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1. Summary 
 
 
 

In the vertebral nervous system, oligodendrocytes synthesize myelin 

membrane which enwrapes axons multiple times. Myelin insulates the axon 

from the extracellular environment and allows saltatory conduction of nerve 

impulses. Bidirectional interaction between neurons and oligodendrocytes is 

essential to coordinate myelin biogenesis. The aim of the present study was to 

investigate the membrane trafficking machinery which underlies myelination of 

the axonal tracts by oligodendrocytes, and the role of neuronal signals in the 

regulation of this process. For this purpose, we used neuron and 

oligodendrocyte cocultures as a cellular model. 

We analyzed the distribution and trafficking of the major myelin 

membrane protein, the proteolipid protein (PLP), in oligodendrocytes cultured 

in the absence or presence of neurons. We observed that PLP is mainly 

localized in late endosomes (LE) in the cells cultured without neurons, 

whereas it is transferred to the plasma membrane in the presence of a soluble 

diffusible neuronal signal. The same redistribution was observed in situ, using 

mice brain sections. We found two reasons for the redistribution of PLP: 

reduced endocytosis and at the same time increased exocytosis of PLP from 

the endosomal storage pools in the presence of neuronal signals. 

We showed that the endocytosis pathway used by PLP is clathrin-

independent, but requires cholesterol, the function of dynamin and the actin 

cytoskeleton. In addition, this endocytosis pathway was regulated by the 

activity of the RhoA GTPase. Furthermore, we found that the transport of PLP 

into the lumen of endosomes was independent of the ESCRT-mediated 

pathway.  

Using live microscopy, we showed that PLP-containing endosomes 

were transported to the cell periphery and were able to fuse with the plasma 

membrane. This pathway was regulated by the Rho-Src signaling system and 

controlled by neurons. 

Our results reveal a mechanism of how neurons coordinate membrane 

trafficking in oligodendrocytes to control myelin membrane growth in the 

central nervous system. 
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Figure 1. Neurons control the membrane trafficking machinery in oligodendrocytes. In the absence of 

neurons, PLP is internalized via a clathrin-independent endocytosis and stored in late endosomes (LEs). 

After receiving signals from neurons, the rate of endocytosis is reduced and transport from LE to the 

plasma membrane is triggered. Modified after Simons and Trajkovic, 2006. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 



 3 

2. Introduction 

 

 

2.1. Biology of oligodendrocyte and myelin 

 

Multicellular animals require a highly sophisticated system to monitor, 

control and respond to the changes in their internal and external environment. 

The nervous system is one of the major coordinators of these functions. It 

includes the central (CNS) and the peripheral (PNS) nervous system. The 

vertebral nervous system is an extraordinarily complex structure composed of 

several cell types, which can be roughly divided into two groups: neurons and 

glia. Neurons are electrically excitable cells that transmit and process 

information. Glial cells constitute the large majority of the cells in the nervous 

system, and they are represented by three major types of cells: astrocytes, 

microglia and oligodendrocytes in the CNS, and the Schwann cells in the 

PNS. These cells participate actively in the physiological functioning of the 

brain, and their dysfunction leads to various neurological diseases. 

 

 

2.1.1. Oligodendrocytes 

 

Oligodendrocytes form myelin – an insulating multi-lamellar sheath 

wrapped in a spiral around axons. Mature oligodendrocytes possess a large 

number of processes. Each of them connects distinct myelinated segments of 

many different axons (Bunge et al., 1962; Bunge, 1968). There is some 

morphological heterogeneity among these cells, including the number of 

processes that form myelin sheaths, which varies from 1 to 40 (Baumann and 

Pham-Dinh, 2001). All of these cells go through a series of stages during their 

development, defined by different morphological features and molecular 

markers (Pfeiffer et al., 1993). Some of these markers will be described in 

more detail in the section on myelin. Together with the morphological criteria, 

these markers facilitate the identification of distinct developmental stages of 

oligodendrocytes.  
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In the mammalian brain, both neurons and glia arise from the 

proliferating neuroepithelial cells of the ventricular and subventricular zone 

(Doetsch et al., 1997). The subventricular zone is a mosaic of multipotential 

precursors (Levison and Goldman, 1993)  where environmental cues 

influence the fate of these cells (Jensen and Raff, 1997). Oligodendrocyte 

precursor cells (OPCs) arise from the subventricular zone at very early stages 

during embryonic life. They are monopolar cells expressing the plateled-

derived growth factor α-receptor (PDGFR- α) (Pringle and Richardson, 1993), 

but also myelin proteins CNP (2’,3’-Cyclic nucleotide-3’-phosphohydrolase) 

(Yu et al., 1994)  and DM20, the shorter splice-isoform of proteolipid protein 

(PLP) (Timsit et al., 1992). The next stage in the oligodendrocyte lineage are 

the proliferating oligodendrocyte progenitor cells, which migrate from the 

place of their origin into the developing white matter throughout the brain 

(Frost et al., 1996; Levison and Goldman, 1993). These cells have been 

characterized by their bipolar morphology and the presence of specific 

markers, e.g. glycolipid GD3 (Hardy and Reynolds, 1991) and proteoglycan 

chondroitin sulfate (NG2) (Nishiyama et al., 1996). After oligodendrocyte 

progenitor cells have reached their final target, they transform into 

preoligodendrocytes, multiprocessed cells which keep the property of cell 

division and which are recognized by the antibody O4. This antibody reacts 

with sulfatides and as yet unidentified glycolipids (Bansal et al., 1989). The 

preoligodendrocytes become immature oligodendrocytes characterized by the 

appearance of the lipid determinant galactosylceramide (GalC) and the loss of 

expression of GD3 on the cell surface. These cells exit the cell cycle and start 

the sequential expression of the mature oligodendrocyte-markers, myelin 

basic protein (MBP), myelin-associated glycoprotein (MAG) and PLP (Dubois-

Dalcq et al., 1986; Hardy and Reynolds, 1991; Monge et al., 1986; Pfeiffer et 

al., 1993). The presence of myelin/oligodendrocyte glycoprotein (MOG) 

corresponds to the late stages of maturation (Solly et al., 1996). Mature 

oligodendrocytes can be differentiated further into premyelinating 

oligodendrocytes and myelin-forming oligodendrocytes, and this transition 

requires the presence of neurons (Baumann and Pham-Dinh, 2001). 

However, the differentiation of oligodendrocytes in cell culture occurs 

normally in the absence of neurons (Dubois-Dalcq et al., 1986; Mirsky et al., 
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1980). Therefore it seems that they have an intrinsic program defining the end 

of proliferation and their characteristic sequence of developmental steps 

(Temple and Raff, 1986), but this program is modulated by external factors 

coming from the surrounding cells. Neurons control the development of 

oligodendrocytes by regulating their proliferation, differentiation and survival 

(Barres and Raff, 1999). The signals are important to match the number of 

oligodendrocytes to the axonal surface requiring myelination. Several growth 

and trophic factors secreted by both neurons and astrocytes, such as PDGF-

A, FGF-2, IGF-1, NT-3 and CNTF, have been shown to regulate 

oligodendrocyte development (Baron et al., 2005; Barres and Raff, 1994; 

Miller, 2002). Neuregulins (NRGs), produced by neurons, stimulate terminal 

differentiation (Park et al., 2001) and the survival of maturing 

oligodendrocytes (Carteron et al., 2006; Fernandez et al., 2000; Flores et al., 

2000). However, they also induce proliferation (Canoll et al., 1996) and inhibit 

maturation in OPC cultures (Canoll et al., 1999). Another example of  an 

axonally derived signaling system is the Notch pathway. OPCs express the 

Notch 1 receptor, whose interaction with Jagged 1 located at the axonal 

surface results in inhibition of the differentiation of oligodendrocytes (Wang et 

al., 1998). The expression of the neuronal Jagged 1 is developmentally 

regulated, decreasing at the time when myelination starts, which suggests 

that this signaling system plays a role in the timing of myelination.   

 

 

2.1.2. Structure of myelin 

 

The major task of oligodendrocytes and Schwann cells is the 

production of myelin, a function no other cell type is able to carry out. Myelin 

is a spiral structure generated from the extensions of the plasma membrane 

of the oligodendrocytes in the CNS or the Schwann cells in the PNS. The 

myelin sheath around most axons is the hallmark of the vertebrate nervous 

system and represents its most abundant membrane. Myelin has a unique, 

segmental structure (Figure 2.1). The spiral wrapping of oligodendrocyte 

membrane extensions results in the periodic appearance of the myelin sheath 

segment with alternating concentric electron-dense and light layers (Baumann 
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and Pham-Dinh, 2001), named the major dense line and the intraperiod line, 

respectively. The major dense line is formed by the cytoplasmic surfaces of 

the myelinating membrane which are brought into close apposition, whereas 

the fused two outer leaflets of this membrane represent the intraperiod line.  

 

       
 

Figure 2.1. Myelinated axon: An electron micrograph of myelinated nerve fibers within the optic nerve. 

Modified after Simons and Trajkovic (2006). 

 

Myelin also displays a periodic structure on the longitudinal sections, 

with regularly recurring 150-200 µm long myelinated segments or internodes 

(Butt and Ransom, 1989), which are separated by spaces where myelin is 

lacking, the nodes of Ranvier (Bunge, 1968). From most of the myelin, large 

parts of the cytoplasm is extruded leading to the characteristic appearance of 

compact myelin. However, some parts of the myelin are excluded from the 

compaction process. Schmidt-Lanterman incisures correspond to the 

cytoplasmic surfaces that have not formed the major dense line, thereby 

creating the uncompacted clefts filled with the remnant cytoplasm. These 

clefts extend across the whole sheath, thereby making the cytoplasm on the 

outside of the sheath confluent with that of the inside part. The expanded 

cytoplasm-containing lateral loops, which flank the node of Ranvier from 

either side, represent the next uncompacted element of the myelin. These 

loops form the paranodal region or paranode. Paranodal loops establish 

septate-like junctions with the axonal membrane.      

Myelinated axons are organized into paranodal and juxtaparanodal 

longitudinal regions centered around the node of Ranvier (Figure 2.2). These 

three domains - node, paranode and juxtaparanode - exhibit the complex 

structure, and importantly, the differential distribution of ion channels. At the 
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nodes of Ranvier, the axonal membrane accumulates voltage-gated sodium 

channels. The adjacent paranodal domain with its junctions inhibits the lateral 

diffusion of proteins between the node of Ranvier and the juxtaparanode. The 

juxtaparanodal domain lies just under the compact myelin sheath next to the 

paranodes, and includes two shaker-type potassium channels, Kv1.1 and 

Kv1.2. The concentration of the sodium channels restricts the generation of 

the action potentials to the nodes of Ranvier. Signals from oligodendrocytes to 

neurons are necessary to cluster multiprotein complexes in the axonal 

membrane into distinct subdomains at the nodes of Ranvier (Pedraza et al., 

2001; Poliak and Peles, 2003; Salzer, 2003; Scherer and Arroyo, 2002). 

 

 

 

Figure 2.2. Schematic overview of domains at the node of Ranvier. Nodes accumulate voltage-gated 

sodium channels. Juxtaparanodes include shaker-type potassium channels Kv1.1 and Kv1.2. Paranodal 

loops of myelin establish septate-like junctions with the axonal membrane in the paranode. Modified 

after Simons and Trajkovic (2006). 

 

   

2.1.3. The molecular composition of  myelin 

 

Apart from the unique morphology, the molecular composition is 

another peculiarity of the myelin membrane. In contrast to most plasma 

membranes, myelin is a poorly hydrated, lipid-rich membrane (lipids constitute 

70% of the dry myelin weight) with the high content of glycosphingolipids and 

cholesterol. The major glycosphingolipids in myelin are galactosylceramide 

and its sulfated derivative sulfatide (20% of lipid dry weight). There is also an 

unusually high proportion of ethanolamine phosphoglycerides in the 

plasmalogen form, which accounts for one-third of the phospholipids. This 
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specific lipid structure is responsible for the insulating properties of the myelin 

sheath. 

Myelin contains a relatively simple array of proteins, distributed 

unequally in distinct domains. Myelin basic protein (MBP), and the proteolipid 

proteins (PLP and its shorter splice-isoform DM20) are the two major CNS 

myelin proteins, and P0 the major PNS myelin protein. These proteins are 

predominantly found in the compact, internodal myelin.  

MBP constitutes as much as 30% of the myelin protein content. In fact, 

it is a family of isoforms with different molecular masses, coded by alternative 

transcripts from the single MBP gene. It is a peripheral membrane protein 

localized to the major dense line. The mechanistic function of MBP in the 

formation of myelin has not yet been fully understood. The binding of the 

positively charged MBP to the negatively charged inner leaflet of the plasma 

membrane suggests that it can function as a lipid coupler by bringing the 

layers of myelin close together. Recent data indicate that neurons increase 

the lipid packing of the myelin-forming bilayer in oligodendrocytes and that 

MBP is involved in this process of plasma membrane rearrangement (Fitzner 

et al., 2006). Direct evidence that MBPs play a major role in myelin 

compaction came from the studies of the shiverer mouse, a severely 

hypomyelinated mutant carrying a large deletion of the MBP gene (Roach et 

al., 1985). 

PLP, the most abundant myelin protein in the mammalian CNS, is a 

highly hydrophobic molecule, 276 amino acids long, with molecular weight of 

26 kDa. The hydrophobicity is further increased by the esterification with long 

fatty acids (Weimbs and Stoffel, 1992). It is an integral membrane protein 

which traverses the plasma membrane bilayer four times with its 

transmembrane α-helices. In addition to the transmembrane domains, PLP 

comprises two extracytoplasmic and three intracytoplasmic domains 

(including the NH2 and COOH termini). The major part of this protein localizes 

to the intraperiod line (Weimbs and Stoffel, 1992). The jimpy and other 

mutations in the PLP gene lead to severe dysmyelinating phenotypes, in 

contrast to the total depletion of the PLP/DM20 (Coetzee et al., 1999). In the 

PLP null mutant mice, oligodendrocytes are still able to myelinate axons and 

assemble compacted myelin sheaths, although the structure of myelin is 
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impaired and late-onset neurodegeneration is observed (Griffiths et al., 1998; 

Klugmann et al., 1997). 

Some of the quantitatively minor myelin proteins of the CNS are: MAG, 

myelin oligodendrocyte protein, claudin11/oligodendrocyte-specific protein 

(OSP), neurofascin-155, the enzyme 2’,3’-Cyclic nucleotide-3’-

phosphohydrolase (CNP) and myelin/oligodendrocyte glycoprotein (MOG). 

 

 

2.1.4.  Myelination 

 

Myelination of the axonal tracts by oligodendrocytes primarily takes 

place in early postnatal life. This process is divided into several steps: 1) the 

recognition of and adhesion of oligodendrocytes to the appropriate axon; 2) 

the synthesis and transport of myelin components to the axon; 3) the 

wrapping of the myelin membrane around axons and 4) the compaction of the 

myelin sheath. The greatest part of this process takes places within a very 

short period of  time - during the active phase of myelination, in which each 

oligodendrocyte must produce as much as ~5-50×103 µm2 of myelin 

membrane surface area per day (Pfeiffer et al., 1993). Oligodendrocytes must 

have developed specific mechanisms to be able to coordinate intracellular 

sorting and transport at such a high production rate.  

Myelination is carefully controlled by external factors. The timing of 

myelination is crucial because the ensheathment of axons must not occur 

before the neurons signal to oligodendrocytes. The morphological features 

and activity of neurons have an important role: oligodendrocytes do not wrap 

their plasma membrane randomly around neuronal processes but carefully 

select axons that have diameter of >0.2 µm; they also exclude dendrites. 

Neuronal electrical activity leads to the secretion of promyelinating factors, 

such as adenosine, from neurons (Stevens et al., 2002). Conversely, 

impulses in premyelinating axons in the PNS trigger the release of adenosine 

triphosphate, which inhibits the proliferation and the differentiation of Schwann 

cells (Stevens and Fields, 2000). The electrical activity of neurons also leads 

to a change in the expression pattern of axonal proteins (Coman et al., 2005). 

The removal of some of these proteins, such as the polysialated adhesion 
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molecule NCAM, is essential and allows the myelination process to proceed 

(Charles et al., 2000). Recent work reveals the role of astrocytes in the 

initiation of myelination in response to electrical impulses: they appear to 

release a leukemia inhibitory factor (LIF), which then stimulates 

oligodendrocytes (Ishibashi et al., 2006). 

 

 

2.1.5. Sorting of myelin 

 

Myelin assembly and trafficking is much more than the expression of 

myelin genes and involves the assembly of particular components in a 

temporally and spatially regulated manner. This requires specific sorting and 

transport mechanisms for the delivery of myelin membrane components from 

their source to the newly forming myelin membrane (Kramer et al., 1997; 

Pfeiffer et al., 1993). Individual myelin components are synthesized in 

oligodendrocytes at several subcellular localizations and transported by 

different mechanisms to the growing myelin membrane.  

PLP and DM20 are transported by vesicular transport through the 

biosynthetic pathway to myelin (Colman et al., 1982). On its way to the 

plasma membrane, PLP/DM20 associates with cholesterol and 

galactosylceramide in the Golgi complex, which might assist the targeting of 

PLP/DM20 to myelin (Simons et al., 2000). The first hint of the signal 

determining the selective targeting of PLP/DM20 to myelin came from work 

carried out on transgenic mice showing that the N-terminal 13 amino acids of 

PLP are sufficient to target a cytoplasmic fusion protein (lacZ) to the myelin 

membrane (Wight et al., 1993). Recent work indicates that the palmitoylation 

of this sequence is necessary for the selective sorting of myelin (Schneider et 

al., 2005). These studies, amongst others, suggest that lipid rafts are involved 

in the transport of proteins to myelin (Kim et al., 1995; Kramer et al., 1997; 

Marta et al., 2003; Simons et al., 2002; Taylor et al., 2002). 

In contrast to PLP, the targeting of MBP to myelin depends on the 

transport of the respective MBP mRNAs. The MBP mRNA is assembled into 

granules in the perykarion of oligodendrocytes, transported along processes 

and localized at the myelin membrane (Ainger et al., 1993). The transport of 
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the RNA to the plasma membrane depends on a 21-nucleotide sequence, the 

RNA transport signal, in the 3’UTR of the MBP mRNA (Ainger et al., 1997). It 

is not known whether the transport and/or final localization of the mRNA or the 

protein are regulated by extrinsic signals. However, the finding that MBP is 

initially synthesized in the cell body and localized within processes and the 

myelin sheath later during the development suggests that its transport may be 

under developmental control (Shiota et al., 1989).  

 

 

2.1.6. Function of myelin 

 

The insulating properties of myelin together with its organization in 

repeating segments along the axons are a prerequisite for the fast, saltatory 

conduction of impulses in the nerve fibers in the vertebrate nervous system. 

The nerve impulse generated at the node of Ranvier jumps from node to node 

due to the low capacitance and the high resistance of the myelin sheath. The 

major advantages conferred to the vertebrate nervous system by the myelin 

sheath are high-velocity conduction, fidelity of long-distance signaling and 

spatial economy, in contrast to the invertebrate nervous system, in which 

rapid conduction is achieved by the increased diameter of the axons. In 

addition, myelin plays an important role in axonal development and 

maintenance (Lappe-Siefke et al., 2003), but also inhibits the regeneration of 

the injured axons within the adult mammalian CNS. The essential role of 

myelin in the functioning of the nervous system is highlighted by severe 

neurological symptoms that accompany different demyelinating diseases such 

as multiple sclerosis. 
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2.2. Membrane trafficking in the endosomal system 

 

 

2.2.1. Endocytosis 

 

 Endocytosis is the process by which cells take up plasma membrane 

components, extracellular ligands and soluble molecules. It has an essential 

role in many cellular processes, like nutrient uptake, the recycling of synaptic 

vesicles, regulation of the surface expression of receptors, remodeling of the 

plasma membrane and the generation of cell polarity. The best described 

endocytosis pathway is clathrin-mediated endocytosis. This form of 

endocytosis begins at clathrin-coated pits, the specialized regions which 

occupy about 2% of the total plasma membrane surface. Clathrin-coated pits 

invaginate into the cell and pinch off to form clathrin-coated vesicles. The 

assembly of the clathrin coat is mediated by several cytosolic proteins, 

including clathrin adaptor AP-2, eps15 (substrate for the tyrosine kinase of the 

epidermal growth factor receptor) and epsin (Maldonado-Baez and Wendland, 

2006). Small guanosine triphosphatase (GTPase) dynamin together with other 

cytosolic proteins regulates the fission of the vesicles from the plasma 

membrane. Once the vesicle is released, the clathrin coat is rapidly 

disassembled, and the vesicle can fuse with an early endosome.  

Recently, a number of clathrin-independent internalization pathways 

have been identified. These pathways share some of the machinery among 

each other and with the clathrin–mediated pathway, but they all have certain 

specificities which identify them as separate pathways (Kirkham and Parton, 

2005) (Figure 2.3). Although the classification of these pathways is still under 

debate, the majority of the cargo entering the cell in a clathrin-independent 

manner utilizes macropinocytosis, caveolae – dependent or a clathrin-

independent and caveolae-independent pathways either requiring dynamin or 

not. 

Macropinocytosis is the internalization of significant areas of the 

plasma membrane together with huge amounts of extracellular fluid, followed 

by the formation of large (> 1µm) irregular vesicles called macropinosomes. 

This process is coupled with membrane ruffling coordinated through the 
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activity of the small GTPase Rac1. The small GTPases ARF6 (ADP-

ribosylation factor 6) (Radhakrishna et al., 1996), and cdc42 (Garrett et al., 

2000; Symons and Rusk, 2003) have been implicated in macropinocytosis.  

 
Figure 2.3. The visualization of different endocytic pathways. Abbreviations: LacCer, lactosylceramide; 

IL-2, interleukin-2; GPI, glycosylphosphatidylinositol. Modified after Kirkham and Parton (2005). 

 

 

Caveolae are flask-shaped, non-coated invaginations of the plasma 

membrane present in most cell types (Kurzchalia and Parton, 1999). Their key 

component is caveolin, a cholesterol-binding protein that forms high-ordered 

oligomers and sequesters lipid-raft components. Caveolin-1 knockout mice 

lack morphologically distinguishable caveolae, which suggests that the 

expression of caveolins is absolutely required for the formation of caveolae. 

The budding of caveolae is mediated by dynamin (Henley et al., 1998; Oh et 

al., 1998) and is regulated by a large number of kinases (Pelkmans, 2005). 

Furthermore, rearrangements of actin cytoskeleton is required for endocytosis 

of caveolae (Pelkmans et al., 2002). Some specific markers of the caveolae-

mediated pathway are the albumin-binding glycoprotein GP60, Simian Virus 

40 (SV40) and lactosylceramide (LacCer) (Kirkham and Parton, 2005).  

One interesting difference between caveolae and clathrin-mediated 

endocytosis is the stable association of the caveolin-containing coat of the 

budding vesicles with the plasma membrane (Pelkmans et al., 2004), as 

opposed to a clathrin coat, which is rapidly removed after vesicle detaches 

from the plasma membrane (Pelkmans, 2005; Tagawa et al., 2005). In fact, 
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the clathrin-coated vesicles lose their identity at the time when they fuse with 

early endosomes, whereas caveolae can either transiently fuse with 

endosomes following a kiss-and-run mode of interaction with a completely 

retained identity, or become stably associated with a relatively stationary, 

large, multi-caveolar assembly with neutral pH – the caveosome (Pelkmans, 

2005). The caveosome is distinct from the transferrin-labeled, acidic early 

endosome. This organelle is permanently present in the cell independent of 

the activity of caveolae-mediated endocytosis, and it has an ability to further 

interact and exchange material with different compartments in a kiss-and-run 

manner (Pelkmans, 2005).  

