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Abstract  

Oligodendrocytes form specialized plasma membrane extensions which in vertebrates 

spirally enwrap axons, thereby building up the myelin sheath. During myelination, oli-

godendrocytes produce large amounts of membrane components which are incorporated 

into the developing myelin sheath. Oligodendrocytes myelinate several axonal segments 

simultaneously and thus can be seen as a complex polarized cell type with two distinct 

membrane domains, i.e. the plasma membrane surrounding the cell body and the myelin 

membrane. SNARE proteins mediate the fusion of vesicular cargoes with their target 

membrane. The major myelin protein PLP was chosen as a representative to study the 

transport mechanisms contributing to myelin assembly and the involvement of the vesi-

cle-associated R-SNAREs VAMP3 and VAMP7. A myelinating coculture system was 

established in which oligodendrocytes enwrap neuronal processes and build membrane 

domains sharing biochemical and biophysical characteristics with myelin in vivo. Func-

tional inactivation of VAMP3 and VAMP7 in primary oligodendrocytes led to a signifi-

cant decrease of relative surface PLP. In the cocultures, association of PLP with myelin-

like membranes was decreased upon silencing of VAMP3 and VAMP7, confirming 

their involvement in myelination in vitro. Based on these studies, we propose a model in 

which PLP is transported by two different pathways. VAMP3 mediates the non-

polarized transport of newly synthesized PLP via recycling endosomes to the plasma 

membrane, while transport of PLP from LE/Lys to myelin is controlled by VAMP7.  

In the second part of the thesis, the role of exosome secretion in glia to axon signaling 

was studied. Functional inactivation of VAMP7 in primary oligodendrocytes had mixed 

effects on the release of exosomes. Further studies are required to clarify whether 

VAMP7 controls exosome secretion. In the recent years, it emerged that oligodendro-

cytes in addition to their function as myelin-producing cells also provide trophic support 

to axons to maintain longterm axonal integrity. Proteomic analyses of oligodendroglial 

exosomes revealed that in addition to canonical exosomal components they carry oli-

godendrocyte-specific proteins and proteins with putative functions in the relief of 

stress. We thus hypothesize that exosomes are involved in trophic support to axons. The 

cre-ERT2-loxP system was utilized to study the uptake of oligodendroglial exosomes by 

neurons. Cre as well as cre-ERT2 were shown to be present in oligodendroglial exo-

somes. Since activation of cre-ERT2 by tamoxifen has various side effects, further stud-

ies were performed utilizing cre. The thesis further focused on putative metabolic ef-

fects in the target neurons. Studies utilizing MTT assays showed no obvious influences 

of glial exosomes on neuronal metabolic activity. Analysis of the phosphorylation levels 

of the neurofilament heavy subunit revealed a decrease in presence of oligodendrocytes, 

indicating effects of oligodendroglial exosomes on the neuronal cytoskeleton. Candi-
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dates for kinases which are possibly activated upon influence of oligodendroglial exo-

somes and could influence neuronal survival were identified by phospho-MAPK arrays.      
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1 Introduction 10 

1 Introduction 

The nervous system is build up by neurons and glial cells. Glial cells of the CNS are 

astrocytes, microglia, ependymal cells and oligodendrocytes (Figure 1). Astrocytes in-

duce and maintain the blood brain barrier and function in maintenance of brain homeo-

stasis by controlling K
+
 and H

+
 levels, by the uptake of extracellular glutamate, GABA 

(γ-AminoButyric Acid), glycine and taurine, by regulation of cerebral blood flow and 

by modulating synaptic activity. The uptake of glutamate is the best established proper-

ty of astrocytes. After its uptake it is converted to glutamine by the astrocyte-specific 

enzyme glutamine synthetase. The amino acid is released and is taken up by neurons 

which use it to regenerate glutamate (Maragakis & Rothstein, 2006, Kimelberg, 2010, 

Lee & Pow, 2010).  

 

Figure 1: Schematic illustration of the neuroglial cells in the CNS. The CNS is composed of neurons 

and glial cells, which are astrocytes, ependymal cells, microglia and oligodendrocytes. The oligodendro-

cytes form plasma membrane extensions enwrapping axons, thereby building up the myelin sheath. Peri-

odically, small parts of the axon remain unmyelinated. These unmyelinated regions between two myelin 

sheaths are called nodes of Ranvier. Action potentials are forwarded from one node to another, facilitating 

a speed-optimized conduction called “saltatory" (Human anatomy and physiology, 8th edition, 1999).  

Microglia are thought to derive from myeloid precursors. They function as macrophages 

and antigen-presenting cells in the CNS and furthermore seem to play a role in initiation 

of neuropathic pain and maintenance of synaptic integrity (Ransohoff & Perry, 2009, 



1 Introduction 11 

Schmitz, et al., 2009, Graeber, 2010). Ependymal cells are ciliated cells lining the ven-

tricular surface of the CNS. They play a role in embryonic brain development and filtra-

tion of the cerebrospinal fluid (CSF), thereby probably protecting the brain from poten-

tially harmful substances from the CSF (Bruni, 1998, Del Bigio, 2010).  

1.1 Axon-glia interaction between neurons and myelinating 

glia 

In all complex nervous systems neurons coexist with myelinating glial cells. It was 

shown that myelin thickness directly correlates with axonal diameter (Friede, 1972). 

The ratio of the axonal diameter divided by the diameter of the axon and its myelin 

sheath was termed the g-ratio and is well preserved, with values between 0,6 and 0,7 

(Sherman & Brophy, 2005). Myelination also depends on neuronal electrical activity. In 

myelinating cocultures, the increase of electrical activity enhanced myelination, where-

as blocking of action potentials led to its inhibition (Demerens, et al., 1996). Action 

potential firing of neurons has been shown to be associated with the non-synaptical co-

release of several substances from the axon, including adenosine and ATP (Maire, et al., 

1982, Stevens & Fields, 2000, Fields & Burnstock, 2006). OPCs possess adenosine re-

ceptors which enable them to sense neuronal electrical activity. Adenosine was shown 

to inhibit their proliferation, stimulate differentiation and promote the formation of mye-

lin (Stevens, et al., 2002). Neuregulins are secreted or shed from axons and stimulate 

the proliferation of Schwann cells and oligodendrocytes by activation of the ErbB path-

way. Later on, axon-bound neuregulin is required for their differentiation (Nave & 

Salzer, 2006). For Schwann cells, it was shown that myelin thickness is regulated and 

depends on the presentation of axonal neuregulins (Taveggia, et al., 2005). Thus, the 

fact that axons modulate the myelinating glial cells they are associated with is known 

for a long time. But in the recent years it emerged that many neurological disorders are 

caused primarily by oligodendrocytes and Schwann cells, pointing to a strong depend-

ence also of the axon on its myelinating glial cell. In shiverer mice, which carry a reces-

sive mutation and therefore lack the myelin basic protein (MBP), the second most abun-

dant CNS myelin protein, myelin is not compacted (Shine, et al., 1992). These mice 

develop a severe tremor in early postnatal development and have a mean life span of 90-

150 d (Readhead, et al., 1987). Slow axonal transport rates and the number of neurofil-

aments were increased, and also microtubules were more abundant in shiverer axons. 

Because the mentioned alterations normally are characteristics of early postnatal axons 

before myelination, Brady et al. suggested that the formation of compact myelin is re-

quired for the maturation of the axonal cytoskeleton (Brady, et al., 1999). Trembler 

mice carry a mutation in the peripheral myelin protein gene PMP-22 and serve as a 

model for Charcot-Marie-Tooth type IA neuropathy in humans (CMT). These mice 

show severe hypomyelination. Neurofilament phosphorylation, slow axonal transport 
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rates and axonal diameter are decreased. On the other hand, neurofilament density is 

increased. Experiments, in which trembler nerves were grafted into wildtype mice, 

demonstrated that these changes are confined to axon segments without normal mye-

lination, whereas adjacent regions of the same axon were not affected. These findings 

emphasize the importance of intercellular contact between neurons and myelinating glia 

(de Waegh & Brady, 1990, de Waegh, et al., 1992, Suter, et al., 1992). In summary, 

there is accumulating evidence that neurons and myelinating glia form a functional unit 

with strong interdependence, characterized by intimate cell-cell interactions and com-

munication by ongoing mutual exchange of signals.   

1.2 The myelin sheath and its microdomains 

Oligodendrocytes are the myelinating cells in the CNS. They form specialized plasma 

membrane extensions which in vertebrates enwrap axons spirally and build up the mye-

lin sheaths (Hartline & Colman, 2007, Simons & Trotter, 2007). These are periodically 

punctuated by small unmyelinated regions, the nodes of Ranvier, which allow “jump-

ing” of action potentials from one node to another, thereby facilitating a very fast con-

duction called “saltatory”. Myelin serves for electric insulation and speeds the conduc-

tion of nerve impulses by at least a factor of ten compared to unmyelinated fibers of the 

same diameter (Hartline & Colman, 2007). During its compaction the cytoplasm is al-

most entirely replaced. The typical ultrastructure of compact myelin is a result of asso-

ciation of the cytoplasmic (major dense lines) and extracellular membrane surfaces (in-

traperiod lines) of the lipid bilayers (Figure 2 A and B).  

 

Figure 2: The membrane domains of the myelin sheath and compact myelin ultrastructure. A, 

Schematic representation of the myelin sheath and its microdomains. B, Electron micrograph showing a 
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cross section of a myelinated axon. Major dense lines and intraperiod lines are derived from the associa-

tion of the cytoplasmic and extracellular surfaces of the lipid bilayers, respectively (red box). Scale bar, 

0,1 µm. Adapted from (Rosenbluth, et al., 2006, Debruin & Harauz, 2007).     

Myelin formation requires an intimate cellular interaction between the axon and the 

myelinating oligodendroglial cell, leading to formation of compacted and noncompacted 

areas of myelin and microdomains with specific morphological and biochemical proper-

ties (Figure 2) (Arroyo & Scherer, 2000, Salzer, 2003, Debruin & Harauz, 2007). Pro-

teins in compact myelin are PLP (ProteoLipid Protein), MBP (Myelin Basic Protein), 

MOBP (Myelin-associated Oligodendrocytic Basic Protein) and MAL (Myelin And 

Lymphocyte protein). MAL probably stabilizes the radial compartment and plays an 

important role in the maintenance of the paranodes, likely by controlling the trafficking 

of membrane components. Recent studies suggested that MAL has a functional role in 

axon-glia interaction (Schaeren-Wiemers, et al., 2004, Buser, et al., 2009). The 

noncompacted myelin consists of the paranodal loops, the inner and outer loop (built by 

the periaxonal and abaxonal membrane, respectively) and the radial compartment 

(Figure 2 A). The major proteins are CNP (Cyclic Nucleotide Phosphodiesterase), 

MAG (Myelin-Associated Glycoprotein) and MOG (Myelin/Oligodendrocyte Glyco-

protein). OSP/Claudin11 (Oligodendrocyte Specific Protein) is a constituent of tight 

junctions segregating compacted and noncompacted myelin areas. In the paranodal re-

gion they are thought to prevent current leakage into the interlamellar space and they are 

supposed to build up the radial compartment in compact myelin.   

 

Figure 3: Proteins of the axon myelin unit. Compact myelin shows a typical ultrastructure in electron 

micrographs (inset on the left shows a myelinated optic nerve in cross section). The region around the 

node of Ranvier comprises a distinct molecular architecture (inset on the right shows a longitudinal sec-

tion at the node of Ranvier). Na+ channels are concentrated at the node of Ranvier where they are respon-

sible for the generation of action potentials. At the paranodal region axoglial junctions separate the com-

pact myelin from the outside milieu. K+ channels are located at the juxtaparanode. Caspr, contactin-

associated protein; Cntn, contactin; Cx29, connexin 29 kDa; KCh, fast potassium channels; MAG, mye-

lin-associated glycoprotein; MBP, myelin basic protein; MOBP, myelin/oligodendrocyte basic protein; 

NaCh, voltage-gated sodium channels; NECL, nectin-like protein/synCAM; NF155/186, neurofascin 155 

kDa/186 kDa; OSP, oligodendrocyte-specific protein, PLP, proteolipid protein (Nave, 2010). 
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Axoglial junctions at the contact sites between the axolemma and the glial membrane 

are composed of a battery of different adhesion molecules including NECL/synCAM, 

caspr/paranodin, F3/contactin in the axon and NECL/synCAM, F3/contactin and NF155 

in the myelinating glia. Voltage-gated sodium channels are clustered at the node, potas-

sium channels are located in the juxtaparanode (Figure 3) (Pedraza, et al., 2001, Poliak 

& Peles, 2003, Maier, et al., 2008, Susuki & Rasband, 2008, Nave, 2010).  

1.3 The major myelin protein PLP  

The X-linked proteolipid protein gene (Plp) encodes two isoforms, PLP with 276 amino 

acids and the minor DM20 (Figure 4). The latter is generated through alternative splic-

ing within exon 3 and is identical to PLP, except for the deletion of 35 residues, which 

are predicted to be present on the cytoplasmic surface (Nave, et al., 1987). PLP is a tet-

raspanin with the C- and N-terminus on the cytoplasmic surface. Due to the high con-

tent of apolar amino acids and a high number of palmitoylation sites, PLP is an extreme-

ly hydrophobic molecule. The second outer loop carries two disulfide bonds (Weimbs & 

Stoffel, 1992, McLaughlin, et al., 2002). PLP and DM20 were thought to account for 

~50% of total myelin protein (Karim, et al., 2007) whereas recent studies showed that 

with a proportion of 17% their abundance was overestimated (Jahn, et al., 2009).                                  

 

Figure 4: Illustration depicting PLP and its isoform DM20 and the epitopes recognized by the anti-

bodies O10 and aa3. PLP consists of 276 amino acids of which 117 – 151 are missing in its splice iso-

form DM20. PLP is a tetraspanin with multiple palmitoylation sites anchoring the protein in the plasma 

membrane. The second outer loop carries two disulfide bonds. O10 recognizes an extracellular epitope in 

the second outer loop whereas aa3 binds to the C-terminus inside the cell. Adapted from (Weimbs & 

Stoffel, 1992).  
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DM20 is the more ancient isoform. During development it is prominent in a number of 

tissues and a role in compartmentalization and differentiation of the neural tube was 

suggested (Timsit, et al., 1992, Tuason, et al., 2008). In differentiated oligodendrocytes 

and in the postnatal brain, the ratio of PLP to DM20 transcripts is 3:1, accounting for 

the abundance of the PLP isoform (Wang, et al., 2007). Mice, in which PLP was re-

placed by DM20, showed a similar phenotype as PLP knockout mice, indicating that 

DM20 is not able to functionally replace PLP (Stecca, et al., 2000).  

1.4 Mutations of PLP in human disease and related mouse 

models 

In humans, Plp1-related disorders represent a broad clinical spectrum from the severe 

form of Pelizaeus-Merzbacher disease (PMD) to the milder spastic paraplegia type 2 

(SPG-2). Distinct types of mutations, including point mutations and genomic duplica-

tions and deletions, have been identified as causes. The classic form of PMD is charac-

terized by hypotonia, nystagmus and delay in motor development within the first year of 

life. Thereafter, the disease shows a slow progression and patients die in mid-adulthood. 

The connatal form is less frequent. Patients show severe neurological symptoms and die 

within the first decade of life. In general, the clinical course of SPG-2 is much milder. 

Patients display normal motor development in the first year of life. Progressive weak-

ness and spasticity of the lower limbs evolve between 2 and 10 years. Some patients 

develop symptoms of PMD and therefore the borderline between both diseases becomes 

blurred. However, point mutations and duplications seem to predominate in PMD, 

whereas null mutations are suggested to be the major causes for SPG-2 (Inoue, 2005). 

Until now, three naturally occurring mouse mutants termed jimpy, msd (myelin synthesis 

deficiency) and rsh (rumpshaker) have been identified, which serve as models for 

PMD/SPG-2. In jimpy, a point mutation leads to the deletion of exon 5 and a concomi-

tant shift in the reading frame (Griffiths, et al., 1998). In msd mice, a missense mutation 

causes a conservative substitution of valin for alanine (Gow, et al., 1998). Jimpy and 

msd mice both show severe apoptosis of oligodendrocytes when they have begun to 

express proteins that are characteristic to differentiated oligodendrocytes and severe 

hypomyelination occurs. A point mutation in the rsh mouse leads to an isoleucine to 

threonine change. rsh mice develop a generalized tremor, but have normal longevity and 

oligodendrocyte numbers are not decreased (Griffiths, et al., 1990, Mitchell, et al., 

1992, Schneider, et al., 1992). In contrast, PLP knockout mice develop normally and 

show none of the symptoms of jimpy or msd mice. Oligodendrocytes develop normally 

and there are no signs for demyelination. But surprisingly, these mice develop axonal 

swellings and degeneration (Griffiths, et al., 1998). The fact that missense mutations 

cause more severe diseases than null mutations suggests that mutant PLP protein might 

be toxic to the cells. This assumption is supported by the fact that the complementation 
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of jimpy with a wildtype Plp1 transgene was not able to increase survival (Schneider, et 

al., 1995).     

1.5 Myelin membrane trafficking 

An oligodendrocyte can be seen as a very complex polarized cell type with two distinct 

membrane surfaces, i.e. the plasma membrane surrounding the cell body and the myelin 

membrane. During myelination, huge amounts of membranes have to be synthesized. 

For the rat, it has been estimated that the myelin membrane surface area expands at a 

rate of 5-50 x 10
3
 µm

2
/cell/day (Baron & Hoekstra, 2010). Since not all axons are mye-

linated simultaneously, the membrane transport has to be tightly regulated, temporally 

as well as spatially. In addition, the myelin sheath consists of several domains with 

compacted and noncompacted areas and differing protein and lipid compositions. While 

the myelin membrane is growing, donor membrane vesicles have to be targeted and 

fused to the correct sites. Where the new myelin membrane is added to the growing my-

elin sheath is not known. Also it remains elusive how compartmentalization of the mye-

lin sheath is achieved. Four concepts of myelin membrane transport have been de-

scribed which could contribute to myelin assembly (Kramer, et al., 2001). The first is 

the directed transport of donor membrane vesicles from the trans Golgi network (TGN) 

to the growing myelin sheath. The second expects that the vesicles first all follow one 

general secretory pathway to the plasma membrane surrounding the cell body (bulk 

flow). The components are internalized again and enter the endosomal system. Here, a 

sorting process takes place and the required lipids and proteins are delivered to the mye-

lin sheath. The concept of regulated exocytosis includes directed transport as well as 

transcytosis but emphasizes that a signal from the associated axon triggers the release of 

membrane components. The fourth concept suggests that myelin components are sorted 

utilizing lipid rafts. Lipid rafts are membrane domains which are enriched in cholesterol 

and glycosphingolipids. According to this model, the myelin components are already 

sorted in the TGN. The rafts then are transported to the plasma membrane where they 

merge and form the distinct myelin domains. Since myelin is enriched in cholesterol, 

sphingolipids and the glycosphingolipids galactosylceramide and its sulfatide, lipid rafts 

also could be involved in myelinogenesis. The listed models of membrane transport are 

not mutually exclusive. On the contrary, it is very likely that oligodendrocytes make use 

of several modes of transport.           

1.6 SNARE proteins – key components of vesicle fusion 

A typical transport reaction can be viewed as a four-step process that consists of the 

formation of a vesicle, movement of the vesicle towards its target compartment, tether-

ing/docking with the acceptor membrane, and, ultimately, fusion of the lipid bilayers. 
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SNARE (Soluble N-ethylmaleimide-sensitive factor Attachment protein REceptor) pro-

teins form a superfamily of small proteins with 36 members in humans and are the key 

components of vesicle fusion. Their characteristic is an evolutionary conserved stretch 

of 60-70 amino acids that are arranged in heptad repeats, called SNARE motif (Jahn & 

Scheller, 2006, Maier, et al., 2008).  

