8,9,30], PLP was not present in these CHAPS-resistant 
membrane microdomains, which was accompanied by a dramatic increase in its 
lateral mobility.  

In parallel, the lateral membrane organization and mobility of 18.5-kDa MBP, the 
other major myelin protein, was examined in chapter 4. The presence of GalC, but 
not sulfatide, increased the CHAPS-resistant microdomain association of MBP, which 
correlated with an increase in the lateral mobility of the protein. Unlike PLP, MBP’s 
lateral mobility did not display differences in relation to different ECM coatings. 
Indeed, previous studies showed that the lateral organization of myelin-localized 
MBP is likely driven by secreted neuronal signals [31]. Therefore, under pathological 
conditions, rather than ECM proteins, soluble signals in the extracellular milieu might 
affect the lateral organization of MBP.

In MS lesions the expression of pro-inflammatory cytokines such as TNFα are 
upregulated [32]. In this context, in chapter 5, the effect of TNFα on MBP in myelin 
forming OLGs was examined. Rather surprisingly, exposure to relatively low levels of 
TNFα reduced the length of myelin segments, produced in myelinated cultures. In 
vitro, this was reflected by a marked and reversible redistribution in the localization 
of MBP protein, i.e., from myelin sheets towards primary processes, mediated by 
activation of TNF receptor 1 (TNFR1) . Notably, cell survival, MBP protein and mRNA 
levels, and the localization of MBP mRNA remained unaltered upon TNFα treatment. 
Similar changes in the localization of the phosphorylated form of MBP were observed, 
with a concomitant decrease of phosphorylation. Interestingly, the underlying 
mechanism for the TNF α-mediated redistribution of MBP appeared to be related 
to a disorganized actin cytoskeleton, which likely induced a shift of MBP from actin-
dependent to actin-independent membrane microdomains. This might interfere with 
the barrier function of MBP, given a similar redistribution of PLP towards primary 
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processes, and a relocalization of CNP towards the myelin sheets. Hence, these 
findings suggest that TNFα might influence the maintenance of myelin membranes in 
an MBP- and actin-dependent manner.

The MBP protein family consists of different isoforms [33], as a result of an 
alternative splicing of one MBP transcript, which is generated from a gene complex 
called Golli (Gene in the Oligodendrocyte Lineage) consisting of 11 exons [34]. Among 
these isoforms, the postnatal MBP isoforms of 14 and 18.5 kDa are lacking exon-II, 
and localize to the myelin membrane, playing a role in myelin membrane compaction 
and acting as a molecular barrier for the entry of proteins with large cytoplasmic 
tails to the myelin sheath [34,35]. In contrast, the postnatal exon-II positive MBP 
isoforms, i.e., 17 and 21.5 kDa in rat, localize to the nucleus and cytoplasm and their 
expression peaks during early OLG development [36,37]. Their function is however 
less clear. Therefore, in chapter 6, we investigated the function of exon-II positive 
MBP isoforms. We employed galactolipid deficient OLN-93 cells, which are not able 
to synthesize the major postnatal MBP isoforms. Interestingly, our results revealed 
that OLN-93 cells endogenously express an MBP isoform with an apparent Mw of 16 
kDa, which we identified as the exon-II-positive embryonic isoform of MBP (e-MBP). 
e-MBP displayed a similar nuclear and cytoplasmic localization pattern as postnatal 
exon-II positive MBPs. When cell proliferation was inhibited, e-MBP was excluded 
from the nucleus, whereas upon reestablishment of the proliferative conditions, 
e-MBP relocalizes to the nucleus, suggesting active nucleocytoplasmic shuttling 
in response to proliferation. Interestingly, e-MBP was also expressed in non-CNS 
cell lines, including HepG2, HeLa and HEK293 cells. Direct evidence for a role of 
e-MBP in proliferation was obtained upon down regulation of MBP, which markedly 
decreased the proliferation of the cell lines. Furthermore, live cell imaging and FRAP 
(Fluorescensce recovery after photobleaching) analysis with RFP-tagged exon-II 
positive postnatal 21.5-kDa MBP revealed that at proliferative conditions, 21.5-kDa 
MBP-RFP localized mainly in the nucleus, whereas it was excluded from the nucleus 
when proliferation was inhibited. Interestingly, the nuclear export blocking agent 
Leptomycin-B (LMB) prevented nuclear export of MBP. Thus, 21.5-kDa MBP actively 
shuttles between cytoplasm and nucleus upon mitogenic modulation. Hence, the 
exon-II containing MBP isoforms might be crucial players in cell proliferation during 
embryonic development and, after birth in OPC proliferation.  