 Another clathrin-independent pathway distinct from caveolae-mediated 

endocytosis has been described (Sabharanjak et al., 2002). Using GPI-

anchored proteins as marker proteins, a novel clathrin- and dynamin-

independent endocytic pathway sensitive to cholesterol depletion was 

identified. The initial compartment where GPI-anchored proteins seem to 

enter appears to be a network of tubular carriers named GPI-enriched 

endosomal compartment (GEEC). This form of endocytosis is regulated by 

the small GTPase cdc42, but not by other Rho family members. Other studies 

have implicated a role of the GTP-binding protein ARF6, as well as 

phosphatidylinositol (4,5) bisphosphate (PtdIns(4,5)P2) in this process 

(Naslavsky et al,2004). Recent data indicate that the endocytosis of GPI-

anchored proteins may require the function of flotillin-1 (Glebov et al., 2006). 

 A somewhat related endocytosis pathway is used by the β subunit of 

interleukin-2 (IL-2) receptor (Lamaze et al., 2001).  This pathway is sensitive 

to cholesterol depletion and clathrin-independent, but it requires the activity of 

dynamin and RhoA GTPase. A similar clathrin – independent, dynamin – 

dependent endocytosis is followed by the γc cytokine receptor (Sauvonnet et 

al., 2005).  

In contrast to caveolae-mediated endocytosis, the pathways used by 

both the IL-2 receptor (Lamaze et al., 2001) and GPI-anchored proteins 

(Sabharanjak et al., 2002) converge with the clathrin-mediated endocytosis 

system within the common endosomal compartment (Hemar et al., 1995; 

Sabharanjak et al., 2002). 
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The caveolae-mediated endocytosis system seems to be special in a 

sense that it segregates its cargo from the endosomal systems used by most 

other cargos. This feature is mediated by caveolin, which acts as a scaffold 

keeping its cargo concentrated not only during the initial phase of 

internalization, but also during intra-endosomal transport. It is possible that 

caveolae-mediated endocytosis is a more specialized form of the clathrin-

independent and caveolae-independent endocytosis pathways. Their close 

relation is clearly shown by the fact that depletion of caveolae results in the 

uptake of caveolar cargo by these clathrin-independent and caveolae-

independent pathways (Damm et al., 2005). 

The borders between clathrin-dependent and -independent pathways 

are also blurred to some extent. For example, the antrax and tetanus toxins 

use a cholesterol depletion-sensitive, but clathrin-dependent pathway for 

internalization (Abrami et al., 2003; Deinhardt et al., 2006). It seems that 

these toxins require lipid-rafts in the initial phase for the concentration of 

cargo, but they subsequently dissociate from lipid-rafts and enter clathrin-

coated pits. There are also examples of cargo that can use either one or 

another pathway depending on specific signals. Under low concentration of 

EGF, the EGF receptor enters clathrin-coated pits, whereas high 

concentrations of EGF trigger the internalization via a clathrin-independent 

pathway (Sigismund et al., 2005). The specific determinant seems to be the 

monoubiquitination of the receptor induced by high concentration of EGF, 

which acts as a signal for the recruitment of epsin and the subsequent 

endocytosis by a clathrin-independent pathway. Another interesting example 

for differential sorting is the TGF-β receptor: the uptake via caveolae leads to 

its degradation, while clathrin-dependent uptake induces the generation of the 

receptor-mediated signal (Di Guglielmo et al., 2003). There are also examples 

of how different pathways can lead to the transport to the same terminal 

station. The targeting of cholera toxin to Golgi complex and subsequent 

acquiring toxicity is possible by entry through clathrin-dependent and -

independent pathways (Orlandi and Fishman, 1998). Likewise, sphingomyelin 

can reach the Golgi complex through both clathrin-dependent or -independent 

pathways (Puri et al., 2001).There are also examples of differential uptake 

mechanisms dependent on the cell type: the cellular isoform of the prion 
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protein PrPc is a raft-associated protein internalized via clathrin-mediated 

endocytosis in neurons (Sunyach et al., 2003), or via caveolae in non-

neuronal cells (Peters et al., 2003).  

Endocytosed molecules can undergo different fates, some being 

directed towards lysosomes for degradation and others being retrieved for 

reutilization. The decision regarding their fate can be taken during any of the 

following steps: on the level of the plasma membrane (as discussed in the 

section above), in early or in late endosomes (van der Goot and Gruenberg, 

2006). Schematic overview of the endosomal trafficking is presented in the 

Figure 2.4. 

                       

 

Figure 2.4. Overview of endosomal trafficking. Endocytosed cargo is targeted to early endosome (1), 

from where it can be recycled back to the plasma membrane via recycling endosome (2), or sorted into 

intralumenal vesicles (3) of an endosomal carrier vesicle/multivesicular body (ECV/MVB) (4). 

ECV/MVBs deliver their content to the late endosome (5). Late endosome can fuse with the lysosome 

thereby leading to the degradation of cargo (6). Alternatively, it can fuse with the plasma membrane and 

release its intralumenal vesicles which then become exosomes (7). Third possibility is back-fusion of 

intralumenal vesicles with the endosomal perimeter membrane (8), followed by the formation of tubular 

extensions (9), which eventually fuse with the plasma membrane (10), as in the case of MHC-II 

compartment in dendritic cells. Abbreviations: EE, early endosome; RE, recycling endosome; ECV/MVB, 

endosomal carrier vesicle/multivesicular body; LE, late endosome; L, lysosome; MIIC, MHC class II 

compartment; 
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2.2.2. Early endosome and sorting into endosomal carrier 

vesicle/multivesicular body 

 

The early endosome is a dynamic compartment (Gruenberg et al., 

1989), which acts as a sorting station for the internalized cargo downstream of 

the plasma membrane. There is evidence for the existence of different early 

endosomal populations reached by two unequal types of clathrin-coated 

vesicles (Lakadamyali et al., 2006). The first type fuses with the so-called 

dynamic early endosome and its content is targeted further to a lysosome, 

whereas the content of the second type recycles to the cell surface via static 

early endosomes. The presence of distinct membrane domains within a single 

early endosome has also been shown (Gruenberg, 2001). These domains 

seem to be involved in sorting (Gruenberg, 2001). Once in early endosomes, 

housekeeping receptors can recycle back to the surface directly or through 

the recycling endosome, whereas some other molecules follow a transport 

pathway to the Golgi complex or endoplasmic reticulum (ER) (Maxfield and 

McGraw, 2004; Perret et al., 2005). Alternatively, material can be delivered to 

late endosomes and lysosomes. There are currently two hypotheses 

regarding trafficking between the early and late endosome: the maturation 

model, in which early and late endosomes reflect different stages of the same 

compartment, and the stable-compartment model, proposing two stable 

compartments with intermediate carrier that shuttles material among them. 

The maturation model proposes the gradual replacement of the early 

endosomal marker Rab5 with the late endosomal marker Rab7, as shown 

recently by live-cell imaging (Rink et al., 2005). Conversely, another 

independent study shows that Rab7-enriched domains form on the Rab5-

positive early endosome and subsequently bud away (Vonderheit and 

Helenius, 2005). Both models agree with the existence of endosomal carrier 

vesicle/multivesicular body (ECV/MVB), the intermediate which contains 

endocytosed tracers after segregation from recycling receptors, but before 

reaching lysosomes (Geuze et al., 1983; Miller et al., 1986; Mueller and 

Hubbard, 1986). ECV/MVBs display the characteristic accumulation of 

intralumenal vesicles (ILVs) and they can fuse with – or mature into – late 

endosomes, which eventually fuse with lysosomes (Bright et al., 2005).  
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The formation of ECV/MVBs requires the sorting of the proteins into 

vesicles that invaginate into the interior of the early endosome (Gruenberg 

and Stenmark, 2004). The collecting of the proteins within ILVs requires four 

ESCRTs (Endosomal Sorting Complexes Required for Transport): ESCRT-0, 

-I, -II and –III, which act sequentially in the sorting process (Babst, 2005; 

Babst et al., 2002a; Babst et al., 2002b; Katzmann et al., 2001). In yeast, 

ESCRT-0 is represented by the complex of Hse1 and Vps27 (vacuolar protein 

sorting 27), which binds the ubiqitinated cargo (Bilodeau et al., 2002). 

ESCRT-I, heterotrimer composed of Vps23, Vps28 and Vps37 subunits, has 

the ability to interact with ubiqitinated cargo via Vps23 subunit (Katzmann et 

al., 2001). ESCRT-II, heterotrimer with subunits Vps22, Vps25 and Vps36, 

acts downstream from ESCRT-I (Babst et al., 2002b; Katzmann et al., 2002). 

ESCRT-II can also bind ubiquitin via its subunit Vps36, which harbors a 

ubiquitin-binding Npl4 zinc finger (NZF) domain (Alam et al., 2004; Meyer et 

al., 2002). ESCRT-III is a heteromultimer represented by two functional 

subcomplexes: Vps20/Snf7 and Vps2/Vps24, and it is recruited to the 

endosomal membrane by ESCRT-II (Babst et al., 2002a). ESCRT-III does not 

have a ubiquitin-binding site, but it is necessary for the recruitment of other 

proteins which function downstream from the cargo recognition (Babst et al., 

2002a). There are two models of ESCRT function: the ‘ubiquitin hand-off 

model’ entails the transfer of cargo first from ESCRT-0 to ESCRT-I, and 

subsequently from ESCRT-I to ESCRT-II, whereas the alternative ‘clustering’ 

hypothesis suggests that the formation of the ‘complex of complexes’ - 

Vps27/ESCRT-I/ESCRT-II leads to cargo clustering by simultaneous binding 

(Hurley and Emr, 2006). In addition to these complexes, there are several 

other proteins involved in the sorting process. Vps4 - an AAA-type ATP-ase 

(Babst et al., 1997; Babst et al., 1998) catalyses the release of ESCRT 

complexes from the endosomal membrane (Babst et al., 2002a; Babst et al., 

1998; Katzmann et al., 2001). Bro1 recruits Doa4 (Luhtala and Odorizzi, 

2004), the enzyme involved in the deubiquitination of the cargo prior to sorting 

into intralumenal membranes (Amerik et al., 2000; Babst et al., 2002b). 

Because the proteins involved in sorting into ECV/MVBs are evolutionarily 

conserved, they have been identified independently in several different 

species, which resulted in somewhat confusing nomenclature (Slagsvold et 
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al., 2006). For example, human orthologues of Vps27 and Vps23 are Hrs 

(hepatocyte growth factor receptor substrate) and Tsg101 (tumor 

susceptibility gene 101), respectively, whereas Vps5 and Vps17 from yeast 

are functionally equivalent to the proteins of the nexin family in humans 

(Carlton et al., 2005). Mammalian homologue of the yeast protein Bro1 is Alix 

(ALG-2 interacting protein X, also known as AIP1). The sorting described for 

the mammalian system takes place in the following sequence of events: the 

process is initiated when Hrs recruits clathrin to form an atypical coat (Raiborg 

et al., 2001). Hrs concentrates ubiquitinated proteins destined for the 

degradation on the perimeter membrane of the early endosome (Raiborg et 

al., 2002; Urbe et al., 2003), and interacts with Tsg101, thereby recruiting 

ESCRT-I (Bache et al., 2003; Katzmann et al., 2003; Lu et al., 2003). Alix has 

been shown to interact with ESCRT-I via Tsg101 and with ESCRT-III via 

Vps32 (Martin-Serrano et al., 2003; Strack et al., 2003; von Schwedler et al., 

2003). The sorting of the cargo into ECV/MVB, but not the further transport, is 

highly dependent on phosphatidylinositol-3-phosphate (PI3P) signaling (Petiot 

et al., 2003). A model for protein sorting into ECV/MVB is presented in the 

Figure 2.5. 

In addition to its sorting function, the ESCRT network also drives the 

formation, invagination and fission of vesicles, which bud into the lumen of 

ECV/MVEs. Sorting into ILVs can be uncoupled from the vesicle formation 

(Urbe et al., 2003). The membrane invagination and the budding of the 

vesicles in the direction of endosomal lumen is topologically opposed to 

endocytosis, and therefore requires machinery different from that involved in 

the internalization from the plasma membrane. The structural analysis of the 

sorting machinery reveals the resemblance of the ESCRT-III complex to 

SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor) proteins, which mediate membrane docking and fusion. This 

suggests the possible role of the ESCRT-III complex in the membrane fusion 

of the neck regions of the invaginated endosomal membrane, and the 

subsequent scission of the newly formed vesicle (Raiborg et al., 2003). Apart 

from the ESCRT-mediated budding, there are other possibilities for ILV 

formation. It is known that the unconventional phospholipid 
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lysobisphosphatidic acid (LBPA) is highly enriched in ILVs (Kobayashi et al., 

1998). Matsuo et al. (2004) found that the high abundance of LBPA in artificial 

liposome at acidic internal pH enhances inward vesiculation, presumably 

because of its inverted cone shape, which promotes the invagination of the 

membrane. They have also shown that this process is selectively controlled 

by Alix. LBPA is not detected in yeast (Russell et al., 2006), which suggests 

that this might be a vesiculation mechanism of higher organisms. The inward 

vesiculation may also require annexins (Mayran et al., 2003; White et al., 

2006). Additionally, the cargo itself can influence the formation of the 

ECV/MVBs: the stimulation of cells with EGF significantly increases both the 

number of ILVs per ECV/MVB, and the number of ECV/MVBs (White et al., 

2006).  

It seems that there are different subpopulations of ECV/MVBs: ILVs 

enriched in LBPA are found in distinct compartments from those enriched in 

cholesterol (Mobius et al., 2003) or EGF receptor (White et al., 2006). EGF 

stimulation increases the biogenesis of only the latter compartment, and this 

process depends on annexin 1 (White et al., 2006). The fact that there are 

more types of these vesicles points to the existence of different pathways of 

ILV biogenesis. Some data support the idea that there are variations of the 

ESCRT-mediated sorting mechanism. Yeast proteins Sna3p (Bilodeau et al., 

2002) and Cvt17p (Epple et al., 2003) and human δ-opioid receptor (Hislop et 

al., 2004) do not require direct ubiquitination and ubiquitin interacting motifs 

(UIMs) of ESCRT-I for sorting into ILVs. Some of them can access ILVs by 

associating with other ubiquitinated proteins (Hislop et al., 2004), or binding 

downstream ESCRT members (Geminard et al., 2004; Strack et al., 2003). 

The first and, so far, the only protein shown to follow a ubiquitin-independent, 

ESCRT-independent pathway en route to ILVs is the melanocyte protein 

Pmel17 (Theos et al., 2006).  

Interestingly, the ECV/MVB formation machinery is usurped by many 

retroviruses, including human immunodeficiency virus (HIV), which use this 

cellular pathway for their budding and spreading of the infection (Morita and 

Sundquist, 2004). Thus, this pathway may be a potential target for treatment 

of different retrovirus – induced diseases. 
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Figure 2.5. The organization of ESCRT-complexes and model for protein sorting into a multivesicular 

endosome. a) Schematic overview of the early endosome, which gives rise to an endosomal carrier 

vesicle/multivesicular body (ECV/MVB). b) Schematic representation of endosomal protein complexes 

required for transport (ESCRTs) and a model for sorting of ubiquitinated membrane proteins into 

ECV/MVB. Hrs subunit of ESCRT-0 recruits a ubiquitinated protein to the endosomal membrane. 

Subsequently, ubiquitinated cargo is delivered to ESCRT-I by interacting with Tsg101. The cargo is then 

relayed to ESCRT-II and transported into intralumenal vesicles, whose formation is mediated by 

ESCRT-III. Before vesicle scission, the protein is deubiquitinated. Abbreviations: Ub, ubiquitin. Modified 

after Raiborg et al. (2003). 
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2.2.3. Late endosome as a sorting station 

 

ECV/MVBs are translocated along microtubules towards the 

perinuclear area where they fuse with, or mature into late endosomes 

(Aniento et al., 1993; Bomsel et al., 1990; Parton et al., 1992). Late 

endosomes have a highly pleiomorphic structure with tubular, cisternal and 

multivesicular regions. They are highly acidic organelles (pH ~5.0-5.5), which 

contain biochemical markers, such as lysosomal-associated membrane 

protein-1 and -2 (Lamp-1 and Lamp-2), located on the limiting membrane of 

the organelle (Griffiths et al., 1988). Another resident of the limiting membrane 

is MLN64, a homologue of the mitochondrial steroidogenic acute regulatory 

protein (StAR) (Alpy et al., 2001). By contrast, CD63, a member of tetraspanin 

protein family, is found within intralumenal membranes (Escola et al., 1998), 

whereas mannose 6-phosphate receptor (M6PR) transits through these 

membranes en route to the Golgi complex (Griffiths et al., 1988). LBPA is 

another abundant component of the intralumenal membranes of late 

endosomes (Kobayashi et al., 1998). Recent data from Sobo et al. (2007) 

provide further insight into the structural organization of late endosomes. They 

identified two different raft-like domains: the first domain contained flotillin-1 in 

the limiting membrane, whereas the second was enriched in GPI-anchored 

proteins within the ILVs. Some studies indicate the existence of two late-

endosomal subpopulations, one enriched in Rab7 and the other in Rab9 

endosomal marker (Barbero et al., 2002). Late endosome acts as the last 

sorting station from where proteins can be directed to lysosomes for 

degradation (Gruenberg, 2001), or retrieved and delivered to the trans Golgi 

network (Maxfield and McGraw, 2004), or to the plasma membrane 

(Stoorvogel et al., 2002; Trombetta and Mellman, 2005). Some degradation 

can also occur in late endosomes (van der Goot and Gruenberg, 2006).  

The degradation pathway involves the delivery of the content from late 

endosomes to lysosomes, which is an exchange process taking place both by 

fusion and ‘kiss-and-run’ interaction (Bright et al., 2005). It is difficult to 

distinguish between late endosomes and lysosomes using light microscopy, 

as they share most of the marker proteins. Nevertheless, lysosomes can be 

identified by electron-microscopy due to their morphological features, such as 
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the electron-dense appearence, but also by biochemical methods which 

reveal their specific physical properties on gradients (Gruenberg, 2001). 

 

 

2.2.4. Communication of late stations of the endocytic pathway with the 

plasma membrane 

 

Lysosomes represent a termination point for most, but not all proteins. 

There are many studies reporting that late endosomes and lysosomes can 

become mobile and deliver their material to the plasma membrane and 

extracellular environment. One example of the so-called retrograde transport 

from late endosomes/lysosomes to the plasma membrane is the translocation 

of the major histocompatibility (MHC) class II to the cell surface during the 

maturation of dendritic cells (Trombetta and Mellman, 2005). Some cell types, 

including cells derived from the hematopoietic lineage (Blott and Griffiths, 

2002), and melanocytes (Marks and Seabra, 2001) contain secretory 

lysosomes, also known as lysosome-related organelles. Secretory lysosomes 

are specialized, dual-function organelles which are, in addition to their 

degradative function, able to store and release newly synthesized secretory 

proteins. The biochemical composition of these organelles is very similar to 

that of the conventional lysosomes, but it comprizes an additional cell-type-

specific set of secreted constituents (Blott and Griffiths, 2002).  

There are currently two hypotheses about the evolution of secretory 

lysosomes. The first one is that the secretory lysosomes have evolved from 

conventional lysosomes which acquired the ability to secrete their content. 

This idea is supported by the fact that these organelles share many common 

characteristics. The second hypothesis is that they might be distantly related 

to secretory granules, storage compartments in specialized secretory cells 

(Blott and Griffiths, 2002). Immature granules, the precursors of the secretory 

granules, are acidic and contain both lysosomal and secretory proteins 

(Klumperman et al., 1998; Kuliawat et al., 1997).  

Exocytosis of the secretory lysosomes is a regulated process, as 

exemplified in cytotoxic T-lymphocyte: the binding of a cell-surface receptor 

acts as a signal inducing Ca2+ mobilization within the cell, leading eventually 
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to the mobilization of secretory lysosomes for degranulation (Lyubchenko et 

al., 2001). These organelles move along microtubules, driven by a motor from 

the kinesin family (Burkhardt et al., 1993). Once near the cell periphery, 

lysosomes use actin-based movement to reach their final docking site on the 

plasma membrane (Langford et al., 1994). The process of exocytosis requires 

a common cellular machinery that is shared with secretory granules, including 

synaptotagmins, proteins that bind phospholipid membranes in Ca2+-

dependent manner (Martinez et al., 2000) and part of the SNARE  fusion 

machinery (Paumet et al., 2000). Additionally, secretory lysosomes seem to 

use some unique components, like Rab27a, a specific member of the Rab 

family small GTPases (regulators of budding, tethering, fusion and motility at 

various cellular sites) and other factors, such as Lyst (Blott and Griffiths, 

2002).  

 Interestingly, not only specialized lysosomes, but also conventional 

lysosomes have the ability to fuse with the plasma membrane under certain 

conditions (Andrews, 2000). This process seems to play a role in plasma 

membrane repair, for example during wound healing (Andrews, 2002).  

 

 

2.2.5. Possible fates of intralumenal vesicles of late endosome 

 

Late endosomes can fuse with lysosomes, thereby delivering their ILVs 

for degradation, a process used for the downregulation of receptors (Futter et 

al., 1996). Alternatively, the late endosome can fuse with the plasma 

membrane, thereby releasing the ILVs into extracellular environment as 

exosomes (Stoorvogel et al., 2002). Exosomes are small membrane vesicles 

with a diameter of 40-100 nm, that are secreted by many cell types into the 

extracellular environment and may play a role in different forms of intercellular 

communications (Stoorvogel et al., 2002). Another possibility is the so-called 

back-fusion of ILVs with the endosomal limiting membrane, which prevents 

both lysosomal degradation and exosome release. Back-fusion has been 

suggested to play a role in the retrieval of MHC-II from ILVs during the 

maturation of dendritic cells (Boes et al., 2002; Chow et al., 2002; Kleijmeer et 

al., 2001). It is also used by pathogens for escaping the lysosomal 
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degradation, as it allows their entry into the cytoplasm of infected cells. Prime 

examples are the antrax virus (Abrami et al., 2004) and vesicular stomatitis 

virus (VSV) (Le Blanc et al., 2005). In the dendritic cells, the back-fusion of 

ILVs is followed by the formation of tubulovesicles which can extend and fuse 

with the plasma membrane, thereby delivering the endosomal membranes to 

the cell surface (Kleijmeer et al., 2001).  
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3. Results 
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Introduction
The myelin sheath is a multilamellar, spirally wrapping exten-
sion of the plasma membrane of oligodendrocytes that is essen-
tial for rapid impulse conduction in the central nervous system. 
This specialized membrane exhibits a unique composition with 
>70% of the dry weight consisting of lipids and the remainder 
being comprised of a restricted set of proteins, of which most are 
exclusively found in myelin (Baumann and Pham-Dinh, 2001; 
Kramer et al., 2001). The major central nervous system myelin 
proteins, the myelin basic protein, and the proteolipid proteins 
(PLPs/DM20) are low molecular weight proteins found in com-
pact myelin that constitute 80% of the total myelin proteins. 
PLP is a highly hydrophobic protein with four transmembrane 
domains that interact with cholesterol and galactosylceramide-
enriched membranes during its biosynthetic transport in oligo-
dendrocytes (Weimbs and Stoffel, 1992; Simons et al., 2000; 
Schneider et al., 2005).

To form the myelin sheath, oligodendrocytes must deliver 
large amounts of myelin membrane to the axons at the appro-
priate developmental stage of the oligodendroglial and neuronal 

cell lineage (Baumann and Pham-Dinh, 2001; Kramer et al., 
2001). On the other hand, axons produce signals that regulate 
the differentiation of oligodendrocytes (Barres and Raff, 1999; 
Fields and Stevens-Graham, 2002). This led us to postulate that 
neuronal signals could be involved in the coordination of the 
traffi cking of myelin membrane in oligodendrocytes. In this 
study, we show that the transport of PLP in oligodendrocytes is 
under neuronal control. PLP is initially targeted to late endo-
somes/lysosomes (LEs/Ls) by using a cholesterol-dependent 
and clathrin-independent endocytosis pathway. PLP is then 
 redistributed from LEs/Ls to the plasma membrane upon act ivation 
by neuronal cells. We provide evidence that this development-
 dependent regulation of PLP localization occurs by the down-
regulation of endocytosis and by the stimulation of exocytosis 
from LE/L storage sites.