1.6.1 The classification of SNAREs  

Originally, SNARE proteins due to their location were classified as v-SNAREs (vesicle 

membrane SNAREs) and t-SNAREs (target membrane SNAREs), with at least one con-

tributing v-SNARE and t-SNARE (called the SNARE hypothesis) (Sollner, et al., 1993, 

Rothman, 1994). This terminology turned out to be not suitable if homotypic fusion 

reactions between two equal compartments need to be described. Furthermore, certain 

SNAREs function in several transport steps with varying partners and some are in-

volved simultaneously in anterograde and retrograde transport between two compart-

ments. Another classification is based on the composition of the SNARE core complex 

which is formed upon fusion. When appropriate sets of SNAREs come together, their 

SNARE motifs spontaneously associate to form core complexes of extraordinary stabil-

ity (Figure 5). 

 

Figure 5: The SNARE conformational cycle during vesicle docking and fusion. The Q-SNAREs, 

which are organized in clusters, assemble into acceptor complexes. This assembly process might require 

SM (Sec1/Munc18-related) proteins. The acceptor complexes interact with the vesicular R-SNARE 

through the N-terminal end of the SNARE motifs and this nucleates the formation of a four-helical trans-

complex. Trans-complexes proceed from a loose state, in which only the N-terminal portion of the 

SNARE-complex is “zipped up”, to the tight state, in which the zippering process is mostly completed. 

This is followed by the opening of the fusion pore. In regulated exocytosis, these transition states are 

controlled by late regulatory proteins. During fusion, the SNARE complex is transformed from a trans- to 
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a cis-configuration in which all of the SNAREs of a complex reside together in the resulting fused mem-

brane. Cis-complexes are disassembled by the AAA+ (ATPases Associated with diverse cellular Activi-

ties) protein NSF (N-ethylmaleimide Sensitive Factor), together with SNAPs (Soluble NSF Attachment 

Proteins), that function as cofactors. The R- and Q-SNAREs are then separated by sorting (Jahn & 

Scheller, 2006). 

The SNARE core complex is a coiled coil of four intertwined parallel α-helices, with 

each helix being provided by a different SNARE motif. The center of the bundle con-

tains 16 stacked layers of interacting side chains. The central “0”-layer contains three 

highly conserved glutamine (Q) residues and one highly conserved arginine (R) residue. 

Accordingly, the contributing SNARE motifs are classified into Qa-, Qb-, Qc- and R-

SNAREs. A functional SNARE complex requires one of each of the Qa-, Qb-, Qc- and 

R-SNAREs. Usually, the R-SNARE is contributed by the vesicle, and the Q-SNAREs 

are contributed by the target membrane.  

1.6.2 The SNARE cycle and accessory proteins 

The Q-SNAREs are organized in clusters and assemble into so-called acceptor com-

plexes in the target membrane (Figure 5). This assembly process might require 

sec1/munc18-related (SM) proteins. SM proteins are shaped like clasps and directly 

interact with SNARE proteins by binding to target SNAREs or to assembled SNARE 

complexes (Shen, et al., 2007, Sudhof & Rothman, 2009, Bacaj, et al., 2010). The ini-

tial contact between the vesicle and the target membrane is supported by several pro-

teins which form a tethering complex (Yu & Hughson, 2010). Important factors are the 

Ras-related Rab GTPases. In the GTP-bound form, they recruit specific sets of effector 

proteins which are believed to differentially regulate various steps from budding over 

intracellular transport to membrane fusion (Stenmark & Olkkonen, 2001, Zerial & 

McBride, 2001, Jahn, et al., 2003, Pfeffer & Aivazian, 2004, Lee, et al., 2009, Ohya, et 

al., 2009). During formation of the SNARE complex, free energy is released which is 

used to overcome the repulsive forces between the two membranes and drives fusion. 

To what extent SNAREs contribute to fusion specificity is still under debate. In many 

cases the deletion of an individual SNARE can result in surprisingly mild phenotypes. 

This indicates that SNAREs can functionally replace each other. Recent studies also 

have shown that three SNARE complexes or even perhaps only one SNARE complex is 

sufficient for membrane fusion (Hua & Scheller, 2001, Mohrmann, et al., 2010, van den 

Bogaart, et al., 2010). It is suggested that specificity is achieved by regulation of the 

acceptor complexes or regulation of tethering which might operate at a distance of up to 

50 nm between the membranes (Pelham, 2001, Jahn & Scheller, 2006, Sudhof & 

Rothman, 2009). During fusion, the SNARE complex is transformed from a trans- to a 

cis-configuration in which all of the SNAREs of a complex are associated with the re-

sulting fused membrane. The disassembly of the complex depends on the action of the 

ATP-bound AAA+ (ATPases Associated with diverse cellular Activities) protein NSF 
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(N-ethylmaleimide Sensitive Factor) and the adaptor protein α-SNAP (Soluble NSF 

Attachment Protein). The latter interacts directly with the SNARE complex and led to 

their naming as SNAP receptors (Soluble NSF Attachment Protein REceptors, 

SNAREs). α-SNAP stimulates the activity of ATP-bound NSF. The energy of ATP hy-

drolysis is used to disassemble the complex and the individual SNARE proteins can be 

recycled (Glick & Rothman, 1987, May, et al., 2001).   

1.7 The role of SNAREs in oligodendroglial membrane 

trafficking 

A single oligodendrocyte can wrap up to 40 axonal segments simultaneously (Baumann 

& Pham-Dinh, 2001) and thus oligodendrocytes can be considered as a very complex 

polarized cell type. Oligodendrocytes probably utilize a modified version of the same 

transport machinery of other polarized cell types, such as epithelial cells. It is likely that 

the SNARE proteins are utilized to control the specificity of targeted fusion by selective 

pairing. Feldmann et al. characterized the oligodendroglial SNAREs by analyzing their 

expression depending on differentiation, their subcellular localization and by identifica-

tion of putative interacting SNAREs. These studies allowed the assignment of SNAREs 

to trafficking pathways (Figure 6) (Feldmann, et al., 2009).  

 

Figure 6: Assignment of SNAREs to trafficking pathways. The assignment is based on subcellular 

localization and putative SNARE complex formation. SNAREs interacting with each other are highlight-

ed in the same color. Ax, axon; Ly/LE, lysosome/late endosome; RE, recycling endosome; TGN, trans-

Golgi network; Syn, Syntaxin (Feldmann, et al., 2009). 

The major myelin protein PLP was chosen as a model to study the trafficking of myelin 

components in oligodendrocytes. The R-SNARE VAMP3 was found to be associated 

with recycling endosomes (REs), whereas another R-SNARE called VAMP7 was found 

in lysosomes/late endosomes (Ly/LEs). For both R-SNAREs colocalization with PLP 
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could be confirmed and furthermore, expression of VAMP3 increases with maturation 

and VAMP7 is accumulated in myelin during development. Thus, these two R-SNAREs 

were identified as the most promising candidates mediating the fusion of myelin mem-

brane vesicles (Feldmann, et al., 2011). Studies concerning the myelin proteins MAG, 

MOG and PLP revealed that they undergo endocytic sorting and recycling. Endocytic 

recycling may assist morphogenesis and microdomain formation of the myelin sheath 

by sorting and redirecting myelin components and furthermore may facilitate a fast ad-

aptation to changing conditions (Winterstein, et al., 2008). PLP was shown to be inter-

nalized at the plasma membrane and thereafter stored in Lys/LEs, mediated by a choles-

terol-dependent and clathrin-independent endocytosis pathway. A neuronal cAMP-

dependent signal was demonstrated to trigger the transport of PLP from Lys/LEs to the 

plasma membrane (Trajkovic, et al., 2006).  

1.8 The biogenesis of exosomes   

Trafficking of PLP also involves the accumulation in LEs of multivesicular appearance, 

called multivesicular bodies (MVBs). MVBs are generated by inward budding of the 

limiting membrane resulting in the formation of small vesicles in the lumen of the MVB 

called intraluminal vesicles (ILVs). MVBs can have distinct fates. Degradative MVBs 

evolve into degradative lysosomes, whereas exocytic MVBs fuse with the plasma mem-

brane and release the ILVs into the extracellular space. Once released, the ILVs are 

called exosomes (Figure 7) (Stoorvogel, et al., 2002, Fevrier & Raposo, 2004, Cocucci, 

et al., 2009).  

 

Figure 7: The generation of exosomes. Left, endosomes generated at the plasma membrane fuse to 

build endocytic cisternae. Three types of compartments can emerge from these: recycling endosomes, 

degradative MVBs and exocytic MVBs. Degradative MVBs evolve into degradative lysosomes, whereas 

exocytic MVBs fuse with the plasma membrane upon stimulation (thunderbolt) to release exosomes into 

the extracellular space. The arrows indicate the direction of membrane traffic; the arrowheads indicate the 

directions of vesicle fusion and generation (Cocucci, et al., 2009). Right, electron micrograph of immu-
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no-labeled primary cultured oligodendrocytes using antibodies recognizing PLP. PLP is associated with 

the ILVs of MVBs. Scale bar, 250 nm (Kramer-Albers, et al., 2007).   

Exosomes are released by a variety of cell types and thus can be found in various body 

fluids like blood, urine, bronchial lavage fluid, semen, saliva, breast milk, amniotic and 

CSF (Simpson, et al., 2009). They carry canonical exosomal proteins and in addition 

cell type-specific cargo (van Niel, et al., 2006, Simpson, et al., 2008).  

 

Figure 8: The oligodendroglial exosome proteome. Illustration depicting the proteins that can be found 

in oligodendroglial exosomes using mass spectrometry (Kramer-Albers, et al., 2007). Oligodendroglial 

exosomes carry the canonical exosomal proteins belonging to versatile groups such as cell adhesion and 

signaling molecules, enzymes, histones, chaperones, etc., and beside the cell type-specific myelin proteins 

PLP, MOG, CNP and Sirtuin 2. Particularly to emphasize are also the proteins Flotillin 1, Alix and 

TSG101, which play a role in the generation of exosomes and therefore can be used as exosomal markers. 

Modified after (Schorey & Bhatnagar, 2008, Thery, et al., 2009). 

In oligodendroglial exosomes these are PLP, MOG, CNP and Sirtuin 2 (Figure 8) 

(Kramer-Albers, et al., 2007). Due to their endosomal origin the orientation of the pre-

sent proteins mimics that in the plasma membrane. Hence, exosomes are often described 

as miniatures of cells. They carry proteins of versatile groups, such as cell adhesion and 

signaling molecules, enzymes, histones and chaperones, many of them with putative 

protective functions (Kramer-Albers, et al., 2007). Exosomes can be characterized by 

their size, their specific density and by the presence of protein markers. With only 50-
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100 nm in diameter they are very small and display a cup-shaped structure in electron 

micrographs (Thery, et al., 2009). Exosomes are enriched in cholesterol and ceramide, 

which play a critical role in the formation of membrane rafts. Due to the enrichment in 

lipids they display a specific density which facilitates their isolation by density gradient 

centrifugation. The transformation of the lipid sphingomyelin to ceramide requires ac-

tion of the neutral sphingomyelinase. Its inhibition leads to a reduction of exosome re-

lease, indicating the necessity of ceramide in ILV budding. Membrane rafts could play a 

role in the lateral segregation of cargo within the endosomal membrane before budding 

(Stoorvogel, et al., 2002, Trajkovic, et al., 2008). Moreover, exosomes carry flotillin 

which is a lipid-binding protein able to bind and recruit cholesterol. In the lysosomal 

storage disorder Niemann-Pick type C1 disease, accumulating cholesterol is released via 

exosomes, pointing to a function of exosomes in cholesterol homeostasis (Kokubo, et 

al., 2003, Roitbak, et al., 2005, Strauss, et al., 2010). TSG101 (Tumor Susceptibility 

Gene 101 protein) and Alix (ALG-2 (Apoptosis-Linked-Gene 2) -Interacting protein X) 

are involved in MVB biogenesis. They are also present in exosomes and thus can serve 

as exosomal markers. Four complexes called ESCRT 0-III (Endosomal Sorting Com-

plex Required for Transport) are necessary for the sorting of proteins into ILVs and 

their budding and scission. TSG101 is part of the ESCRT-I complex, whereas Alix is 

thought to be a regulator of the ESCRT machinery by linking different ESCRT com-

plexes (Trioulier, et al., 2004, Hurley, 2008, Lakkaraju & Rodriguez-Boulan, 2008).  

1.9 The diverse functions of exosomes 

Depending on their origin, exosomes can be involved in many biological processes. 

They were first discovered in conjunction with maturing reticulocytes which use exo-

somes to externalize obsolete membranes and proteins, such as the transferrin receptor. 

Here, exosome biogenesis and secretion seem to be an important mechanism in red 

blood cell differentiation (Johnstone, et al., 1987, Blanc, et al., 2005). Exosomes also 

are able to modulate cellular signaling pathways. β-catenin was shown to be released 

via exosomes leading to a downregulation of the Wnt-signaling pathway in HEK293T 

(Human Embryonic Kidney cell line) cells (Chairoungdua, et al., 2010). It was demon-

strated that exosomes of infected cells contain microbial components. These exosomes 

were able to promote antigen presentation and macrophage activation and thus could 

function as biomarkers or vaccines (Schorey & Bhatnagar, 2008). Exosomes produced 

by dendritic cells (DCs) can spread MHC (Major Histocompatibility Complex) -peptide 

complexes between DCs and stimulate T-cell responses (Segura, et al., 2005). They also 

were suggested to be involved in the establishment and maintenance of cell polarity 

(Lakkaraju & Rodriguez-Boulan, 2008). Pathogens like prion proteins might be passed 

on from one cell to another by exosomes, thereby increasing pathogen infectivity 

(Leblanc, et al., 2006). In addition, exosomes can facilitate genetic exchange between 
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cells by mediating the transfer of mRNAs and miRNAs (Valadi, et al., 2007, Hunter, et 

al., 2008, Pegtel, et al., 2010, Mittelbrunn, et al., 2011). Tumor-derived exosomes carry 

mRNAs and miRNAs which change conditions in favor of tumor growth (Skog, et al., 

2008). It appeared that exosomes, the surface properties of which have been modified, 

allow efficient, tissue-specific and nonimmunogenic delivery of siRNAs, making them a 

valuable therapeutic tool (Alvarez-Erviti, et al., 2011).  

1.10 The exocytosis of oligodendroglial exosomes 

The molecular mechanisms regulating the biogenesis and exocytosis of exosomes are 

poorly understood. Rab27a and Rab27b were found to function in targeting the MVBs 

to the cell periphery and their docking at the plasma membrane (Ostrowski, et al., 

2009). Another Rab protein that was shown to be involved in docking and tethering is 

Rab35. Rab35 and its GAPs (GTPase-Activating Proteins) TBC1D10A-C regulate exo-

some release in Oli-neu cells (Hsu, et al., 2010). In K562 cells (a myelogenous leuke-

mia cell line), Rab11 seems to be involved in homotypic fusion reactions of MVBs. 

Time lapse confocal microscopy revealed that many Rab11-positive MVBs were 

docked and ready to fuse in presence of a calcium chelator indicating that the final fu-

sion reaction requires calcium (Savina, et al., 2005). In neurons, the release of exosomes 

can be triggered by depolarization. It seems to be regulated by synaptic glutamatergic 

activity and is modulated by AMPA- and NMDA-receptors (Faure, et al., 2006, 

Lachenal, et al., 2011). Treatment of oligodendrocytes with the calcium-ionophore 

ionomycin enhances exosome release, demonstrating its calcium-dependence also in 

oligodendrocytes (Kramer-Albers, et al., 2007). The mechanisms controlling the calci-

um-dependent release of oligodendroglial exosomes are still unknown. The question 

arises whether oligodendroglial exosomes could be involved in intercellular signaling. 

Recipient cells have not been identified yet, but a function in trophic support of axons 

has been proposed (Kramer-Albers, et al., 2007). The nature of putative signaling path-

ways and their influence on neuronal metabolism are topics which have to be clarified 

in the future.     

1.11 The neurofilaments are intermediate filaments of the 

neuronal cytoskeleton 

The cytoskeleton provides cell shape and stability and facilitates the transport of part i-

cles and organelles within its cytoplasm. Based on differences in diameter, cytoskeletal 

proteins are classified into three groups, which are MTs (MicroTubules, ~24 nm), MFs 

(MicroFilaments, ~6-8 nm) and Ifs (Intermediate Filaments, ~10 nm). MTs are predom-

inantly composed of tubulin and are responsible for maintaining cell shape, organelle 

and vesicle movement, and the formation of spindle fibers during mitosis. MFs are pre-
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dominantly composed of actin and are necessary for cellular movement, muscle contrac-

tion and cytokinesis. IFs are a very versatile group and differ in different tissues and 

cells. Based on molecular structural homology, five types of IFs have been defined. The 

first are acid keratins, the second basic keratins, the third contains desmin, GFAP (Glial 

Fibrillary Acidic Protein) and peripherin/vimentin, the fourth are the NFs (NeuroFila-

ments), α-internexin and nestin (Figure 9 A), and type V IFs comprise nuclear lamins. 

Type IV IFs share common sequence structures. They have an α-helical rod domain of 

about 310 amino acids flanked by a globular N-terminal region (head domain) and a 

non- α-helical carboxy-terminal side-arm (tail) domain. The central rod domain contains 

highly conserved motifs. Every seventh residue is hydrophobic which facilitates the 

formation of α-helical coiled-coil dimers (Liu, et al., 2004).  

1.11.1 Composition 

NFs are composed of three subunits which are defined by their molecular weight: the 

light (NF-L), the medium (NF-M), and the heavy subunit (NF-H) with 60 kDa, 100 kDa 

and 110 kDa, respectively. These subunits exhibit greater molecular weights on SDS-

PAGE (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis) of 70 kDa, 160 

kDa and 200 kDa, respectively, because of their enrichment in negatively charged ami-

no acids (glutamic acids) and post-translational modifications such as phosphorylation 

and glycosylation. In vivo, rodent NFs are obligate heteropolymers requiring NF-L plus 

either NF-M or NF-H to form a filamentous network. Neurofilament assembly is be-

lieved to start with the dimerization of NF-L with either NF-M or NF-H (Figure 9 B). 

The rod domains form a coiled-coil in a head-to-tail fashion. Two coiled dimers overlap 

with each other in an anti-parallel, half-staggered manner, forming the tetramers. Final-

ly, eight tetramers are packed laterally and longitudinally together in a helical array, 

forming a rope-like 10 nm filament. The C-termini of NF-M and NF-H are not in the 

coils, they form the side arms of the neurofilaments. These form cross-bridges to other 

neurofilaments or cytoskeletal elements (Hisanaga & Hirokawa, 1990, Gotow, et al., 

1994, Wagner, et al., 2003, Stevens & Hoh, 2011). There are hints that also the typeIV 

IF α-internexin and the typeIII IF peripherin could contribute to NF-formation (Ching & 

Liem, 1993, Beaulieu, et al., 1999).  

1.11.2 Transport 

The NF proteins are synthesized at free ribosomes in the neuronal cell body and thereaf-

ter need to be transported along the axon to their final destination. Depending on speed 

the axonal transport is divided in two major categories: the fast axonal transport (~250-

400 mm/day) conveys mitochondria, neurotransmitters, channel proteins, lysosomes and 

endosomes and the slow axonal transport (~0,1-4 mm/day) conveys axonal cytoskeleton 

and cytosolic proteins. The slow axonal transport can be further subdivided in two com-
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ponents: the slow component a (SCa, 0,1-1 mm/day), containing NFs and microtubules, 

and the slow component b (SCb, 2-4 mm/day), containing actin, spectrin and other cyto-

solic proteins (Brady, 1993, Perrot, et al., 2008). The slow transport rate of NFs is sup-

posed to arise because periods of fast movement are interrupted by prolonged pauses 

(Roy, et al., 2000, Wang, et al., 2000, Wang & Brown, 2001). 