In conclusion, the work presented in this thesis provided new insight into 
mechanisms related to myelin biogenesis, highlighting major roles of the myelin 
proteins PLP and MBP and the major myelin lipids GalC, sulfatide. Furthermore, we 
provided evidence that detailed knowledge of membrane microdomain association 
of myelin proteins improve our understanding on myelin biogenesis in both health 
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and disease. The obtained knowledge will help to better understand why myelin 
biogenesis or myelin maintenance fails in MS, adding to the elucidation of potential 
repair mechanisms, which are still largely unknown in MS.

Future Perspectives
In MS, de novo myelin membrane synthesis fails, which is likely due to an altered 

extracellular environment [8,38]. Interestingly, previous studies suggest that the 
biochemical structure of myelin galactolipids and myelin proteins are altered in 
MS, e.g., the extent of hydroxylation of sulfatide and deamination of MBP are 
increased[34,39]. Given the importance of sulfatide in the timing of PLP transport, and 
MBP in myelin biogenesis and maintenance (this thesis), these changes in structural 
myelin elements might provide novel insight as to why myelin biogenesis fails in MS. 
Thus, it will be interesting to further investigate the effect of the biochemical structure 
of myelin lipids in model membranes such as GUVs (see chapter 2). For example, 
one can make use of myelin membranes obtained from MS patients or alternatively 
synthetic lipids where hydroxylation levels are different, to reconstitute GUVs that 
mimic the conditions in MS. Furthermore, the data described in chapters 3 and 4 
provide a better understanding of the role of myelin galactolipids, especially sulfatide 
on transcytotic transport, localization and dynamics of the major myelin protein PLP. 
The work presented here would benefit from further investigations; i.e., it is not 
known yet how PLP transport, localization and dynamics are affected in MS. In that 
regard, dynamics studies relying on bleaching experiments, such as FRAP analyses, 
may provide detailed insight on the direction of PLP transport in the presence of 
different extracellular signals; i.e., the presence of neuronal-conditioned medium or 
the presence of fibronectin to elucidate whether PLP transport is perturbed in MS. 
Chapter 4 investigated the lateral mobility and membrane microdomain association of 
PLP and MBP as a function of the lipid environment, i.e., by selectively expressing GalC 
and/or sulfatide in OLN-93 cells. As galactolipids together with cholesterol play a role 
in membrane domain formation and since cholesterol levels are altered in MS [40,41], 
it will be interesting to analyze the effect of the cholesterol pool on raft partitioning 
and dynamic behavior of PLP and MBP, and their relevance to myelin biogenesis. To 
determine the lateral mobility of PLP and MBP, we made use of biophysical techniques 
FCS and RICS; however more advanced biophysical techniques such as spot 
variation FCS (discussed in chapter 2) enable to directly evaluate whether changes 
in the mobility of PLP are a consequence of its localization in distinct membrane 
microdomains.
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Similarly, the persistent presence of pro-inflammatory cytokines in MS may 
interfere with OLG polarity, myelin biogenesis and maintenance. In that context, our 
investigations on the cellular localization of MBP and its membrane microdomain 
association, in response to TNFα and a disorganized actin cytoskeleton, provided 
some insight as to why myelin segments in myelinated cultures are shortened as 
compared to those in untreated cultures. However, we still do not know the exact 
underlying mechanism of this myelin segment shortening and its pathological and/
or physiological relevance, if any. Additional experiments on the TNFR1 might provide 
some clues. TNFR1 localizes to membrane microdomains upon TNFα stimulation 
[42,43]. Therefore, it would be of interest to determine whether the effect of TNFα 
is mediated by TNFR1 in membrane microdomains, and whether TNFR1 membrane 
microdomain association is altered in MS. In addition, further investigations are 
necessary to elucidate why the actin cytoskeleton disorganizes and how this is linked 
to MBP and microdomain association. Proteins potentially involved might be Rac and 
Rho, since these proteins are known to regulate cytoskeletal dynamics. Besides, in 
MS, the post-translational modifications of MBP change dramatically. For example, 
MS patients have increased levels of deiminated MBP, and decreased levels of 
phosphorylated MBP [33]. Therefore, it will be of further interest to study the effect of 
TNFα on MBP post-transitional modifications.  