Results

PLP localizes to LEs/Ls 
of immature oligodendrocytes
To analyze the localization of PLP in immature oligodendro-
cytes, oligodendroglial precursor cells growing on top of a layer 
of astrocytes were shaken off and cultured for 3 d to induce the 
expression of PLP. By confocal immunofl uorescence micros-
copy, extensive colocalization of PLP and Lamp-1, a marker for 
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tion, the rate of endocytosis is reduced, and a cAMP-
dependent neuronal signal triggers the transport of PLP 
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veal a fundamental and novel role of LEs/Ls in oligoden-
drocytes: to store and release PLP in a regulated fashion. 
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signals may represent a mechanism to control myelin 
membrane growth.
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LEs/Ls, was observed (Fig. 1 a) as reported previously (Kramer 
et al., 2001; Simons et al., 2002). The same striking colocaliza-
tion of PLP and Lamp-1 was observed in an immortalized oligo-
dendroglial precursor cell line, Oli-neu. Fusion of either a myc 
tag or EGFP to PLP did not affect the LE/L targeting of PLP 
(Fig. 1 b). To obtain further support for the localization of PLP 
to LEs/Ls in immature cells, we used a spontaneously trans-
formed oligodendroglial precursor cell line, OLN-93. When 
these cells were incubated for 5 h with rhodamine–dextran fol-
lowed by a 2-h chase or were treated with LysoTracker red 
DND-99 to stain for LEs/Ls, colocalization with PLP was ob-
served (Fig. 1 b and not depicted). Staining with fi lipin revealed 
a partial colocalization of PLP with cholesterol in LEs/Ls (Fig. 1 c). 

To resolve the ultrastructure of the PLP-containing organelles, 
we performed immunoelectron microscopy (Fig. 1 d). Both endo-
genous PLP and PLP-EGFP colocalized with Lamp-1 in vacuo-
lar structures that contained abundant lumenal multilamellar 
and/or multivesicular membrane arrays.

PLP disappears from LEs/Ls when 
oligodendrocytes are cocultured 
with neurons
To determine whether the subcellular localization of PLP is 
infl uenced by the presence of neuronal cells, oligodendroglial 
progenitor cells were added to a neuronal cell culture. Simi-
lar to the cultures without neurons, oligodendrocytes started to 

Figure 1. PLP localizes to LEs/Ls of immature oligodendrocytes. (a) Confocal immunofl uorescence microscopy demonstrates the colocalization of endoge-
nous PLP (red) with Lamp-1 (green) in primary oligodendrocytes grown for 3 d in vitro. The region in the boxed area is shown at higher magnifi cation and 
lower exposure. (b) Top panels show the colocalization of PLP-myc (green) with Lamp-1 (red) in Oli-neu cells, and the bottom panels show the colocalization 
of PLP-EGFP (green) with LysoTracker red in living OLN-93 cells. (c) Filipin staining reveals colocalization of cholesterol (blue) and PLP (red) in OLN-93 cells. 
(a–c) Bars, 5 μm. (d) Immuno-EM double labeling of primary oligodendrocytes (left) and Oli-neu cells (right) with antibodies directed against Lamp-1 (5 nm 
gold) and against PLP, polyclonal P6 (left), or GFP (right; both 10 nm gold) shows the localization of PLP in Lamp-1–containing multivesicular and multi-
lamellar compartments. Bars, 200 nm. 

Figure 2. PLP disappears from LEs/Ls when oligodendrocytes are cocultured with neurons. (a) Primary oligodendrocytes were grown for 3 or 5 d with or 
without neurons. Confocal microscopy analysis of PLP (red) and Lamp-1 (green) demonstrates a depletion of PLP from LEs/Ls in oligodendrocytes when cul-
tured in the presence of neurons for 5 d. Axons are visualized by βIII-tubulin staining (blue). (b) Oli-neu cells were grown for 2 d with (bottom) or without 
(top) neurons. PLP-EGFP (green) disappears from Lamp-1–containing compartments (red) by 2 d of coculture with neurons. (a and b) The regions in the 
boxed areas are shown at a higher magnifi cation and lower exposure. (c) Surface staining of living cells with O10 mAb at 4°C shows that the majority of 
PLP-EGFP is found at the surface of the cell in a coculturing with neurons. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 (b) and O10 
(c) are shown. Error bars represent SD (n > 30 cells). (a–c) Bars, 5 μm. (d) Immunohistochemistry of brain sections of P7 and P60 adult mice for PLP (red) 
and Lamp-1 (green). Colocalization was observed in sections from P7 but not adult mice. Bars, 10 μm. (e) Oligodendrocytes (for 2 d in culture) grown with 
or without neurons were metabolically labeled with [35S]methionine/cysteine for 18 h and chased for 2 d (day 5) or not chased (day 3) before performing 
the PLP immunoprecipitations. Quantitative analysis of three independent experiments did not reveal any signifi cant differences in the amount of labeled 
PLP and its alternatively spliced isoform DM20 (mean ± SD). **, P < 0.001; t test.
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 express PLP during the fi rst 2 d in culture, and an accumulation 
of PLP in LEs/Ls was observed in ?90% of the cells after 3 d in 
culture (Fig. 2 a). However, in marked contrast to cultures with-
out neurons, we observed that PLP disappeared from LEs/Ls 2 d 
later (only ?20% of the cells showed an accumulation of PLP 
in LEs/Ls) in the presence of neurons (Fig. 2 a). Also, the stain-
ing of Lamp-1–containing structures decreased in intensity after 
PLP removal. To follow the developmental regulation of PLP 
traffi cking in Oli-neu cells, we produced PLP-EGFP–stably ex-
pressing cell lines. Fusion of EGFP to PLP did not interfere 
with transport to the cell surface, as indicated by the positive 
staining of transfected Oli-neu cells with O10 mAb. This anti-
body recognizes a conformation-dependent epitope of PLP on 
the surface of living cells (Jung et al., 1996). In addition, trans-
fection of primary myelinating oligodendrocytes confi rmed 
that PLP-EGFP is transported to myelin (Fig. S1, available at 
http://www.jcb.org/cgi/content/full/jcb.200509022/DC1). When 
PLP-EGFP–expressing Oli-neu cells were added on top of 
a neuronal culture, a dramatic change in the localization of 
PLP was observed (Fig. 2 b). Quantitative analysis showed 
that 71.5% of PLP colocalized with Lamp-1 in Oli-neu cells 
alone, whereas only 11.5% of PLP colocalized with Lamp-1 in 

cells that had been in coculture with neurons for 2 d (Fig. 2 b).
Moreover, surface staining of living cells at 4°C with O10 mAb 
showed that the majority of PLP-EGFP was located at the 
plasma membrane in cells cultured with but not without neu-
rons (Fig. 2 c). To test whether the localization of PLP shows the
same developmental regulation in vivo, we performed immuno-
histochemistry on brain sections of young (postnatal day [P] 7) 
and adult mice (P60). Signifi cant colocalization of PLP and 
Lamp-1 was only observed in cells of P7 mice but not in sec-
tions prepared from adult mice (Fig. 2 d). Analysis of the sec-
tions indicated that the colocalization of PLP and Lamp-1 was 
increased >20-fold in P7 mice as compared with adult mice. 
Together, our data demonstrate that PLP disappears from LEs/Ls 
upon oligodendroglial maturation and emerges at the surface of 
the oligodendrocyte in a process that is dependent on the pres-
ence of neuronal cells.

There are several possibilities to explain our results. One 
possibility is that less PLP is transported into and/or more PLP 
is transported out of LEs/Ls in the presence of neurons. An al-
ternative explanation is that the degradation of PLP in lysosomes 
 increases during development. To test the latter hypothesis, we 
performed pulse-chase experiments. Primary oligodendrocytes 

Figure 3. PLP is routed to LEs/Ls by endocytosis. Oli-neu cells were cotransfected with PLP-myc and wild-type or dominant-negative dynamin-II (K44A, 
 dynamin dn), both containing an HA tag, and were stained for Lamp-1 (a) or for surface PLP (b) with O10 mAb (at 4°C on living cells). (a) Quantitative 
analysis of the colocalization of PLP-EGFP with Lamp-1 is shown. (b) Quantitative analysis of the fl uorescence intensity of O10 signal is shown in arbitrary 
units (a.u.) per cell. (a and b) Values are given as the means ± SD (error bars) of a mean of three independent experiments with >40 (a) or >30 (b) cells. 
**, P < 0.001; t test. Bars, 5 μm.
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Figure 4. The cholesterol-dependent and clathrin-independent internalization of PLP is reduced after coculturing with neurons. Antibody uptake 
 experiments were performed with the PLP antibody O10 followed by an acidic wash to remove surface-bound antibody. The internalized antibody is 
shown in red. (a) OLN-93 cells were cotransfected with PLP (blue) and with Eps15III∆2 (Eps15 ctrl) or Eps15 E∆95/295 (Eps15 mut; green). Potas-
sium depletion was used as an alternative approach to interfere with clathrin function. Clathrin-mediated transferrin–rhodamine uptake served as a 
control. The amount of inhibition was evaluated by determining the fl uorescence intensities in comparison with the control conditions. Values are given 
as the mean ± SD (error bars) of a mean of three independent experiments with >50 cells. (b) PLP stained with O10 (red) on the surface of OLN-93 
cells does not show a signifi cant colocalization with clathrin heavy chain (green). Insets are shown at higher magnifi cation in the right corner of the 
images. (c) OLN-93 cells were transfected with PLP (blue) followed by a 30-min treatment with 1 μM latrunculin to inhibit the polymerization of the ac-
tin cytoskeleton or by a 15-min incubation with 5 mM mβCD to deplete cholesterol before performing the O10 internalization assay. Transferrin–
 rhodamine was used as a control for the cholesterol depletion experiments. Inhibition of the O10 uptake is shown as the mean ± SD of three 
independent experiments with >50 cells. (d) Cells were cotransfected with PLP and with wild type or the respective dominant-negative variants of 
 dynamin-II, RhoA, and cdc42. The inhibition of O10 antibody uptake by the dominant-negative protein is shown in comparison with the respective wild-
type construct as the mean ± SD of three independent experiments with >40 cells. The inhibition of fl uid phase endocytosis (measured by dextran 
 uptake) served as a positive control for dominant-negative cdc42 (not depicted). (e) OLN-93 cells were transfected with PLP-myc and added on top of 
a neuronal culture or left alone. O10 antibody uptake experiments were performed followed by an acidic wash to remove surface-bound antibody. 
The amount of inhibition is shown for OLN-93 cells cultured with neurons compared with cells cultured without neurons as the mean ± SD of three ex-
periments with >40 cells. (f) The reduction of cell surface PLP was determined after various times in culture with or without neurons. Cell surface PLP 
was labeled with O10 mAb at 4°C, and incubation was continued at 37°C for 0, 45, and 90 min. The amount of cell surface remaining O10 mAb 
was analyzed by incubating cells with [125I]-labeled secondary antibody at 4°C and subsequent determination of the radioactivity by γ counting. 
Quantifi cation is shown as the mean ± SD of three experiments. *, P < 0.01; t test. Bars, 5 μm.

 on M
arch 6, 2006 

w
w

w
.jcb.org

D
ow

nloaded from
 

http://www.jcb.org


JCB 6 of 12

(for 2 d in culture) grown with or without neurons were metaboli-
cally labeled with [35S]methionine/cysteine for 18 h and chased for 
2 d. Hence, the metabolic labeling was performed at the stage of 
development (day 2–3) when PLP accumulates in LEs/Ls. The 
cells were chased up to the developmental stage (day 5) when PLP 
is almost completely removed from LEs/Ls in cells cultured 
with neurons but not in cells cultured without. Nevertheless, we 
did not observe any signifi cant differences in the amount of la-
beled PLP and its alternatively spliced isoform DM20 (Fig. 2 e).
Thus, differential proteolysis of PLP does not seem to be the un-
derlying reason for the removal of PLP from LEs/Ls. Therefore, 
it is more likely that neuronal signals infl uence the transport of 
PLP into and/or out of LEs/Ls in oligodendrocytes.

The cholesterol-dependent and 
clathrin-independent internalization of PLP 
is reduced after coculturing with neurons
Next, we determined whether endocytosis accounts for the trans-
port of PLP to LEs/Ls and, if so, how its endocytic traffi cking 
is regulated. To block endocytosis, we transiently transfected 
Oli-neu cells with a mutant form of dynamin-II that is defec-
tive in GTP binding (K44A; Damke et al., 1994) and PLP-myc. 
We found that dynamin-II (K44A) reduced the colocalization of 
PLP with Lamp-1 and, at the same time, increased the fraction 
of PLP at the cell surface (Fig. 3), suggesting that endocytosis 
is required for the transport of PLP to LEs/Ls. A reduction of 
the intracellular accumulation of PLP was also observed when 
dynamin K44A was expressed in OLN-93 cells (not depicted).

To gain more insight into the endocytosis process of PLP, 
the endocytic uptake of PLP was determined by additional an-
tibody uptake experiments using the O10 mAb. To determine 
whether clathrin function is involved, we either depleted cells 
of potassium to disrupt the formation of clathrin-coated pits 
or used the dominant-negative mutant of Eps15 (E∆95/295; 
 Benmerah et al., 1999). Despite that E∆95/295 and K+ deple-
tion had no signifi cant effect on the uptake of O10, it led to the 
reduction of clathrin-mediated transferrin–rhodamine internal-
ization (Fig. 4 a). In addition, intracellular accumulation of PLP 
was not reduced when E∆95/295 was coexpressed in OLN-93 
(not depicted). Furthermore, we did not detect a signifi cant 
 colocalization of PLP and clathrin on the surface of OLN-93 
(colocalization was ?5%; Fig. 4 b) or primary oligodendroglial 
cells (Fig. S2; available at http://www.jcb.org/cgi/content/full/
jcb.200509022/DC1). These results strongly suggest that the 
internalization of PLP occurs by a clathrin-independent endo-
cytosis pathway.

Most clathrin-independent endocytosis pathways are sen-
sitive to cholesterol depletion or actin depolymerization (Parton 
and Richards, 2003). Therefore, we used methyl-β- cyclodextrin 
(mβCD) to selectively extract cholesterol from the cell surface 
and latrunculin A to prevent actin polymerization. Treatments 
with either mβCD or latrunculin A led to an almost complete 
inhibition of O10 uptake (Fig. 4 c). The conditions of the cho-
lesterol depletion experiments were established so that clathrin-
dependent endocytosis was not affected as evaluated by the 
uptake of transferrin–rhodamine. Some clathrin-independent 
endocytosis pathways require dynamin, whereas others are 

 independent of dynamin function (Lamaze et al., 2001; Pelk-
mans et al., 2001; Sabharanjak et al., 2002; Damm et al., 2005; 
Kirkham et al., 2005). The uptake of O10 was clearly  reduced 
by interfering with dynamin function (Fig. 4 d), which is con-
sistent with the redistribution of PLP to the cell surface by 
 dynamin-II (K44A; Fig. 3). Because both cholesterol and dynamin
are essential for caveolar-dependent uptake, we compared the 
localization of PLP to caveolin-1 and GFP-caveolin. Caveolin-1 
and GFP-caveolin were detected in punctate arrays on the 
plasma membrane and on intracellular compartments, but no 
colocalization with PLP was seen (Fig. S2 and not depicted), 
suggesting that caveolae are not involved in the endocytosis of 
PLP. The Rho family of small GTPases differentially regulate 
nonclathrin and noncaveolar endocytosis pathways. Although 
cdc42 is involved in the endocytosis of glycosyl-phosphatidyl-
inositol–anchored proteins by a pinocytic pathway to recycling 
endosomes (Sabharanjak et al., 2002), rhoA has been impli-
cated in the dynamin-dependent uptake of interleukin 2 recep-
tor to LEs/Ls (Lamaze et al., 2001). When O10 uptake 
experiments were performed with dominant-negative mutants 
of either cdc42 or rhoA, we observed a signifi cant reduction of 
internalization when the function of rhoA but not cdc42 was 
 inhibited (Fig. 4 d). In summary, our results show that OLN-93 
cells use a clathrin-independent but cholesterol-dependent 
 endocytosis pathway that requires a functional actin cytoskeleton 
and the rhoA GTPase.

To test whether the capacity for endocytosis of PLP 
changes after contact with neurons, we added OLN-93 cells to 
neuronal cultures and compared the uptake of O10 into cells 
that were cultured without neurons. We observed a signifi cant 
reduction in the internalization of PLP in cells in coculture as 
compared with cells cultured without neurons (Fig. 4 e). We 
also analyzed the reduction of cell surface PLP upon various 
times in culture with or without neurons using the O10 mAb 
internalization assay. The amount of O10 mAb remaining at 
the cell surface was analyzed by incubating cells with 
[125I]-labeled secondary antibody at 4°C. We found that PLP 
was cleared more effi ciently over time from the surface of 
OLN-93 cells that were cultured without neurons as compared 
with cells in coculture. Together, these results indicate that neu-
rons reduce the endocytosis of PLP (Fig. 4 f).

Neurons trigger the retrograde 
transport of PLP from LEs/Ls to 
the surface of oligodendrocytes
Reduction of endocytosis appears to be one reason why PLP 
disappears from LEs/Ls after contact with neurons. Another 
event that could simultaneously contribute is the increased 
 resorting of PLP to the plasma membrane by retrograde trans-
port from LEs/Ls. There are many examples (e.g., wound heal-
ing, cytotoxic lymphocyte killing, major histocompatibility 
complex [MHC]–II processing, and melanin secretion) that 
show that lysosomes are not merely degradative dead ends but 
are able to store and release proteins in a regulated fashion 
(Blott and Griffi ths, 2002).

To analyze the putative exocytic traffi cking of PLP from 
LEs/Ls, we performed live cell imaging experiments with  
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Figure 5. Neurons trigger the retrograde transport of PLP from LEs/Ls to the surface of oligodendrocytes. (a) Living PLP-EGFP–expressing Oli-neu cells were 
labeled with LysoTracker red and observed by confocal microscopy. Images were collected every ?15 s. The image sequences of the boxed areas (a, b, 
and d) are shown. Representative examples of a time stack are shown in the top panels. The images in the bottom panels were obtained by subtracting 
from each image in the top panels. The absence of signal in the subtractions demonstrates the immobility of vesicles. (b) Cells were added onto a neuronal 
culture and imaged ?8 h later. The subtractions (bottom) of consecutive frames (top) demonstrate the mobility of PLP and LysoTracker-containing vesicles. 
(c) The mean fraction of mobile vesicles calculated by the subtraction of consecutive frames (mean ± SD [error bars] of 15 cells; 26 consecutive time frames 
were analyzed for each cell). **, P < 0.001; t test. (d) Individual frames from a video of a cell prepared as in b. Images were taken every ?15 s. The 
frame sequence illustrates the exit (indicated by arrows) of PLP and LysoTracker-containing vesicles from perinuclear LEs/Ls. (e) The TIRFM image demon-
strates the colocalization of PLP-EGFP and LysoTracker within 100 nm of the plasma membrane in Oli-neu cells in coculture with neurons. (f and g) Exocytic 
fusion of vesicles was visualized by time-lapse TIRFM of Oli-neu cells in coculture with neurons. (f) The vesicles that lost their fl uorescence during the time of 
observation fell into two groups. An example of vesicles moving in and out of the evanescent fi eld without fusing is shown in the top panels. Vesicles fusing 
with the plasma membrane are shown in the bottom panels (indicated by arrows) and in g. Increase in brightness, lateral spread, and disappearance of 
 vesicular fl uorescence indicates fusions. (g) The fl uorescence intensity changes (in arbitrary units) were determined in a small circle enclosing the vesicle 
(closed symbol) and in a concentric ring around the circle (open symbol). Other examples of fusions are shown as a fl ash of fl uorescence (LysoTracker 
channel; Video 3, available at http://  www.  jcb.  org/  cgi/  content/  full/  jcb.  200509022/  DC1).   Bars, 5 μm.
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 LysoTracker in PLP-EGFP–expressing Oli-neu cells. There 
was an almost complete colocalization of PLP-EGFP and 
 LysoTracker (Fig. 5 a) similar to the observation in OLN-93 cells. 
Analysis of the dynamics of PLP-EGFP/LysoTracker vesicles 
in Oli-neu cells revealed that most vesicles were clustered peri-
nuclearly and did not show any signifi cant movement (Fig. 5 a 
and Video 1, available at http://www.jcb.org/cgi/content/full/jcb.
200509022/DC1). Next, we investigated whether the movement 
of the vesicles changes as a result of the presence of neurons. 
When live cell imaging experiments were performed shortly 
(6–12 h) after the addition of Oli-neu cells to neuronal cultures, 
an extensive colocalization of PLP-EGFP and LysoTracker 
(Fig. 5 b) was still observed. However, the movement of these 
vesicles was markedly increased. Two pools of vesicles could 
be distinguished: a perinuclear, immobile pool and a periph-
eral pool of highly mobile vesicles (Fig. 5 b and Video 2). 
Both pools of vesicles colocalized with Lamp-1. Quantitative 
analysis revealed that ?29% of the vesicles were mobile and 
exhibited a mean speed of ?0.56 μm/s (Fig. 5 c). The pool of 
perinuclear vesicles not only decreased in size (Fig. 2), but the 
individual vesicles also became smaller with increasing time in 
coculture (?33% decrease after 16 h of coculture; reduction 
from 0.96 ± 0.2 μm to 0.63 ± 0.19 μm; n = 96). In several 
cases, PLP-EGFP and LysoTracker-fi lled vesicles emanated 
from larger perinuclear vesicles and moved radially toward the 
plasma membrane at the cell periphery (Fig. 5 d).

To analyze the behavior of the peripheral vesicle pool, we 
used total internal refl ection fl uorescence microscopy (TIRFM). 
TIRFM allows the selective illumination of a region within 
a 70–120-nm distance of the plasma membrane as the excitatory 
evanescent fi eld decays exponentially from the interface of the 
cell membrane with the coverslip. We observed PLP-EGFP and 

LysoTracker-containing vesicles within the 100-nm vicinity of 
the plasma membrane in living Oli-neu cells that were cocultured 
with neurons (Fig. 5 e). In contrast, no PLP-EGFP and  LysoTracker-
containing vesicles were observed in the proximity of the plasma 
membrane when cells were cultured without neurons.

To determine whether the acidic vesicles fuse with the 
plasma membrane, we used time-lapse TIRFM imaging. The 
cells we studied contained 6 ± 2.4 vesicles per 100-μm2 area of 
the plasma membrane. The vesicles that lost their fl uorescence 
during the time of observation fell into two groups. We found 
vesicles moving in and out of the evanescent fi eld without fus-
ing and vesicles fusing with the plasma membrane (Fig. 5 f, 
top). Fusion was defi ned by the loss of vesicular fl uorescence 
and the concurrent lateral spread of the released dye into the 
medium (Fig. 5 g). We detected one to two fusion events/minute 
per cell at the plasma membrane. When Oli-neu cells were cul-
tured without neurons, we did not observe any fusions in agree-
ment with the absence of PLP-EGFP and LysoTracker-containing 
vesicles at the plasma membrane.

A cAMP-dependent neuronal signal 
regulates the traffi cking of PLP
Because the redistribution of PLP from LEs/Ls to the surface of 
the plasma membrane was only observed in Oli-neu cells grown 
in the presence of neurons, neuronal signals are likely to acti-
vate this pathway. We wanted to determine whether this neuro-
nal signaling is transferred as a soluble factor or is a consequence 
of direct cell-to-cell contact. Oli-neu cells were either directly 
added on top of a neuronal culture or placed on a separate cov-
erslip to prevent cell contact, allowing diffusible factors to reach 
the cells. We found that diffusible factors were suffi cient to re-
distribute PLP from LEs/Ls to the surface of the cell (Fig. 6). 