 

Figure 9: Type IV intermediate filaments and neurofilament assembly. A, Structure of the neurofila-

ment subunits in comparison to the other type IV intermediate filaments vimentin/peripherin, α-

internexin, and nestin. All type IV intermediate filaments have central helical rod domains in common, 

containing highly conserved motifs. Every seventh residue is hydrophobic, which facilitates the formation 

of α-helical coiled-coil dimers. Especially the C-termini of NF-M and NF-H carry post-translational mod-

ifications such as glycosylation and phosphorylation. KSP motif, lysine-serine-proline (KSP) repeat do-

main containing motif; Glu-domain, glutamic acid rich domain; O-GlcNAc, O-linked glycosylation site. 

B, Schematic model of NF assembly. For dimerization, the rod domains of NF-L and either NF-M or NF-

H form a coiled-coil in a head-to-tail fashion. Two dimers overlap with each other to form the tetramer. 

Eight tetramers are helically arranged to form the 10 nm neurofilament. The C-termini of NF-M and NF-

H build the side arms of the neurofilaments.  Modified after (Liu, et al., 2004, Perrot, et al., 2008). 
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This mode of transport also confounded the interpretation of studies on this subject in 

the past. Also not known is where the assembly of the NF subunits actually takes place. 

The polymer hypothesis suggests that NF subunits are transported already as polymeric 

structures whereas the subunit hypothesis argues that the NFs are transported as indi-

vidual subunits or small oligomers. Until now, none of these two hypotheses could be 

clearly confirmed or disproved (Brady, 2000). Also not clearly solved is the question 

which motor proteins mediate transport of NFs. It was suggested that the transport oc-

curs along MTs and is mediated by kinesin and dynein/dynactin (Shah, et al., 2000, 

Yabe, et al., 2000). Studies using cytochalasin B which inhibits actin polymerization 

showed that actin and myosin are involved in transport of NFs, too (Jung, et al., 2004). 

1.11.3 Post-translational modifications 

The head and tail domains of NFs are sites of post-translational modification which is 

essential for the assembly and axonal transport of NFs. 

1.11.3.1 Glycosylation 

NFs can be modified by O-linked glycosylation (O-GlcNAc) to individual serine and 

threonine residues. The function of these modifications is still unclear although a role in 

NF assembly is suggested. The glycosylation sites in the head domains are located in 

regions that have been shown to be essential for in vivo assembly, and are close to the 

phosphorylation sites involved in this process. This also indicates that glycosylation and 

phosphorylation sites can influence each other.    

1.11.3.2 Phosphorylation 

Phosphorylation sites are located at the N- and C-termini of the NF subunits. NFs are 

synthesized in the cell bodies and subsequently transported into the axon. Almost all of 

the NFs in myelinated axonal regions are known to be phosphorylated at the tail do-

mains of NF-M and NF-H. In contrast, they are less phosphorylated in neurites, at nodes 

of Ranvier and in cell bodies. Thus, the tail domains of NFs are phosphorylated after 

their entry into the axon. The phosphorylation of the head domains of NF-L and NF-M 

inhibits axonal transport and neurofilament assembly and their dephosphorylation was 

shown to be a prerequisite for the phosphorylation of the tail domains (Zheng, et al., 

2003, Yates, et al., 2009). It is hypothesized that this prevents abnormal NF assembly in 

the soma. Aberrant NF phosphorylation associated with accumulation of filamentous 

aggregates in cell bodies was observed in many neurodegenerative diseases, such as 

Alzheimer disease, Pick disease, dementia, Parkinson disease and amyotrophic lateral 

sclerosis (Grant & Pant, 2000, De Vos, et al., 2008). Phosphorylation of the tail do-

mains of NF-M and NF-H was long suspected to control the spacing between the neuro-

filaments and thus axonal caliber. It was suggested that the negative charges of the 
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phosphate groups lead to mutual repulsion of the side arms and their lateral expansion, 

thereby increasing interfilament spacing (de Waegh, et al., 1992). The phosphorylation 

of NF-M and NF-H side arms also was shown to correlate with the speed of transport. 

There are hints that phosphorylation of NF-H and NF-M influences attachment of NFs 

to motor proteins (Shah, et al., 2000, Yabe, et al., 2000, Miller, et al., 2002). This is in 

contrast to the analysis of mice expressing a truncated form of NF-H without the tail 

domain and its phosphorylation sites which showed no changes in interfilament spacing, 

axonal diameter or neurofilament transport rate. However, there was a compensatory 

increase in phosphorylation of NF-M which confounds interpretation and indicates that 

NF-M can functionally replace NF-H (Rao, et al., 2002, Yuan, et al., 2006, Shea & 

Chan, 2008).  

1.11.4 Effects of myelination on neurofilament phosphorylation  

In normal axons, only the initial segments, the nodes of Ranvier (approximately 1 µm) 

and the terminals are not covered by myelin. Almost all (> 99%) of the NFs in myelin-

ated internodal regions of an axon are known to be phosphorylated (Hsieh, et al., 1994). 

In comparison, NFs are less phosphorylated at nodes of Ranvier. At this distinct area, 

axon diameter is reduced and NFs show increased density (Mata, et al., 1992). In trem-

bler mice, which carry a missense mutation in the peripheral myelin protein PMP-22 

gene leading to severe hypomyelination in the PNS, average axonal caliber is reduced, 

whereas the density of axonal cytoskeletal elements is increased. Analysis of NF phos-

phorylation levels showed that dephosphorylated NF-H was increased, with a concomi-

tant reduction of phosphorylated NF-H. Furthermore, graft studies demonstrated that 

these alterations were restricted to axon segments without normal myelination (Aguayo, 

et al., 1977, de Waegh & Brady, 1991, de Waegh, et al., 1992). A deletion in the MBP 

gene causes severe hypomyelination in the CNS of shiverer mice, although MBP is pre-

sent in CNS and PNS. It was suggested that other proteins, such as P0, are sufficient to 

compensate for the lack of MBP in the PNS. Furthermore, these findings suggest that 

different mechanisms might operate in CNS and PNS myelination. In shiverer mice, 

axon caliber is slightly decreased, whereas NF packing density is increased. Expression 

levels and phosphorylation of NF-H were shown to be reduced, but MT density was 

strongly increased (Popko, et al., 1987, Readhead & Hood, 1990, Readhead, et al., 

1990, Brady, et al., 1999). In MAG-deficient mice, myelin shows normal compaction. 

Also in these mice, nerve caliber is decreased, whereas NF density is increased. NF 

phosphorylation is decreased, with a concomitant increase of dephosphorylated NF-H. 

No changes were found in unmyelinated fibers of MAG-deficient mice (Yin, et al., 

1998). In addition, MAG initially is found exclusively in the adaxonal space. Its expres-

sion starts with myelination and is maintained during compaction. Therefore, it is a can-

didate for axon-glia signaling (Trapp, et al., 1984, de Waegh, et al., 1992). The identity 
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of the axonal ligand remains unknown as do downstream effectors of the signaling cas-

cade. In summary, these studies suggest that alterations of the neuronal cytoskeleton 

appear whenever the relationship between the myelinating glia and the axon is missing 

or disrupted. The disruption of normal interaction can be due to either altered compac-

tion or changes in myelin protein expression, such as adhesion molecules. In general, it 

leads to a decrease of axonal caliber and NF phosphorylation and increases of NF densi-

ty. Thus, most of the studies on demyelinated regions in different genetic backgrounds 

suggest that the dephosphorylation of NF-H has negative effects on the axon. But Brady 

et al. mentioned that many of the cytoskeletal alterations observed in shiverer axons 

also are features of wildtype axons before myelination (Brady, et al., 1999). Witt et al. 

supposed a model in which NF phosphorylation results from a balance of kinase and 

phosphatase activities. In a myelinated axon segment, kinase activities dominate, caused 

by an increase of kinase activities and/or a decrease of phosphatase activities (Witt & 

Brady, 2000). Thus, the opposite would be case for unmyelinated regions, including 

axonal segments before myelination. The regulators of such a kinase/phosphatase cycle 

are still unknown.         

1.12 The trophic support of neurons by oligodendrocytes 

Nave et al. proposed a model in which myelination imposes a burden for insulated ax-

ons, by isolating them from external nutrients (Nave & Trapp, 2008). They refer to the 

dimensions of the myelin sheath. Myelin segments assume a length of between 100 and 

1700 µm and are separated by the nodes of Ranvier which are approximately 1 µm in 

length. Thus, the surface of the axon is largely isolated from the external milieu. They 

suppose that the oligodendrocyte provides trophic support for the axonal segments it has 

myelinated and that mutant oligodendrocytes fail to deliver this support (Nave & Trapp, 

2008, Edgar & Nave, 2009). Mice with deletions of the PLP1 gene, serving as a model 

for SPG-2 and mild forms of PMD in humans, as well as CNP knockout mice develop 

late onset axonal degeneration. In PLP knockout mice, membranous organelles accumu-

late preferentially at the distal juxtaparanode, leading to large axonal swellings with first 

appearance between P20 and P40 (Griffiths, et al., 1998, Edgar, et al., 2004) (Figure 

10). Analysis of PLP
+/-

 heterozygotes revealed that all accumulations were associated 

with PLP-deficient myelin. To unequivocally demonstrate that the observed axonopathy 

results only from the absence of PLP in the overlying oligodendrocyte, neurospheres 

from wildtype or PLP null mice were transplanted into the myelin-deficient shiverer 

mutant. The transplant sites were analyzed approximately 4 months later. None of the 

mice myelinated by wildtype cells developed any axonal abnormalities, whereas all of 

axonal segments myelinated by the PLP null mice showed the characteristic changes 

described previously. The accumulation of membranous organelles at the distal para-

node suggests a defect in retrograde axonal transport. Indeed, an impairment of retro-
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grade and anterograde fast axonal transport could be confirmed. The motor proteins 

dynein and dynactin, both acting in retrograde transport, and the regulatory proteins for 

dynein were elevated in the absence of PLP. Complementation of the null phenotype 

with a wildtype PLP genomic transgene restored wildtype levels. Analysis of myelin 

ultrastructure in PLP knockout mice revealed no differences in the proportion of mye-

linated axons, myelin sheath thickness or size range of myelinated fibers between PLP 

knockout and wildtype mice. However, alterations in myelin periodicity were observed. 

The difference between major dense lines and intraperiod lines was less distinct than in 

wildtype, with the intraperiod line being a single condensed structure. This condensed 

intraperiod line later on has been related to an increased interlamellar space, indicating a 

role of PLP in intraperiod line formation (Boison & Stoffel, 1994, Klugmann, et al., 

1997, Griffiths, et al., 1998, Yool, et al., 2002, Rosenbluth, et al., 2006).  

 

Figure 10: Longitudinal section of the optic nerve from a 4-month-old PLP-/Y mouse. Electron mi-

crograph showing an axonal swelling in the optic nerve from a 4-month-old PLP-/Y mouse. The area of 

the swelling is characterized by accumulation of membranous organelles (encircled in red). N, node of 

Ranvier; P, paranode; scale bar, 1 µm. Adapted from (Griffiths, et al., 1998). 

CNP knockout mice showed a much more severe phenotype than PLP knockout mice. 

They had decreased motor performance at earlier ages and their lifespans were drastical-

ly reduced, with less than 20% of the homozygous mutants reaching the age of 13 

months. The myelin sheaths showed regular thickness and seemed to be structurally 

intact. In addition, no changes in periodicity could be found. The only structural abnor-

mality was the enlargement of the inner adaxonal loop. Edgar et al. used the same ap-

proach as described previously and transplanted neurospheres from CNP knockout mice 

into the shiverer mutant. The transplanted cells generated compact myelin sheaths 

around the shiverer axons and the CNP null phenotype was reproduced at the transplan-

tation sites (Edgar, et al., 2009). In CNP knockout mice axonal swellings similar to 

those in PLP knockout mice could be detected, but with first appearance as early as at 

P5 they developed much earlier (Lappe-Siefke, et al., 2003, Edgar, et al., 2009). PLP 

and CNP knockout mice both have normally compacted myelin sheaths and show only 

subtle alterations on the ultrastructural level. This is in contrast to MPB knockout mice, 

in which the compaction of myelin fails and axons are nonmyelinated or only loosely 
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ensheathed, but no axonal swellings are detected (Kirkpatrick, et al., 2001). Thus, a 

primary oligodendroglial defect leads to secondary axonal degeneration despite appar-

ent myelin formation. Oligodendrocytes seem to have a function independent of mye-

lination, namely to provide support for longterm axonal integrity (Griffiths, et al., 1998, 

Lappe-Siefke, et al., 2003, Yin, et al., 2006, Kramer-Albers, et al., 2007, Nave & 

Trapp, 2008, Edgar, et al., 2009). Oligodendrocytes were shown to release exosomes 

which carry PLP, CNP, MOG, Sirtuin 2, and several proteins with proposed functions in 

the relief of stress. Therefore, oligodendroglial exosomes could be involved in glia-

mediated trophic support to axons (Kramer-Albers, et al., 2007).  

1.13 Aim of the study 

The study is divided in two parts. The first part is dedicated to the question how oli-

godendrocytes establish the myelin membrane and which trafficking mechanisms are 

utilized to achieve a temporally and spatially controlled delivery of myelin membrane 

components. The role of the R-SNAREs VAMP3 and VAMP7 in cell surface transport 

of the major myelin protein PLP in primary cultured oligodendrocytes has been ana-

lyzed. A myelinating coculture system of cortical neurons and oligodendrocytes has 

been established to study myelin assembly in vitro. In the second part, the specific role 

of oligodendroglial exosomes in glia to axon signaling has been examined. One goal 

was to visualize the transfer of oligodendroglial exosomes to neurons. Hereafter, possi-

ble effects on recipient neurons were studied. Three aspects of neuronal metabolism, 

including metabolic activity, phosphorylation of the neurofilament heavy subunit and 

the activation of kinases, were analyzed.  
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2 Materials and methods 

2.1 Materials 

2.1.1 Centrifuges and accessory 

 Manufacturer 

3K20 Sigma-Aldrich, München 

Biofuge 17RS Heraeus Sepatech, Osterode 

Megafuge 1.0R Heraeus, Hanau 

Optima L-90 K Ultracentrifuge Beckman Coulter, München 

Optima Ultracentrifuge Max-E Beckman Coulter, München 

Optima XL-100 K Ultracentrifuge Beckman 

Rotors: TLS-55, TLA-55, SW28-Ti, 

SW40-Ti, SW41-Ti 

Beckman 

Z383K Hermle, Wehingen 

Table 1: Centrifuges and accessory 

2.1.2 Microscopes 

 Manufacturer 

AF 6000 LX Leica, Wetzlar 

DMIL Leica, Wetzlar 

DMLB Leica Wetzlar 
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TCS SP5 Leica, Wetzlar 

Table 2: Microscopes 

2.1.3 Other equipment 

 Manufacturer  

Amersham Hyperfilm ECL, High per-

formance chemiluminescence film 

GE Healthcare 

Biotrak II Plate reader  Amersham Biosciences 

C200 Incubator Labotect, Göttingen 

Electrophoresis chamber  Bio-Rad, München 

Electrophoresis chamber NuPAGE Invitrogen, Karlsruhe 

GenePulser Xcell  Bio-Rad, München 

NanoDrop 1000 Spectrophotometer Peqlab, Erlangen 

Nucleofector II AMAXA, Köln 

Odyssey Imager LI-COR 

Optimax Type TR X-Ray Film Proces-

sor 

PROTEC, Oberstenfeld 

SterilGARD III Advance Class II Bio-

logical Safety Cabinet 

The Baker Company 

Table 3: Other equipment 

2.1.4 Software 

 Manufacturer 

ApE plasmid editor M. Wayne Davis 

CLC Free Workbench  CLC bio, Aarhus, Denmark 

Clone Manager 9, Professional Edi-

tion 

Scientific & Educational Software 

Endnote X4 Wintertree Software Inc., Canada 

Excel 2010 Microsoft 

Illustrator CS2 Adobe, München 
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ImageJ NIH, Bethesda, Maryland 

Photoshop CS2 Adobe, München 

Word 2010 Microsoft 

Table 4: Software 

2.1.5 Chemicals 

 Manufacturer 

4-OHT (4-Hydroxytamoxifen) Sigma-Aldrich, München 

DiButyryl-cyclic-adenosine mono-

phosphate (DBcAMP) 

Sigma-Aldrich, München 

Dye reagent concentrate (Bradford 

protein assay) 

Bio-Rad, München 

GW4869 Sigma-Aldrich, München 

Hydrogen peroxide Roth, Karlruhe 

L-Glutamic acid monosodium salt 

hydrate 

Sigma-Aldrich, München 

N,N-Dimethylformamide (DMF) Sigma-Aldrich, München 

Sodiumbutyrate Sigma-Aldrich, München 

Trypan Blue Matheson Coleman and Bell 

Other chemicals Merck, Darmstadt 

Roth, Karlsruhe 

Sigma-Aldrich, München 

Table 5: Chemicals 

2.1.6 Kits 

 Manufacturer 

AMAXA Basic Nucleofector Kit for 

Primary Neurons 

Lonza 

Proteome Profiler Arrays, Human 

Phospho - MAPK Array 

R&D Systems, Minneapolis, USA 
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PureLink HiPure Plasmid Maxi Kit Qiagen, Hilden 

PureLink HiPure Plasmid Miniprep 

Kit 

Qiagen, Hilden 

Table 6: Kits 

2.1.7 Protein markers 

 Manufacturer 

Precision Plus Protein Standards Du-

al Color 

Bio-Rad, München 

SeeBlue Plus2 Pre-Stained Standard Invitrogen, Karlsruhe 

Table 7: Protein markers 

2.1.8 DNA markers 

 Manufacturer 

Lambda/HindIII Marker, 2, ready-to-

use 

Fermentas 

O´GeneRuler 1kb DNA Ladder, ready-

to-use 

Fermentas 

PhiX 174 DNA/BsuRI (HaeIII) Mark-

er, 9, ready-to-use 

Fermentas 

Table 8: DNA markers 

2.2  Buffers and media 

2.2.1 Cell culture 

 Composition 

Cryoprotective medium RPMI 1640 70%, FCS 20%, DMSO 10% 

HBSS KCl 5,33 mM, KH2PO4 0,441 mM, NaHCO3 4,17 

mM, NaCl 137,93 mM, Na2HPO4 0,338 mM, D-

glucose 5,56 mM, Phenol Red 0,0266 

HBSS+ HBSS, 0,15% MgSO4 

Laminin 2-10 µg/ml 
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Neurobasal feeding medium  Neurobasal, B27 supplement 20 ml/l, L-

glutamine 0,5 mM, Pen-Strep (penicillin G K-salt 

63,2 µg/l, streptomycin sulfate 135 µg/l)  

Neurobasal plating medium Neurobasal, B27 supplement 20 ml/l, L-

glutamine 0,5 mM, Pen-Strep (penicillin G K-salt 

63,2 µg/l, streptomycin sulfate 135 µg/l), gluta-

mate 12,5 µM 

Poly-L-lysine Poly-L-lysine hydrobromide (chain length 

70.000-150.000) 0,1 g/l 

SATO/B27 (pOL) DMEM 13,4 g/l, NaHCO3 2 g/l, B27 supplement 

20 ml/l, sodium pyruvate 1 mM, TIT 500 nM, L-

thyroxine 500 mM, gentamycin, horse serum 1%   

SATO/B27, –Phenol Red 

(MTT assay) 