In Chapter 6, we proposed a novel function for exon-II containing MBP isoforms 
in cell proliferation. As these MBP isoforms regulate cell proliferation, it will be of 
interest to investigate whether these isoforms are re-expressed upon demyelination 
and contribute to remyelination, and whether this is valid in MS lesions. In addition, 
it is important to clarify the underlying mechanism of how exon-II containing MBPs 
regulate cell proliferation. By nuclear export blocking experiments with LMB, we 
suggested that the shuttling between nucleus and cytoplasm of MBP can be nuclear 
export signal (NES) dependent. However, to our knowledge, MBP does not contain 
NES, indicating LMB affects MBP indirectly, i.e., via another protein. In that regard, it 
is crucial to identify the interaction partners of nuclear MBP to unravel the underlying 
mechanism of the shuttling process. Our preliminary data suggest a direct interaction 
between e-MBP and p27 under proliferating conditions, whereas e-MBP exits the 
nucleus before p27. Furthermore, the involvement of post-translational modifications 
of MBP, such as phosphorylation, in the shuttling , as has been reported for other 
nuclear proteins [44], will also be of interest for future research.  
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Oligodendrocyten (OLGs) zijn cellen van het centrale zenuwstelsel die 
gespecialiseerd zijn in het maken van myeline, een vetachtig isolerend laagje van 
membranen rondom axonen. Dit myeline maakt een sprongsgewijze, en daardoor 
snelle en efficiënte, zenuwgeleiding mogelijk. Om het myeline-vormend stadium 
te bereiken moeten voorlopercellen van oligodendrocyten (OPCs) een reeks van 
nauwkeurig gereguleerde ontwikkelingsstadia en morfologische veranderingen 
ondergaan. Tijdens de vroege ontwikkeling vermenigvuldigen (‘prolifereren’) en 
verplaatsen (‘migreren’) de OPCs zich, eigenschappen die verdwijnen tijdens de 
verdere ontwikkeling (‘differentiatie’), welke uiteindelijk zal leiden tot de vorming 
(‘biogenese’) van myeline [1]. Lokale en tijdelijk aanwezige signaalmoleculen in de 
extracellulaire omgeving dragen bij aan deze strak gereguleerde uitrijping van OPCs 
[2]. Bij afbraak van myeline (‘demyelinisatie’) zal de machinerie voor myelinisatie 
opnieuw in werking moeten worden gezet, omdat alleen OPCs en niet volwassen 
OLGs in staat zijn om de ‘kale’ axonen opnieuw te omhullen met een functioneel 
laagje myeline (‘remyelinisatie’) [3,4]. In het geval van de ziekte multiple sclerosis 
(MS) is de (re)myelinisatie machinery echter ontregeld. Het verlies aan OLGs 
en de aanwezigheid van latente OPCs die niet kunnen differentiëren, leiden tot 
permanente demyelinisatie in MS en uiteindelijk als secundair effect tot het verlies 
van axonen [3,5]. Het falen van remyelinisatie in MS is waarschijnlijk het gevolg 
van veranderingen in de externe omgeving van de aangetaste gebieden (‘laesies’), 
onder andere vanwege de blijvende aanwezigheid van normaliter tijdelijke 
signaalmoleculen, zoals pro-inflammatoire cytokines, waaronder TNFα [6,7], en 
extracellulaire matrix (ECM) moleculen, zoals fibronectine [8,9] (hoofdstuk 1). Om 
het onderliggende mechanisme(n) van het falen van remyelinisatie op te helderen, 
is uitgebreide kennis van de werking van de myelinisatie machinerie vereist. Om 
onze kennis van OLGs en myelinisatie te kunnen verbeteren is het cruciaal om de 
precieze rol van structurele myeline lipiden en eiwitten te ontrafelen, alsmede de 
werking van de extracellulaire omgeving zoals de ECM en oplosbare signalen. Dit 
was dan ook de focus van de studies zoals deze beschreven zijn in dit proefschrift. 