Figure 6. A soluble factor is suffi cient for redistributing PLP from LEs/Ls to the cell surface. Oli-neu cells expressing PLP-EGFP were added to a neuronal cul-
ture on a separate coverslip to prevent cell contact allowing diffusible factors to reach the cells. After 1 d, cells were stained for Lamp-1 (a) or for surface 
PLP with O10 mAb (b) on living cells at 4°C. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 and O10 are shown. Error bars represent 
SD (n > 60 cells). **, P < 0.001; t test. Bars, 5 μm.
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To analyze the signals involved, we treated Oli-neu cells 
cultured in the presence of neurons with various pharma-
cological kinase inhibitors. Colocalization of PLP-EGFP and 
Lamp-1 increased markedly when cocultures were treated for 
1 d with Rp-cAMPs to inhibit protein kinase A (Fig. 7 A). In 
contrast, treatment of cocultures with db-cAMP, a protein 

 kinase A agonist, promoted the localization of PLP to the 
plasma membrane (Fig. 7 A). Quantitative analysis of time-
course experiments showed that db-cAMP accelerated the 
 redistribution of PLP to the surface of the cell (Fig. 7 B). To test 
whether similar effects were observed in Oli-neu cells cultured 
without neurons, we treated Oli-neu cells for 1 d with db-cAMP 

Figure 7. A cAMP-dependent neuronal signal regulates the release of PLP from LEs/Ls in Oli-neu cells. (a) Oli-neu cells were cocultured with neurons 
for 1 d in the presence or absence of 100 μM Rp-cAMPs or 1 mM db-cAMP. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 is 
shown as the mean ± SD of >30 cells. (b) Time-course experiments demonstrate that treatment of Oli-neu cells in the presence of neurons with 1 mM 
db-cAMP accelerates the removal of PLP-EGFP from Lamp-1–positive compartments. The quantitative analysis of one representative experiment (out of 
three independent experiments) is shown. Analysis was performed by classifying cells into two categories according to the extent of the colocalization of 
PLP-EGFP with Lamp-1. (c and d) Oli-neu cells were grown without neurons and treated with 1 mM db-cAMP for 1 d and stained for Lamp-1 (c) or for 
 surface-PLP with O10 mAb (d) on living cells at 4°C. Quantitative analysis of the colocalization of PLP-EGFP with Lamp-1 and O10 are shown. Error 
bars represent SD (n = 30 cells). (e) Oli-neu cells grown without neurons were treated for 1 d with 1 mM db-cAMP and imaged as in Fig. 5 a. An image 
sequence of the boxed area is shown. The images in the bottom panels represent subtractions of the consecutive frames in the top panels. The analysis 
demonstrates a signifi cant increase in the mobility of PLP and LysoTracker-containing vesicles by treatment with db-cAMP as compared with the control 
condition. **, P < 0.001; t test. Bars, 5 μm.
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and quantifi ed the amount of PLP-EGFP in LEs/Ls and on the 
surface of the cell. In cells treated with db-cAMP, more PLP 
was found on the surface of the cell, whereas, at the same 
time, the fraction within LEs/Ls decreased (Fig. 7, C and D). 
 Furthermore, a peripheral pool of highly mobile PLP-EGFP/ 
LysoTracker-containing vesicles was observed by live cell 
imaging (Fig. 7 E). These data suggest that cAMP-dependent 
signaling is part of the developmental switch that is triggered 
by neurons, leading to the redistribution of PLP from LEs/Ls to 
the surface of the plasma membrane.

Discussion
Our data demonstrate that the traffi cking of PLP in oligodendro-
cytes is under neuronal control. PLP is initially targeted to LEs/Ls 
by using a cholesterol-dependent and clathrin-independent 
 endocytosis pathway. The situation changes dramatically upon 
receiving maturation signals from neurons. PLP is then redis-
tributed from LEs/Ls to the plasma membrane. We provide evi-
dence that the developmental regulation of PLP localization 
occurs by the down-regulation of endocytosis and by the trans-
port from LEs/Ls to the cell surface.

The regulation of the transport of PLP is strikingly similar 
to the traffi cking of MHC-II in dendritic cells (Mellman and 
Steinman, 2001). Immature dendritic cells have a high rate of 
endocytosis and target MHC-II to lysosomes (Pierre et al., 1997). 
After exposure to infl ammatory mediators, the endocytosis of 
MHC-II is reduced, and the transport of MHC-II from lyso-
somes to the cell surface is triggered (Kleijmeer et al., 2001; 
Boes et al., 2002; Chow et al., 2002). The transport pathway of 
PLP from LEs/Ls can also be related to the release of secretory 
lysosomes from hematopoietic cells. However, unlike the 
classic secretory lysosomes that are specialized to release lumi-
nal content, oligodendrocytes mainly transport membrane, 
and this may occur without signifi cant extracellular release of 
lysosomal content, as is the case for dendritic cells (Kleijmeer 
et al., 2001; Trombetta et al., 2003). For oligodendrocytes, LE/L 
compartments may be particularly useful as storage compart-
ments, as they are able to harbor large amounts of membrane in 
a multilamellar and multivesicular fashion for myelin biogenesis. 
In most cells, however, the majority of molecules that localizes 
to internal vesicles of the endosomal system are destined for ly-
sosomal degradation. This raises the question of how PLP sur-
vives in an environment where protein degradation usually 
occurs. One possibility is that immature oligodendrocytes have 
specialized LEs/Ls with low proteolytic capacity. Our unpub-
lished observation that the vesicular stomatitis virus glycopro-
tein accumulates undegraded in LEs/Ls of Oli-neu cells supports 
this notion. In dendritic cells, for example, lysosomal proteoly-
sis is regulated in a developmentally linked fashion (Trombetta 
et al., 2003; Delamarre et al., 2005). Another possibility is that 
PLP is poorly degradable and, therefore, accumulates within 
LEs/Ls. A second issue is how PLP escapes from a com partment 
associated with the limited capacity for membrane  recycling. 
Previous work has provided evidence that not all intralumenal 
membranes of LEs/Ls are destined for lysosomal degradation. 
It has been suggested that some vesicles may undergo back 

 fusion with the limiting membrane, and, in some instances, this 
membrane is sorted via tubulovesicles to the plasma membrane 
(Kleijmeer et al., 2001; Boes et al., 2002; Chow et al., 2002; 
Abrami et al., 2004; Le Blanc et al., 2005). Whether PLP is 
sorted by back fusion and tubules to the surface of oligodendro-
cytes are issues that have to be addressed in future studies. It is 
important to note that the accumulation of PLP at the surface of 
the plasma membrane after the receipt of maturation signals 
most likely refl ects the contribution of multiple factors. Our 
fi nding that the endocytosis of PLP is reduced after receiving 
signals from neuronal cells suggests that the regulation of 
 endocytosis may play an essential role in this process. It will be 
 interesting to elucidate the molecular mechanisms of how 
 neurons control the rate of endocytosis in oligodendrocytes. 
One attractive possibility is that the endocytic activity is 
 controlled by the RhoA GTPase.

Importantly, not all myelin components were found to be 
internalized into LEs/Ls. Although PLP and cholesterol re-
sided in LEs/Ls, myelin basic protein and galactosylceramide 
were mainly found in or at the plasma membrane (unpublished 
data). The differential compartmentalization of myelin com-
ponents before the onset of myelination might be a mecha-
nism to prevent premature and inappropriate assembly. Our 
results suggest that an external soluble factor regulates myelin 
membrane assembly by controlling the traffi cking of PLP to 
and from the surface of the cell. Among the many potential 
candidates are soluble mediators such as neurotrophins, neu-
regulin, or adenosine that can now be tested with the described 
experimental system (Barres and Raff, 1999; Fields and Stevens-
Graham, 2002).

Together, our fi ndings reveal an unexpected and novel role 
of LEs/Ls in oligodendrocytes. It provides a striking example of 
how cell-to-cell communication regulates traffi cking to and from 
a cellular compartment to guide the development of a multicel-
lular tissue. The proposed role of LEs/Ls in myelin biogenesis 
may help to explain the cellular mechanisms of dysmyelination 
that is observed in many lysosomal storage diseases.

Materials and methods
Antibodies, plasmids, and other reagents
The mutant and wild-type cDNAs of GFP-Eps15 and GFP–dynamin-II were 
provided by A. Benmerah (Institut Pasteur, Paris, France) and S. Schmid 
(Scripps Research Institute, La Jolla, CA), respectively. The following pri-
mary antibodies were used: myelin basic protein (monoclonal IgG; 
 Sternberger, Inc.), PLP (polyclonal, P6; Linington and Waehneldt, 1990), 
O10 (monoclonal mouse IgM), βIII-tubulin (Promega), neurofi lament 
(monoclonal IgM; Qbiogene), τ (polyclonal; DakoCytomation), myc tag 
(monoclonal IgG; Cell Signaling), clathrin heavy chain (monoclonal IgG; 
BD Transduction Laboratories), GFP (Synaptic Systems GmbH), caveolin-1 
(monoclonal IgM; BD Biosciences), and Lamp-1 (CD107a, rat monoclonal; 
BD Biosciences). Secondary antibodies were obtained from Dianova and 
GE Healthcare.

Cell culture, cloning, and transfections
Primary cultures of mouse oligodendrocytes were prepared as described 
previously (Simons et al., 2000). After shaking, cells were plated in 
MEM containing B27 supplement, 1% horse serum, L-thyroxine, tri-iodo-
 thyronine, glucose, glutamine, gentamycine, pyruvate, and bicarbonate on 
poly-L-lysine–coated dishes or glass coverslips. Cocultures of neurons and 
oligodendrocytes were produced by preparing mixed brain cultures from 
16-d-old fetal mice that were cultivated for 2 wk, to which the primary oligo-
dendrocytes or Oli-neu cells were added. The mixed brain cultures were 
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prepared at a density of ?50,000 cells/cm2. Cocultures without direct 
neuron–glia contact were prepared by growing neuronal cultures on glass 
coverslips, which were placed upside down on a metal ring positioned in 
a culture dish. Oligodendrocytes were added on an additional coverslip 
facing upwards. The oligodendroglial precursor cell line, Oli-neu (provided 
by J. Trotter, University of Mainz, Mainz, Germany), and OLN-93 cells 
(provided by C. Richter-Landsberg, University of Oldenburg, Oldenburg, 
Germany) were cultured as described previously (Jung et al., 1995; Richter-
Landsberg and Heinrich, 1996). Transient transfections were performed 
 using FuGENE transfection reagent (Roche) according to the manufacturer’s 
protocol. PLP-EGFP was generated by fusing EGFP to the COOH terminus 
of PLP by gene fusion PCR. The fusion product was cloned into pEGFPN1 
vector using the EcoRI–NotI site. Stable cell lines were obtained by the 
 cotransfection of PLP-EGFPNI and pMSCV-hygro (CLONTECH Laboratories, 
Inc.) followed by the selection of clones by incubation with hygromycin.

Immunofl uorescence and endocytosis assays
Immunofl uorescence and immunohistochemistry were performed as de-
scribed previously (Simons et al., 2002). For assaying endocytosis, living 
cells were incubated with O10 antibody in medium for 30 min at 4°C, 
washed, and incubated in medium at 37°C for 60 min. The antibody re-
maining on the surface was removed under low pH conditions in 0.2 M 
glycine and 0.5 M NaCl, pH 4.5, for 30 min at 4°C. Cells were washed 
three times in PBS, fi xed, and stained by immunofl uorescence. Addition-
ally, OLN-93 cells were transiently transfected with PLP and added on a 
neuronal culture or left alone. Cells were incubated at 4°C for 30 min with 
O10 antibody in binding medium consisting of HBSS and 10 mM Hepes 
supplemented with 0.2% BSA 16 h after transfection. After washing, O10 
internalization was allowed to continue for 0, 45, and 90 min. O10 anti-
body remaining at the cell surface was detected with 5–20 μCi/μg 
[125I]-labeled mouse secondary antibody in binding medium for 30 min at 
4°C. Next, the cells were washed fi ve times, lysed in 0.2 M NaOH, and 
the amount of radioactivity was determined by γ counting.

Microscopy and analysis
Fluorescence images were acquired on a microscope (DMRXA; Leica) or 
a confocal microscope (LSM 510; Carl Zeiss MicroImaging, Inc.) with 
a 63× oil plan-Apochromat objective (NA 1.4; Carl Zeiss MicroImaging, 
Inc.). For live cell imaging, coverslips containing the cells were mounted in 
a live cell imaging chamber and observed in low fl uorescence imaging 
medium (HBSS, 10 mM Hepes, and 1% horse serum, pH 7.4) at 37°C. 
Temperature was controlled by means of a digital system (Tempcontrol 
37-2; PeCon) or a custom-built perfusion system. Time-lapse imaging was 
performed on a confocal laser scanning microscope (LSM 510; Carl 
Zeiss MicroImaging, Inc.). Images were acquired at ?15-s intervals for the 
indicated time periods using sequential line excitation at 488 and 543 nm 
and appropriate band pass emission fi lters.

Image processing and analysis were performed using Meta Imaging 
Series 6.1 software (Universal Imaging Corp.). Quantifi cation of colocaliza-
tion was performed with the colocalization module of the software. Vesicle 
movement was analyzed by subtracting from each image in a time stack 
preceding its image. The different image stack thus generated was used to 
identify vesicle motility events. The velocity of individual vesicles was deter-
mined using the Manual Tracking plug-in for ImageJ software (National In-
stitutes of Health). Statistical differences were determined with a t test. 
TIRFM was performed on a custom-built prism-based evanescent fi eld mi-
croscope using an HCX Apo L 63× water immersion objective (NA 0.90; 
Leica; Oheim et al., 1998). Evanescent fi eld excitation was obtained by 
focusing 488- and 568-nm laser light onto a hemicylindrical prism at 
68 and 71° incidence angles, respectively, leading to a fi eld depth of 
?80–100 nm. Images were acquired with a back-illuminated 16-bit CCD 
camera (Cascade 512B; Roper Scientifi c) with on-chip charge multiplica-
tion. Each pixel corresponded to 0.25 μm in the specimen plane. For anal-
ysis of individual fusion events, a small circle was positioned on the 
vesicular fl uorescence, a concentric ring was placed around the circle, and 
fl uorescence intensity was plotted against time. Fusion events were identi-
fi ed by the increase of fl uorescence in the central region that spread into the 
surrounding annulus followed by a sudden decline (Schmoranzer et al., 
2000; Zenisek et al., 2000; Becherer et al., 2003; Bezzi et al., 2004). 
Immuno-EM was performed as described previously (Wenzel et al., 2005).

Metabolic labeling and immunoprecipitations
For metabolic labeling, cells were pulsed with 265 μCi [35S]methionine 
(1 Ci = 37 GBq; GE Healthcare) in methionine and cysteine-free DME for 
18 h, and chase was performed for 0 or 48 h. Immunoprecipitation was 
performed as described previously (Simons et al., 2000). Autoradiographs 

were scanned and quantifi ed with ScionImage software (Scion Corp.). 
Values are shown as means ± SD. Statistical differences were determined 
with a t test.

Online supplemental material
Fig. S1 shows that EGFP-tagged PLP is sorted to myelin. Fig. S2 shows the 
absence of PLP colocalization with clathrin heavy chain or caveolin-1. Video 1 
shows the movement of LEs/Ls in Oli-neu cells, whereas Video 2 shows this 
in Oli-neu cells cultured with neurons. Video 3 shows the fusion of vesicles 
with the plasma membrane. Online supplemental material is available at 
http://www.jcb.org/cgi/content/full/jcb.200509022/DC1.
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Rho Regulates Membrane Transport in the Endocytic
Pathway to Control Plasma Membrane Specialization in
Oligodendroglial Cells
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Differentiation of oligodendrocytes is associated with dramatic changes in plasma membrane structure, culminating in the formation of
myelin membrane sheaths. Previous results have provided evidence that regulation of endocytosis may represent a mechanism to control
myelin membrane growth. Immature oligodendrocytes have a high rate of clathrin-independent endocytosis for the transport of mem-
brane to late endosomes/lysosomes (LE/Ls). After maturation and receiving signals from neurons, endocytosis is reduced and transport
of membrane from LE/Ls to the plasma membrane is triggered. Here, we show that changes in Rho GTPase activity are responsible for
switching between these two modes of membrane transport. Strikingly, Rho inactivation did not only reduce the transport of cargo to
LE/L but also increased the dynamics of LE/L vesicles. Furthermore, we provide evidence that Rho inactivation results in the condensa-
tion of the plasma membrane in a polarized manner. In summary, our data reveal a novel role of Rho: to regulate the flow of membrane
and to promote changes in cell surface structure and polarity in oligodendroglial cells. We suggest that Rho inactivation is required to
trigger plasma membrane specialization in oligodendrocytes.

Key words: oligodendrocytes; neurons; myelin; Rho GTPases; endocytosis; late endosomes/lysosomes

Introduction
Differentiation of oligodendrocytes is an extreme example of cell
specialization characterized by the outgrowth of an extensive
amount of plasma membrane. This process leads to the genera-
tion of myelin and is associated with dramatic changes in plasma
membrane structure and composition (Salzer, 2003; Sherman
and Brophy, 2005). Although myelin is still continuous with the
plasma membrane, its composition differs fundamentally from
that of the membrane surrounding the cell body (Taylor et al.,
2004; Debruin and Harauz, 2007; Gielen et al., 2006). Myelin has
an exceptionally high content of lipids (70% of dry weight), in
particular galactosylceramide and cholesterol, and contains a
small number of different proteins, which are in most cases
mainly found in myelin. The major myelin proteins in compact
myelin, the proteolipid proteins (PLP/DM20), are highly hydro-
phobic, cholesterol-interacting proteins (Milner et al., 1985;
Simons et al., 2000). Intuitively, one would assume that the syn-
thesis of myelin membrane proteins and lipids is turned on by

neuronal signals, because they are required at the time oligoden-
drocytes begin wrapping their membrane around axons. Surpris-
ingly, the gene expression of the major myelin components is
initiated and also continues at a high rate in primary cultures of
oligodendrocytes in the absence of neurons (Mirsky et al., 1980;
Dubois-Dalcq et al., 1986; Dugas et al., 2006). However, because
the ensheathment of axons must occur at the appropriate time of
neuronal development, reciprocal communication between neu-
rons and oligodendrocytes plays an important role in the coordi-
nation of myelin membrane growth (Barres and Raff, 1999; Edgar
et al., 2004; Schafer and Rasband, 2006; Simons and Trajkovic,
2006). Recent work has provided evidence that myelin
membrane trafficking is under the control of neuronal signals
(Trajkovic et al., 2006). In the absence of neurons, PLP is inter-
nalized and stored in late endosomes/lysosomes (LE/Ls). After
receiving an unknown diffusible neuronal factor, endocytosis of
PLP is downregulated and transport of PLP from LE/L to the
plasma membrane is triggered. The aim of the present work was
to investigate the molecular mechanism of how oligodendrocytes
switch between these two modes of membrane transport. We
found that changes in Rho GTPase activity play a critical role in
this process by regulating the flow of membrane through the
endosomal system.

Materials and Methods
Antibodies and plasmids. The following plasmids were used: mutant and
wild-type cDNAs of green fluorescent protein (GFP)-Eps15 (A. Ben-
merah, Institut Pasteur, Paris, France), mutant and wild-type GFP-
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dynaminII (S. Schmid, Scripps Research Institute, La Jolla, CA), Raichu-
RhoA-1237X (M. Matsuda, Kyoto University, Kyoto, Japan) (Yoshizaki
et al., 2003), wild-type and mutant RhoA, RhoB, and RhoC (obtained
from the Unité Mixte de Recherche cDNA Resource Centre), wild-type
and mutant c-Src (G. Superti-Furga, EMBL, Heidelberg, Germany; S.
Gutkind, National Institutes of Health, Bethesda, MD) (Sandilands et al.,
2004); the N-terminal 20 amino acids of neuromodulin (which contain a
consensus sequence for dual palmitoylation) fused to GFP (membrane-
targeted GFP) (Schneider et al., 2005). The following primary antibodies
were used: hemagglutinin (HA) (16B12, mouse monoclonal; Covance,
Berkley, CA), HA (rabbit polyclonal IgG; Abcam, Cambridge, UK), GFP
(polyclonal rabbit; Abcam), GM130 (mouse monoclonal IgG1; BD Bio-
sciences, Franklin Lakes, NJ), Lamp-1 (CD 107a, rat monoclonal; BD
Biosciences), myc (rabbit polyclonal IgG; Upstate Biotechnology, Te-
mecula, CA), myc (monoclonal IgG; Cell Signaling Technology, Denver,
CO), O10 (monoclonal mouse IgM) (Jung et al., 1996), RhoA (26C4,
mouse monoclonal; Santa Cruz Biotechnology, Santa Cruz, CA), and Src
(36D10, rabbit monoclonal IgG; Cell Signaling Technology). Secondary
antibodies were purchased from Dianova (Hamburg, Germany).

Cell culture, cloning, and transfections. Primary cultures of mouse oli-
godendrocytes were prepared as described previously (Simons et al.,
2000). After shaking, cells were plated in MEM containing B27 supple-
ment, 1% horse serum (HS), L-thyroxine, tri-iodo-thyronine, glucose,
glutamine, gentamycine, pyruvate, and bicarbonate on poly-L-lysine-
coated dishes or glass coverslips. The oligodendroglial precursor cell line,
Oli-neu, was cultured as described previously (Jung et al., 1995). For all
experiments, Oli-neu cells with a low passage number were used. Pri-
mary cultures enriched in neurons were obtained by preparing a mixed
brain culture from 16-d-old fetal mice. The cells were plated at a density
of �200 000 cells/cm 2 and grown for 2 weeks in Sato-B27/1% HS. The
culture was enriched in neurons but contained some astrocytes. Condi-
tioned neuronal medium was obtained from these cultures, collected
after culturing for 2 weeks, centrifuged for 5 min at 4000 � g, and used
directly.

Primary cultures of astrocytes were prepared from a mixed brain cul-
ture from 16-d-old fetal mice. The cells were plated on uncoated cell
culture dishes and cultured in DMEM/10% HS.

Cells were trypsinized and transferred to a new dish to remove the
neurons. Cultures that were highly enriched in astrocytes were grown for
2 weeks in Sato-B27/1% HS.

Transient transfections were performed using FuGENE transfection
reagent according to the manufacturer protocol. Immunofluorescence
was performed as described previously (Trajkovic et al., 2006). For de-
livery of recombinant C3 transferase (Cytoskeleton, Denver, CO), Char-
iot reagent (Active Motif, Carlsbad, CA) was used according to the man-
ufacturer protocol.

Wild-type, dominant-negative, and constitutively active RhoB-
enhanced GFP (EGFP) and RhoC-EGFP fusion products were generated
from the respective HA-tagged Rho constructs by cloning them into the
pEGFP-C1 vector (Clontech, Mountain View, CA) using the ApaI-KpnI
site.

Immunofluorescence and endocytosis assays. Endocytosis was assessed
by incubating Oli-neu cells stably expressing PLP-EGFP cells for 30 min
with Transferrin-Rhodamine (Tf) (Invitrogen, Carlsbad, CA) or
Dextran-Rhodamine 10K (Dextran) (Invitrogen). Cells were subse-
quently washed and fixed, followed by microscopy analysis. For assaying
endocytosis of glycosylphosphatidylinositol (GPI)-cyan fluorescent pro-
tein (CFP), living cells were incubated with anti-GFP antibody in me-
dium for 30 min at 4°C, washed, incubated in medium at 37°C for 30
min, and fixed. Fixed, nonpermeabilized cells were labeled with Cy5-
conjugated secondary antibodies to visualize GPI-CFP at the cell surface
and then permeabilized and labeled with Cy3-conjugated secondary an-
tibodies to resolve internalized protein. To analyze endocytosis of ChxB,
ChxB conjugated to FITC was bound to the cell surface at 4°C, and the
cells were warmed for 40 min to allow transport to the Golgi complex.
Using mask overlay image analysis, we quantified the internalization of
FITC-ChxB (Sigma-Aldrich, Deisenhofen, Germany) to the GM130-
positive Golgi apparatus. Laurdan (6-dodecanoyl-2-dimethylaminon-
aphtalene; Invitrogen) labeling was performed in live cultures (5 �M, 30

min at 37°C), followed by fixation with 4% paraformaldehyde. To de-
plete sphingolipids, 50 �M Fumonisin B1 was added to Oli-neu cells
every 24 h for 3 d.