DMEM –Phenol Red, B27 supplement 20 ml/l, 

sodium pyruvate 1 mM, TIT 500 nM, L-

Thyroxine 500 mM, L-glutamine 4 mM, gen-

tamycin, horse serum 1% 

SATO (Oli-neu cells) DMEM 13,4 g/l, NaHCO3 2 g/l, 0,01 g/l transfer-

rin, insulin 100 µg/l, putrescine 100 µM, proges-

terone 200 nM, TIT 500 nM, sodium selenite 220 

nM, L-thyroxine 520 mM, horse serum 1%   

Trypsin/EDTA HBSS, 0,01% trypsin, 0,02% EDTA 

Table 9: Cell culture 

2.2.2 Protein biochemistry 

 Composition 

4 x sample buffer  Tris-HCl (pH 6,8) 200 mM, SDS (sodium do-

decylsulfate) 8%, bromphenolblue 0,4%, glycer-

ol 40%, DTT 400 mM 

5 x electrophoresis buffer 

(tris-glycine)  

Tris 125 mM, glycine 1,25 M, SDS 0,5% (pH 8,3) 

20 x electrophoresis buffer 

(NuPage MES) 

MES 50 mM, Tris 50 mM, SDS 0,1%, EDTA 1 mM 

(pH 7,3) 

20 x electrophoresis buffer 

(NuPage MOPS) 

MOPS 50 mM, Tris 50 mM, SDS 0,1%, EDTA 1 

mM (pH 7,7) 



2 Materials and methods 36 

Blocking solution (IC) PBS, horse serum 10% 

Blocking solution (WB) PBST, milk powder 4% 

ECL homemade Solution A: Tris-HCl 0,1 M (pH 8,6), luminol 0,25 

g/l  

Solution B: Para hydroxyl coumaric acid 1,1 g/l 

Use: 1 ml solution A + 0,1 ml solution B + 0,3 µl 

H2O2 

Fixation solution (IC) PBS, paraformaldehyde 4%  

Homogenization buffer 

(membrane fractionation) 

Tris 10 mM (pH 7,5), EDTA 5 mM  

Mowiol Mowiol 4-88 2,4 g, glycerol 6 g, H2O bidest 6 ml, 

Tris 0,2 M (pH 8,5) 12 ml  

MTT stock solution PBS, 5 mg/ml 

PBS NaCl 150 mM, Na2HPO4 8 mM, NaH2PO4, 1,74 

mM 

PBST PBS, Tween 20 0,1% 

Permeabilization solution PBS, Triton X-100 0,1% 

Protease inhibitors  PMSF 1 mM (Sigma), aprotinin 1 µg/ml 

(Boegringer), leupeptin 5 µg/ml (Sigma), pep-

statin 1 µg/ml (Sigma) 

Protease- and phosphatase 

inhibitor cocktail  

Aprotinin, bestatin, E-64, leupeptin, sodium flu-

oride, sodium orthovanadate, sodium pyrophos-

phate, β-glycerophosphate (Pierce) 

RIPA buffer (membrane frac-

tionation) 

Tris/HCl (pH 7,5) 10 mM, NaCl 150 mM, Noni-

dent P40 1%, SDS 0,1%, EDTA 2 mM, sodium 

deoxychelate 0,5% 

RIPA buffer (neurofilament 

phosphorylation assay) 

Tris/HCl (pH 7,5) 50 mM, NaCl 150 mM, Noni-

dent P40 1%, SDS 0,1%, EDTA 1 mM, sodium 

deoxychelate 0,5% 

Solubilization solution  

(MTT assay) 

H2O, DMF 40%, SDS 10%, acetic acid (conc.) 2% 
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Separation gel buffer  Tris 1,5 M (pH 8,8) 

Stacking gel buffer  Tris 1 M (pH 6,8)  

TBS (pH 7,2) Tris 50 mM, NaCl 150 mM 

Transfer buffer (WB) Tris 24 mM, glycine 192 mM, ethanol 20% 

Triton lysis buffer  Tris/HCl 50 mM (pH 7,2), NaCl 150 mM, Triton 

X-100 1%  

Table 10: Protein biochemistry 

2.2.3 Molecular biology 

 Composition 

LB agar LB medium, agar 15 g/l 

LB medium NaCl 10 g/l, trypton 10 g/l, yeast extract 5 g/l  

Sample buffer (agarose gels) EDTA 1 mM, bromphenolblue 1%, sucrose 0,5%, 

xylencyanol 2% 

TAE  EDTA 1 mM, Tris 0,04 M, adjusted to pH 8,0 with 

acetic acid 

Table 11: Molecular biology 

2.2.4 Enzymes 

Restriction enzymes and phosphatases were obtained from New England BioLabs, Fer-

mentas and Promega, and were used according to the manufacturer´s instructions. 

2.2.5 Antibodies 

2.2.5.1 Primary antibodies 

epitope Clone Species Dilution origin 

AIP-1/Alix  mouse WB 1:250 BD 

AKT1  rabbit WB 1:1000 Cell signaling 

AKT phosph.  mouse  WB 1: 1400 

 

Cell signaling 

Calnexin  rabbit WB 1:2000 Stressgen, Hamburg 

Calreticulin   WB 1:4000 Stressgen, Hamburg 
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Cre recom-

binase 

 rabbit IF 1:1000, WB 

1:5000 

Covance 

Enolase γ  mouse WB 1:500 Santa Cruz 

ERK1  rabbit WB 1:5000 Cell signaling 

ERK phosph.  mouse WB 1:1000 Cell signaling  

GFAP  rabbit 1:5000 Dako 

GFP  rabbit 1:1000  

L1 324 rat IF 1:10 Hybridoma 

L1 555 rat WB 1:50 Hybridoma 

MAP-2  Guinea pig 1:1000 Boehringer, Mann-

heim 

MBP 12 rat 1:500 Serotec 

NeuN  mouse IF 1:500 Chemicon 

NF-H 

phosph. 

SMI31R mouse IF 1:10.000, WB 

1:1000 

Covance 

NF-M RMO44 mouse WB 1:1000 Zymed 

PLP Aa3 Rat IF undiluted, IC-

MDA 1:10, WB 1:10 

Hybridoma, M. B. 

Lees, Waltham, USA 

PLP O10 mouse IF undiluted Hybridoma, M. 

Schachner, Hamburg 

TSG 101 4A10 mouse WB 1:250 Genetex 

Tubulin α DM1A mouse WB 1:5000 Sigma-Aldrich, Mün-

chen 

Tubulin β 

class III  

TUJ1 rabbit IF 1:1000 Covance 

VAMP3  rabbit WB 1:1000 Synaptic Systems, 

Göttingen 

VAMP7  rabbit WB 1:1000 Synaptic Systems, 

Göttingen 

Table 12: Primary antibodies 
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2.2.5.2 Antibodies directed against PLP 

In the present work two antibodies called O10 and aa3 were used. O10 recognizes an 

extracellular epitope of PLP/DM20 at the second outer loop, whose presence depends 

on the protein conformation of PLP/DM20. Therefore, the antibody O10 selectively 

stains PLP/DM20 localized in the plasma membrane of live cells (Jung, et al., 1996). 

Aa3 recognizes an epitope at the C-terminus of PLP and thus all intracellular 

PLP/DM20 molecules in addition (Figure 4) (M.B. Lees, Waltham) (Kramer-Albers, et 

al., 2006). 

2.2.5.3 Secondary antibodies 

species anti conjugation dilution origin 

goat mouse Cy2 1:100 Dianova, Hamburg 

goat mouse (c.-ads.) Cy2 1:100 Dianova, Hamburg 

goat rabbit Cy2 1:100 Dianova, Hamburg 

goat rat  Cy2 1:100 Dianova, Hamburg 

goat rat (c.-ads.) Cy2 1:100 Dianova, Hamburg 

goat mouse Cy3 1:1000 Dianova, Hamburg 

goat mouse (c.-ads.) Cy3 1:1000 Dianova, Hamburg 

goat rabbit Cy3 1:1000 Dianova, Hamburg 

goat rat Cy3 1:1000 Dianova, Hamburg 

goat rat (c.-ads.) Cy3 1:1000 Dianova, Hamburg 

goat mouse Cy5 1:100 Dianova, Hamburg 

goat Mouse (c.-ads.) Cy5 1:100 Dianova, Hamburg 

goat rabbit Cy5 1:100 Dianova, Hamburg 

goat rat  Cy5 1:100 Dianova, Hamburg 

goat mouse HRP 1:10.000 Dianova, Hamburg 

goat rabbit HRP 1:10.000 Dianova, Hamburg 

goat rat HRP 1:10.000 Dianova, Hamburg 

goat rat Alexa-488 1:400 Invitrogen, Karls-

ruhe 

goat rat (c.-ads.) Alexa-488 1:400 Invitrogen, Karls-
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ruhe 

donkey mouse IRDye 800CW 1:800 LI-COR 

goat rat Alexa Fluor 680 1:1500 Invitrogen, Karls-

ruhe 

Table 13: Secondary antibodies 

c.-ads., cross-adsorbed. 

2.2.6 Small interfering RNAs (siRNAs) 

siRNA (QIAGEN, Hilden) Target sequence 

Control AATTCTCCGAACGTGTCACGT 

Sense:        UUCUCCGAACGUGUCACGUTT 

Antisense: ACGUGACACGUUCGGAGAATT 

VAMP3 AAGATTATTCTCCGTTTGTAA 

Sense:        GAUUAUUCUCCGUUUGUAATT 

Antisense: UUACAAACGGAGAAUAAUCTT 

VAMP7 CTCCTTGTAAATGATACACAA 

Sense:        CCUUGUAAAUGAUACACAATT 

Antisense: UUGUGUAUCAUUUACAAGGAG 

Table 14: siRNAs 
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2.2.7 Plasmids 

2.2.7.1 pRK5/CMV-Cre-ERT2 plasmid 

 

Figure 11: pRK5/CMV-Cre-ERT2 plasmid. The Cre-ERT2 sequence was isolated by PCR from a 

GFAP-Cre-ERT2 plasmid which was kindly provided by K.-A. Nave (Göttingen, Germany). Concomi-

tantly, EcoRI and SalI restriction sites for the subsequent insertion into the pRK5 vector were added. 

AmpR, ampicillin resistance gene; CMV, cytomegalovirus.  

2.2.7.2 pAM/CBA-Cre-ERT2 plasmid 

 

Figure 12: pAM/CBA-Cre-ERT2 plasmid. The Cre-ERT2 sequence was isolated by PCR from a 

GFAP-Cre-ERT2 plasmid which was kindly provided by K.-A. Nave (Göttingen, Germany). Concomi-

tantly, SacI and SpeI restriction sites for the subsequent insertion into the pAM vector were added. 

AmpR, ampicillin resistance gene; CBA, chicken β actin; ITR, inverted terminal repeats; bGHpA, bovine 

growth hormone polyadenylation signal; WPRE, woodchuck hepatitis virus (WHP) posttranscriptional 

regulatory element.      
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2.2.7.3 pAM/MBP-Cre-ERT2 plasmid  

 

Figure 13: pAM/MBP-Cre-ERT2 plasmid. To obtain the MBP-Cre-ERT2 plasmid, first the CBA pro-

moter was excised from the generated pAM/CBA-Cre-ERT2 plasmid using the restriction sites for KpnI 

and AleI. The MBP promoter sequence was excised from its original vector using the restriction sites for 

KpnI and AgeI. For proper ligation, the 5´ overhang was filled up using a Klenow fragment the 3´5´ 

exonuclease activity of which has been inactivated. Finally, the MBP promoter sequence was inserted 

into the promoter-depleted pAM/CBA-Cre-ERT2 plasmid. AmpR, ampicillin resistance gene; MBP, 

myelin basic protein; ITR, inverted terminal repeats; bGHpA, bovine growth hormone polyadenylation 

signal; WPRE, woodchuck hepatitis virus (WHP) posttranscriptional regulatory element.         

 

Figure 14: pAM/CBA-floxstop-hrGFP plasmid. This plasmid carries the coding sequence for hrGFP 

(humanized renilla GFP), preceded by a floxed zerotrans cassette which allows expression of hrGFP only 

in the presence of cre. HrGFP has been humanized by using codons preferred in highly expressed human 

genes. The plasmid kindly was provided by Beat Lutz (Mainz, Germany). AmpR, ampicillin resistance 

gene; CBA, chicken β actin; ITR, inverted terminal repeats; bGHpA, bovine growth hormone polyad-

enylation signal; WPRE, woodchuck hepatitis virus (WHP) posttranscriptional regulatory element.           
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2.3 Immunocytochemistry and imaging 

Cells were washed twice in PBS and fixed in 4% PFA for 15 min. After washing in PBS 

cells were permeabilized for 2 min in 0,1% Triton X-100 in PBS and after another 

washing step in PBS they were blocked in PBS/10% HS for 30 min. First antibodies 

were diluted in blocking buffer and incubated for 45 min. After washing in PBS fluoro-

phore-conjugated secondary antibodies diluted in PBS/10% HS were applied and incu-

bated for 35 min. Finally, the cells were washed in PBS and mounted. Images were ac-

quired with a fluorescence microscope or a confocal laser scanning microscope and 

were processed using the Photoshop and Illustrator software (Adobe).   

2.4 Statistics 

Statistical analysis was performed by application of the paired, two-tailed student´s t-

test using the Excel software. Values were expressed in relation to control which was 

set to 100%.     

2.5 Protein biochemistry  

2.5.1 Cell lysates 

Cells were washed twice in PBS and scraped into lysis buffer. After incubation for 30 

min on a rotor the lysate was centrifuged at 350 g for 10 min to spin down the nuclei 

and the supernatant was collected. All steps were carried out at 4° C. 

2.5.2 Bradford protein assay 

The Bradford protein assay is a colorimetric method to determine the protein content of 

solutions. The dye Coomassie Brilliant Blue G-250 under acidic conditions forms com-

plexes with aromatic and basic amino acids leading to a shift of the absorption maxi-

mum from 470 nm to 595 nm. Thus, the increase of absorption at 595 nm can be uti-

lized as a measure for the protein content. For this purpose the photometer first has to be 

calibrated using protein solutions of known concentration. The samples were diluted 

and protein content was determined by means of the calibration curve. Samples and 

calibration solutions were incubated with the Bradford dye reagent concentrate for 10 

min at RT before measurement. If the protein content of samples of small volumes had 

to be determined, a small scale Bradford protein assay was performed (mini Bradford 

protein assay). Therefore, calibration solutions of 25 µg/ml, 50 µg/ml, 100 µg/ml, 200 

µg/ml, and 300 µg/ml BSA diluted in TBS were prepared and 10 µl of each calibration 

solution was mixed with 10 µl of 2 x dye reagent concentrate. 2 µl of the samples were 
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diluted with 8 µl TBS and mixed with 10 µl of 2 x dye reagent concentrate. Protein con-

centration was measured after an incubation time of 7 min at RT.    

 

Concentration BSA solution        

(0,5 mg/ml) 

0,01% Triton-X 

100 

Dye reagent con-

centrate 5 x 

0 µg/ml 0 µl 800 µl 200 µl 

1 µg/ml 2 µl 798 µl 200 µl 

5 µg/ml 10 µl 790 µl  200 µl 

10 µg/ml 20 µl 780 µl 200 µl 

15 µg/ml 30 µl 770 µl  200 µl 

20 µg/ml 40 µl 760 µl 200 µl 

25 µg/ml 50 µl 750 µl 200 µl 

Table 15: Composition of calibration solutions 

2.5.3 SDS-PAGE and western blotting  

SDS-PAGE (Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis) is a tech-

nique to separate proteins according to their electrophoretic mobility, a function of mo-

lecular weight. Samples were prepared by adding 4 x sample buffer and cooked for 5 

min at 95° C, if applicable. The anionic detergent SDS denatures secondary and tertiary 

structures and applies a negative charge to each protein in proportion to its mass, allow-

ing a fractionation by size. Additionally, DTT (DiThioThreitol) reduces disulfide bonds 

and thus helps to further unfold the polypeptides. Electrophoresis was performed using 

4%-12% Bis-Tris-gradient gels (NuPAGE, Invitrogen, Karlsruhe) or discontinuous gels 

according to the Lämmli-system. 6%-12% separation gels (tris-glycine buffer, pH 8,8) 

were covered over with 4% stacking gels (tris-glycine buffer, pH 6,8).  

 

 Stacking gel 5 ml separation gel (10 ml) 

4% 6% 8% 10% 12% 

H2O 3,4   ml 5,3 ml 4,6 ml 4,0 ml 3,3 ml 

acrylamide mix 30% 0,83 ml 2,0 ml 2,7 ml 3,3 ml 4,0 ml 

Tris 1 M 0,63 ml ------- ------- ------- ------- 

Tris 1,5 M ---------- 2,5 ml 2,5 ml 2,5 ml 2,5 ml 
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SDS 10% 0,05 ml 0,1 ml 0,1 ml 0,1 ml 0,1 ml 

ammonium persulfate 10% 0,05 ml 0,1 ml 0,1 ml 0,1 ml 0,1 ml 

TEMED 5 µl 8 µl 6 µl 4 µl 4 µl 

Table 16: Composition of stacking gel and separation gels 

2.5.4 Immunoblotting  

Separation of the protein solutions was followed by western blotting. Hereto an electri-

cal field is applied and the proteins are transferred from the gel to a PVDF (PolyVinyl-

iDene Fluoride) membrane in a wet blot chamber (Bio-Rad). The transfer required 2 h 

10 min with a current of 300 mA.  

To detect a specific protein, the PVDF membrane (Immobilon-P transfer membrane, 

0,45 µm pore size, Millipore) first was blocked in 4% milk powder in PBST for 20 min 

at RT. The first antibody was incubated for 1 h at RT or at 4° C overnight. After wash-

ing three times for 15 min in PBST the secondary antibody coupled to HRP (Horse 

Radish Peroxidase) was applied and incubated for 45 min. After another washing step 

in PBST (3 x 15 min) the labeled proteins were detected using a self-made luminol-

containing solution. HRP transforms the luminol which leads to light emission and is 

used for illumination of a radiographic film. The strength of the signal is proportional to 

the amount of detected protein and was quantified using the ImageJ software.  

2.6 Molecular biology 

2.6.1 Polymerase chain reaction 

For the amplification of DNA sequences from plasmids the plasmid was mixed with the 

appropriate oligonucleotides (Sigma-Aldrich), Pfu polymerase, dNTPs and the corre-

sponding buffer according to the manufacturer´s instructions. The DNA sequence was 

amplified in multiple rounds of melting, annealing and elongation of the DNA. The 

PCR product was loaded on an agarose gel (agarose 1% in TAE) to separate the differ-

ent fragments of DNA. 

2.6.2 Isolation of the PCR product 

The band corresponding to the desired DNA sequence was excised and the DNA was 

isolated from the gel using the QIAquick PCR Purification Kit (QIAGEN) according to 

the manufacturer´s instructions.  
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2.6.3 Restriction enzyme digestion 

The DNA was digested with the appropriate digestion enzymes and buffers according to 

the manufacturer´s instructions within 1-1½ h at 37° C. Thereafter, the enzymes were 

heat inactivated for 20 min at 65° C. The digested DNA was loaded on an agarose gel 

and the DNA fragment of interest was isolated. The plasmid, into which the DNA frag-

ment should be inserted, was digested simultaneously with the same restriction enzymes 

and digestion was verified by separation on an agarose gel. In this connection, also the 

DNA quantity of both the plasmid and the eventual insert was determined.   