Tijdens de differentiatie synthetiseren OLGs myeline eiwitten en lipiden in een 
nauwgezette volgorde. Door de relatief hoge lipide-eiwit verhouding (70:30) is de 
samenstelling van myeline membranen, in vergelijking tot andere membranen, uniek 
[10,11]. Bijna een derde van de myeline lipide fractie bestaat uit de galactolipiden 
galactosylceramide (GalC) en sulfatide. Daarnaast brengen OLGs myeline-
specifieke eiwitten tot expressie, waarvan proteolipid protein (PLP) en myeline 
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basic protein (MBP) de voornaamste zijn. OLGs zijn gepolariseerde cellen en maken 
gebruik van verschillende transport routes om eiwitten en lipiden naar de juiste 
membraandomeinen te vervoeren. Transport naar de groeiende myeline membranen 
verloopt via een basolaterale route [10,12]. Daarnaast is ook de rangschikking 
van myeline eiwitten en lipiden in het membraan cruciaal voor het vormen van 
functioneel myeline en het bereiken van sprongsgewijze zenuwgeleiding. Zo zijn 
de galactolipiden belangrijke componenten van microdomeinen, de zogenaamde 
‘lipid rafts’, in het membraan, welke een belangrijke rol spelen in de ontwikkeling 
van OLGs [13]. Bovendien is de aanwezigheid van specifieke myeline eiwitten in 
deze membraan microdomeinen essentieel voor myeline vorming [10, hoofdstuk 
3,4]. Al deze aspecten en de voortdurende reorganisatie van myeline suggereren 
dat myeline membranen dynamisch zijn. Zo kan de rangschikking of plaatselijke 
oppervlakte expressie van myeline lipiden de vloeibaarheid van de membranen 
veranderen, wat vervolgens leidt tot veranderingen in de laterale organisatie en 
mobiliteit van myeline eiwitten. Om meer gedetailleerd inzicht te krijgen in de 
dynamiek van myeline eiwitten enerzijds in het plasma membraan van het cellichaam, 
en anderzijds in het myeline membraan, kan het gebruik van niet-invasieve optische 
microscopische technieken, zoals fluorescentie correlatie spectroscopie (FCS) en 
rasterafbeelding correlatie spectroscopie (RISC) nuttig zijn [15-17]. In hoofdstuk 
2 hebben we inzicht gegeven in hoe deze biofysische technieken op het gebied van 
myeline kunnen worden toegepast. Verder is de beschikbaarheid van verschillende 
modelsystemen beschreven, zoals OLG cellijnen en modelmembraan systemen, 
bijvoorbeeld grote en zeer grote unilamellaire blaasjes (LUVs/GUVs [18,19]. Dit 
soort modelmembranen kunnen worden samengesteld met een minimum aan 
elementen zoals lipiden alleen of een geselecteerde set van lipiden en eiwitten, 
rekening houdend met de juiste fysiologische verhoudingen. Op deze manier 
kan antwoord worden gekregen op lipide-specifieke vragen. Zo kan bijvoorbeeld 
het effect van de lengte van de vetzuurketens van galactolipiden op de vorming 
van membraan microdomeinen worden onderzocht [20] of informatie worden 
verkregen over specifieke interacties tussen myeline eiwitten en lipiden [21]. 

Het myeline eiwit PLP is een essentieel eiwit voor het in stand houden van de 
integriteit van myeline, omdat het de toenadering van de buitenzijden van de lipide 
bilaag, dus van de twee verschillende omwindingen, faciliteert [22,23]. PLP wordt 
via vesiculair transport naar het myeline membraan getransporteerd, en zoals 
weergeven in hoofdstuk 3, is dit transport in lijn met het gepolariseerd karakter 
van OLGs gereguleerd; het myeline membraan is het doelwit van basolateraal 
transport, terwijl het plasma membraan van het cellichaam het doelwit is van 
apicale transport mechanismen[10,24,25]. We hebben aangetoond dat PLP, 
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voorafgaand aan de inbouw in CHAPS-resistente membraan microdomeinen in 
het myeline membraan, eerst wordt getransporteerd naar het plasma membraan 
van het cellichaam via een syntaxin-3 (t-SNARE)-afhankelijke route, waarbij 
het is ingebouwd in TX-100-resistente microdomeinen. De resultaten laten 
verder een sulfatide-gemedieerde verschuiving van PLP van TX-100-resistente 
membraan microdomeinen naar CHAPS-resistente membraan microdomeinen 
op het celoppervlak zien. De apicale-basolaterale transcytotische route van 
PLP naar het myeline membraan kan worden nagebootst in de gepolariseerde 
levercellijn HepG2. Tevens hebben wij kunnen aantonen dat de conformatie van 
de tweede extracellulaire lus van PLP verandert in aanwezigheid van sulfatide. 