Microscopy and analysis. Fluorescence images were acquired on a Leica
(Nussloch, Germany) DMRXA microscope or a Zeiss (Jena, Germany)
LSM 510 confocal microscope with a 63� oil plan-apochromat objective
[numerical aperture (NA), 1.4]. For live cell imaging, coverslips contain-
ing the cells were mounted in a live-cell imaging chamber and observed
in low fluorescence imaging medium (HBSS; 10 mM HEPES, 1% horse
serum, pH 7.4) at 37°C. Temperature was controlled by means of a
Tempcontrol 37–2 digital system or a custom-built perfusion system.
Time-lapse imaging was performed on a Zeiss LSM 510 confocal laser-
scanning microscope. Image processing and analysis was performed us-
ing Meta Imaging Series 6.1 software (Universal Imaging Corporation,
West Chester, PA). Quantification of fluorescence intensities and of co-
localization was performed as described previously (Trajkovic et al.,
2006). Vesicle movement was analyzed by collecting images at �15 s
intervals. Ten subsequent images were superimposed, and the first image
of the time stack was subtracted from the resulting picture. The resulting
subtraction is shown in green, and the first image is shown in red. Move-
ment within the imaging period was quantified by determining the ratio
of the intensity of green to red pixels [(integrated intensity of subtraction
plus integrated intensity of first image)/integrated intensity of first im-
age] (Wubbolts et al., 1996).

For flourescence resonance energy transfer (FRET) measurements, we
used Raichu-RhoA-1237X (Yoshizaki et al., 2003), and FRET was de-
tected by an increase in donor fluorescence after photobleaching of the
acceptor on a confocal Leica microscope (TCS SP2 equipped with AOBS)
as described previously (Fitzner et al., 2006). Image analysis of FRET data
was performed using custom-written MATLAB routines.

For Laurdan experiments, we used a Zeiss LSM 510 confocal micro-
scope with a 63� oil plan-apochromat objective (NA, 1.4; Zeiss) to excite
at 364 nm, and images were recorded simultaneously in the range of 400
to 450 nm and 470 to 530 nm for the two channels, respectively. For
analysis of the Laurdan images, an average background was determined
for each channel and subtracted from the intensity images, which were
then converted into GP images with the generalized polarization (GP)
defined by the following:

GP �
I�400–450� � I�470–530�

I�400–450� � I�470–530�
,

using software written in MATLAB (MathWorks, Natick, MA). Note that
this definition of the GP depends on the setup used and allows monitor-
ing relative changes of membrane order but cannot be compared directly
to absolute values in the literature. To determine the GP values at the
plasma membrane, regions of interest were selected randomly and the
average GP, weighted in each pixel with the total Laurdan intensity
I(400 – 450) � I(470 –530), was calculated therein (Gaus et al., 2006).
Statistical differences were determined with Student’s t test.

Src kinase and RhoA activity measurements. Rho activity was measured
by affinity precipitation of active (GTP-bound) Rho from cell lysates
using a glutathione S-transferase (GST) fusion protein containing the
Rho-binding domain of Rhotekin followed by detection with the respec-
tive antibody by immunoblotting as described previously (Ren et al.,
1999).

To measure Src kinase activity, cell lysates were immunoprecipitated
with anti-Src kinase antibody and subjected to a kinase assay by using an
Src Assay kit (Upstate Biotechnology). The assay is based on the quanti-
fication of the phosphorylation of a synthetic Src substrate peptide
(KVEKIGEGTYGVVK). The phosphorylated substrate is then separated
from residual �- 32P-ATP using p81 phosphocellulose paper, followed by
the quantification with a scintillation counter.

For immunoblotting, cells were lysed and protein levels quantified
using Bradford Reagent (Bio-Rad, Hercules, CA). The cell lysates were
loaded on a gel, separated by SDS-PAGE, and transferred to nitrocellu-
lose using standard protocols.
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Results
Subcellular localization of PLP is
regulated by Rho GTPases and
tyrosine kinases
As a cellular model, we used the oligoden-
droglial cell line, Oli-neu, stably express-
ing PLP-EGFP (Trajkovic et al., 2006).
The advantage of this system is that cell
differentiation can be triggered synchro-
nously by adding conditioned medium
from primary neuronal cultures to the
cells. This treatment leads to the forma-
tion of a branching network of cellular
processes. The morphological differentia-
tion of Oli-neu cells is accompanied by a
reorganization of membrane trafficking as
shown by the redistribution of PLP from
LE/L to the cell surface. This response was
not observed when Oli-neu cells were cul-
tured with conditioned medium from pri-
mary cultures of astrocytes (Fig. 1). One
aim of our present work was to identify the
molecular mechanisms of this regulation.
To this end, we screened the effect of a
wide range of small molecules on the dis-
tribution of PLP-EGFP in Oli-neu cells.
The tyrosine kinase inhibitor, Genistein,
and the Rho-kinase (ROCK) inhibitor,
Y27632, led to a redistribution of PLP
from Lamp-1-positive LE/Ls to the surface
of the plasma membrane (Fig. 1). ROCK
kinases are regulated by Rho; we therefore
transfected Oli-neu cells with the C3
transferase to block the activity of Rho. In-
hibition of Rho led to a similar redistribu-
tion of PLP (Fig. 1). These results suggest
that the activity of Rho may be involved in
the regulation of membrane trafficking in
oligodendrocytes.

Neurons regulate RhoA GTPase activity
in oligodendroglial cells
To investigate a possible influence of neu-
rons on RhoA activity in Oli-neu cells, we
determined the activity of RhoA in Oli-
neu cells, which were treated with condi-
tioned medium from neuronal cultures or
untreated. RhoA activity was measured by affinity precipitation
of active (GTP-bound) Rho from cell lysates using a GST fusion
protein containing the Rho-binding domain of Rhotekin (Ren et
al., 1999). We found that the stimulation of Oli-neu cells with
neuronal medium decreased the activity of RhoA (Fig. 2A). To
obtain further support for a downregulation of RhoA activity
after cell differentiation, we took advantage of a recently devel-
oped FRET-based biosensor for RhoA activity (Raichu-RhoA-
1237X) (Yoshizaki et al., 2003). Raichu-RhoA monitors the bal-
ance between guanine nucleotide exchange factors and GTPase
activating proteins. The GTP-loading of Raichu-RhoA leads to
the intramolecular binding of GTP-RhoA to the effector protein,
Rho effector protein kinase N (PKN), and brings CFP in closer
proximity to yellow fluorescent protein (YFP), thereby leading to
an increase in FRET. FRET efficiency was measured by donor

dequenching after acceptor photobleaching. We found that
coculturing Oli-neu cells with neurons or treatment of Oli-neu
cells with conditioned neuronal medium reduced FRET effi-
ciency compared with controls (Fig. 2B). These results with two
independent approaches indicate that neurons reduce RhoA ac-
tivity in oligodendroglial cells.

Regulation of endocytosis by Rho GTPase and tyrosine
kinase activity
Internalization of plasma membrane can occur by different en-
docytic pathways, and several of those depend on the activity of
Rho GTPases. We have shown previously that neurons reduce the
endocytosis of PLP in oligodendrocytes (Trajkovic et al., 2006).
We now determine whether the inhibition of endocytosis was
specific for this particular pathway and, if so, how this pathway
was regulated. To gain more insight in the regulation of endocy-

Figure 1. Subcellular localization of PLP is regulated by Rho GTPases and tyrosine kinases. Oli-neu cells stably expressing
PLP-EGFP were treated for 16 h with Genistein, Y27632, C3 transferase, or conditioned medium from primary cultures of astro-
cytes. A, The subcellular localization of PLP (green) was determined by staining living cells at 4°C with the O10 antibody to detect
PLP on the cell surface (red) or by staining for Lamp-1 (red). Quantitative analysis of colocalization of PLP-EGFP with O10 (B) and
Lamp-1 (C) is shown. Values are given as the mean � SE (n � 40 cells; *p � 0.05; t test). Scale bars, 10 �m.
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tosis in oligodendroglial cells, we started our analysis by examin-
ing receptor-mediated, clathrin-dependent, and fluid-phase en-
docytosis. Receptor-mediated, clathrin-dependent endocytosis
was assessed by incubating Oli-neu cells for 30 min with Tf. Sim-
ilar amounts of Tf were internalized in Oli-neu cells cultured with
or without conditioned neuronal medium (Fig. 3). Subsequently,
fluid-phase endocytosis was studied by feeding cells for 30 min
with Dextran. Stimulation of Oli-neu cells by neuronal medium
greatly inhibited the internalization of Dextran (Fig. 3). To ex-
amine by which pathway fluid-phase was taken up by oligoden-
droglial cells, we treated cells with various pharmacological in-
hibitors or expressed dominant-negative proteins to specifically
interfere with the different endocytosis pathways. To inhibit
clathrin-dependent internalization, we expressed a dominant-
negative isoform of eps15 (EDelta/295) or dynaminII
(dyn2K44A). Uptake of Dextran was not changed, although in-
ternalization of Tf was dramatically reduced (Fig. 3). These re-
sults indicated that fluid-phase did not depend on clathrin or
dynaminII for endocytosis. Because most clathrin-independent
pathways are sensitive to cholesterol or sphingolipid depletion,
we used Fumonisin B1 (FB1) to selectively deplete sphingolipids
(Cheng et al., 2006). Treatment of Oli-neu cells with FB1 did not
affect the endocytosis of Tf but reduced the uptake of Dextran
(Fig. 3). Both Rho GTPases and tyrosine kinases are known to
play a regulatory role in clathrin-independent internalization
pathways (Lamaze et al., 2001; Qualmann and Mellor, 2003;
Damm et al., 2005). When Oli-neu cells were treated with the C3
transferase or Genistein, the uptake of Dextran was markedly
reduced without affecting Tf internalization (Fig. 3).

To further explore the regulation of endocytosis, we studied
the uptake of two lipid-raft markers, FITC-cholera toxin B sub-

unit (ChxB) and GPI-CFP. Both GPI-
anchored proteins and ChxB use clathrin-
independent endocytosis pathways in
most cells (Orlandi and Fishman, 1998;
Sabharanjak et al., 2002; Kirkham et al.,
2005). To analyze endocytosis of ChxB,
ChxB conjugated to FITC was bound to
the cell surface at 4°C, followed by incuba-
tion of the cells at 37°C for 40 min to allow
transport to the Golgi complex. Using
mask overlay image analysis, we quanti-
fied the internalization of FITC-ChxB to
the GM130-positive Golgi apparatus.
Compared with control cells, treatment
with conditioned neuronal medium re-
sulted in a significant inhibition in the de-
livery of FITC-ChxB to the Golgi (Fig. S1,
available at www.jneurosci.org as supple-
mental material). To obtain further sup-
port for the inhibition of endocytosis by
neuronal stimulation, we quantified the
amount of FITC-ChxB being internalized
during a 10 min uptake assay. Pretreat-
ment of cells with conditioned neuronal
medium reduced the uptake of ChxB sig-
nificantly (Fig. S1, available at www.jneu-
rosci.org as supplemental material). These
findings support the conclusion that neu-
rons regulate an endocytosis pathway used
at least in part by ChxB. Next, we studied
the endocytosis of GPI-CFP by perform-
ing antibody uptake experiments. In these

experiments, internalized antibodies need to be distinguished
from antibodies remaining at the cell surface. Because acid-
stripping and phosphatidylinositol-specific phospholipase C
treatment were unable to fully remove anti-GFP antibody from
the cell surface, we developed an alternative approach. Cells were
labeled at 4°C with polyclonal antibodies against GFP (anti-GFP)
and then warmed to 37°C to allow internalization of antibodies
bound to GPI-CFP. Fixed, nonpermeabilized cells were labeled
with Cy5-conjugated secondary antibodies to visualize GPI-CFP
at the cell surface and then permeabilized and labeled with Cy3-
conjugated secondary antibodies to resolve internalized protein.
Pretreatment of Oli-neu cells with neuronal medium led to a
marked inhibition in endocytosis of GPI-CFP (Fig. 4A). In addi-
tion, and as observed for the uptake of Dextran, the treatment
with Genistein and C3 transferase efficiently blocked endocytosis
of GPI-CFP (Fig. 4A). Together, these data show that differenti-
ation of Oli-neu cells is accompanied by a downregulation of an
endocytosis pathway, which is used by GPI-linked fluorescent
proteins and is responsible for the uptake of a major fraction of
the fluid-phase. This pathway does not depend on clathrin func-
tion but requires tyrosine kinases and Rho activity.

Endocytosed GPI-CFP is transported to LE/L in Oli-neu cells
In most cells, GPI-anchored proteins are routed from early en-
dosomes into recycling endosomes before returning to the
plasma membrane (Sabharanjak et al., 2002). Surprisingly, we
found that a fraction of GPI-EGFP was present in LAMP-1-
positive LE/Ls in Oli-neu cells (Fig. 4B) as described previously
for baby hamster kidney cells (Fivaz et al., 2002). Little colocal-
ization of GPI-EYFP and Lamp-1 was seen in Oli-neu cells treated
with conditioned neuronal medium (Fig. 4B). We followed the

Figure 2. Neurons regulate RhoA GTPase activity in Oli-neu cells. A, Oli-neu cells were grown for �8 h in the presence (cnm) or
absence (ctrl) of conditioned medium from neuronal cultures. RhoA activity was measured by affinity precipitation of active
(GTP-bound) Rho from cell lysates using a GST fusion protein containing the Rho-binding domain of Rhotekin. Precipitated
proteins (active) and cell lysates (total) were immunoblotted with monoclonal antibody recognizing RhoA. Values are given as the
mean � SE of an average of three independent experiments (*p � 0.05; t test). B, Oli-neu cells were transfected with a plasmid
encoding for Raichu-RhoA-1237X and grown for �8 h in the presence (cnm) or absence (ctrl) of conditioned medium from
neuronal cultures or were added directly to primary neuronal cultures (coculture). Confocal fluorescence images of transfected
Oli-neu cells are shown before (prebleach) and after (postbleach) photobleaching of the donor and acceptor, respectively. The
acceptor was bleached in the region indicated by the rectangle. FRET efficiency was measured by donor dequenching after acceptor
photobleaching and is represented in an efficiency map in pseudocolor (low to high FRET efficiency from blue to red). The error bars
represent the means � SE (n � 25 cells; ***p � 0.001; t test). Scale bars, 10 �m.
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endocytosis of GPI-CFP by antibody-internalization experi-
ments and found that GPI-CFP was internalized from the plasma
membrane to LE/Ls in Oli-neu cells (Fig. 4C).

Regulation of LE/L dynamics by RhoB and c-Src activity
We suggested previously that LE/Ls may have a specialized func-
tion in oligodendrocytes, namely to store and release membrane
in a regulated manner (Trajkovic et al., 2006). Having established
that Rho and tyrosine kinases regulate endocytosis in Oli-neu
cells, we next asked whether they also regulate LE/L dynamics. In
the absence of neurons, the majority of LE/Ls in oligodendrocytes
are immobile and clustered perinuclear. When conditioned neu-
ronal medium is added to Oli-neu cells, two pools of LE/Ls are
observed: a perinuclear, immobile pool and a peripheral pool of
highly mobile vesicles. When Oli-neu cells were treated with ei-
ther C3 transferase or Genistein, we observed a redistribution of
Lamp-1-positive LE/Ls to the cell periphery (Fig. 5A). To explore
possible differences in the motility of LE/Ls, we performed fluo-
rescence live imaging experiments by collecting images with a
time interval of 15 s for PLP-EGFP and LysoTracker red. As
shown previously, LE/Ls are primarily immobile in Oli-neu cells.
Both treatments with Genistein or C3 transferase significantly
increased the fraction of LE/Ls that moved during the time of the
recordings (Fig. 5A). We investigated whether ROCK was in-
volved in the regulation of LE/L motility by incubating cells with
Y27632. We observed a significant increase in motility of
LysoTracker-labeled vesicles (Fig. 5B). Similar results were ob-
tained when primary cultures of oligodendrocytes were treated
with Y27632 (Fig. 5C). These experiments suggest a role for Rho,
ROCK, and tyrosine kinases in the regulation of LE/L dynamics
in oligodendrocytes.

Higher vertebrates have three highly homologous Rho GT-
Pases (RhoA, RhoB, and RhoC), which have different subcellular
localizations and functions (Ridley, 2006). To test whether any of
these proteins localizes to LE/Ls, we expressed HA-tagged wild-
type, constitutively active and inactive versions of RhoA, RhoB,
and RhoC, respectively. We found colocalization of both the
wild-type and the constitutively active GTPase-deficient mutant
(G14V) of RhoB with Lamp-1 (Fig. 5D). Predominantly cyto-
plasmic staining and some plasma membrane labeling, but no
colocalization, with Lamp-1 was observed for RhoA and RhoC
(data not shown). These results are consistent with previous stud-

ies demonstrating a localization of RhoB to multivesicular endo-
somes (Robertson et al., 1995; Wherlock et al., 2004). We used a
dominant-negative version of RhoB(T19N) to analyze whether
RhoB is involved in the regulation of LE/L motility in Oli-neu
cells. Transfection of dominant-negative RhoB led to a redistri-
bution of a fraction of Lamp-1-positive LE/Ls to the cell periph-
ery and increased the motility of the vesicles (Fig. 5E). To further
confirm the role of RhoB in the regulation of endosome dynamics
and to test for the specificity of the effects, we expressed the
constitutively active forms of RhoA, RhoB, and RhoC in Oli-neu
cells, in which the motility of endosomes had been induced by the
incubation with conditioned neuronal medium. We found that
all three Rho GTPases reduced the movement of LysoTracker-
labeled vesicles, but RhoB did this to the greatest extent (Fig. 5F).
Because these results suggest a role for RhoB in the regulation of
endosome dynamics, we measured the activity of RhoB in a Rho-
tekin pull-down assay after incubation of Oli-neu cells with con-
ditioned neuronal medium. Similar to the results obtained with
RhoA, we found that the levels of activated/GTP-bound RhoB
decreased by conditioned neuronal medium compared with un-
treated cells (Fig. S2, available at www.jneurosci.org as supple-
mental material).

Recently, RhoB has been shown to regulate early endosome
dynamics (Fernandez-Borja et al., 2005) and has been identified
as a regulator of c-Src activity (Sandilands et al., 2004). We there-
fore tested the role of the tyrosine kinase, c-Src, in the regulation
of LE/L dynamics. We began our analysis by determining the
protein levels of Src in oligodendrocytes. We found that Oli-neu
cells expressed Src and that levels of expression were reduced after
treating cells for 16 h with conditioned neuronal medium (Fig.
6A). Next, we determined the c-Src kinase activity by phosphor-
ylation of a specific c-Src peptide substrate. Conditioned neuro-
nal medium reduced c-Src kinase activity compared with control
cells, further suggesting a downregulation of Src function after
treatment with conditioned neuronal medium (Fig. 6B)

We also detected Src in primary cultures of oligodendrocytes,
and consistent with previous results (Colognato et al., 2004), the
expression of Src was markedly reduced after morphological dif-
ferentiation of oligodendrocytes (Fig. 6C).

We continued our analysis by determining the localization of
c-Src in Oli-neu cells. Exogenously expressed active c-Src showed
extensive colocalization with both PLP and Lamp-1, demonstrat-

Figure 3. Regulation of clathrin-independent endocytosis by Rho GTPase and tyrosine kinase activity. Oli-neu cells were pretreated with Genistein (for 1 h), C3 transferase (for 2 h), conditioned
neuronal medium (for 4 h), Fumonisin B1 (for 3 d), or transfected with plasmids encoding for Eps15III	2 (Eps15 ctrl), Eps15 E	95/295 (Eps15 mut), wild-type dynaminII (Dyn wt), or dominant-
negative (K44A, Dyn dn). Receptor-mediated, clathrin-dependent endocytosis was assessed by incubating Oli-neu cells with Tf, and fluid-phase endocytosis was studied by feeding cells with
Dextran-Rhodamine 10K (Dex). Internalization (30 min at 37°C) was quantified by image analysis. Values represent the means � SE (n � 50 cells).
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ing its LE/L localization in Oli-neu cells
(Fig. 6D). We expressed active c-Src in
primary cultures of oligodendrocytes and
observed the same extent of colocalization
with Lamp-1. In addition, we found that
exogenously expressed active c-Src re-
sulted in perinuclear clustering of LE/Ls in
primary oligodendrocytes (Fig. 6E), sug-
gesting a role for Src in the regulation of
LE/L function.

To determine whether Src influences
the motility of LE/L, we exogenously ex-
pressed the constitutively active form of
c-Src in Oli-neu cells, which had been pre-
incubated with conditioned neuronal me-
dium. Expression of constitutively active
c-Src resulted in perinuclear clustering of
LE/Ls and in a reduction of the motility of
LysoTracker-labeled vesicles (Fig. 6F).
Thus, both changes in Rho and Src activity
modulate the dynamics of LE/Ls in Oli-
neu cells.

Plasma membrane condensation in
Oli-neu cells
Our results indicate that differentiation
of Oli-neu cells is not only accompanied
by a downregulation of a clathrin-
independent, sphingolipid/cholesterol-
dependent endocytosis pathway, but is
also associated with the mobilization of
late endosomal/lysosomal membrane
possibly for transport back to the plasma
membrane. Both mechanisms may result
in a gradual accumulation of cholesterol
and sphingolipids in the plasma mem-
brane of Oli-neu cells.

To study whether differentiation of
Oli-neu cells is accompanied by alter-
ations in the lipid structure of the plasma
membrane, we used the fluorescent probe
Laurdan to visualize its lipid order. Laur-
dan is an environmentally sensitive dye
that undergoes a shift in its peak emission
wavelength from �500 nm in fluid mem-
branes to �440 nm in ordered mem-
branes (Bagatolli et al., 2003; Gaus et al.,
2003). The fluorescence intensity of Laur-
dan was recorded simultaneously at both
peak emission wavelengths, and the nor-
malized ratio representing the GP was
used to determine the lipid order in the
cell membranes. Higher GP values indi-
cate a more condensed and ordered mem-
brane. We found that treatment of Oli-
neu cells with conditioned neuronal
medium resulted in a dramatic increase in
the lipid order of the cell membrane (Fig.
7A,B). Furthermore, the GP images re-
vealed that the membrane in the cellular
processes was more condensed and or-
dered than the membrane enclosing the
cell body (Fig. 7C). When Oli-neu cells

Figure 4. Neurons reduce the endocytosis of GPI-CFP to LE/Ls in Oli-neu cells. A, Cells were treated with C3 transferase,
Genistein, or conditioned neuronal medium (cnm) as indicated above (Fig. 3), and the uptake of GPI-CFP was analyzed by antibody
uptake experiments. Cells were labeled at 4°C with a polyclonal antibody against GFP and then warmed to 37°C for 30 min to allow
internalization of antibodies bound to GPI-CFP. Fixed, nonpermeabilized cells were labeled with Cy5-conjugated secondary anti-
body to visualize GPI-CFP at the cell surface (blue) and then permeabilized and labeled with Cy3-conjugated secondary antibodies
to resolve internalized protein (red). By image analysis, we determined the ratio of Cy3- to Cy5-labeled GPI-CFP to obtain a value
for the amount of protein internalized. Values represent the mean � SE (n � 30 cells; **p � 0.01; ***p � 0.001; t test). B,
Oli-neu cells were transfected to express GPI-EGFP, incubated with conditioned neuronal medium (cnm) for 16 h or not incubated
(ctrl), and treated with cycloheximid for the last 4 h of the incubation period to inhibit protein synthesis and to chase GPI-EGFP from
the biosynthetic pathway. Cells were processed and analyzed by immunofluorescence for Lamp-1 (red) and GPI-EGFP (green)
colocalization. C, The endocytosis of GPI-CFP was followed by antibody-internalization experiments (for 45 min at 37°C). Cells were
labeled at 4°C with polyclonal antibodies against GFP (anti-GFP) and then warmed to 37°C to allow internalization of antibodies
bound to GPI-CFP together with Tf. Cells were fixed, permeabilized, and labeled with Alexa 488-conjugated secondary antibodies
to resolve internalized GPI-CFP. Note the colocalization of anti-GFP (green) with Lamp-1 (blue) but not with Tf. Scale bars, 10 �m.
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were treated with the C3 transferase, we
also observed an increase in the GP values
predominately in the membrane protru-
sions (Fig. 7A,C).