2.6.4 Dephosphorylation of the plasmid 

To prevent self-ligation of the digested plasmid the plasmid was dephosphorylated prior 

to ligation. The plasmid was mixed with phosphatase and the corresponding buffer ac-

cording to the manufacturer´s instructions and incubated for 15 min at 37° C. The phos-

phatase was heat inactivated for 5 min at 65°C.  

2.6.5 Ligation  

The digested plasmid and the DNA fragment to be inserted were mixed, and the ligase 

and the corresponding buffer were added according to the manufacturer´s instructions. 

The DNA fragment was added in excess to increase the probability of its insertion. Li-

gation took place overnight at 4° C.   

2.6.6 Transformation  

The ligation product was used to transform chemical competent E. coli (TOP10F). 

Hereto, the bacteria were mixed with the DNA and kept on ice for ½ h. After giving a 

heat shock for 1 min at 42° C, 1 ml LB medium was added to the suspension and incu-

bated for ½ h at 37° C. Transformed bacteria were selected by plating them on LB-agar 

containing the appropriate antibiotic. The next day multiple colonies were used to inoc-

ulate LB medium. After reproduction overnight, the bacteria were pelleted and DNA 

was isolated using a Miniprep Kit (QIAGEN). The DNA was analyzed by restriction 

enzyme digestion. DNA with the appropriate restriction patterns was sequenced to ex-

clude point mutations. 

The bacteria carrying the desired plasmid were used to inoculate LB medium for isola-

tion of plasmid DNA on a large scale. After reproduction overnight, bacteria were pel-

leted and plasmid DNA was isolated using a Maxiprep Kit (QIAGEN). A small amount 

of the cell suspension was mixed with glycerol at a ratio of 4:1 and stored at -80° C for 

later applications. 
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2.7 Cell culture and transfections 

2.7.1 Preparation of primary cortical neurons 

Primary cortical neurons were obtained from E15 C57/Bl6-N mouse brains according to 

a modified protocol by (Hoogenraad, et al., 2010). Brains were extracted from the skull 

and after removal of the meninges the cortices were incubated in HBSS/1% trypsin for 

4-6 min. After washing in HBSS
+
, the brains were dissociated in HBSS/0,05% DNase 

using fire polished Pasteur pipettes to obtain a single-cell suspension. After two wash-

ing steps in HBSS
+
,
 
cells were seeded on PLL-coated dishes in Neurobasal plating me-

dium at a density of 35-55 x 10
3 

cells/cm
2
. The glutamate contained in the medium was 

shown to promote the survival of neurons and the proliferation of neuronal precursor 

cells (Suzuki, et al., 2006). Primary cortical neurons could be cultured up to 3 weeks. 

Half of the medium was renewed every 3-4 days with Neurobasal feeding medium 

without glutamate. Cells were kept at 37° C, 95% humidity and 8 % CO2. 

2.7.2 Preparation of oligodendroglial precursor cells 

2.7.2.1 Preparation of mouse brains 

Primary mouse cultures of oligodendrocytes were prepared as described previously 

(Kramer, et al., 1997). Brains of E14-16 C57/Bl6-N mice were extracted from the skull 

and after removal of the meninges incubated in HBSS/1% trypsin for 4-6 min. After 

washing in HBSS
+
, the brains were dissociated in HBSS/0,05% DNase using fire-

polished Pasteur pipettes to obtain a single-cell suspension. After washing two times in 

HBSS
+
 including two centrifugation steps at 130 g and 4° C, cells were seeded onto 

PLL-coated culture flasks in cold DMEM/10 % HS at a density of 3-3,5 x 10
6
 cells/cm

2
. 

2.7.2.2 Neuron kill and removal of microglia 

Five days after preparation, the neurons were removed from the mixed cultures by a 

complement-mediated immunocytolysis. Cells were incubated for 1 h at 37° C with the 

M5 antibody (diluted 1:15, clone 358) and guinea pig complement. The killed neurons 

were washed off in DMEM/10% HS at 37°C and cells were further cultivated in 

DMEM/10% HS containing 0,5 µg insulin/ml. Half of the medium was renewed at day 

7. At day 11, microglial cells sitting on top were removed by gently swirling the flasks 

and changing the medium.  

2.7.2.3 Oligodendrocyte shake off 

Two weeks after preparation of the mixed culture a dense astrocyte monolayer has been 

formed. After removal of remaining microglial cells, OPCs (Oligodendroglial Precursor 

Cells) sitting on top of the monolayer could be shaken off. OPCs were centrifuged at 
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130 g and 4° C for 10 min and seeded onto PLL-coated culture dishes or coverslips in 

B27-supplemented SATO medium containing PDGF and FGF (Platelet-Derived 

Growth Factor and Fibroblast Growth Factor, 10 ng/ml and 5 ng/ml, respectively). 

Cells were cultured at 37° C, 95% humidity and 8% CO2.    

2.7.3 Preparation of neuron-oligodendrocyte cocultures  

We prepared primary cortical neurons and cultured them for 6-8 days.  The Neurobasal 

medium was removed and OPCs were added directly after shake-off from the astrocyte 

monolayer. The neurons were plated at a density of 35-55 x 10
3 

cells/cm
2
 and OPCs 

were added resulting in a ratio of 1:2 between neurons and OPCs. The OPCs were add-

ed in SATO/B27 medium which is suitable for coculturing neurons together with oli-

godendrocytes. Half of the medium was renewed every 3-4 d. The cocultures could be 

cultured for up to 3 weeks. 

2.7.4 The oligodendroglial cell lines Oli-neu and Oli-neu PLP-eGFP 

The cell line Oli-neu was obtained by immortalization of murine primary oligoden-

droglial precursor cells via transfer of the oncogene t-neu (Jung, et al., 1995). The cell 

line Oli-neu PLP-eGFP stably expresses the fusion protein PLP-eGFP, in which eGFP is 

linked C-terminally to PLP. PLP-eGFP was brought into the peGFP-N1 expression vec-

tor using the restriction sites EcoRI and NotI. To receive a stable cell line, Oli-neu cells 

were cotransfected with the expression vectors pPLP-eGFP-N1 and pMSCV-hygro and 

selected for hygromycin resistance. The cell line Oli-neu PLP-eGFP was kindly provid-

ed by K.-A. Nave (Göttingen, Germany) (Trajkovic, et al., 2006). Oli-neu and Oli-neu 

PLP-eGFP cells were cultured in SATO medium at 37° C, 95% humidity and 8% CO2. 

Oli-neu cells can be treated with DBcAMP (DiButyryl cyclic Adenosine MonoPhos-

phate, 1 mM) to prevent further proliferation and induce differentiation.   

2.7.5 Passaging, freezing and thawing 

2.7.5.1 Thawing 

Frozen cells were thawed and immediately resuspended in cold SATO medium to avoid 

cell damage caused by the DMSO which is present in the cryoprotective medium. They 

were pelleted by centrifuging at 130 g and 4°C for 10 min. After resuspending they 

were seeded onto culture dishes in warm (37°C) SATO medium.   

2.7.5.2 Passaging 

Cell lines regularly were passaged when reaching confluency. Cells were detached by 

incubating in trypsin/EDTA. Proteolysis was stopped by adding PBS/10% HS and cells 
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were centrifuged for 10 min at 130 g and 4°C. The cell pellet was resuspended in SATO 

medium, split, and fractions were seeded onto PLL-coated culture dishes.   

2.7.5.3 Freezing 

Cells were frozen in cryoprotective medium. Hereto, they were detached by incubating 

in trypsin/EDTA and proteolysis was stopped by adding PBS/10% HS. Cells were spun 

down at 130 g and 4°C for 10 min, resuspended in cryoprotective medium and after 

freezing at -80°C transferred to liquid nitrogen.  

2.7.6 Transient transfection of plasmids  

Plasmids were introduced into the cell line Oli-neu by electroporation. 1 x 10
6
 Oli-neu 

cells were resuspended in SATO medium and mixed with 10-20 µg DNA in an electro-

poration cuvette. By omitting an electric shock (220V and 950 µF), the cell membranes 

are permeabilized and DNA is able to enter the cell. After incubation for 5 min at RT 

the Oli-neu cells were seeded onto culture dishes or coverslips in SATO medium. 3-4 h 

after transfection the medium was renewed and DBcAMP and sodium butyrate were 

added, if applicable. 

2.7.7 AMAXA siRNA transfection of OPCs  

OPCs were siRNA-transfected directly after shake-off from the astrocyte monolayer 

using the AMAXA Basic Nucleofector Kit for primary neurons (Lonza) according to 

the manufacturer´s instructions. 4 x 10
6
 OPCs were resuspended in 100 µl nucleofector 

solution, mixed with 160 pmol of siRNA in an electroporation cuvette and nucleofected 

using the AMAXA nucleofector II (program O-005). The cells were seeded onto PLL-

coated culture vessels in B27-supplemented SATO medium. 4 h after nucleofection the 

medium was exchanged for B27-supplemented SATO medium containing PDGF and 

FGF (10 ng/ml and 5 ng/ml, respectively).  

2.8 In-cell multiplex detection assay 

SiRNA-transfected OPCs were seeded onto PLL-coated 6 well-plates (4 x 10
6 

transfect-

ed OPCs/well) and cultured for 3-4 days. Living cells were washed in PBS and incubat-

ed with undiluted antibody O10 (surface PLP, recognizing an extracellular epitope) for 

45 min. After washing in PBS, the cells were fixed for 30 min in 4% PFA. Cells again 

were rinsed in PBS and permeabilized in 0,1% Triton X-100 for 2 min. After washing 

the wells in PBS, cells were blocked in PBS/10 % HS and the antibody aa3 (total PLP, 

recognizing an intracellular epitope) diluted 1:20 in blocking buffer was applied and 

incubated for 45 min. Afterwards cells were washed in 0,1 % Tween-20 in PBS. Sec-

ondary antibodies (anti-mouse IRDye 800 recognizing O10 and anti-rat Alexa Fluor-
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488 recognizing aa3) were diluted in 0,2% Tween-20 in blocking buffer and incubated 

for 1 h. After washing in 0,1% Tween-20 in PBS, epifluorescence was scanned using 

the Odyssey Imager (LI-COR). All steps were carried out at RT. Background values 

obtained from cells only incubated with secondary antibodies were subtracted and rela-

tive surface levels of PLP were determined by normalizing epifluorescence of surface 

PLP to that of total PLP.     

2.9 Membrane fractionation of neuron-oligodendrocyte 

cocultures  

Primary cortical neurons were cultured for one week before seeding siRNA-transfected 

OPCs on top. In each case, 4 x 10
6
 siRNA-transfected OPCs were added to 1 x 10

6
 neu-

rons. The medium was switched to SATO/B27 when the oligodendrocytes were added. 

Cells were cocultured for 5 days to allow axon-glia interaction and formation of myelin-

like membranes (MLM). Membranes were isolated by scraping the cells into homoge-

nizing buffer followed by traversing through a 22 g syringe. Nuclei were pelleted by 

two consecutive 10 min centrifugation steps at 1000 g and membranes were obtained 

from the resulting supernatant by centrifuging for 10 min at 20.000 g. The membrane 

pellet was resuspended in 200 µl 0,32 M sucrose in TBS/1 mM PMSF and subjected to 

a discontinuous gradient of 0,8 M and 0,62 M sucrose in TBS/1 mM PMSF. After cen-

trifugation for 1 ½ h at 75.000 g, fractions of 0,5 ml were harvested from the top. Three 

fractions were obtained containing light (0,32 M/0,62 M interface), medium (0,62 M/0,8 

M interface) and heavy membranes (pellet). The light fraction contains the myelinlike 

membranes (MLM), which are specifically enriched in myelin proteins and lipids, 

whereas the medium and the heavy fraction contain the higher density membranes of 

noncompacted myelin and axon-glia junctions (Figure 15) (Rios, et al., 2000, 

Winterstein, et al., 2008).  

 

Figure 15: Membrane fractionation of neuron-oligodendrocyte cocultures. After centrifugation at 

20.000 g the membrane pellet was resuspended in 0,32 M sucrose in TBS and subjected to a discontinu-

ous gradient of 0,8/0,62 M sucrose in TBS. After centrifugation for 1½ h at 75.000 g, fractions of 0,5 ml 
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were harvested from the top. Three fractions were obtained containing light, medium and heavy mem-

branes. The light fraction was collected at the 0,32 M/0,62 M interface, the medium fraction at the 0,62 

M/0,8 M interface and the heavy fraction was represented by the pellet.   

The fractions were pelleted by centrifuging for 1 h at 100.000 g and resuspended in 

equal amounts of RIPA buffer. All steps were carried out at 4°C. Equal volumes of the 

fractions were analyzed by SDS-PAGE and western blotting. Western blots of PLP 

were subjected to densitometric quantification using the ImageJ software and relative 

amounts of MLM in the cultures were calculated by assessing the ratio of the values 

obtained from the light fractions and the sum of medium and heavy fractions. 

2.10 The Cre-loxP-system 

The cre recombinase (shortly named cre) is a type I topoisomerase from the P1 bacteri-

ophage (Abremski, et al., 1986). It catalyzes site-specific recombination of DNA be-

tween two loxP (locus of crossover [x] in P1) sites. The loxP recognition element is a 

34-base pair sequence composed of two 13 base pair repeats flanking an 8 base pair 

spacer region. The spacer region determines directionality. The type of recombination 

depends on the orientation of the loxP sites in relation to each other. If the loxP sites 

have an opposite orientation, the DNA inbetween will be inverted, which is a reversible 

process. If the loxP sites are in the same orientation, the DNA inbetween will be excised 

as a circular molecule, which is an irreversible reaction. Thus, cre can serve to delete a 

sequence of DNA which is flanked by loxP sites (floxed). The cell-specific expression 

of cre in cells carrying a reporter gene located downstream of a floxed stop cassette will 

result in cell-specific expression of the reporter, which can be β-galactosidase or a fluo-

rescent protein. A modification of cre allows not only a cell-specific but also a tempo-

rally controlled expression of the reporter. Steroid receptors were shown to convey lig-

and-dependent regulation to proteins which they are fused to. Cre-ERT2 (Cre recom-

binase-Estrogen Receptor Tamoxifen-inducible 2) is a fusion protein of cre and the mu-

tated form of the ligand-binding domain of the human estrogen receptor, called ERT2. 

ERT2 carries 3 mutations when compared to the human estrogen receptor α isoform 1. 

These result in exchange of 3 amino acids located in the ligand binding domain of the 

receptor (G400V, M543A and L544A). Due to the mutations, the synthetic estrogen-like 

agonist tamoxifen is able to bind to cre-ERT2 and activate cre, whereas binding of the 

natural ligand of the receptor, 17β-estradiol, is prevented. In cells, Cre-ERT2 is associ-

ated with a complex containing HSP90. Binding of tamoxifen causes a conformational 

change in the receptor and allows nuclear entry of cre-ERT2 by disrupting the interac-

tions with the HSP90 complex (Figure 16) (Huang, et al., 2010). Intraperitoneal injec-

tion of tamoxifen into mice or its application to cells thus allows a temporally controlled 

activation of cre. 4-OHT (4-hydroxytamoxifen) has been modified to facilitate access to 

cells (Feil, et al., 1997, Metzger & Chambon, 2001, Zhao, et al., 2006). In our studies, 
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we utilized a reporter strain in which the gene for RFP is under control of the ROSA26 

promoter (Luche, et al., 2007). The ROSA26 locus was shown to be expressed ubiqui-

tously during embryonic development and in adult mice. It is believed to encode three 

transcripts of unknown function. Mice in which two of the three transcripts were dis-

rupted showed no phenotype, making the ROSA26 locus a suitable site for reporter gene 

targeting (Friedrich & Soriano, 1991, Zambrowicz, et al., 1997).   

 

Figure 16: Ligand-dependent activation of cre-ERT2. Cre-ERT2 is a chimeric protein consisting of cre 

recombinase derived from the bacteriophage P1 and the mutated ligand-binding domain of the human 

estrogen receptor called ERT2. In absence of tamoxifen, cre-ERT2 is inactivated by binding of the HSP90 

complex. Binding of tamoxifen (T) to ERT2 dissociates the HSP90 complex and allows nuclear entry of 

cre-ERT2.      

2.11 Isolation of exosomes – fractionation of culture 

supernatants 

To isolate exosomes, the supernatants of the cell lines Oli-neu, Oli-neu PLP-eGFP or of 

primary oligodendroglial cells were collected and subjected to several centrifugation 

steps (Figure 17). Exosomes can be isolated from cell culture supernatants by differen-

tial ultracentrifugation. In the first steps dead cells and cell debris are eliminated. Exo-

somes are pelleted from the resulting supernatant at 100.000 g and can be further puri-

fied by loading the pellet on a continuous sucrose gradient. Oligodendroglial exosomes 

can be found at a density of 1,10-1,14 g/ml. By comparison, vesicles from the endo-

plasmic reticulum float at 1,18-1,25 g/ml and those from the Golgi at 1,05-1,12 g/ml 

(Thery, et al., 2006). First, the supernatants were centrifuged for 10 min at 130 g and for 

20 min at 10.000 g to get rid of dead cells and cell debris, respectively. The supernatant 

was centrifuged for 1 h at 100.000 g. The pellet contains the exosomes (crude exosome 

preparation). Exosomes also can be further purified by an additional centrifugation step. 

Hereto, the exosomes are pelleted onto a sucrose pad (1,8 M in TBS) and the pellet is 

loaded onto a continuous sucrose gradient. The gradient was obtained by overlaying 1,8 

M sucrose with 0,3 M sucrose and was built up within 1 h by diffusion. After centrifu-

gation for 4 h or overnight at 100.000 g, 12 fractions were collected. The density of 

each fraction was determined using a refractometer. Finally, the membrane particles 

contained in the fractions were pelleted by centrifuging for 1 h at 100.000 g. Due to 
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their characteristic density (1,10-1,14 g/ml), oligodendroglial exosomes can be found in 

fractions 6-8. All steps were carried out at 4° C.  

 

Figure 17: Flow chart for the exosome purification procedure. Culture supernatants of primary oli-

godendrocytes or of oligodendroglial cell lines were centrifuged for 10 min at 130 g. The supernatant was 

centrifuged at 10.000 g for 20 min. The resulting supernatant was centrifuged for 1 h at 100.000 g. The 

pellet contains the exosomes (crude exosome preparation). The exosomes can be further purified by su-

crose density gradient centrifugation. Oligodendroglial exosomes due to their characteristic density of 

1,10 - 1,14 g/ml can be recovered from fractions 6-8 of 12 (purified exosomes). All steps were carried out 

at 4° C.  

2.12 Quantification of exosome release upon siRNA-mediated 

silencing of VAMP7 

OPCs were siRNA-transfected and cultured for 3-4 days. Exosome release was stimu-

lated by application of glutamate to study the role of VAMP7 in regulated exocytosis of 

MVBs. The medium was exchanged to fresh SATO/B27 medium containing glutamate 

(100 µM) and the supernatants were collected after 4 h of exosome release. The exo-

somes present in the supernatants were pelleted and analyzed by SDS-PAGE and west-

ern blotting, together with the corresponding lysates. Antibodies directed against PLP 
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(aa3) were used as a marker for oligodendroglial exosomes. The western blot signals 

were subjected to densitometric quantification and the values for PLP associated with 

exosomes were normalized to total expression of PLP obtained from the corresponding 

lysates.  

2.13 MTT assay  

The MTT assays were performed according to a modified protocol after (Behl, et al., 

1994). The yellow tetrazole MTT (3-(4,5-DiMethylThiazol-2-yl)-2,5-

diphenylTetrazolium bromide) is reduced to purple formazan in living cells due to ac-

tivity of mitochondrial dehydrogenases. The insoluble formazan product can be dis-

solved by addition of a solubilization solution leading to a yellow solution with a single 

absorption maximum at 570 nm. Therefore, the amount of transformed MTT serves as a 

measure for the metabolic activity of cells. To study the influence of oligodendroglial 

exosomes on neuronal metabolism, two different approaches were used. First, primary 

cortical neurons were incubated with supernatants of cultured primary oligodendrocytes. 