Na de rol van sulfatide in het transcytotische transport van PLP en de 
verandering in de laterale organisatie van PLP in het membraan te hebben 
vastgesteld, hebben we in hoofdstuk 4 naar een mogelijk verband gezocht tussen 
deze laterale organisatie en het dynamisch gedrag van PLP. Een extractie studie 
met CHAPS in een OLG cellijn, OLN-93, waarin een selectieve expressie van GalC 
alleen en GalC en sulfatide mogelijk is, is gebleken dat na een transiente transfectie 
met PLP, sulfatide de CHAPS onoplosbaarheid van PLP verhoogd. Tevens werd 
een sulfatide-gemedieerde afname van de laterale beweeglijkheid van PLP 
gedetecteerd. Een vergelijkbare sulfatide-geïnduceerde toename in de associatie 
met CHAPS-resistente membraan microdomeinen, samen met een verminderde 
beweeglijkheid van PLP in het membraan, werd ook waargenomen wanneer 
de cellen werden gekweekt op laminine-2, een fysiologisch ECM substraat dat 
myelinisatie stimuleert en tevens bindingsplaatsen voor sulfatide bevat [26–29] 
. Daarentegen bleek PLP op fibronectine, een pathologisch ECM substraat dat de 
vorming van myeline membranen remt en remyelinisatie in MS laesies [8,9,30] 
schaadt, niet aanwezig te zijn in deze CHAPS-resistente membraan microdomeinen, 
wat gepaard ging met een toename van de laterale beweeglijkheid van PLP. 

In hoofdstuk 4 werd tevens de laterale organisatie en de mobiliteit van een 
andere belangrijke myeline eiwit, 18,5 kDa MBP, in het membraan onderzocht. 
De aanwezigheid van GalC, maar niet van sulfatide, verhoogde de aanwezigheid 
van 18,5 kDa MBP in CHAPS-resistente membraan microdomeinen, wat 
correleerde met een verhoging van de laterale beweeglijkheid van het eiwit. 
In tegenstelling tot PLP bleek de laterale mobiliteit van 18,5 kDa MBP niet te 
verschillen in cellen die gekweekt werden op laminine-2 en fibronectine. Inderdaad, 
eerdere studies hebben aangetoond dat de laterale mobiliteit van MBP in 
myeline waarschijnlijk gereguleerd wordt door oplosbare signalen [31]. Daarom 
zullen tijdens pathologische condities oplosbare signalen in de extracellulaire 
omgeving, en niet ECM eiwitten, de laterale organisatie van MBP beïnvloeden. 
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In MS laesies is de expressie van pro-inflammatoire cytokines, zoals TNFα, 
verhoogd [32]. In deze context werd in hoofdstuk 5 het effect van TNFα op MBP 
in myeliniserende kweken onderzocht. Verrassenderwijs bleek dat blootstelling 
aan relatief lage hoeveelheden van TNFα de lengte van de myeline segmenten 
kleiner maakte. In OLG monokweken kwam dit tot uiting in een duidelijke en 
omkeerbare herverdeling in de lokalisatie van MBP, dat wil zeggen van myeline 
membranen naar primaire uitlopers. Dit werd gemedieerd door TNF receptor 1 
(TNFR1). De overleving van de OLG, de hoeveelheid aan MBP eiwit en RNA, en 
de lokalisatie van MBP mRNA bleven onveranderd na behandeling met TNFα. 
Onze resultaten laten verder zien dat de TNFα-gemedieerde herverdeling van 
MBP gerelateerd was aan een dysorganisatie van het actine cytoskelet, wat 
gepaard ging met een verschuiving van MBP van actine-afhankelijke naar actine-
onafhankelijke membraan microdomeinen. Dit verstoort waarschijnlijk de 
barrière functie van MBP aangezien een soortgelijke herverdeling van PLP naar 
primaire uitlopers werd waargenomen en een herlokalisatie van CNP, een ander 
OLG specifiek eiwit, in de richting van myeline membranen. Deze bevindingen 
suggereren dat de permanente aanwezigheid van TNFα het in stand houden 
van myeline membranen verstoort, op een MBP- en actine-afhankelijke manier. 