Discussion
We show that changes in Rho activity are
responsible for switching between two
modes of membrane transport in Oli-neu
cells. In immature cells Rho is required for
the function of a clathrin-independent en-
docytosis pathway that is used to transport
membrane to LE/L. After morphological
differentiation of Oli-neu cells, Rho activ-
ity is reduced, which is accompanied by
the specific downregulation of the
clathrin-independent endocytosis path-
way and the mobilization of LE/L vesicles.

What is the physiological function of
this regulation? The formation of myelin
requires the synthesis of a huge amount
of membrane with a specific lipid compo-
sition. We therefore propose that the
downregulation of this sphingolipid/
cholesterol-dependent endocytosis path-
way represents a mechanism to control the
plasma membrane composition of oligo-
dendrocytes. This mechanism may con-
tribute to the generation of myelin with its
exceptionally high content of galactosylce-
ramide and cholesterol. The reduction of
this specific form of endocytosis may lead
to a gradual accumulation of myelin
membrane components within the plasma
membrane of oligodendrocytes. Indeed,
by using Laurdan to visualize the lipid
packing, we observed a significant increase
in the lipid order of the plasma membrane
after treatment of the cells with condi-
tioned neuronal medium or C3 trans-
ferase. We have shown recently that the
formation of myelin in neuron-glia cocul-
tures is associated with a condensation of
the plasma membrane and that myelin-
basic protein (MBP), a protein essential
for myelin biogenesis, was involved in this
process of membrane rearrangement
(Fitzner et al., 2006). It is interesting that
Oli-neu cells, which do not form compact
myelin and only express small amounts of
MBP, start to condense their membrane

Figure 5. Regulation of LE/L dynamics by RhoB and tyrosine kinase activity. A, Living Oli-neu cells expressing PLP-EGFP (green)
were treated with C3 transferase or Genistein, labeled with LysoTracker (red), and observed by confocal microscopy. Images were
collected every �15 s. A representative example of a time stack is shown. The images at the right of each time stack show a
merged image (see Material and Methods) with the first image in red and movement over a �130 s period in green. Relative
motility of LE/Ls was quantified by determining the ratio of the integrated intensity of green to red pixels (see Material and
Methods). Examples of moving vesicles are highlighted with arrows. Values represent the mean � SE (n � 20 cells; **p � 0.01;
t test). B, C, Oli-neu cells (B) and primary cultures of oligodendrocytes (C) (for 2 d in culture) were pretreated with 10 �M Y27632
for 2 h or left untreated, and the motility of LysoTracker-labeled vesicles was determined as in A. Primary oligodendrocytes were
identified by incubating living cells with O4 and Alexa 488-conjugated secondary antibody. Values represent the mean � SE (n �
20 cells; *p � 0.05; **p � 0.01; t test). D, Oli-neu cells were cotransfected to express PLP-EGFP and HA-tagged wild-type (wt),
constitutively active (ca), and constitutively inactive (dn) versions of RhoB. Colocalization with PLP (green) and Lamp-1 (red) was
observed for wild-type and the constitutively active versions of RhoB (blue). E, Oli-neu cells were transfected to express
membrane-targeted GFP (ctrl) or the dominant-negative version of RhoB (T19N) fused to GFP (RhoB dn), labeled with LysoTracker

4

red, and imaged by confocal microscopy. Changes in mobility
were determined as described in A. Values represent the
mean � SE (n � 20 cells; *p � 0.05; t test). F, Oli-neu cells
were transfected to express membrane-targeted GFP (ctrl) or
the constitutively active versions of RhoB, RhoA, and RhoC
fused to GFP treated with conditioned neuronal medium
(cnm) for 12 h and labeled with LysoTracker red, and changes
in mobility were determined as described in A. Values repre-
sent the mean � SE (n � 20 cells; **p � 0.01; ***p �
0.001; t test). Scale bars, 10 �m.
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after incubation with conditioned neuronal medium or Rho in-
activation. The changes in membrane transport described in this
study may contribute to the formation of condensed membrane
domains in the plasma membrane of Oli-neu cells. Another, but

not mutually exclusive, possibility is an in-
crease in the biosynthesis of specific lipids
and/or proteins after Rho inactivation or
after receiving conditioned neuronal
medium.

During development, oligodendro-
cytes regulate the composition as well as
the size of their plasma membrane. Cells
have, in general, a high rate of endocytosis.
In fact, most cells internalize their entire
cell surface within a few hours and keep a
large fraction of their membrane in intra-
cellular endosomal pools (Bomsel et al.,
1989). In Oli-neu cells, the inactivation of
Rho or the treatment with conditioned
neuronal medium did not only reduce
fluid-phase uptake but also increased the
cell surface area. It is tempting to speculate
that the regulation of cell size involves the
balance between exocytosis and endocyto-
sis. After differentiation, oligodendrocytes
seem to shift this balance toward a high
rate of exocytosis and a low rate of endo-
cytosis, possibly to extend their surface,
which eventually becomes �10,000 times
greater than that of a typical animal cell
(Pfeiffer et al., 1993).

Previous work has shown that extracel-
lular matrix components, such as
laminin-2, promote extensive membrane
extension in oligodendrocytes through in-
tegrin interactions (Buttery and ffrench-
Constant, 1999; Chun et al., 2003;
Colognato et al., 2004). The specific
downregulation of a clathrin-independent
endocytosis pathway by attachment to the
extracellular matrix is interesting in this
aspect (del Pozo et al., 2005). PLP, which
forms a signaling complex with integrins
in oligodendrocytes, may directly partici-
pate in the regulation of its own endocyto-
sis by binding to the extracellular matrix
(Gudz et al., 2002, 2006). Interestingly, a
recent study shows that changes in the ex-
tracellular matrix regulate intracellular ve-
sicular trafficking pathways in oligoden-
drocytes (Siskova et al., 2006).

The clathrin-independent endocytosis
pathway that we identified in Oli-neu cells
may be related to a previously described
clathrin- and caveolin-independent pino-
cytic pathway (Sabharanjak et al., 2002) or
to a closely related pathway implicated in
the uptake of interleukin 2 receptors
(Lamaze et al., 2001) and sodium pumps
(Schmalzing et al., 1995). Because these
pathways work constitutively and have a
preference for specific lipids, they may
have a very important role in the regula-

tion of plasma membrane size and composition. The family of
Rho GTPases are particularly well positioned to participate in this
process of surface area homeostasis. Rho GTPases are able to
respond to specific cues from the extracellular environment and

Figure 6. Changes in c-Src activity regulate the dynamics of LE/L. A, Oli-neu cells were incubated with conditioned neuronal
medium (cnm) for 16 h or left untreated, cell lysates were prepared, and equal amounts of total protein were loaded and separated
by SDS-PAGE. Src levels were determined by Western blot analysis. Values are presented as the mean � SD (n 
 4 experiments;
*p � 0.05; t test). B, To determine the activity of c-Src, Oli-neu cells were treated with conditioned neuronal medium or were
untreated, and the cell lysates were immunoprecipitated with anti-Src antibodies and subjected to kinase assays. Results are
expressed as the mean � SD of four experiments (*p � 0.05; t test). C, Primary oligodendrocytes (pOL) were cultured for 2–5 d,
and levels of Src were determined at an early stage (cells with processes) and at a later stage of differentiation (cells with sheets)
by quantifying immunofluorescence intensities. The specificity of the signal was demonstrated by preincubation with a blocking
peptide (bp). Values are presented as the mean � SE (n � 15 cells; **p � 0.01; t test). D, Oli-neu cells were cotransfected with
plasmids encoding for PLP-myc and constitutively active c-Src-EGFP (Src ca). E, Primary oligodendrocytes were transfected to
express constitutively active c-Src-EGFP (Src ca). Immunofluorescence analysis reveals colocalization of c-Src-EGFP with Lamp-1.
Note also the perinuclear clustering of LE/Ls. F, Oli-neu cells were transfected with membrane-targeted GFP (ctrl) or the consti-
tutively active c-Src (Src ca), treated with conditioned neuronal medium, labeled with LysoTracker red, and imaged by confocal
microscopy. Relative motility of LE/Ls was determined as described in Figure 3A. Values represent the mean � SE (n � 20 cells;
***p � 0.001; t test). Scale bars, 10 �m.
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to coordinate the cellular response by linking membrane with
actin dynamics (Ridley, 2006).

It is interesting that Rho and tyrosine kinases not only regu-
lated the transport of cargo to LE/Ls but also controlled the dy-
namics of LE/Ls. LE/Ls may have a specialized function in oligo-
dendrocytes, namely to store and release membrane after request.
The observations that a large fraction of PLP accumulates unde-
graded in LE/Ls (Simons et al., 2002; Trajkovic et al., 2006) and
that degradation of PLP involves the proteasome system
(Kramer-Albers et al., 2006; McLaughlin et al., 2006) are consis-
tent with this function. We found that RhoB-dependent and
c-Src-dependent signaling pathways are responsible for the mo-

bilization of LE/Ls. A RhoD-hDia2C-Src signaling cascade has
been shown previously to regulate early endosome dynamics,
suggesting that different RhoGTPases use similar effectors to
control the motility of distinct populations of endosomes (Gas-
man et al., 2003). Additional work will be required to determine
whether the mobilization of LE/Ls to the plasma membrane by
Rho inactivation triggers LE/L membrane exocytosis in oligoden-
drocytes. Interestingly, regulated exocytosis of LE/Ls has been
implicated recently in the regulation of process outgrowth and
arborization in neurons (Arantes and Andrews, 2006).

Our results stress the important role of Rho in vesicular traf-
ficking and demonstrate how changes in Rho activity can induce
a switch between two modes of membrane transport. This work,
together with previous studies, suggests that Rho inactivation is a
critical factor to initiate the growth of myelin membrane in oli-
godendrocytes (Liang et al., 2004; Mi et al., 2005). Signaling from
integrins to Fyn and Rho may play a critical role in the regulation
of this pathway (Osterhout et al., 1999; Wolf et al., 2001; Liang et
al., 2004). In contrast, the activity of other Rho GTPases, Cdc42
and Rac1, seems to increase as differentiation proceeds, and re-
cent evidence suggests that its activity is required to regulate a late
stage in myelin formation (Liang et al., 2004; Thurnherr et al.,
2006). Interestingly, in Schwann cells of the peripheral nervous
system, the Rho-ROCK pathway is not inactivated during myeli-
nation as in oligodendrocytes (Melendez-Vasquez et al., 2001).
Instead, it is switched on in Schwann cell microvilli, where it
seems to play an important role in regulating the myelination of
peripheral nerves (Gatto et al., 2003; Melendez-Vasquez et al.,
2004). It will now be important to determine how the Rho
GTPases are regulated and to identify the neuronal signals that
reduce Rho activity in oligodendrocytes.

It is intriguing that neurons and oligodendrocytes seem to use
Rho-kinase-dependent mechanisms for bidirectional communi-
cation. It is well known that many oligodendrocyte-derived in-
hibitors limit axonal regeneration by activating a RhoA signaling
pathway in neurons (Yiu and He, 2006). Likewise, it is feasible
that Rho is turned on in oligodendroglial cells in diseases such as
multiple sclerosis, in which the differentiation of oligodendro-
cytes is blocked in the vicinity of demyelinating lesions. There-
fore, more knowledge in the regulation of Rho in oligodendro-
cytes may not only provide new insights into the development of
myelin but also in the pathogenesis of myelin-related diseases.
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Sorting of ubiquitinated signalling receptors such as the EGF receptor (EGFR) 

into intraluminal vesicles (ILV) of multivesicular endosomes (MVE) depends on 

the endosomal sorting complex required for transport (ESCRT) machinery and 

is required for cargo degradation in lysosomes.  Alternatively, ILV are secreted 

as exosomes into the extracellular milieu after fusion of MVEs with the plasma 

membrane. The mechanisms underlying the sorting of membrane into the 

different populations of ILVs are unknown. Here, we use an oligodendroglial 

cell line as a model system to address this question and show that the 

exosome-associated proteolipid protein (PLP) segregates together with lipid-

raft components from the EGFR into distinct microdomains on the endosomal 

membrane. We found that transfer of these microdomains into the lumen of the 

endosome does not depend on the function of the ESCRT-machinery. 

Furthermore, functional inhibition of components of the ESCRT-complex did 

not affect the release of PLP with exosomes. These results establish a novel 

pathway in ILV formation and exosome biogenesis.   

 

After endocytosis, proteins and lipids destined for lysosomal degradation are first 

incorporated into intraluminal vesicles (ILV) of multivesicular endosomes (MVE) and 

are then delivered to lysosomes where the digestion of the intra-endosomal 

membrane takes place (Gruenberg and Stenmark, 2004; Piper and Katzmann, 2006). 

Alternatively, MVE can directly fuse with the plasma membrane leading to release of 

the ILV, or exosomes, to the extracellular environment, where they function in a 

multitude of intercellular signalling processes (Stoorvogel et al., 2002; Valadi et al., 

2007; van Niel et al., 2006). How proteins and lipids are sorted to either the ILV that 

end up in lysosomes for degradation or to the ILV that escape degradation and are 

secreted as exosomes is an unresolved question.  

To address this issue, we studied the membrane trafficking of the proteolipid protein 

(PLP) in Oli-neu cells, an oligodendroglial cell line that contains a large number of 

MVE (Trajkovic et al., 2006). PLP, the major protein of myelin of the central nervous 

system, is a palmitoylated, cholesterol-binding protein of 26 kD that spans membrane 

four times and is mainly found in MVEs of Oli-neu cells (Simons et al., 2000; 

Trajkovic et al., 2006; Weimbs and Stoffel, 1992). To analyze whether PLP is 

released in association with exosomes, the cell culture medium of transiently 
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transfected Oli-neu cells was subjected to sequential centrifugation steps with 

increasing centrifugal forces to obtain finally a 100 000 x g pellet, which mainly 

contained small membrane vesicles with a size of approximately 50-100 nm (Fig. 1b), 

similar to previously described exosomes. Relatively large amounts of PLP were 

found in the 100 000 x g pellet (Fig. 1a) and immunoelectron microscopy analysis 

revealed the presence of PLP on the vesicles (Fig. 1b). In contrast, PLP containing 

the cytotoxic, missense mutation (A242V) that leads to misfolding of the protein and 

to its retention in the endoplasmic reticulum (ER) was not detected in the 100 000 x g 

pellet (Fig. 1a), excluding cell lysis as a major contributing factor. To further rule out 

the possibility of membrane release as a consequence of cell lysis, the 100 000 x g 

pellet was analyzed for the presence of calnexin, γ-adaptin, GM130 and EEA1, 

membrane markers of the ER, TGN, cis-Golgi-matrix and early endosomes, 

respectively. These proteins were not detected in the 100 000 x g pellet, which did 

contain the two exosomal marker proteins, Alix and flotillin (Fig. 1d). Furthermore, we 

exogenously expressed a variety of integral membrane proteins, the EGF receptor 

(EGFR), the vesicular stomatitis virus glycoprotein (VSV-G) (both a wild-type and a 

endocytosis-deficient mutant form) and the amyloid precursor proteins (APP), but did 

not detect any of these proteins in the 100 000 x pellet, from which PLP was readily 

recovered, demonstrating the specificity of the sorting process (Fig. 1e). To further 

show the association of PLP with exosomes, we analyzed the 100 000 x g pellet in a 

continuous sucrose density gradient and found that the majority of PLP was enriched 

in the same fraction as the exosomal marker protein Alix (Fig. 1c). Similar results 

were obtained when PLP-EGFP–stably expressing Oli-neu cells were used for the 

analysis (Fig. 1c). Exosomes are thought to be of endosomal origin and to derive by 

fusion of MVE with the cell surface. To explore whether PLP requires transport 

through the endosomal system for the release with exosomes, we cotransfected PLP 

with the early-endosomal GTPase-deficient Rab5 (Rab5Q79L) to impair intra-

endosomal trafficking (Stenmark et al., 1994). We found that a large fraction of PLP 

was entrapped in the enlarged early endosomes and that the release of PLP by 

exosomes was significantly reduced (Fig. 1f).  

These findings demonstrate that the membrane recovered from the 100 000 x g 

pellets is highly enriched in exosomes that are of endosomal origin.  

Previous studies have suggested the involvement of lipid rafts in the biogenesis of 

exosomes (de Gassart et al., 2003; Wubbolts et al., 2003). Therefore we determined 
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the lipid composition of exosomes from Oli-neu cells by nano-electrospray ionization 

tandem mass spectrometry. The lipid composition was remarkably similar to the lipid 

composition that has been proposed for lipid rafts. We found that exosomes were not 

only enriched in cholesterol, but also contained higher amounts of sphingolipids 

(sphingomyelin, glucosylceramide and ceramide) and lower amounts of 

phophatidylcholine (PC) as compared to total cellular membrane (Fig. 2a). In 

addition, quantitative analysis of lipid subclasses revealed a striking increase in 

saturated PC, at the expense of polyunsaturated species in the exosomal membrane 

fraction. Since incubation with polyunsaturated fatty acids (PUFAs) can disturb lipid 

raft function (Stulnig et al., 1998), we treated cells with PUFAs and analyzed the 

effect on exosome biogenesis. When Oli-neu cells were treated for three days with 

50 µM polyunsaturated eicosapentaenoic acid (20:5), a significant reduction of 

exosome release was observed for PLP as compared to control cells treated with 

stearic acid (18:0) (Fig. 2b). The treatment with eicosapentaenoic acid also did not 

result in the release of calnexin or γ-adaptin into the exosomal membrane fraction.  

Taken together our results suggest that raft lipids may play a role in exosome 

biogenesis. To further explore this possibility, we analyzed whether proteins that are 

targeted to exosomes use lipid microdomains to segregate from non-exosomal cargo 

in endosomes. To study endosomal microdomains, cells were transfected with 

Rab5Q79L to enlarge early endosomes and to facilitate domain inspection by confocal 

immunofluorescence analysis (Raiborg et al., 2002). Previous studies have identified 

clathrin-coated microdomains on early endosomes that contain the ubiquitin-binding 

protein Hrs (hepatocyte-growth-factor regulated tyrosine kinase substrate), which 

sorts ubiquitinated proteins into these domains to mediate degradative protein sorting 

(Raiborg et al., 2006).  The EGFR is a prototypic example of a receptor that requires 

Hrs-mediated sorting. To test whether PLP localizes to these microdomains, we 

analyzed the localization of PLP in Rab5Q79L enlarged endosomes. There was little 

colocalization of PLP with either Hrs or EGFR (visualized by a 15 min incubation with 

Rhodamine-conjugated EGF), whereas Hrs colocalized to a large extent with the 

EGFR, consistent with previous studies (Fig. 3a,d). To characterize the nature of the 

PLP enriched domain, we analyzed the degree of colocalization with flotillin, a 

membrane scaffolding protein of non-caveolar lipid-raft microdomains. Confocal 

microscopy analysis revealed a strong colocalization of PLP with both endogenous 

and exogenously expressed flotillin (Fig. 3c). In contrast, there was little 
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colocalization of flotillin with the EGFR (Fig. 3c). Likewise, we also found that GPI-

GL-GFP colocalized with PLP in the enlarged endosomes, again demonstrating lipid-

raft microdomain segregation (Fig. 3b).  

The GTPase-deficient Rab5Q79L-enlarged endosomes are hybrid organelles that do 

not only contain early endosomal, but also late endosomal membrane, possibly 

because they recruit Rab7, but fail to displace Rab5 (Rink et al., 2005). We therefore 

wondered whether segregation of lipid-raft components may not only occur into 

different domains of these enlarged endosomes, but also into distinct endosomal 

populations. Indeed, we found that flotillin-containing late endosomes contained PLP 

(Fig. 4b) and were highly enriched in cholesterol as demonstrated by filipin staining 

(Fig. 4d) and also incorporated Bodipy-lactosylceramide after 60 min of 

internalization (Fig. 4e), but did not contain the late endosomal/lysosomal lipid 

lysobisphosphatidic acid (LBPA) that regulates intra-endosomal dynamics along the 

degradative pathway (Fig. 4f). Moreover, endocytosis assay revealed that GPI-GL-

GFP was targeted more efficiently to flotillin-containing endosomes as compared to 

the EGFR (Fig. 4c). Interestingly, endocytosed GPI-anchored proteins seem to be 

transported to late endosomes or recycling endosomes, depending on the lipid 

composition of the cell type (Fivaz et al., 2002). Collectively, our data support the 

idea that lipid rafts may contribute to the sorting into different domains on endosomes 

or even into different population of multivesicular endosomes.    

Having shown that EGFR and PLP are found on distinct domains of Rab5Q79L 

enlarged endosomes, we next addressed the question whether they use distinct 

pathways of inward budding into the lumen of endosomes. It is well established that 

sorting of EGFR into the ILV requires the sequential action of different components of 

the endosomal sorting complex required for transport (ESCRT) machinery (Hurley 

and Emr, 2006; Williams and Urbe, 2007). As an assay for inward budding, we 

determined the amount of EGF being transferred to the lumen of the enlarged 

endosomes after EGF stimulation. To interfere with the function of ESCRT 

machinery, we used either RNAi or dominant-negative mutants against Hrs, Tsg101, 

Alix or Vps4, respectively.  An efficient knock-down of protein was obtained by 

performing two rounds of siRNA delivery using nucleofection (Fig. 5a). We found that 

depletion of either Hrs or Tsg101 significantly reduced the intraluminal transport of 

EGFR into enlarged endosomes, whereas Alix depletion only had a minor effect (Fig. 

5b). The reduction of EGF in the endosomal lumen correlated with a defect in EGF 
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degradation in all experiments (Fig. S1). These results are consistent with previous 

data, validating our inward budding assay (Babst et al., 2000; Bache et al., 2003; 

Bishop and Woodman, 2000; Lloyd et al., 2002; Razi and Futter, 2006; Yoshimori et 

al., 2000).  

To analyze the involvement of the ESCRT-machinery in the transfer of PLP into the 

lumen of enlarged endosomes, similar experiments were performed for PLP. We 

found that neither the knock-down of Hrs, Tsg101 nor Alix had any influence on the 

inward budding of PLP (Fig. 5b). In addition, the functional inhibition of the ESCRT-

machinery did not change the colocalization of PLP with Lamp-1 (Fig. S2). Together, 

these results suggest the existence of an ESCRT-independent pathway for the 

transport of PLP into the lumen of endosomes. To obtain further support for this 

conclusion, we determined the amount of PLP being released in association with 

exosomes after interfering with the function of the ESCRT-machinery. Knock-down of 

Tsg101 and Alix, overexpression of Tsg101, or expression of dominant-negative ATP 

binding-defective form of Vps4 did not impair the secretion of PLP with exosomes 

(Fig. 5c,d). The assay was validated by showing that the secretion of GFP-tagged 

Gag protein of the Moloney murine leukemia virus with virus-like particles was 

strongly reduced by the expression of dominant-negative Vps4 (Fig. 5d) (Garrus et 

al., 2001) . 

Collectively, our data show that PLP is transferred into the lumen of endosomes and 

released by exosomes in an ESCRT-independent fashion.  

Sorting of membrane into the lumen of MVEs requires the lateral segregation of 

cargo at the limiting membrane, followed by the formation and incorporation of cargo 

into the inwardly budding vesicles. For ubiquitinated cargo it is well established that 

Hrs sorts these proteins into clathrin-coated microdomains through interaction with 

phosphatidylinositol (3)-phosphate on early endosomes, thereby recruiting 

downstream-ESCRT factors that initiate the inward budding of the domain into the 

lumen of MVEs. Here, we provide evidence for an alternative pathway, which is 

independent of the ESCRT machinery but seems to require lipid rafts as collecting 

devices for the lateral segregation of cargo in the limiting membrane of endosomes.  