The oligodendrocytes were cocultured with primary cortical neurons utilizing the 

transwell system to stimulate oligodendroglial exosome release by glutamate released 

into the culture medium by the neurons. Primary cortical neurons obtained from an in-

dependent preparation were cultured in transwell plates for 7 d and 14 d, respectively, 

before they were incubated with oligodendroglial supernatants deprived of exosomes by 

100.000 g centrifugation or exosome-containing supernatants. MTT assays were per-

formed after 2 d of incubation. In the second approach, we utilized the transwell system 

to achieve a constant supply with oligodendroglial exosomes. Primary cortical neurons 

were cultured for 7 d and 14 d, respectively, before adding inserts carrying primary oli-

godendrocytes cultured for 5-8 d before (Figure 18). When the inserts were added the 

medium of both, the neurons and the oligodendrocytes, was exchanged to fresh 

SATO/B27 medium. The inserts exhibit pores, allowing factors smaller than 1 µm to 

pass. Exosomes as well as soluble factors released by the oligodendrocytes can pass the 

membrane and enter the bottom chamber, where they can be received by the neurons. 

The added oligodendrocytes were treated with glutamate (100 µM) to stimulate exo-

some release or with GW4869 (5 µM), an inhibitor of the neutral sphingomyelinase, to 

block it. The enzyme neutral sphingomyelinase is required for the transformation of the 

lipid sphingomyelin to ceramide and its inhibition by GW4869 was shown to block exo-

some release (Frühbeis, et al., 2011). In the MTT assays using neurons after 7 DIV, 

glutamate was added each day to the oligodendrocytes, starting with the day of cocul-

ture. In case of neurons cultured for 14 DIV, glutamate was added only once on the first 

day of coculture. GW4869 was added once on the first day of coculture. Neurons and 

oligodendrocytes were cocultured for different time periods before the neurons were 

incubated with phenol red-free SATO/B27 medium containing 0,5 mg/ml MTT for 2 h. 
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The same volume of solubilization solution was added and incubated overnight to allow 

complete dissolution of the MTT precipitate. Finally, absorption at 570 nm was meas-

ured in a spectrophotometer. 

 

Figure 18: Cocultures of neurons and oligodendrocytes utilizing Boyden chambers. Oligodendro-

cytes were grown in inserts on a porous membrane with pores of 1 µm in diameter. These pores allow 

exosomes as well as soluble substances to pass and enter the bottom chamber, where they can be received 

by primary cortical neurons. Left, Design of the Boyden chamber. Right, transwell plate providing six 

bottom chambers.  

2.14 Analysis of the phosphorylation state of the neurofilament 

heavy subunit 

To analyze the phosphorylation levels of the heavy subunit of NFs upon influence of 

oligodendroglial exosomes, two different approaches were utilized. In the first approach 

we used isolated exosomes of the oligodendroglial cell line Oli-neu PLP-eGFP. Exo-

somes of the supernatants of 40 x 15 cm-culture dishes were collected using differential 

centrifugation and united. The protein content was determined by a mini Bradford pro-

tein assay (chapter 2.5.2.) Primary cortical neurons (7 DIV) were incubated for 3 h with 

exosomes containing 4,6 µg protein and lysed. In the second approach we utilized the 

transwell system. Primary cortical neurons were cultured in transwell plates before add-

ing inserts carrying primary oligodendrocytes which previously have been cultured for 5 

d before (Figure 18). Neurons and oligodendrocytes were cocultured for 2 d and 4 d, 

respectively, before preparing neuronal lysates (11 DIV). Lysates were prepared by 

scraping the cells into RIPA buffer containing protease and phosphatase inhibitors. Af-

ter incubation for ½ h on a rotor the lysate was centrifuged for 10 min at 13.000 g and 

the supernatant was collected. All steps were carried out at 4° C. The lysates were ana-

lyzed by SDS-PAGE and western blotting. Western blots using antibodies recognizing 

the phosphorylated form of the heavy subunit of NFs (antibody SMI31) were subjected 

to densitometric quantification using the ImageJ software and were normalized either to 

signals for neuron-specific γ-enolase or for the medium subunit of NFs (antibody 

RMO44).  
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2.15 Phospho-MAPK array 

We aimed to identify kinases that could be activated in neurons upon influence of oli-

godendroglial exosomes. Therefore, primary cortical neurons were cultured for 5 days 

in transwell plates before adding primary oligodendrocytes that have been cultured for 5 

days before. Cells were cocultured for 3 days before preparing neuronal lysates. Control 

cells were cultured in the absence of oligodendrocytes. The protein content of the ly-

sates was determined utilizing a Bradford protein assay. 200 µg of protein were used for 

the phospho-MAPK (Mitogen-Activated Protein Kinase) array while 30 µg were ana-

lyzed by SDS-PAGE and western blotting. The phospho-MAPK array was performed 

using the kit from R&D systems according to the manufacturer´s instructions. The sig-

nals were subjected to densitometric quantification using the ImageJ software.  

 

Figure 19: Principle of the assay. 1, Biotinylated detection antibodies (B, coupled biotin) are mixed 

with the lysate and bind to the kinases (K). The biotinylated detection antibodies are phospho-specific and 

recognize distinct phosphorylation sites of the corresponding kinases. 2, The capture antibodies are spot-

ted on a nitrocellulose membrane and recognize the kinases, regardless of whether they are phosphory-

lated or not, thereby linking them to the nitrocellulose membrane. 3, Streptavidin-HRP binds to biotin and 

chemiluminescent detection reagents are applied to produce a signal at each capture spot corresponding to 

the amount of phosphorylated kinases bound. 
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3 Results 

3.1 Establishment of neuron-oligodendrocyte cocultures 

A major goal of this thesis was to initially establish a neuron-oligodendrocyte coculture 

system that allows analysis of the cellular basis of myelin formation in vitro. The most 

frequently utilized system in the field includes DRGs (Dorsal Root Ganglion cells) and 

oligodendrocytes which does not reflect a realistic in vivo partnership. We thus chose to 

establish a myelinating culture system involving cortical neurons and oligodendrocytes. 

The precedent establishment of cortical neuronal cultures was a prerequisite.   

3.1.1 Characterization of the neuronal cultures 

The time course of neuronal differentiation was analyzed and the optimal time point of 

coculture was determined.    

3.1.1.1 Coating and plating density 

The optimal conditions for the primary cortical neurons were determined by varying 

coating of the culture dishes and coverslips as well as plating densities.  

Neurons grown on coverslips sometimes built big neurospheres indicating an insuffi-

cient attachment of the cells to the underlying surface. We tried to improve the surface 

properties by using laminin for coating. Coverslips either were coated first with PLL 

and thereafter with laminin at concentrations of 2 µg/ml or 10 µg/ml or with laminin 

alone (at the same concentrations). But attachment of the cells could not be improved by 

laminin-coating.   

To determine the optimal plating densities for the neuronal cultures, cells were plated in 

different densities. Cell suspensions were either directly applied to coverslips or the 

whole culture dish containing coverslips was flooded. The second variant turned out to 

be more suitable, resulting in a more even distribution of the cells. We tested plating 

densities of 1 x 10
6
, 1,5 x 10

6
, 2 x 10

6
, 3 x 10

6
 and 4 x 10

6
 cells per 6 cm culture dish. 

We determined 1,5 x 10
6
 - 2 x 10

6
 cells (corresponding to 55.000 – 70.000 cells/cm

2
) as 

the best concerning evenness of distribution and degree of neurite outgrowth. For 24 

well plates and 96 well plates the optimal densities were determined to be 80.000 neu-

rons/well and 10.000 neurons/well, respectively (corresponding to 45.000 cells/cm
2
 and 

35.000 cells/cm
2
). We found that also an appropriate plating density could improve the 

attachment of the cells to the underlying surface.       
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3.1.1.2 Purity and expression of marker proteins 

Cortical neurons were prepared from E15 mice and cultured for 3 d, 5 d, 7 d, 14 d and 

21 d, respectively. Neuronal cultures were analyzed by immuno-stainings (Figure 20) 

and SDS-PAGE and western blotting of cell lysates (Figure 21).  

NeuN (Neuronal Nuclei) is a neuron-specific nuclear protein which can be detected 

when neurons leave the cell cycle and/or initiate terminal differentiation and therefore 

was suggested to be important for the determination of the neuronal phenotype. Recent-

ly, it was identified as the splicing factor Fox-3 and as such could be a regulator of neu-

ral cell differentiation and development of the nervous system (Mullen, et al., 1992, 

Kim, et al., 2009). NeuN demonstrates the relative purity of the neuronal cultures until 7 

DIV as nearly all cells show expression of NeuN (Figure 20 A-F). It is still weak after 3 

DIV but constantly increases thereafter. GFAP serves as a marker for astrocytes where-

as Olig2 labels OPCs as well as motor neurons. After 14 DIV astrocytes expanded in the 

culture and also Olig2-positive cells were observed (Figure 20 G, H). After 21 DIV we 

could see large areas of astrocytes spanning a few hundred µm. In these areas neurons 

were present in lower numbers (Figure 20 I). Olig2 was originally intended to be used 

as a marker for the oligodendroglial lineage but it also labels motor neurons. Olig2-

positive cells arise after 14 DIV and their number further increases thereafter. Some of 

them are also NeuN-positive, indicating that they might be neurons. Cells expressing 

only Olig2 might be neurons, too, which have not turned on expression of NeuN yet or 

OPCs (Figure 20 J). In general, the cultures show increasing neurite extension with days 

in culture. Western blot analysis showed that the expression levels of oligodendroglial 

CNP and GFAP rise after 14 DIV which confirms the findings of the immuno-stainings 

and indicates the increased emergence of glial cells in the cultures (Figure 21). L1 be-

longs to the immunoglobulin superfamily. It is expressed on axons of the CNS and 

PNS. L1 is believed to be involved in axonal fasciculation and the initiation of mye-

lination (Martini, 1994). In the CNS, L1 is diffusely expressed on non-myelinated axons 

but is downregulated with the onset of myelination. In the PNS, L1 additionally is ex-

pressed on Schwann cells, but is downregulated when they have made ca. 1½ turns 

around the axon. It remains expressed on non-myelinating Schwann cells and axons. 

Thus, L1 was suggested to play a positive role in the early stages of myelination. Later 

on, with F3/contactin one oligodendroglial partner for L1 was identified. It was found 

that the binding of L1 to F3/contactin activates Fyn kinase and this finally leads to lo-

calized synthesis of MBP protein from the MBP mRNA at the axon-glial contact site 

(Martini, 1994, Coman, et al., 2005, White, et al., 2008). PSD-95 is a specialized scaf-

fold protein forming the backbone of the postsynaptic protein complex. The function of 

this extremely large disk-shaped complex appears to be the anchorage and organization 

of postsynaptic neurotransmitter receptors and corresponding signaling molecules at the 

active zone (Dosemeci, et al., 2007).  
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Figure 20: Characterization of cortical neuronal cultures by immunocytochemical analysis. Neu-

rons were prepared from E15 mouse cortices and cultured for 3 d, 5 d, 7 d, 14 d and 21 d, respectively. 

Cultures were analyzed by immuno-staining using antibodies directed against NeuN as neuronal and 

GFAP as astrocytic markers. Olig2 was originally intended to label oligodendrocytes. The cells were 

recorded with same instrumental settings to ensure comparability. The neuronal marker NeuN demon-

strates the relative purity of the neuronal cultures as nearly all cells are labeled until 7 DIV. Only few 

cells show GFAP expression, demonstrating that only a small percentage of the cells are astrocytes (A-F). 

After 14 DIV small areas of proliferating astrocytes with diameters of approximately 300 µm were ob-

served (G). Olig2-positive cells also increasingly arise after 14 DIV. Some of them show expression of 

NeuN while others do not (J, white and yellow arrowheads, respectively). After 21 DIV large astrocytic 

areas have developed in which neurons are present in lower numbers (I). Scale bars, 100 µm. 

VAMP2 in neurons together with Syntaxin1 and SNAP25 facilitates the fusion of syn-

aptic vesicles with the plasma membrane within the presynaptic terminal and thus neu-

rotransmitter release. γ-enolase is a neuron-specific isoform of the glycolytic enzyme 

enolase which catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate 

(and thus is also called Neuron-Specific Enolase, NSE). This special isoform was 

proved to be markedly more stable towards chloride-induced inactivation than the two 

non-neuronal isoforms (called non-neuronal enolase and muscle-specific enolase, re-
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spectively). It was suggested that the resistance towards chloride evolved to accommo-

date to rising levels of this ion in depolarized neurons. There seems to be a developmen-

tal switch from non-neuronal enolase to γ-enolase during neural maturation which also 

depends on neural activity (Marangos & Schmechel, 1987). Doublecortin is a develop-

mentally regulated, neuron-specific phosphoprotein which is expressed in young and 

migrating neurons and is associated with microtubules. It seems to be specifically re-

quired for neuronal migration and neocortical development (Francis, et al., 1999, 

Gleeson, et al., 1999, Bai, et al., 2003). Doublecortin expression has already been 

strongly downregulated after 14 DIV whereas L1, the synaptic markers PSD 95 and 

VAMP2, and γ-enolase are upregulated. Taken together, the data show that glial cells do 

not come up until 14 DIV and that the transition to mature neurons is located between 7 

and 14 DIV.   

 

Figure 21: Expression of marker proteins in the neuronal cultures. Neurons were prepared from E15 

mouse cortices and cultured for 3 d, 5 d, 7 d, 14 d and 21 d, respectively. Cells were lysed and lysates 

were analyzed by SDS-PAGE and western blotting. Tubulin serves as loading control. NCAM L1, Neural 

Cell Adhesion Molecule L1; PSD-95, Post Synaptic Density protein 95; VAMP2, Vesicle-Associated 

Membrane Protein 2; CNP, Cyclic Nucleotide Phosphodiesterase; GFAP, Glial Fibrillary Acidic Protein.   

3.1.2 Establishment of myelinating cocultures 

To mimic myelination in vitro, OPCs were plated on cortical neuronal cultures and cells 

were cocultured for up to 3 weeks. The cocultures were characterized at distinct time 

points by immuno-stainings using different markers directed against neuronal and mye-

lin epitopes. Among the neuronal markers were the antibodies 324, 555, SMI31, γ-

enolase, NeuN, MAP-2 and TUJ1. 324 and 555 recognize the epitope L1, an adhesion 

molecule expressed on the axonal surface. Because L1 is downregulated with onset of 

myelination it was not suitable for the immunocytochemical analysis of our cocultures 

(Coman, et al., 2005). Neuronal processes were labeled only weakly and unevenly. 
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SMI31 is directed against heavily phosphorylated NF-H and to a lesser extent also rec-

ognizes phosphorylated NF-M. Unfortunately, SMI31 often exhibited strong staining 

also of neuronal nuclei. Neither modification of the permeabilization procedure (0,01% 

Triton X-100 for 30 sec, 0,02% Triton X-100 for 1 min, 0,05% Triton X-100 for 1 min, 

50% methanol for 10 min), of the blocking reagent (10% HS, 10% FCS, 0,1% gelatin, 

10% NGS), nor of secondary antibody concentration were successful in removing the 

nuclear background staining of SMI31. The antibody directed against γ-enolase turned 

out to work only in western blots but not in immuno-stainings. Of the tested antibodies, 

NeuN, MAP-2 and TUJ1 turned out to be the best suited neuronal markers in the cocul-

tures. NeuN is a widely used marker for neurons and was used to visualize neuronal cell 

bodies (Figure 20). The MAP-2 antibody recognizes the neuron-specific microtubule-

associated protein 2 and labeled the cell bodies and the neurites of some, but not all neu-

rons (not depicted). MAP-2 is able to bind and stabilize MTs, and it was identified as a 

component of crossbridges between MTs and NFs (Hirokawa, et al., 1988). It was 

demonstrated that MAP-2 can bind F-actin and bundle actin filaments in vitro (Roger, et 

al., 2004). TUJ1 is directed against neuron-specific tubulin β class III and is a widely 

used marker of differentiated neurons. In the cocultures, it was shown to nicely label all 

neuronal processes (Figure 22). Antibodies directed against PLP (antibody aa3) and 

against MBP (not depicted) showed nice labeling of the oligodendrocytes in our cocul-

tures.   

The optimal plating densities of neurons and oligodendroglial cells were assessed for 

the cocultures. For the neurons this were 1 x 10
6
 cells per 6 cm culture dish, correspond-

ing to 35.000 cells/cm
2
 and below the density of genuine cortical neuronal cultures. Oli-

godendrocytes do not myelinate neuronal processes if these exceed a certain density. To 

determine the optimal plating density of OPCs, 1 x 10
6
, 2 x 10

6
, 3 x 10

6
 and 4 x 10

6
 

OPCs were plated on top and analyzed after 7 d of coculture. 2 x 10
6
 OPCs (correspond-

ing to 70.000 cells/cm
2
) turned out to be the appropriate cell number. At this density, 

oligodendrocytes exhibited optimal spacing and performed the best myelination result, 

as evidenced by neurite segments covered by oligodendroglial membranes.  

The neuronal cultures showed a constantly increasing degree of differentiation with 

changes in protein expression. Myelination requires an intimate contact between the 

axon and the myelinating glial cell and interaction of neuronal and glial cell adhesion 

molecules. Therefore, the time point of adding the OPCs is critical for myelination, too. 

Because the previous analysis of the neuronal cultures revealed their transition to a ma-

ture stage between 7 and 14 DIV, we decided to plate OPCs on top of the neurons after 

having kept them in vitro for 6 d, 7 d and 8 d, respectively, and analyzed the cells after 7 

d of coculture.  
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Figure 22: Characterization of myelinating cocultures by immunocytochemistry. Primary cortical 

neurons were cultured for 1 week before seeding OPCs on top. Cells were analyzed by immuno-staining 

after 1 week, 2 weeks and 3 weeks of coculture, respectively. Aa3 antibodies directed against PLP were 

used to visualize oligodendrocytes, whereas TUJ1 antibodies directed against tubulin β class III were used 

as neuronal markers. Neuronal segments of overlapping immuno-staining have been enwrapped by oli-

godendroglial processes. These regions resemble myelination in vivo and are called myelinlike mem-

branes (MLM). The white arrowheads mark contact sites between the MLM of the oligodendrocyte and 

neuronal processes. The blue arrowheads mark areas in which the MLM have already built tubular struc-

tures of myelin by wrapping up neuronal processes. Scale bars, 50 µm.  

We observed no differences concerning morphology and degree of myelination. Thus, 

the process of myelination was not changed decisively when OPCs were added within 

the investigated time window.  

The cocultures were analyzed after 1 week, 2 weeks and 3 weeks, respectively (Figure 

22). After 1 week of coculture most of the oligodendrocytes have established neuronal 

contacts with some of them having already enwrapped neuronal processes, thereby 

building tubular structures around them. These structures show the biochemical and 

biophysical characteristics of myelin in vivo and thus are called myelinlike membranes 

(MLM). After 2 weeks the degree of myelination has increased and most of the oli-

godendrocytes not only have built contacts to neuronal processes but also have en-

wrapped them and tubular structures of ensheathment could be found more frequently. 

After 3 weeks the tubular structures became even more prominent and even very thin 

neuronal processes have been heavily enwrapped. Taken together, the cocultures 

showed an increasing degree of myelination with formation of tubular structures of my-

elin around neuronal processes.    

3.2 Surface PLP is significantly reduced upon VAMP3/VAMP7 

cosilencing  

To investigate the role of VAMP3 and VAMP7 in transport of myelin components, the 

major myelin protein PLP was chosen as a model protein of the myelin membrane. 