De MBP eiwit familie omvat verschillende isoformen [33] als gevolg van 
alternatieve splicing van een MBP transcript dat is gegenereerd uit een uit 11 exonen 
bestaand gen complex genaamd Golli (Gene in Oligodendrocyte Lineage) [34]. Zo 
ontbreekt exon-II in de postnatale 14 en 18,5 kDa MBP isoformen. Deze isoformen 
bevinden zich voornamelijk in het myeline membraan waar ze een rol spelen in de 
‘verdichting’ van het myeline membraan aan de cytoplasmatische zijde en daarnaast 
ook optreden als een moleculaire barrière voor de opname van eiwitten met grote 
cytoplasmatische staarten in het myeline membraan [34,35]. Daarentegen zijn de 
postnatale exon-II positieve 17 en 21,5 kDa MBP isoformen gelokaliseerd in de kern 
en het cytoplasma [36,37]. De expressie van deze isoformen piekt tijdens de vroege 
ontwikkeling van OLGs, maar de functie van deze isoformen is echter nog onduidelijk. 
Daarom is in hoofdstuk 6 de functie van deze exon-II bevattende isoformen 
onderzocht. Hiertoe is gebruik gemaakt van de galactolipide deficiënte OLN-93 cellen 
die niet in staat zijn om postnatale MBP isoformen te produceren. Uit de resultaten 
bleek dat OLN-93 cellen wel een MBP isoform van ongeveer 16 kDa tot expressie 
brengen, welke wij geïdentificeerd hebben als een exon-II positieve embryonale 
isoform van MBP (e-MBP). e-MBP verschijnt in een vergelijkbaar lokalisatie patroon 
als postnatale exon-II positieve MBP isoformen; voornamelijk in de kern en het 
cytoplasma. Als de proliferatie van de cellen werd geremd, werd e-MBP uitgesloten 
van de kern, terwijl bij het herstel van proliferatie e-MBP weer terugkeert in de kern. 
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Dit suggereert een actief pendelen tussen het cytoplasma en de kern als reactie op 
proliferatie. Opvallend is dat e-MBP ook tot expressie komt in niet-OLG cellijnen, 
zoals HepG2, HeLa en HEK293 cellen. Direct bewijs voor een rol van e-MBP in cel 
proliferatie werd verkregen na downregulatie van MBP middels shRNA, waardoor de 
proliferatie in alle geteste cellijnen minder werd. Bovendien lieten imaging studies 
met levende cellen en FRAP (fluorescence recovery after photobleaching)-analyse 
met fluorescent-gelabeld exon-II positief postnataal 21,5 kDa MBP zien, dat onder 
prolifererende condities 21,5 kDa MBP hoofdzakelijk in de kern was gelokaliseerd, 
terwijl het werd uitgesloten van de kern als de proliferatie werd geremd. 
Leptomycin-B (LMB), een remmende stof voor het transport van eiwitten uit de kern, 
verhinderde ook de export van MBP uit de kern. Kortom evenals e-MBP pendelt 21,5 
kDa MBP actief tussen het cytoplasma en de kern als reactie op mitogene modulatie. 
Waarschijnlijk zijn de exon-II bevattende MBP isoformen cruciale spelers in de 
proliferatie van cellen tijdens de embryonale ontwikkeling en na geboorte voor OPCs.

Kortom, het werk zoals beschreven in dit proefschrift heeft nieuw inzicht 
verschaft in mechanismen die verband houden met de aanmaak van myeline, 
en laten een belangrijke rol voor de myeline eiwitten PLP en MBP en de typische 
myeline galactolipiden, GalC en sulfatide zien. Verder is in dit proefschrift 
bewijs geleverd dat gedetailleerde kennis van de associatie van myeline 
eiwitten met membraan microdomeinen belangrijke nieuwe inzichten geeft in 
de vorming van myeline membranen tijdens gezonde en ziekte-gerelateerde 
omstandigheden. De verkregen kennis draagt bij aan het beter begrijpen 
waarom de (her)aanmaak en het onderhoud van myeline faalt in MS, en 
biedt daardoor perspectief voor het verder ontwikkelen van therapeutische 
mogelijkheden voor een ziekte waarvan het ontstaan nog grotendeels onbekend is.  
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