Endocytosis, which includes Invagination of the plasma membrane, occurs by 

multiple mechanisms and creates different populations of endocytic carriers. The 

diversity of ILV populations in MVEs also points to different mechanisms of how 

proteins and lipids can enter endosomes. In the future it will be important to learn 
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more about these different pathways and to find out whether they are active on the 

same endosome and/or on specialized subpopulations of endosomes in order to gain 

more insight in the function of intra-endosomal membrane trafficking . 
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Materials and Methods 

Antibodies, plasmids, and other reagents 

The following plasmids were used: GFP-Rab5 and Rab5Q79L (M. Zerial, MPI-CBG, 

Dresden), EGFR-EGFP (D. Arndt-Jovin, MPI for Bioph. Chem., Göttingen), GFP-

Vps4(KQ) and GFP-hVps4(EQ) (P. Woodman, University of Manchester, UK), myc-

Hrs (H. Stenmark, Institute of Cancer Research, Norway), flotillin-1-GFP (Ben 

Nichols, MRC, Laboratory of Molecular Biology, Cambridge, UK), flotillin-2-GFP and 

flotillin-2-RFP (L. Rajendran, MPI-CBG, Dresden), CD63-EGFP (D. Cutler, University 

College London, UK). The pcDNA3-HA-Hrs vector was generated by insertion of the 

HA tag-containing oligonucleotides into the EcoRI and HindIII restriction sites of the 

pcDNA3-myc-Hrs plasmid. The following primary antibodies were used: anti-myc 

(monoclonal IgG; Cell Signalling; and polyclonal rabbit, Upstate), mouse monoclonal 

antibodies against flotillin-1 and flotillin-2, monoclonal rat anti-Lamp-1 (BD 

Biosciences, Heidelberg, Germany), mouse monoclonal against LBPA (J. Gruenberg, 

University of Geneva, Switzerland). Secondary antibodies were obtained from 

Dianova and GE Healthcare.  

 

Cell culture, transfections and siRNA delivery 

The oligodendroglial precursor cell line, Oli-neu (provided by J. Trotter, University of 

Mainz, Mainz, Germany), were cultured as described previously (Trajkovic et al., 

2006). Transient transfections were performed using FuGENE transfection reagent 

(Roche) according to the manufacturer's protocol. siRNA was delivered into Oli-neu 

cells by nucleofection with Amaxa basic neuron kit according to the manufacturer’s 

protocol and repeated after 48 hours, followed by another 48 hours of incubation 

before carrying out the experiment. The following siRNAs were used: sense 

r(GGAACUACUGGGAGAAGAA)dTdT and antisense 

r(UUCUUCUCCCAGUAGUUCC)dGdG against Hrs, sense 

r(CUGUAUAAACAGAUUCUAA)dTdT and antisense 

r(UUAGAAUCUGUUUAUACAG)dTdG against Tsg101 and sense 

r(GAACCUGGAUAAUGAUGAA)dTdT and antisense 

r(UUCAUCAUUAUCCAGGUUC)dTdG against Alix (Quiagen). Control siRNA was 

obtained from Ambion.  

For modification of cellular lipids, cells were incubated for 2 days in serum-free 

medium supplemented with 0.4% (w/v) bovine serum albumin (containing less than 
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0.003%  total fatty acids) and 50 µM of either polyunsaturated eicosapentaenoic acid 

(20:5 (n-3)) or stearic acid (18:0), as described (Stulnig et al., 1998); cells were then 

transiently transfected with PLP-myc and 4 h after transfection the fatty acid 

treatment was renewed and incubation was continued for ~16 hours. 

 

Microscopy and analysis 

Immunofluorescence was performed as described previously (Trajkovic et al., 2006). 

Methanol fixations were used in the case of labelling for flotillin. Fluorescence images 

were acquired on a microscope DMRXA, Leica or a confocal microscope LSM 510, 

Carl Zeiss MicroImaging, Inc. with a 63x oil plan-Apochromat objective (NA 1.4; Carl 

Zeiss MicroImaging, Inc.). Image processing and analysis were performed using 

Meta Imaging Series 6.1 software (Universal Imaging Corp.). Quantification of 

colocalization was performed with the colocalization module of the software. To 

assay EGF degradation, cells transfected with EGFR-EGFP were incubated with 50 

ng/ml Rhodamine-labelled EGF (Invitrogen) for 15 min, washed, and incubated for 4 

h in conditioned culture medium to allow EGF degradation. For quantification, images 

of randomly selected transfected cells were recorded at fixed settings below pixel-

value saturation and fluorescence intensities were quantified using Meta Imaging 

Series 6.1 software. For quantification of protein transfer into the lumen of Rab5Q79L 

enlarged endosomes, confocal sections of enlarged endosomes were recorded using 

the GFP-Rab5Q79L outline as a reference to obtain images through the middle region 

of the endosome. The fluorescence intensities within the lumen and the limiting 

membrane (indicated by the GFP-Rab5Q79L outline) of the endosomes were 

measured and quantified using Meta Imaging Series 6.1 software.  

For electron microscopy analysis, the exosomes were loaded onto a carbon-coated 

grids, fixed in 2% paraformaldehyde, washed and immunolabelled with anti-3F4 

antibody followed by 10 nm gold-labelled secondary antibody (Sigma Aldrich). The 

exosomes were post-fixed in 2% glutaraldehyde, washed, contrasted in 2% uranyl 

acetate, embedded in a mixture of uranyl acetate and methyl cellulose and examined 

by an electron microscope.  

 

Exosome purification 

Exosomes from transiently or stably transfected Oli-neu cells were prepared as 

described (Fevrier et al., 2004). Briefly, before the exosome preparation, culture 
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medium was replaced by serum-free medium. Cell culture media were collected and 

centrifuged twice for 5 min at 3 000 × g and 4 500 × g, respectively, and 

ultracentrifuged at 10 000 × g for 30 min and at 100 000 × g for 1 h. To prepare 

continuous sucrose gradients, the 100 000 × g pellet was resuspended in 2.5 M 

sucrose in 20 mM Hepes (pH 7.4), and a step gradient of sucrose (2.25, 2.0, 1.75, 

1.5, 1.25, 1.0, 0.75, 0.5, and 0.25 M) was layered over the exosome-containing, 2.5 

M sucrose solution. The gradient was spun at 200 000 × g for at least 16 h using a 

SW55 rotor. Fractions were collected from the top of the gradient, diluted with PBS, 

and spun at 100 000 × g with a TLA-100.3 rotor. Pellets were resuspended in sample 

buffer, subjected to 10% SDS-PAGE electrophoresis, and transferred to 

nitrocellulose membranes. Western blots were revealed by enhanced 

chemiluminescence (Amersham Pharmacia) and bands were quantified using the 

ImageJ Software. 

 

Lipid analysis 

Lipid analysis using Nano-ESI-MS/MS was performed as described previously 

(Brugger et al., 2006). 
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Figure legends 

Figure 1 

Identification and characterization of exosomes. (a) Oli-neu cells were transiently 

transfected with myc-tagged, wild-type PLP (wt PLP) or mutant (A242V) (msd PLP) 

and switched to serum-free medium ~16 h after transfection; the medium was 

collected after ~ 6 h of further incubation before submitting it to sequential 

centrifugation steps as indicated. The resulting pellets of each centrifugation step 

were analyzed by Western blotting for PLP. (b) The 100 000 x g pellet was negatively 

stained with 1% uranyl acetate and immunolabeled with antibodies against PLP (right 

panel). Bar, 200 nm. (c) A 0.25–2.5 M sucrose gradient was loaded on top of the 100 

000 × g pellet and the resulting fractions were analyzed for PLP from transiently 

(PLP-myc) or stably transfected (PLP-YFP) cells and for the exosomal marker 

protein, Alix. (d) Cell lysates and 100 000 x g pellets (P100) were analyzed by 

Western blotting for the indicated proteins. (e) Cells were transiently transfected and 

cell lysates and 100 000 x g pellets were analyzed for the respective proteins. (f) 

Cells were transiently co-transfected with either GFP-Rab5Q79L or GFP-Rab5 and 

myc-PLP and the amount of PLP in the cell lysate and 100 000 x g pellets was 

determined and quantified. Results are expressed as the mean ± SD of five 

experiments (**p < 0.01; t test). An immunofluorescence image of cells expressing 

GFP-Rab5Q79L and myc-PLP is shown. Bar, 5 µm. 

 

Figure 2 

Lipid analysis. (a) Quantification of lipids from total cells (CM) and the 100 000 x g 

pellets (P100) was performed by nano-electrospray ionization tandem mass 

spectrometry. Error bars represent standard deviation of the mean. (b) Oli-neu cells 

were treated with 50 µM polyunsaturated eicosapentaenoic acid (20:5), stearic acid 

(18:0) or vehicle alone and the amount of PLP was determined in the cell lysate (CL) 

and in the 100 000 x g pellet (P100) of the sequential centrifugation steps of the 

culture medium. Results are expressed as the mean ± SD of four experiments (*p < 

0.05; t test).  

 

Figure 3 

Endosomal subdomain structure. (a-d) Oli-neu cells were co-transfected with 

Rab5Q79L and PLP-myc, EGFR, CFP-GPI, flotillin-2-RFP, HA-Hrs, CD63-RFP as 
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indicated. Cells transfected with EGFR were incubated for 15 min with Rhodamine-

labelled EGF. Cells were then processed and analyzed for immunofluorescence 

microscopy. A GFP antibody was used to stain CFP-GPI. Insets show the enlarged 

endosomes. Bar, 5 µm. The level of colocalization of the different proteins on 

endosome membranes was quantified as described in Materials and Methods.  

 

Figure 4 

Flotillin-containing endosomes. (a) Oli-neu cells were co-transfected with PLP-myc 

and EGFR, Rhodamine-labelled EGF was bound to the cell surface and internalized 

for 60 min, before the cells were processed and analyzed by immunofluorescence 

microscopy. The boxed areas are show below in a higher magnification. (b)  Cells 

were transfected with PLP-myc and stained with anti-myc and anti-flotillin-1 or -2 

antibodies. (c) Cells were transfected with CFP-GPI or EGFR, anti-GFP or 

Rhodamine-labelled EGF was allowed to bind to the cell surface, respectively, and 

internalization was carried out for 30 to 120 min. The level of colocalisation with 

flotillin-1 is shown in the graph. Values are expressed as the mean ± SD (n > 30 

cells; ***p < 0.001; t test) (d) Cells were transfected with flotillin-2-GFP and stained 

with filipin to visualize free cholesterol. (e) BODIPY–lactosylceramide were added to 

transiently transfected flotillin-2-RFP cells as a BSA complex, cells were cultured for 

45 min at 37°C in culture medium, washed and furthe r incubated for 1 h at 37°C in 

culture medium. Fluorescent lipid present at the plasma membrane was then 

removed by washing several times. (f) Cells were transfected with flotillin-1-GFP or 

flotillin-2-RFP and stained with anti-LBPA antibodies. Bar, 5 µm. 

 

Figure 5 

ESCRT-independent transport of PLP. (a) A control RNA duplex or siRNA against 

Hrs, Tsg101 or Alix was delivered by nucleofection into Oli-cells. The efficiency of the 

knock-down was demonstrated by Western blotting (upper panel). Actin or tubulin are 

shown as loading controls (lower panel). (b) RNAi treated cells were co-transfected 

with GFP-Rab5Q79L and EGFR (left panel) or PLP-myc (right panel). EGFR 

transfected cells were incubated for 15 min with Rhodamine-labelled EGF before 

fixation. Cells were then processed and analyzed for immunofluorescence 

microscopy. Quantification of the relative amount of PLP or EGF in the lumen as 

compared to the limiting membrane of the enlarged endosomes was quantified. 
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Values represent the mean ± SE (n > 70 endosomes; *p < 0.05; ***p < 0.001; t test). 

(c) Cells are treated with siRNA and transfected with PLP-myc (left panel), or co-

transfected with Tsg101 and PLP-myc (right panel). The amount of PLP was 

determined in the cell lysate (CL) and in the 100 000 x g pellet (P100) of the 

sequential centrifugation steps of the culture medium. Results are expressed as the 

mean ± SD of five experiments. (d) Cells were co-transfected with PLP-myc (upper 

panel) or Gag-GFP (lower panel) and different ratios of ATPase-defective Vps4(KQ). 

The amount of Gag-GFP and PLP-myc was determined in the cell lysate (CL) and in 

the 100 000 x g pellet (P100). . Results are expressed as the mean ± SD of three 

experiments (**p < 0.01; ***p <0.001; t test). Bar, 5 µm. 
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Supplementary Information 

 

Figure S1 

EGF degradation after treatment with siRNA against Hrs, Tsg101 and Alix.  

A control RNA duplex or siRNA against Hrs, Tsg101 or Alix was delivered by 

nucleofection into Oli-cells. Cells were transfected with EGFR, incubated with 

Rhodamine-labelled EGF for 15 min, washed, and incubated further for 4 h in 

conditioned culture medium to allow EGF degradation. For quantification, images of 

randomly selected transfected cells were recorded and fluorescence intensities were 

quantified. Values represent the mean ± SE (n > 70 cells; *p < 0.05; t test) (b) Cells 

were co-transfected with EGFR and ATPase-defective Vps4(KQ) or wild-type GFP-

hVps4(wt) and EGF degradation was determined. Values represent the mean ± SE 

(n > 70 cells). 

 

Figure S2 

Colocalization of PLP and Lamp-1 after treatment with siRNA against Hrs, 

Tsg101 and Alix.  

A control RNA duplex or siRNA against Hrs, Tsg101 or Alix was delivered by 

nucleofection into Oli-cells. Cells were transfected with PLP-myc, processed and 

analyzed by immunofluorescence microscopy. Colocalization of PLP and Lamp-1 

was determined. Values represent the mean ± SE (n > 30 cells). Bar, 5 µm. 

 

  



 15 

 

Acknowledgements 

We are grateful to J. Gruenberg, D. Caplan, M. Zerial, D. Arndt-Jovin, P. Keller and 

H. Stenmark for providing reagents. R. White for helping establishing with RNAi 

experiments. We thank the directors of the MPI for Experimental Medicine for 

continued support. The work was supported by the Deutsche 

Forschungsgemeinschaft (SFB 523, GRK521). 



 16 

References: 

 

Babst, M., Odorizzi, G., Estepa, E.J. and Emr, S.D. (2000) Mammalian tumor susceptibility gene 101 

(TSG101) and the yeast homologue, Vps23p, both function in late endosomal trafficking. 

Traffic, 1, 248-258. 

Bache, K.G., Brech, A., Mehlum, A. and Stenmark, H. (2003) Hrs regulates multivesicular body 

formation via ESCRT recruitment to endosomes. J Cell Biol, 162, 435-442. 

Bishop, N. and Woodman, P. (2000) ATPase-defective mammalian VPS4 localizes to aberrant 

endosomes and impairs cholesterol trafficking. Mol Biol Cell, 11, 227-239. 

Brugger, B., Glass, B., Haberkant, P., Leibrecht, I., Wieland, F.T. and Krausslich, H.G. (2006) The HIV 

lipidome: a raft with an unusual composition. Proc Natl Acad Sci U S A, 103, 2641-2646. 

de Gassart, A., Geminard, C., Fevrier, B., Raposo, G. and Vidal, M. (2003) Lipid raft-associated 

protein sorting in exosomes. Blood, 102, 4336-4344. 

Fevrier, B., Vilette, D., Archer, F., Loew, D., Faigle, W., Vidal, M., Laude, H. and Raposo, G. (2004) 

Cells release prions in association with exosomes. Proc Natl Acad Sci U S A, 101, 9683-9688. 

Fivaz, M., Vilbois, F., Thurnheer, S., Pasquali, C., Abrami, L., Bickel, P.E., Parton, R.G. and van der 

Goot, F.G. (2002) Differential sorting and fate of endocytosed GPI-anchored proteins. Embo J, 

21, 3989-4000. 

Garrus, J.E., von Schwedler, U.K., Pornillos, O.W., Morham, S.G., Zavitz, K.H., Wang, H.E., Wettstein, 

D.A., Stray, K.M., Cote, M., Rich, R.L., Myszka, D.G. and Sundquist, W.I. (2001) Tsg101 and 

the vacuolar protein sorting pathway are essential for HIV-1 budding. Cell, 107, 55-65. 

Gruenberg, J. and Stenmark, H. (2004) The biogenesis of multivesicular endosomes. Nat Rev Mol Cell 

Biol, 5, 317-323. 

Hurley, J.H. and Emr, S.D. (2006) The ESCRT complexes: structure and mechanism of a membrane-

trafficking network. Annu Rev Biophys Biomol Struct, 35, 277-298. 

Lloyd, T.E., Atkinson, R., Wu, M.N., Zhou, Y., Pennetta, G. and Bellen, H.J. (2002) Hrs regulates 

endosome membrane invagination and tyrosine kinase receptor signaling in Drosophila. Cell, 

108, 261-269. 

Piper, R.C. and Katzmann, D.J. (2006) Biogenesis and Function of Multivesicular Bodies. Annu Rev 

Cell Dev Biol. 

Raiborg, C., Bache, K.G., Gillooly, D.J., Madshus, I.H., Stang, E. and Stenmark, H. (2002) Hrs sorts 

ubiquitinated proteins into clathrin-coated microdomains of early endosomes. Nat Cell Biol, 4, 

394-398. 

Raiborg, C., Wesche, J., Malerod, L. and Stenmark, H. (2006) Flat clathrin coats on endosomes 

mediate degradative protein sorting by scaffolding Hrs in dynamic microdomains. J Cell Sci, 

119, 2414-2424. 

Razi, M. and Futter, C.E. (2006) Distinct roles for Tsg101 and Hrs in multivesicular body formation and 

inward vesiculation. Mol Biol Cell, 17, 3469-3483. 

Rink, J., Ghigo, E., Kalaidzidis, Y. and Zerial, M. (2005) Rab conversion as a mechanism of 

progression from early to late endosomes. Cell, 122, 735-749. 



 17 

Simons, M., Kramer, E.M., Thiele, C., Stoffel, W. and Trotter, J. (2000) Assembly of myelin by 

association of proteolipid protein with cholesterol- and galactosylceramide-rich membrane 

domains. J Cell Biol, 151, 143-154. 

Stenmark, H., Parton, R.G., Steele-Mortimer, O., Lutcke, A., Gruenberg, J. and Zerial, M. (1994) 

Inhibition of rab5 GTPase activity stimulates membrane fusion in endocytosis. Embo J, 13, 

1287-1296. 

Stoorvogel, W., Kleijmeer, M.J., Geuze, H.J. and Raposo, G. (2002) The biogenesis and functions of 

exosomes. Traffic, 3, 321-330. 

Stulnig, T.M., Berger, M., Sigmund, T., Raederstorff, D., Stockinger, H. and Waldhausl, W. (1998) 

Polyunsaturated fatty acids inhibit T cell signal transduction by modification of detergent-

insoluble membrane domains. J Cell Biol, 143, 637-644. 

Trajkovic, K., Dhaunchak, A.S., Goncalves, J.T., Wenzel, D., Schneider, A., Bunt, G., Nave, K.A. and 

Simons, M. (2006) Neuron to glia signaling triggers myelin membrane exocytosis from 

endosomal storage sites. J Cell Biol, 172, 937-948. 

Valadi, H., Ekstrom, K., Bossios, A., Sjostrand, M., Lee, J.J. and Lotvall, J.O. (2007) Exosome-

mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange 

between cells. Nat Cell Biol. 

van Niel, G., Porto-Carreiro, I., Simoes, S. and Raposo, G. (2006) Exosomes: a common pathway for 

a specialized function. J Biochem (Tokyo), 140, 13-21. 

Weimbs, T. and Stoffel, W. (1992) 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, 12289-12296. 

Williams, R.L. and Urbe, S. (2007) The emerging shape of the ESCRT machinery. Nat Rev Mol Cell 

Biol, 8, 355-368. 

Wubbolts, R., Leckie, R.S., Veenhuizen, P.T., Schwarzmann, G., Mobius, W., Hoernschemeyer, J., 

Slot, J.W., Geuze, H.J. and Stoorvogel, W. (2003) Proteomic and biochemical analyses of 

human B cell-derived exosomes. Potential implications for their function and multivesicular 

body formation. J Biol Chem, 278, 10963-10972. 

Yoshimori, T., Yamagata, F., Yamamoto, A., Mizushima, N., Kabeya, Y., Nara, A., Miwako, I., Ohashi, 

M., Ohsumi, M. and Ohsumi, Y. (2000) The mouse SKD1, a homologue of yeast Vps4p, is 

required for normal endosomal trafficking and morphology in mammalian cells. Mol Biol Cell, 

11, 747-763. 

 



a b

c
d

e

f

Figure 1

100

0

20

40

60

80

Rab5 caRab5 wtre
la

ti
v
e
 a

m
o
u
n
t 
o
f 
P

L
P

 i
n
 e

x
o
s
o
m

e
s
 (

%
)

**

mergePLP-myc Rab5 ca

negative stain PLP-10nm

Rab5
wt

Rab5
ca

CL

P100

CL P100

VSV-G-B-GFP

VSV-G-A-GFP

PLP-GFP

EGF-GFP

APP-myc

CL P100

EEA1

GM130

g-adaptin

calnexin

flotillin-1

Alix

CL P3 P4 P5 P10 P100

wt PLP

msd PLP

Sucrose concentration

0.25M

2.5M

PLP-YFP

Alix

PLP-myc

Alix

1 2 3 10987654

2.5M



a

Figure 2

300

200

0

100

18:0 20:5

re
la

ti
v
e
 a

m
o
u
n
t 
o
f 
P

L
P

 i
n
 e

x
o
s
o
m

e
s
 (

%
)

*

b

CL

18:0 20:5

P100

18:0 20:5

PLP-myc

calnexin

g-adaptin

b



PLP-myc EGF

PLP-myc GPI-CFP

PLP-myc CD63-RFP

PLP-myc Flotillin-2-RFP

EGF Flotillin-2

merge

merge

merge

merge

merge

mergePLP-myc Hrs-HA

EGF Hrs-HA merge

Figure 3

a

b

c

d



PLP-myc EGF LAMP-1 mergemerge

PLP-myc Flotillin-1 merge

PLP-myc Flotillin-2 merge

merge

merge

Flotillin-1

Flotillin-1

GPI-GFP

EGF

Flotillin-2-GFP Filipin merge

Flotillin-2-RFP mergeLacCer

merge

merge

Flotillin-1-GFP

Flotillin-2-RFP

LBPA

LBPA

Figure 4

a

b c

d

e
f

80

0

20

40

60

min of uptake30 60 120

GPI

EGF

%
 c

o
lo

c
a
liz

a
ti
o
n
 w

it
h
 f
lo

ti
lli

n
-1

***

*** ***



Figure 5

a

b

c

d



ctrl
H
rs

Tsg101

A
lix siRNA

30000

20000

10000

0

in
te

n
s
it
y
 o

f 
E

G
F

 s
ig

n
a
l 
(a

.u
.)

*

*

Figure S1



control

Hrs
knock-down

Tsg101
knock-down

Alix
knock-down

PLP-myc

PLP-myc

PLP-myc

PLP-myc

LAMP-1

LAMP-1

LAMP-1

LAMP-1

merge

merge

merge

merge

100

50

0 ctrl
H
rs

Tsg101

A
lix siRNA

%
 c

o
lo

c
a
liz

a
ti
o
n
 o

f 
P

L
P

 w
it
h

L
a
m

p
-1

Figure S2

a



 30 

4. Discussion 
 
 
 

Our data demonstrate that oligodendrocytes use a clathrin-independent 

but cholesterol-depletion sensitive endocytosis pathway for the internalization 

of PLP, the major myelin membrane protein. Endocytosed PLP accumulates 

in the limiting membranes and ILVs of late endosomes. The sorting of PLP 

into the intralumenal membranes (ILMs) of multivesicular endosomes (MVEs) 

does not require the ESCRT-machinery. Upon arrival of soluble neuronal 

signals, clathrin-independent endocytosis is inhibited, PLP-enriched MVEs 

mobilized and delivered to the plasma membrane. This change in membrane 

trafficking is accompanied by the morphological differentiation of the cell, and 

regulated by changes in Rho GTPase activity. We propose that this change in 

myelin membrane trafficking is required to coordinate myelin membrane 

growth in the CNS. 