OPCs were transfected with siRNAs and differentiated for 3-4 days to allow endoge-

nous PLP expression. Surface localized and total PLP were determined by immuno-

staining using O10 (recognizing surface PLP) and aa3 (recognizing total PLP) antibod-

ies, respectively. Total expression of PLP was not affected while surface-localized PLP 

was decreased (Figure 23 A, B). The decrease of surface-localized PLP was quantified 

utilizing the in-cell multiplex detection assay. Relative surface expression of PLP was 

calculated by assessing the ratios of epifluorescence values of surface and total PLP. 

Upon silencing of VAMP3, we observed decreases of surface PLP by 23% (+/- 15%) 

and for silencing of VAMP7 of 18% (+/- 12%) with p-values near significance of 0,059 

and 0,060, respectively. The cosilencing of VAMP3/VAMP7 led to a significant de-
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crease of surface PLP by 34% (+/- 11,7%) compared to control and there was a signifi-

cant difference between single- and cosilencing experiments (VAMP3-silencing and 

VAMP7-silencing compared to VAMP3/VAMP7-cosilencing, respectively), indicating 

that VAMP3 and VAMP7 act synergistically and that two different pathways are in-

volved in surface transport of PLP (Figure 23 C). 

 

Figure 23: In-cell multiplex detection assay. OPCs were siRNA-transfected and differentiated for 3-4 

days before analysis by immuno-staining and performance of the in-cell multiplex detection assay. A, 

Immuno-stainings using aa3 (total PLP, green) and O10 (surface PLP, red) antibodies, respectively. Scale 

bars, 50 µm. B, Odyssey infrared scan depicting total PLP (green) and surface PLP (red) of control- siR-

NA-transfected and VAMP3/VAMP7-cosilenced oligodendrocytes. A detail showing an identical field of 

the scan is shown. C, Surface PLP normalized to total PLP calculated from Odyssey scans of siRNA-

treated cells (n=5 for single and n=4 for cosilencing experiments). Bars depict mean deviation, paired t-

test, * p<0,05, ** p<0,01. 
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3.3 Association of PLP with myelinlike membranes is 

significantly reduced upon VAMP7-silencing and 

VAMP3/VAMP7-cosilencing in myelinating cocultures 

The neuron-oligodendrocyte cocultures were used to study the involvement of VAMP3 

and VAMP7 in myelination in vitro. Primary cortical neurons were cultured for one 

week before seeding siRNA-transfected OPCs on top. Since knockdown efficiency is 

limited due to half-life of the siRNAs, neuron-oligodendrocyte cocultures were ana-

lyzed after 5 days of coculture. At this time point MLM have already been established 

and the siRNA is still effective. Like myelin in vivo, MLM are enriched in lipids and 

exhibit a low density, facilitating their isolation by density gradient fractionation. Co-

cultures were analyzed by immuno-staining and the association of PLP with MLM frac-

tions was determined.  

3.3.1 VAMP3/VAMP7 cosilencing does not affect neuron-glia interaction  

Immuno-stainings of the neuron-oligodendrocyte cocultures using tubulin β class III as 

neuronal and aa3 as oligodendroglial marker were analyzed concerning morphology of 

oligodendrocytes and number and extent of neuronal contacts. Neuronal interactions 

were quantified by subdividing the oligodendrocytes into 3 groups. The first included 

cells not only having contact to neuronal processes but having enwrapped axonal seg-

ments, thereby forming tubular structures around them (“myelinating”). The second 

included cells which have established neuronal contacts, but have not enwrapped them 

yet (“contacting”). The third were oligodendrocytes without any neuronal contacts (“no 

contact”). The analysis revealed no differences between the control-cultures and cul-

tures upon VAMP3/VAMP7-cosilencing (Figure 24 A and B).  

3.3.2 Association of PLP with MLM is significantly reduced after VAMP7- 

silencing and VAMP3/VAMP7-cosilencing 

Neuron-oligodendrocyte cocultures were analyzed biochemically by subjecting them to 

density gradient centrifugation to isolate membranes of low, medium and high density 

(light, medium and heavy fraction). The light fraction contains MLM sharing character-

istics with myelin in vivo. Fractions were analyzed by immuno-blotting using the anti-

body aa3 (Figure 25 A) and the relative association of PLP (B) and DM20 (C) with 

MLM was determined. The relative amount of PLP present in MLM was significantly 

reduced upon VAMP7-silencing (reduced to 70 +/- 19,6%) and further decreased upon 

VAMP3/VAMP7-cosilencing (reduced to 48,6 +/- 13,9%), indicating that VAMP3 and 

VAMP7 act synergistically. Analysis of DM20 revealed similar results (reduced to 52,2 

+/- 22,16% upon VAMP3/VAMP7-cosilencing), confirming the notion that both 

isoforms, PLP and DM20,  are delivered by the same transport pathway.   



3 Results 67 

 

Figure 24: Quantification of oligodendroglial interactions with axons. Primary cortical neurons were 

cultured for one week before seeding siRNA-transfected OPCs on top. Neuron-oligodendrocyte cocul-

tures were analyzed after 5 days of coculture. A, Immuno-stainings using tubulin β class III as neuronal 

(green) and aa3 as oligodendroglial marker (red). Arrowheads mark sites of glial ensheathment. Scale 

bars, 25 µm. B, Quantification of oligodendroglial interactions with neuronal processes. Oligodendro-

cytes were subdivided into 3 groups concerning interaction with neuronal processes, which were “mye-

linating”, “contacting” and “no contact”. Three independent experiments were evaluated. In one experi-

ment at least 80 cells for each condition were included. Bars depict mean deviation; paired t-test.  
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Figure 25: Density gradient fractionation of myelinating cocultures. Primary cortical neurons were 

cultured for one week before seeding siRNA-transfected OPCs on top. Neuron-oligodendrocyte cocul-

tures were analyzed after 5 days of coculture by density gradient isolation of light, medium and heavy 

fractions. A, Western blot using aa3 antibodies showing the distribution of PLP and its isoform DM20 

between light (corresponding to MLM), medium and heavy fractions in the different siRNA conditions. 

B, Densitometric quantification depicting association of PLP with MLM (n=5). C, Densitometric quanti-

fication depicting association of DM20 with MLM (n=5). PLP present in MLM is significantly reduced 

upon VAMP7-silencing and VAMP3/VAMP7-cosilencing. DM20 shows the same tendency and is signif-

icantly reduced upon VAMP3/VAMP7-cosilencing. Bars depict mean deviation, paired t-test, * p<0,05, 

** p<0,01, *** p<0,001.  

3.4 Does VAMP7 mediate the fusion of MVBs and exosome 

release? 

To test whether VAMP7 is involved in the release of oligodendroglial exosomes, OPCs 

were transfected with control- and VAMP7-siRNA, respectively. Cells were stimulated 

with glutamate which has been demonstrated to trigger the regulated exocytosis of 

MVBs in oligodendrocytes (Frühbeis, et al., 2011). Exosomes were recovered from the 

supernatants of siRNA-treated primary oligodendrocytes and isolated by differential 

centrifugation. The exosome-containing 100.000 g pellets of the supernatants and the 

corresponding lysates were analyzed by SDS-PAGE and western blotting. SiRNA-
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mediated silencing resulted in a decrease of 53% of VAMP7 expression levels (reduced 

to 47% +/- 19%) compared to control (Figure 26 A, B). PLP antibodies were used to 

detect oligodendroglial exosomes in the 100.000 g pellets (Figure 26 C) and exosome 

release was normalized to total expression of PLP determined in western blots of the 

corresponding lysates. As a summary result of all experiments, we observed no signifi-

cant differences in exosome release upon VAMP7-silencing compared to control 

(Figure 26 D). As indicated by the large mean deviation, the values showed strong vari-

ations, with the lowest showing a reduction of 71% and the highest showing an increase 

of exosome release of 227%. 

 

Figure 26: Quantification of oligodendroglial exosome release upon siRNA-mediated silencing of 

VAMP7. OPCs were transfected with control- and VAMP7-siRNA, respectively. 3-4 d after transfection 

the cells were treated with glutamate (100 µM) for 4 h to stimulate release of exosomes. The supernatants 

were collected and the exosomes were pelleted at 100.000 g. Lysates and 100.000 g pellets were analyzed 

by SDS-PAGE and western blotting. A, Western blots of cell lysates with antibodies directed against PLP 

(aa3) and VAMP7. Tubulin serves as loading control. B, Densitometric quantification of expression lev-

els of VAMP7 upon siRNA-mediated silencing. C, Western blot of 100.000 g pellets with antibodies 

directed against PLP (aa3). D, Densitometric quantification of exosome release based on the western blot 

signals for PLP in the 100.000 g pellets (n=4). Exosome release was normalized by assessing the ratios of 

exosomal and total PLP obtained from western blots of the corresponding lysates. Bars depict mean devi-

ation, paired t-test, * p<0,05. 
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3.5 Tamoxifen-induced translocation of Cre-ERT2 to the 

nucleus and cre-mediated reporter gene expression 

A major goal of this thesis was to analyze the transfer of oligodendroglial exosomes to 

neurons and their physiological impact on the neuronal target cells. Cre-ERT2 is a fu-

sion protein of cre recombinase and a genetically modified version of the human estro-

gen receptor ligand binding domain (ERT2). Steroid receptors were shown to convey 

ligand-dependent regulation to proteins which they are fused to. Due to the specific mu-

tations in ERT2, the synthetic estrogen-like agonist tamoxifen is able to bind and acti-

vate cre, whereas binding of the natural ligand of the receptor 17β-estradiol is prevent-

ed. ERT2 in cells was shown to be associated with HSP90. We proposed that a sorting 

of HSP90 into exosomes would result also in inclusion of cre-ERT2. If cre-ERT2-

containing exosomes are internalized by transgenic neurons carrying a cre reporter con-

struct, cre-ERT2-mediated recombination would result in expression of the reporter 

(Figure 27).  

 

Figure 27: Model of cre-ERT2-mediated recombination upon uptake of oligodendroglial exosomes 

by neurons. (1) An oligodendroglial exosome containing Cre-ERT2 associated with the HSP90 complex 

is internalized by a neuron. (2) Application of tamoxifen leads to dissociation of the HSP90 complex. (3) 

The activated cre-ERT2 is able to enter the nucleus and (4) cre-mediated recombination leads to excision 

of the stop codon and expression of the reporter downstream the stop codon.   
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We generated two expression vectors carrying cre-ERT2. In the first one, cre-ERT2 is 

under control of a modified chicken β-actin (CBA)-promoter, which is a ubiquitous 

promoter that should allow expression of cre-ERT2 in most, if not all cell types. The 

second contains an MBP promoter and allows cell type-specific expression in oligoden-

droglial cells. The functionality of the former was tested by transfection into Oli-neu 

cells (Figure 28). The vector was cotransfected together with another vector carrying the 

sequence for GFP preceded by a floxed stop codon, providing a target for cre-ERT2. 

Cells were treated twice with tamoxifen before analysis by immuno-staining 2 d after 

transfection. In untreated cells, cre-ERT2 could be detected in the cytoplasm distributed 

in the whole cell whereas in cells treated with tamoxifen cre-ERT2 exclusively was 

found in the nucleus. However, cre-mediated recombination occurred in treated as well 

as untreated cells, indicating that cre-ERT2-mediated recombination can also occur on 

plasmids in the cytoplasm independent of tamoxifen. This is probably due to the over-

expression of cre-ERT2. The endogenous HSP90 protein likely is not sufficient to block 

the enzymatic activity of all of the cre-ERT2 molecules present in a cell.  

 

Figure 28: Tamoxifen-induced translocation of cre-ERT2 and cre-mediated reporter gene expres-

sion. Oli-neu cells were transfected with the pAM/CBA-cre-ERT2 expression vector and an expression 

vector, in which a floxed stop codon precedes the GFP sequence under control of the CBA promoter. 

DBcAMP (1 mM) was applied two times to prevent further proliferation and induce differentiation of the 

cells. Tamoxifen (4-OHT, 1 µM) was applied two times before cells were immuno-stained with antibod-

ies directed against cre on the second day after transfection. DAPI was used to stain the nuclei. Tamoxi-

fen leads to a clear translocation of cre-ERT2 to the nucleus (lower panel) whereas in untreated cells cre-

ERT2 is distributed across the whole cell body (upper panel). Cre-mediated recombination occurred in 

both cases, since treated as well as untreated cells showed expression of GFP. Scale bars, 25 µm.   

Next, we tested whether cre and cre-ERT2 are sorted into exosomes and whether sorting 

of cre-ERT2 indeed is more efficient compared to cre. Since there were hints that also 

cre could be sorted into exosomes, Oli-neu cells were transfected to achieve expression 

of cre and cre-ERT2, respectively. The cell line Oli-neu shows only low expression lev-

els of endogenous PLP, thus we cotransfected another vector carrying the gene for the 
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fusion protein PLP-eGFP. The supernatants were collected and subjected to density gra-

dient centrifugation. The exosomal fractions and the corresponding lysates were ana-

lyzed by SDS-PAGE and western blotting (Figure 29). TSG101 served as a marker for 

exosomes in general, whereas PLP-eGFP was used to detect oligodendroglial exosomes. 

Unfortunately, the cre antibody recognizes an unspecific band in the cell lysate of con-

trol cells which have not been transfected to express cre or cre-ERT2. This unspecific 

band exhibits a similar molecular weight like cre-ERT2. However, this unspecific band 

was only found in non-exosomal fractions of control cells (1,053 g/ml – 1,097 g/ml, not 

depicted), indicating that the signal obtained in the exosomal fractions of cre-ERT2-

transfected cells indeed is associated with exosomes. In summary, cre as well as cre-

ERT2 were found to be present in the exosomal fractions.       

 

Figure 29: Association of cre and cre-ERT2 with exosomal fractions. Oli-neu cells were cotransfected 

with PLP-eGFP and Cre or cre-ERT2 expression vectors. The supernatants were collected 2 days after 

transfection and centrifuged at 100.000 g. The resulting membrane pellet was fractionated using a contin-

uous sucrose gradient. The lysates and the corresponding fractions were analyzed by SDS-PAGE and 

western blotting. PLP-eGFP is used as a marker for oligodendroglial exosomes, whereas TSG101 serves 

as a marker for exosomes in general. Cre as well as cre-ERT2 are present in the exosomal fractions ob-

tained from supernatants of transfected Oli-neu cells (1,122 g/ml and 1,149 g/ml, highlighted in red).    

Oli-neu cells were transfected to express cre-ERT2 and either were seeded directly on 

cortical neurons or cocultured with these utilizing the transwell system. In the transwell 

system, the oligodendrocytes and the neurons are cultured in different chambers which 

are separated by a porous membrane allowing factors smaller than 1 µm, such as exo-

somes, to pass. The neurons were obtained from transgenic mice in which the RFP gene 

is under control of the ubiquitous ROSA26 promoter, preceded by a floxed stop codon 

(the ROSA26-floxstop-RFP mouse strain) (Luche, et al., 2007). The cells were cocul-

tured for several days and tamoxifen was added twice to activate cre. In both cases, we 

could not observe any RFP fluorescence in the neurons.  

Because cre was shown to be sorted into exosomes, too, we prepared OPCs from trans-

genic CNP-Cre mice, in which cre is under control of the oligodendrocyte-specific CNP 
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promoter (CNCE mouse line). The OPCs were either seeded directly onto cortical neu-

rons obtained from ROSA26-floxstop-RFP mice or cocultured with these in the 

transwell system. No recombination of target neurons was observed. We suppose that 

cre is only sorted into exosomes when it is present in high abundance in the cell, which 

is the case upon plasmid transfection into cells. The CNCE mouse line was generated 

using a knockin approach which means that the entire coding region for CNP was re-

placed by the cre-cassette. Thus, mice homozygous for the transgene carry only two 

copies of the cre-transgene. We assume that the resulting expression could be insuffi-

cient for cre being sorted into exosomes.  

As a positive control the neurons obtained from the ROSA26-floxstop-RFP mice were 

infected with an adeno-associated virus (AAV) which carries an expression construct 

for cre. The neurons showed RFP fluorescence which confirms that cre basically can 

induce RFP expression in these neurons. However, RFP was expressed only weakly and 

was detectable only after several days after infection although the virus infection result-

ed in strong overexpression of cre, as verified by immuno-staining with cre antibodies 

(not depicted).              

3.6 Influence of oligodendroglial exosomes on neuronal 

metabolic activity 

To study whether oligodendroglial exosomes can influence neuronal metabolic activity 

we performed MTT assays. Because the degree of neuronal differentiation could be 

critical for their susceptibility to exosomal influence we used neurons of different dif-

ferentiation stages. We utilized two different approaches. In the first approach, neurons 

were incubated with supernatants collected from cultured primary oligodendrocytes 

(Figure 30 A, B). The oligodendrocytes previously had been cocultured with primary 

cortical neurons using the transwell system to allow the stimulation of oligodendroglial 

exosome release by glutamate released into the culture medium by the neurons. Cortical 

neurons obtained from an independent preparation were incubated either with superna-

tants deprived of exosomes by 100.000 g centrifugation or supernatants containing exo-

somes (SN pOL –E and SN pOL +E, respectively). The exosome-deprived samples 

served as controls for the influence of factors other than exosomes that may be con-

tained in the supernatants. In addition, neurons cultured in the absence of oligoden-

droglial supernatants were included (untreated). We observed no differences in metabol-

ic activity when exposing neurons after 7 DIV (Figure 30 A). When neurons cultured 

for 14 DIV were incubated with oligodendroglial supernatants we observed a slightly 

higher metabolic activity after treatment with exosome-containing compared to exo-

some-deprived supernatants (Figure 30 B) but also a general decrease in the presence of 

oligodendroglial supernatants.   
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Figure 30: Influence of oligodendroglial exosomes on neuronal metabolism. Primary cortical neurons 

were cultured 7 d and 14 d, respectively. A, B, Primary cortical neurons were incubated for 2 d with oli-

godendroglial supernatants either deprived of exosomes by 100.000 g centrifugation (SN pOL –E) or 

supernatants containing exosomes (SN pOL +E) before performing the MTT assays. In addition, neurons 

were included which were cultured in the absence of oligodendroglial supernatants (untreated). C, D, 

Primary cortical neurons were grown in transwell plates. Inserts carrying primary oligodendrocytes were 

added and cells were cocultured for 2 d before performing the MTT assay. Glutamate was applied to the 

oligodendrocytes to enhance exosome release, whereas GW4869 was used to inhibit it. Control cells were 

cultured in the absence of oligodendrocytes. E, Primary cortical neurons were grown in transwell plates. 

Inserts carrying primary oligodendrocytes were added and cells were cocultured for 2 d and 4 d, respec-

tively, before performing the MTT assay. Control cells were cultured in the absence of oligodendrocytes. 