 

 

4.1. Regulation of endocytosis in oligodendrocytes 

 

We have identified a clathrin-independent, cholesterol-dependent 

endocytosis pathway used by PLP in oligodendroglial cell lines. Our 

conclusion was based on experiments using pharmacological and dominant-

negative approaches. We found that the inhibition of clathrin-mediated 

endocytosis by the expression of dominant-negative mutant form of Eps15 

(E 95/295) or potassium depletion did not interfere with the endocytosis of 

PLP. Instead, we observed a dramatic decrease of PLP internalization after 

depletion of cellular cholesterol under experimental conditions, which did not 

disturb clathrin-mediated endocytosis. Furthermore, we found that the 

endocytosis of PLP required the function of dynamin and the actin 

cytoskeleton. Finally, our results indicated a role of the GTPase RhoA in this 

pathway. 

This endocytosis pathway could be related to a previosly described 

clathrin- and caveolin-independent uptake of GPI-anchored proteins and fluid-

phase in Cos-7 and chinese hamster ovary (CHO) cells (Sabharanjak et al., 
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2002). In fact, we observed that a GPI-anchored GFP fusion protein and 

dextran, a fluid phase marker, used a clathrin-independent pathway in Oli-neu 

cells. However, we found that this pathway was regulated by RhoA and not as 

previously described, by cdc42. Therefore, this form of endocytosis may be 

more closely related to the RhoA regulated pathway used by IL-2 receptor 

(Lamaze et al., 2001) and the γc cytokine receptor (Sauvonnet et al., 2005). 

Future work is required to clearly define whether these different endocytosis 

pathways represent distinct portals of entry into a cell, or rather correspond to 

cell-type dependent variations of the same pathway. The fact that they all 

seem to be specialized to regulate the endocytosis of cholesterol and 

sphingolipids point to important paralleles. In the case of oligodendrocytes, we 

propose that this endocytosis pathway plays an important role in the 

regulation of the plasma membrane composition. The formation of myelin, 

which is highly enriched in cholesterol and specific sphingolipids may require 

the down-regulation of this pathway. This would lead to a gradual build-up of 

myelin-membrane components in the plasma membrane, given that clathrin-

mediated endocytosis, which does not show the same preference for 

cholesterol and sphingolipids is unchanged. 

Indeed, we observed that the presence of neurons led to a remarkable 

inhibition of the endocytosis of PLP, but not of the clathrin-mediated 

endocytosis. Interestingly, we were able to show that the molecular 

mechanisms of this inhibition involved the regulation of RhoA. Thus, our data 

show that neurons control a specific endocytosis pathway in oligodendrocytes 

by regulating Rho GTPase activity. 

We suggest that this regulation represents a mechanism to control 

myelin membrane growth at the appropriate time of development. It is an 

interesting example of how cell to cell signaling controls membrane trafficking 

to coordinate changes in cell architecture. 

The exact nature of the neuronal signals and their mode of action will 

have to be addressed in future studies. 
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4.2. Sorting of proteolipid protein into multivesicular endosome 

 

After being endocytosed, PLP starts to accumulate in endosomes 

which either have a multivesicular or multivesicular/multilamellar appearance 

and contain Lamp-1. We refer to this organelle as late endosome (LE). PLP 

was found both on the limiting membrane and on the intralumenal membranes 

(ILMs) of this compartment. We found that sorting of PLP into ILMs did not 

require ESCRT-machinery. The conclusions were based on experiments 

studying the distribution of PLP on enlarged endosomes by use of the 

GTPase-deficient mutant form of Rab5 (Rab5Q79L) as a tool. Rab5Q79L induces 

homo- and heterotypic fusion of endosomes (Stenmark et al., 1994) and leads 

to the formation of large endosomal compartment with ILMs clearly detectable 

by confocal microscopy. In such a system, we were able to follow the sorting 

of both PLP and the epidermal growth factor receptor (EGFR) into ILMs. As 

expected, we found that EGFR was sorted into ILMs via ESCRT-dependent 

pathway. We used siRNA and dominant-negative approaches to come to this 

conclusion. SiRNA-mediated downregulation of ESCRT-0 component Hrs 

strongly inhibited the sorting of EGFR into ILMs, but it did not affect sorting of 

PLP. Nevertheless, there are examples of proteins, such as the transferrin 

receptor, which can bind directly to ESCRT-I, bypassing the requirement for 

Hrs in sorting into endosomal lumen (Geminard et al., 2004). Human 

immunodeficiency virus (HIV) also does not demand Hrs for budding from the 

plasma membrane (Morita and Sundquist, 2004). However, the 

downregulation of Tsg101, the ESCRT-I component, did not disturb the 

targeting of PLP into the enlarged endosomes. Furthermore, the sorting of 

PLP was not significantly influenced by the interference with other proteins 

implicated in the ESCRT-pathway, such as Alix, clearly showing that sorting of 

PLP is an ESCRT-independent process.  Together, these data suggest that 

the sorting of PLP into ILMs is accomplished through a pathway essentially 

different from previously described routes. 

This conclusion was further supported by analyzing the microdomain 

structure of the Rab5Q79L-enlarged endosome. We found that PLP did not 

colocalize with the previously described clathrin-coated microdomains, which 

act as platforms for the recruitment of ESCRT components (Raiborg et al., 
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2001). In contrast to the EGFR, a well known example for the ESCRT-

dependent sorting, we found no colocalization of PLP with Hrs on the 

endosomes or with EGFR itself. Instead, we observed the colocalization of 

PLP with markers of lipid-rafts, GPI-anchored GFP and flotillin and with the 

tetraspanin protein, CD63. This result suggests that PLP might use rafts as a 

platform for inward budding, and it is consistent with previous observations 

that there is more than one type of ILMs in late endosomes (Mobius et al., 

2003). 

PLP-positive ILMs continued to form in cells in which the function of 

ESCRT was inhibited, implying that there are alternative pathways for sorting 

into the endosomal lumen. So far, one study has been able to identify the 

possible mechanisms of such a pathway (Matsuo et al., 2004). This study 

shows that the lipid lysobisphosphatidic acid (LBPA) was sufficient to drive the 

inward budding of membrane into an endosome. This mechanism seems to 

rely on the cone-shaped structure of the lipid, which promotes the formation of 

negative curvature of the membrane. Interestingly, Alix was involved in the 

control of this invagination process. Our finding that Alix depletion has no 

influence on the sorting of PLP into ILMs argues for an additional, distinct 

pathway of inward budding. 

A recent study from Theos et al. (2006) provides evidence for the 

existence of a pathway for sorting into and formation of ILVs, which does not 

involve ESCRT, but requires luminal sorting determinant within the 

melanosomal protein Pmel. 

There are also studies revealing that more than one population of 

MVEs exists within one cell (Mobius et al., 2003; White et al., 2006). One 

subset  of MVEs is enriched in cholesterol, while others contain high levels of 

LBPA. Our results raise the question whether the differential sorting of PLP 

and EGFR and their segregation in ILMs lead to the targeting of these 

proteins to distinct MVEs. Both PLP and EGFR are targeted to Lamp-1 

positive vesicles. However, we demonstrate that there is a subset of these 

vesicles which contain PLP, but not EGFR. The possibility that EGFR was not 

detected due to its rapid degradation in these vesicles seems unlikely since 

the treatment with the protease inhibitor leupeptin leads to similar results. The 

precise nature of this compartment remains to be established, but flotillin-
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enriched late endosomes are likely candidate organelles. PLP displays a 

significant colocalization with flotillin-positive endosomes, which also 

accumulate cholesterol and the glycosphingolipid BODIPY-lactosylceramide, 

but do not contain detecable levels of LBPA. These data suggest that the 

previously described cholesterol-rich MVEs are a subpopulation of late 

endosomes defined by the presence of flotillin. 

How does the sorting of PLP occur? The fact that PLP colocalizes with 

lipid-raft proteins in ILMs and associates with cholesterol- and sphingolipid-

enriched MVEs indicates that PLP might segregate using lipid rafts as a 

sorting mechanism. Further studies will have to address this question in more 

detail. 

 

 

4.3. Retrograde membrane transport of PLP 

 

Our data demonstrate that the treatment of Oli-neu cells with 

conditioned neuronal medium or inactivation of Rho leads to a dramatic 

change in the distribution of PLP. Namely, the colocalization of PLP and 

Lamp-1 was lost and PLP appeared instead predominantly on the plasma 

membrane. This redistribution was observed both in oligodendroglial cell line 

and in primary cultures of oligodendrocytes. Importantly, the same switch in 

localization was detected in situ when brain sections from young (postnatal 

day 7, P7) and old (P60) mice were compared. Colocalizaton of PLP and 

Lamp-1 was only observed in early developmental steps, P7, but not when 

myelination was completed, in P60. 

What happens with PLP after receiving of the neuronal signals? Our 

data obtained from pulse-chase experiments showed that the degradation 

rate of PLP occured at similar rates in the presence and absence of neurons. 

Therefore, the possibility that neuronal factors induced the degradation of PLP 

seems unlikely. One way to explain this change in PLP localization was 

already discussed previously and involves the inhibition of endocytosis by 

neuronal factors. Another possibility is that retrograde transport from late 

endosomes to the plasma membrane is induced by neurons. 
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PLP-enriched MVEs are relatively stationary vesicles clustered in the 

perinuclear region. Conversely, due to the arrival of neuronal signals and the 

expression of dominant-negative mutant form of RhoB GTPase, at least one 

subset of these vesicles becomes highly mobile and can be detected in the 

peripheral area of the cell. The same effect was achieved by inhibition of 

tyrosin kinases. Expression of constitutively active mutant form of RhoB 

GTPase and stimulation of Src kinase abolished the effect of neuronal factors 

on the mobility of MVEs. These results are consistent with previous studies 

showing that RhoB regulates the dynamics of endosomes (Fernandez-Borja 

et al., 2005) and Src activity (Sandilands et al., 2004). 

Indeed, by using total internal reflection fluorescence microscopy 

(TIRFM), we show that PLP-containing acidic endosomes have the ability to 

fuse with the plasma membrane in Oli-neu cells treated with neuronal 

medium. The extensive colocalization of PLP with LysoTracker, a marker for a 

low-pH environment, suggests that PLP might be delivered to the cell surface 

by being associated with these acidic compartments. These data raise the 

possibility that neuronal signals regulate not only the mobility, but also the 

fusion of late endosomes with the plasma membrane. It remains to be 

analyzed whether inhibition of RhoB and Src increases the frequency of 

fusion events. 

The transport of PLP in Oli-neu cells is strikingly similar to the 

trafficking of the major histocompatibility complex class II (MHC-II) in dendritic 

cells (Trombetta and Mellman, 2005). Immature dendritic cells store 

internalized MHC-II in late endomal compartment with a multivesicular 

appearance which is refered to as MHC class II compartment (MIIC). Upon 

maturation, the retrograde transport is triggered and MHC-II is delivered to the 

plasma membrane. The transport of PLP from MVEs  could also be related to 

the regulated exocytosis of secretory lysosomes in hematopoietic cells. 

The PLP-enriched late endosome does not seem to be a terminal 

degradative organelle, as suggested by the absence of the electron-dense 

core typical for lysosomes. However, degradation can also take place in pre-

lysosomal compartment due to its acidic environment and the presence of 

proteolytic enzymes. The degradation of PLP is not likely to occur in these 

organelles, as they can accumulate PLP and deliver it to the cells surface in a 
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regulated fashion. In addition, recent data have shown that the degradation of 

PLP involves proteasomal function (Kramer-Albers et al., 2006; McLaughlin et 

al., 2006). One possible explanation for the stability of PLP in this 

compartment is that this protein is poorly degradable. For example, 

constitutive lysosomal residents LAMPs and LIMPs are resistant to 

degradative environment due to their post-translational modifications, 

asparagine-linked glycans (Kundra and Kornfeld, 1999). Another possibility is 

that these late endosomes are poor in proteolytic enzymes, as in the case of 

late endosomes/lysosomes (LE/Ls) that store MHC-II in immature dendritic 

cells and that have reduced degradative properties (Trombetta et al., 2003). 

However, if PLP is, indeed, transported back to the plasma membrane, an 

escape mechanism from the LEs must exist. The fraction of PLP found on the 

limiting membrane of LE could incorporate into the plasma membrane directly, 

after the fusion of these organelles, whereas the fraction of PLP within the 

ILMs must take an additional step, such as back-fusion of ILMs with the 

limiting membrane. There are several examples of proteins which can exit 

from the ILVs. Maturation of dendritic cells can trigger back-fusion of MHC-II-

enriched ILVs with the limiting membrane of LE/Ls. This process is 

accompanied by the formation of the tubular extensions on LE/Ls (Trombetta 

and Mellman, 2005). Tubules derived from LE/L eventually fuse with the 

plasma membrane, leading to a massive transport of MHC-II to the cell 

surface without a concomitant release of proteolitic enzymes into the 

extracellular milieu. Similar back-fusion has been observed for the antrax 

toxin subunits edema factor and lethal factor (Abrami et al., 2004), or for the 

vesicular stomatitis virus (Le Blanc et al., 2005). These viral subunits rely on 

back-fusion of ILVs with the limiting membrane of a late endosome as a 

mechanism of their release into the cytoplasm. It remains to be determined 

whether PLP is sorted to the cell surface by back-fusion and tubules in 

response to neuronal signals. 

In addition to the sorting of PLP to the plasma membrane, we found 

that this protein can follow another pathway. It can be released into the 

extracellular environment in association with exosomes. These microvesicles 

are secreted upon fusion of MVEs with the plasma membrane. The 

physiological function of this pathway is unknown. Exosomes could represent 
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a vehicle for exporting of superfluous membrane from the inside of the cell to 

the extracellular milieu. 

 

 

4.4. Conclusions 

 

Our findings shed some light on the regulation of membrane transport 

in oligodendrocytes. In the absence of neuronal factors, there is a high level of 

clathrin-independent endocytosis, followed by the targeting of endocytosed 

material to LE. Upon arrival of neuronal signals, which is accompanied by the 

morphological differentiation of the cells, initiation of the retrograde membrane 

transport occurs synchronously with the inhibition of clathrin-independent 

endocytosis. Neurons may induce a switch between these two modes of 

membrane trafficking. 

It is interesting to compare the regulation of PLP trafficking in 

oligodendrocytes by neuronal signals with the changes in membrane 

trafficking during the development of polarized tissue  (Mostov, 2003). During 

tubulogenesis, cells depolarize and develop intracellular compartments which 

contain components that are normally found on the surface. Polarization, by 

contrast, often involves the redirection of membrane from intracellular 

reservoirs to the plasma membrane. This is one example of how membrane 

trafficking can undergo profound changes during development. 

The switch between two modes of membrane trafficking may have an 

important role in myelin biogenesis. The formation of myelin requires fast and 

timely delivery of huge amounts of myelin-specific lipids and proteins. The 

switch between endocytosis and retrograde transport could lead to the 

enrichment of the plasma membrane in myelin constituents. A specific form of 

cholesterol/sphingolipid-dependent endocytosis that we have identified in 

oligodendrocytes might lead to the intracellular accumulation of these lipids 

together with the major myelin protein PLP. Conversely, the reduction of this 

specific form of endocytosis may lead to a gradual deposition of myelin lipids 

and PLP within the plasma membrane of oligodendrocytes. The retrograde 

transport and exocytosis of previously internalized myelin-specific constituents 

could support the qualitative change of the plasma membrane in a rapid 
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manner. Indeed, our experimental data confirm the idea that the composition 

of the plasma membrane changes during the morphological differentiation. 

Laurdan staining, a way to measure membrane condensation, has shown a 

significant increase in the lipid order of the plasma membrane upon arrival of 

neuronal signals or Rho-inhibition. Recent study from Fitzner et al. (2006) 

documents that the process of myelination is associated with a condensation 

of plasma membrane in neuron-oligodendrocyte cocultures. 

Oligodendrocytes also regulate the size of their plasma membrane 

during development. The surface of oligodendrocytes becomes eventually 

approximately 10000 times larger as compared with that of a typical animal 

cell (Pfeiffer et al., 1993). Decreased endocytosis and increased exocytosis 

could result in the extension of the cell surface. After differentiation, 

oligodendrocytes may shift intracellular trafficking towards a high rate of 

exocytosis and a low rate of endocytosis to extend their plasma membrane. 

An increased influx directly from the biosynthetic pathway is also likely to 

contribute to this process. 

Endocytosis and retrograde transport in Oli-neu cells are regulated by 

members of the same Rho GTPase family. The activity of Rho GTPases may 

act as a switch between these two modes of membrane trafficking. Rho 

GTPases control many features of cell behaviour, including profound effects 

on the organization of actin cytoskeleton (Ridley and Hall, 1992) and vesicular 

trafficking (Gulli and Peter, 2001; Symons and Rusk, 2003; Symons and 

Settleman, 2000). Deeper insight into the regulation of membrane trafficking 

by Rho family GTPases comes from the fact that different family members 

display diverse distribution in the cell, which indicates distinct functions for 

each of them (Ridley, 2006). RhoA is mainly cytosolic and it acts at an early 

step of the internalization process (also shown by Lamaze et al., (1996), 

Vogler et al., (1999) and Hrboticky et al., (2002)). RhoB localizes both to the 

plasma membrane and to endosomes, and it can control endosomal 

dynamics through the Src kinase (Sandilands et al., 2004). Moreover, RhoD-

Src signaling cascade regulates the dynamics of early endosomes (Gasman 

et al., 2003). These studies, together with our results, suggest that different 

Rho GTPases could be involved in multiple steps of the endocytic pathway. 
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Our result that Rho inhibition is important for oligodendrocyte 

differentiation is consistent with other studies. One pathway recently shown to 

coordinate myelination is the regulation of RhoA activity by LINGO-1 in 

oligodendrocytes (Mi et al., 2005). Activation of RhoA by LINGO-1 negatively 

regulates myelination (Liang et al., 2004; Mi et al., 2005). In the light of our 

data, one possible mechanism of action for this signaling pathway could be 

the regulation of the cellular machinery involved in myelin membrane 

trafficking. 

Neurons might control the differentiation of oligodendrocytes by 

regulating Rho activity. Interestingly, oligodendrocytes secrete myelin-based 

inhibitory signals which can restrict axonal regeneration by activating RhoA 

signaling in neurons (Yiu and He, 2006). Thus, it seems that neurons and 

oligodendrocytes use Rho signaling cascade for bidirectional communication. 

Importantly, not all myelin components use the same trafficking 

pathway. In contrast to PLP and cholesterol which reside in MVEs, myelin 

basic protein and galactosylceramide are mainly found on the plasma 

membrane (Fitzner et al., 2006). The differential distribution of myelin 

constituents before the neuronal stimulation and the onset of myelination 

might be a mechanism to prevent their premature and irregular assembly. 

Exosomes could be utilized for the elimination of excessive material from the 

storage compartment before it can be incorporated into myelin. 

Together, our findings reveal that a clathrin-independent endocytosis 

leads to the delivery of endocytosed content into the endosomal compartment 

with a unique and unexpected function – to store and release its content in a 

regulated manner. This process may have an essential role in myelin 

biogenesis. The regulation of transport to and from this compartment by 

soluble neuronal signals is an astonishing example of how intercellular 

communication can guide the development of multicellular tissue through the 

control of intracellular trafficking. 
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5. Appendix 

 

 

5.1. Abbreviations 

 

 

˚C   degree centigrade 

a.u.   arbitrary unit 

Ab   antibody 

AP-2   adaptor protein 2 

ARF6   ADP-ribosylation factor 6 

BSA   bovine serum albumine 

ca   constitutively active 

cAMP   cyclic 3'-5'-cyclic adenosine monophosphate 

cDNA   complementary deoxiribonucleic acid 

CFP   cyan fluorescent protein 

CHO   chinese hamster ovary 

ChxB   B subunit of cholera toxin 

C.L.   cell lysate 

CLIC   clathrin-independent carrier 

CNP   2’,3’-cyclic nucleotide-3’-phosphohydrolase 

CNS   central nervous system 

CNTF   ciliary neurotrophic factor 

ctrl   control 

d   day 

DIV    days in vitro 

DMEM   Dulbecco’s modified Eagle’s medium 

DMSO   dimethylsolfoxide 

dn   dominant-negative 

dyn   dynamin 

ECV/MVB  endosomal carrier vesicle/multivesicular body 

EGF   epidermal growth factor 

EGFR   EGF receptor 

EGFP   enhanced green fluorescent protein 

EM   electron microscopy 

eps15   epidermal growth factor receptor pathway substrate 15 

ER   endoplasmic reticulum 

ESCRT   endosomal sorting complex required for transport 

EYFP   enhanced yellow fluorescent protein 
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FB1   fumonisin B1 

FCS   fetal calf serum 

FGF-2   fibroblast growth factor-2 

FITC   fluorescein 

FRET   fluorescence resonance energy transfer 

GalC   galactosylceramide 

GEEC   GPI-enriched endosomal compartment 

GFP   green fluorescent protein 

GP   generalized polarization 

GPI   glycosylphosphatidylinositol 

GST   glutathione S-transferase 

GTP   guanosine triphosphate 

h   hour 

HA   hemagglutinin 

HBSS   Hanks’ balanced salt solution 

HEPES   N-2-hydroxyethylpiperazin-N’-2-ethansulfonic acid 

HRP   horseradish peroxidase 

Hrs   hepatocyte growth factor-regulated tyrosine kinase substrate 

HS   horse serum 

Ig   immunoglobulin 

IGF-1   insulin-like growth factor 1 

IL-2   interleukin receptor 2 

ILM   intralumenal membrane 

ILV   intralumenal vesicle 

kDa   kilo Dalton 

LacCer   lactosylceramide 

Lamp   lysosome-associated membrane protein 

LBPA   lysobisphosphatidic acid 

LE   late endosome 

LE/L   late endosome/lysosome 

LIF   leukemia inhibitory factor 

Limp   lysosomal integral membrane protein 

LysoT   LysoTracker 

M6PR   mannose 6-phosphate receptor 

mAb   monoclonal antibody 

MAG   myelin-associated glycoprotein 

MBP   myelin basic protein 

MEM   minimum essential medium 

MHC   major histocompatibily complex 

MIIC   MHC class II compartment 
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min   minute 

MOG   myelin/oligodendrocyte glycoprotein 

mRNA   messenger ribonucleic acid 

MVE   multivesicular endosome 

MW   molecular weight 

mβCD   methyl-β-cyclodextrin 

NCAM   neural cell adhesion molecule 

NRG   neuregulin 

NT-3   neurotrophin-3 

NZF   Npl4 zinc finger 

o/n   over night 

OPC   oligodendrocyte precursor cell 

OSP   oligodendrocyte-specific protein 

P   postnatal day 

PBS   phosphate-buffered saline 

PDGF-A  plateled-derived growth factor A 

PDGFR-α  plateled-derived growth factor α-receptor 

PFA    paraformaldehyde 

PI3P   phosphatidylinositol-3-phosphate 

PKN   protein kinase N 

PLL   poly-L-lysine 

PLP   proteolipid protein 

PMP22   peripheral myelin protein 22 

PNS   peripheral nervous system 

pOL   primary oligodendrocytes 

PrPc   prion protein 

PtdIns (4,5)P2  phosphatidylinositol 4,5-bisphosphate 

RT   room temperature 

SD   standard deviation 

SDS-PAGE  sodium dodecylsulfate polyacrylamide gel electrophoresis 

SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

StAR steroidogenic acute regulatory protein 

SV40   Simian Virus 40 

Tf   transferrin 

TGF-β   transforming growth factor β 

TIRFM   total internal reflection fluorescence microscopy 

Tsg101   tumor susceptibility gene 101 

UIM   ubiquitine-interacting motif 

UTR   untranslated region 

Vps   vacuolar sorting protein 
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VSV   vesicular stomatitis virus 

WB   western blotting 

wt   wild-type 
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