Bars depict mean deviation. A, n=3; B, n=1; C, n=2; D, n=1; E, n=1.   
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In the second approach we utilized the transwell system to achieve a constant delivery 

of exosomes. Glutamate treatment of the oligodendrocytes was used to increase exo-

some release whereas the inhibitor GW4869 was used to block it. GW4869 is an inhibi-

tor of the neutral sphingomyelinase the action of which is required for the transfor-

mation of the lipid sphingomyelin to ceramide and was shown to inhibit exosome re-

lease (Frühbeis, et al., 2011). When we used neurons after 7 DIV the metabolic activity 

of target neurons was decreased in all instances, regardless of whether they were cul-

tured in the presence or absence of oligodendrocytes (Figure 30 C). When we used the 

same approach for neurons cultured for 14 DIV, glutamate treatment turned out to be 

toxic for highly differentiated neurons, resulting in decreases of metabolic activity of 

more than 20%. Neurotoxic effects of glutamate have already been reported. Glutamate 

seems to be toxic for neurons in cultures as young as 4 DIV. Greater death was pro-

duced in older cultures which is in accordance with our findings (Dawson, et al., 1991, 

Regan & Choi, 1991). Interestingly, we also observed an increase in all other cases in 

which oligodendrocytes were present (Figure 30 D). To follow up this, we cocultured 

neurons after 14 DIV with oligodendrocytes for 2 d and 4 d, respectively. In this case, 

neurons cocultured with oligodendrocytes showed decreased metabolic activity and 

nearly no difference was detected between neurons cocultured for 2 d compared to 4 d 

(Figure 30 E). Taken together, no clear effects of exosome-containing oligodendroglial 

culture supernatants were observed using the MTT assay and thus these experiments 

were not repeated.    

3.7 Influence of oligodendroglial exosomes on 

phosphorylation levels of the neurofilament heavy subunit 

To address the question whether oligodendroglial exosomes can influence the phos-

phorylation levels of the neurofilament heavy subunit (NF-H), we followed two differ-

ent approaches. First, we incubated primary cortical neurons with exosomes obtained 

from the oligodendroglial cell line Oli-neu PLP-eGFP which were isolated by 100.000 g 

centrifugation of culture supernatants. Neuronal lysates were analyzed by SDS-PAGE 

and western blotting. The results showed strong variations. In half of the experiments 

we could observe an increase and in the other half a decrease. Two examples are depict-

ed to demonstrate the variation of phosphorylation levels between single experiments 

(Figure 31 A (1)). No significant effects on phosphorylation levels of NF-H were ob-

served (Figure 31 A (2)). Phosphorylated NF-H here was normalized to neuron-specific 

γ-enolase. Since isolated exosomes might have lost bioactivity, a more physiological 

approach of exosome transfer was chosen. We utilized the transwell system to ensure a 

permanent supply with oligodendroglial exosomes. The uptake of oligodendroglial exo-

somes was verified by performing PLP western blots on neuronal lysates (Figure 31 B 

(1)).  
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Figure 31: Relative phosphorylation levels of cortical neurons upon influence of oligodendroglial 

exosomes. In the first approach isolated exosomes of the oligodendroglial cell line Oli-neu PLP-eGFP 

were used (A). They were added to primary cortical neurons after 8 DIV. The neurons were lysed after 4 

h incubation. Lysates were analyzed by SDS-PAGE and western blotting. (1), Western blots with antibod-

ies directed against the phosphorylated form of NF-H. Neuron-specific γ-enolase serves as loading con-

trol. The upper panel shows an increase of phosphorylated NF-H and the lower panel a decrease. (2), 

Densitometric quantification of the phosphorylation level of NF-H normalized to γ-enolase (n=6). Bars 

depict mean deviation and illustrate the strong variations in this experimental setup. In the second ap-

proach we utilized the transwell system (B). Primary cortical neurons were cultured on their own for 7 d 

and 9 d, respectively. Inserts carrying primary oligodendrocytes were added and cells were cocultured for 

2 d and 4 d, respectively. Control cells were cultured without oligodendrocytes. (1), Western blots show-

ing phosphorylated NF-H, NF-M and PLP/DM20. Tubulin serves as loading control. (2), Densitometric 

quantification of phosphorylated NF-H normalized to NF-M (n=3). The phosphorylation level of NF-H is 

significantly decreased after 2 d of coculture. (3) Densitometric quantification of NF-M normalized to 

tubulin (n=3). Bars depict mean deviation; * p<0,05; n.s., not significant.   

Levels of phosphorylated NF-H were normalized to the neurofilament medium subunit 

(NF-M), taking into account that NFs are obligate heteropolymers in rodents (Figure 31 

B (1), (2)). We observed a significant decrease in phosphorylated NF-H after 2 d of co-
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culture of 32% (reduced to 68% +/- 6%). Surprisingly, the decrease was lower after 4 d 

of coculture (86%, +/- 6%). In order to exclude a change in expression of NF-M itself, 

we determined expression levels of NF-M normalized to tubulin and observed a slight 

but not significant increase of NF-M after 4 d of coculture (Figure 31 B (3)). In sum-

mary, an oligodendroglial effect on the phosphorylation levels of NF-H could be 

demonstrated. Further studies are required to prove that the observed effects are indeed 

due to oligodendroglial exosomes.  

3.8 Activation of kinases in neurons upon influence of 

oligodendroglial exosomes 

We were interested in which kinases are possibly activated in the neurons upon influ-

ence of oligodendroglial exosomes. Primary cortical neurons were cocultured with pri-

mary oligodendrocytes in transwell plates before neurons were lysed. Lysates were ana-

lyzed in respect of the relative phosphorylation levels of 24 different kinases using a 

phospho-MAPK (Mitogen-Activated Protein Kinase) array kit. Concurrently, the neu-

ronal lysates were analyzed by SDS-PAGE and western blotting. Western blots using 

aa3 antibodies confirmed the uptake of exosomal PLP by the neurons (Figure 32 A). 

The phospho-MAPK array on each capture spot produces a signal which depends on the 

amount of phosphorylated kinase bound (Figure 32 B). Due to the strong variation of 

the measured values we were not able to clearly identify individual kinases that are reg-

ulated in response to exosome incubation. In the first experiment Akt2, GSK-3α/β and 

JNK3 were strongly activated (increase of more than 50%). However, in the second 

experiment ERK1, p38δ and p70 S6 kinase were activated most strongly. Akt1 phos-

phorylation was elevated by 26% in the first experiment and ERK1 phosphorylation was 

increased by 123% in the second experiment. The elevated phosphorylation levels of 

these two kinases in the phospho-MAPK array were validated in western blots, demon-

strating the reliability of the array (not depicted). If the two experiments are summa-

rized, the variation in the obtained values is striking. It is particular notable for ERK1 

and p38δ. ERK1 was reduced to 70 % in the first experiment, whereas it was increased 

to 223% in the second experiment. P38δ was reduced to 91% in the first experiment, but 

increased to 166% in the second experiment. Kinases showing similar values and an 

increase of at least 10% in both experiments were CREB, the JNKs (c-Jun N-terminal 

kinases) JNK1, JNK2 and JNK3, p38α and p70 S6 kinase (Figure 32 C).  
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Figure 32: Relative phosphorylation levels of kinases in cortical neurons upon coculturing with 

primary oligodendrocytes. Primary cortical neurons were cultured for 5 d in transwell plates before 

adding primary oligodendrocytes in inserts. Cells were cocultured for 3 d. The neurons were lysed and 

phosphorylation levels of 24 kinases were analyzed using a phospho-MAPK array kit. A, PLP western 

blot using aa3 antibodies demonstrating the uptake of oligodendroglial exosomes by the neurons at the 

time of performing the assay. Tubulin serves as loading control. B, Phospho-MAPK array showing the 

spots on the nitrocellulose membrane corresponding to different phosphorylated kinases. Capture spots 

corresponding to kinases which show increased phosphorylation upon coculture with primary oligoden-

drocytes are encircled. C, Densitometric quantification of the relative phosphorylation levels obtained in 

two independent experiments. Kinases showing an increase of at least 10% in both experiments are indi-

cated by red arrows. Control cells were cultured in the absence of oligodendrocytes and set to 100%. Bars 

depict mean deviation. 
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4 Discussion 

During myelination, oligodendrocytes synthesize huge amounts of membrane compo-

nents which are incorporated into the developing myelin sheath. SNARE proteins medi-

ate the fusion of vesicular cargoes with the plasma membrane. The major myelin protein 

PLP was chosen as a model protein to study the transport of myelin components. A neu-

ron-oligodendrocyte coculture system was established to mimic myelination in vitro. 

The functional inactivation of the v-SNAREs VAMP3 and VAMP7 in primary oli-

godendrocytes and in the myelinating cocultures confirmed their involvement in 

transport of PLP. Functional inactivation of VAMP7 in primary oligodendrocytes was 

performed to clarify whether VAMP7 also mediates the exocytosis of LEs of mul-

tivesicular appearance and thus release of exosomes. The cre-loxP system was utilized 

to demonstrate the neuronal uptake of oligodendroglial exosomes. Cre as well as cre-

ERT2 were shown to be present in exosomes, but recombination events in transgenic 

target neurons could not be detected. In addition, the thesis was focused on possible 

effects of oligodendroglial exosomes in the target neurons. Three aspects of neuronal 

metabolism, including metabolic activity, phosphorylation levels of the neurofilament 

heavy subunit and the activation of kinases, were analyzed.  

4.1 Neuron-oligodendrocyte cocultures are a valuable tool for 

studying myelination in vitro  

To study the role of VAMP3 and VAMP7 in myelination in vitro, myelinating cocul-

tures were established. The establishment and characterization of the neuronal cultures   

was a precondition. First, the optimal plating densities for the neuronal cultures were 

identified. Analysis including several marker proteins showed a relative purity until 7 

DIV, with glial cells coming up after 14 DIV. The transition to mature neurons was de-

termined to be between 7 and 14 DIV. Based on these findings, the optimal time point 

of coculture was assumed to be around 7 DIV. OPCs added at this time point face a pure 

neuronal culture and thus influences of other glial cell types are excluded. Varying time 

points of adding the OPCs between 6 DIV and 8 DIV had no influence on morphology 

or degree of myelination. In the next step the optimal proportions of neurons and oli-

godendrocytes in the cocultures were determined. Immuno-stainings with antibodies 

directed against different neuronal and oligodendroglial epitopes revealed that the anti-

bodies NeuN, MAP-2 and TUJ1 are the best suited neuronal markers, whereas the PLP 

antibody aa3 and the MBP antibody showed the best labeling of oligodendrocytes and 

MLM. This was the basis for the immunocytochemical analysis of the cocultures which 

were subsequently analyzed after distinct timespans. The oligodendrocytes first estab-
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lished contacts to neuronal processes. This was followed by the ensheathment of the 

processes. This process continued and finally, also thin neuronal processes showed rela-

tively strong ensheathment. The neuron-oligodendrocyte cocultures could be cultured 

up to 3 weeks and during this time span showed a constantly increasing degree of mye-

lination. Thus, they turned out to be a suitable tool to study myelination in vitro. The 

currently used myelinating culture systems can be divided in three types, including slice 

cultures, mixed cultures and cocultures of DRGs and oligodendrocytes. In each of these 

systems, myelination requires several weeks. Due to the involvement of several cell 

types, slice cultures and mixed cultures are of high complexity and this can confound 

interpretation of the obtained results. Cocultures of purified neurons and glia allow the 

analysis of myelination in a more defined system. The usually utilized cocultures in-

clude DRGs. But these are neurons of the PNS and in addition remain largely unmye-

linated in vivo (Watkins, et al., 2008). Thus, our coculture system combines advantages 

such as rapidity of myelination, the involvement of CNS neurons and easy manipula-

tion. The oligodendrocytes can be manipulated before seeding them onto the neurons, 

for example by siRNA-mediated silencing of distinct proteins, which are thought to play 

a role in myelination. One could also investigate the role of neuronal proteins, which 

have putative roles in myelination, by manipulating the neurons before adding the oli-

godendrocytes.      

4.2 PLP is transported to the cell surface by two different 

pathways which are mediated by VAMP3 and VAMP7  

In Oli-neu cells, the functional inactivation of VAMP3 or VAMP7 and the siRNA-

mediated cosilencing of both led to a significant decrease of surface PLP, as determined 

by analysis of immuno-stainings and cell ELISAs (Enzyme-Linked ImmunoSorbent 

Assays). However, the cell line Oli-neu shows characteristics of precursor cells, there-

fore it was important to show the involvement of VAMP3 and VAMP7 in PLP surface 

transport also in primary cells. Besides, the time-consuming analysis of immuno-

stainings allowed the inclusion of only a relatively low number of cells and the cell 

ELISAs had the disadvantage that only the absolute surface levels of PLP could be de-

termined and total expression levels of PLP were not taken into account.     

To study the involvement of VAMP3 and VAMP7 in surface transport of PLP in prima-

ry oligodendrocytes we utilized the in-cell multiplex detection assay which allows the 

laser-based detection of surface PLP and total PLP across the whole cell population. 

The siRNA-mediated cosilencing of VAMP3/VAMP7 led to a significant decrease of 

surface PLP. Furthermore, the observed effect was stronger compared to the single si-

lencing experiments, indicating that VAMP3 and VAMP7 act synergistically and that 

two different transport pathways might be utilized in the cells. The observed decreases 
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were relatively low with reductions to approximately 70% upon VAMP3/VAMP7-

cosilencing and approximately 80% upon single silencing of VAMP3 or VAMP7. This 

is probably due to the low knockdown efficiencies of siRNA-mediated silencing in pri-

mary oligodendrocytes.  

4.3 Silencing of VAMP3 and VAMP7 affects formation of 

myelin-like membranes in vitro   

We utilized the established neuron-oligodendrocyte cocultures to study VAMP3- and 

VAMP7-dependent transport of PLP in myelination in vitro. OPCs transfected with 

siRNAs against VAMP3 and VAMP7 were seeded on top of the neurons. Analysis of 

immuno-stainings concerning interaction with neuronal processes revealed no differ-

ences between control cells and oligodendrocytes in which VAMP3 and VAMP7 have 

been functionally inactivated. This indicates that initiation of myelination per se is not 

affected. We performed density gradient isolation of MLM to investigate a role of 

VAMP3 and VAMP7 in formation of myelin membranes in vitro. Association of PLP 

with MLM was significantly reduced upon VAMP7-silencing and VAMP3/VAMP7-

cosilencing. The decrease upon cosilencing was higher compared to silencing of 

VAMP3 and VAMP7 alone. This indicates that VAMP3 and VAMP7 act synergistical-

ly and that two different pathways might be involved. The decrease upon silencing of 

VAMP7 was significantly higher than that upon VAMP3 silencing, pointing to a domi-

nance of the VAMP7-mediated pathway in transport of PLP particularly to MLM. This 

is in accordance with observations made concerning the mocha mouse strain. In these 

mice VAMP7 is mislocalized due to a mutation in the AP3δ1 gene, encoding the δ1 

subunit of the adaptor protein 3 (AP-3δ1). This subunit was shown to interact with the 

N-terminal Longin-domain of VAMP7 which mediates the localization of VAMP7 to 

Ly/LEs. The lack of functional AP-3 results in mislocalization of VAMP7 to early en-

dosomes and impairment of lysosomal secretion (Proux-Gillardeaux, et al., 2007). In 

these mice a reduction of PLP in myelin was observed, whereas VAMP3-deficient mice 

exhibited no myelination defects (Feldmann, et al., 2011). Therefore, we suggest that 

VAMP7, but not VAMP3, contributes to myelin formation in vivo. Since AP-3 certainly 

is involved in other transport processes, the observed effects on myelination also could 

be due to influences on other proteins. Another possibility could be that in these mice 

the mislocalization of VAMP7 has an effect on the neurons and the disturbance on mye-

lination therefore could be an indirect effect which is primarily caused by the mutant 

neurons. For example, VAMP7 was supposed to be involved in neurite outgrowth 

(Coco, et al., 1999). Recently, VAMP7 knockout mice have been generated. They were 

indistinguishable from control mice. Lysosomal exocytosis was not affected in the mu-

tant fibroblasts, but a reduction of neurite outgrowth was confirmed (Sato, et al., 2011). 

A possible disturbance of myelination has not been investigated yet. The myelination 
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defects observed in the mice with the mutated AP-3δ1 gene were only subtle and thus 

the VAMP7 knockout mice have to be analyzed in greater detail before myelin defects 

can be excluded. However, ablation of many genes can be compensated in vivo, and this 

could also be the case for VAMP3 and VAMP7 knockout mice. Studies on mice with an 

oligodendrocyte-specific knockout of VAMP3 and VAMP7 and on VAMP3/VAMP7 

double-knockout mice could help to further elucidate the roles of VAMP3 and VAMP7 

in PLP transport in vivo.       

4.4 A model of VAMP3- and VAMP7-dependent surface 

transport of PLP 

Based on these data we propose a model, in which PLP is transported to the plasma 

membrane on two independent pathways mediated by VAMP3 and VAMP7, respective-

ly (Figure 33). First, PLP is delivered on a VAMP3-dependent pathway from the TGN 

(Trans-Golgi Network) via recycling endosomes to the plasma membrane. From there, 

it is internalized again and stored in Ly/LE. Finally, PLP is redistributed to the plasma 

membrane to sites of myelin formation on a VAMP7-dependent pathway. In Oli-neu 

cells, we observed a dependency on DBcAMP. A decrease of surface PLP only was 

observed when VAMP3 was functionally inactivated in the presence of DBcAMP 

whereas for VAMP7 we could only detect an effect in the absence of DBcAMP 

(Feldmann, et al., 2011). The functional inactivation of both, VAMP3 and VAMP7, was 

not able to completely block the transport of PLP. First, this again could be due to the 

relatively low knockdown efficiencies. The remaining levels of VAMP3 and VAMP7 

could facilitate that some of the vesicles carrying PLP still reach the plasma membrane. 

Second, there could be other SNARE proteins which take on the task. For many 

SNARE proteins it has been shown that they can functionally replace each other and 

thus the loss of one SNARE can be compensated by another. A promising candidate for 

the replacement of VAMP3 could be VAMP2. At first, VAMP2 was identified in con-

nection with tetanus and botulism. It was shown that the two zinc endopeptidases teta-

nus and botulinum neurotoxin cleave VAMP2, thereby blocking neurotransmitter re-

lease. The cognate t-SNAREs involved in this process were identified as Syntaxin1 and 

SNAP25. VAMP2 shows remarkable sequence homologies to VAMP3. Like VAMP3, 

it was shown to interact with the t-SNARE Syntaxin 4. In adipocytes, VAMP2 and 

VAMP3 are involved in the transport of GLUT4 (GLUcose Transporter) to the plasma 

membrane. VAMP2 was found on GLUT4-containing vesicles together with VAMP3 

(Schiavo, et al., 1992, Martin, et al., 1996, Mollinedo, et al., 2003, Zhao, et al., 2009).  

Studies on the localization of VAMP2 in oligodendrocytes confirmed that, like 

VAMP3, it is associated also with recycling endosomes. Some evidence was found that 

VAMP2 could play a subordinate role in PLP surface transport and support VAMP3 in 

its function (Diploma thesis (Kuo, 2011)). Third, it cannot be excluded that other 
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transport routes for PLP exist. One candidate could be VAMP4. VAMP4 in other cell 

types was found to be localized to the TGN, vesicles, endosomes and the plasma mem-

brane and a role in transport between the cell surface and the TGN was suggested 

(Steegmaier, et al., 1999, Tran, et al., 2007). Thus, it could function to deliver PLP 

along a direct transport route from the Golgi to the plasma membrane. Studies on 

VAMP4 in oligodendrocytes demonstrated its localization in the Golgi and in recycling 

endosomes. A role in transport of PLP could not been proved yet. It was suggested that 

VAMP4 plays only a minor role in PLP transport (Diploma thesis (Schmunk, 2009)).      

 

Figure 33: Model of VAMP3- and VAMP7-dependent surface transport of PLP. PLP is transported 

to the plasma membrane on two independent pathways. First, PLP is delivered from the TGN via recy-

cling endosomes to the plasma membrane on a VAMP3-dependent pathway (1). Upon endocytosis, PLP 

is stored in LE/Lys (2) and then follows a VAMP7-dependent pathway to the plasma membrane at sites of 

myelin formation (3). DBcAMP blocks endocytosis and reinforces the VAMP3-dependent pathway. A 

decrease of surface PLP upon functional inactivation of VAMP3 thus can only be observed under these 

conditions. In absence of DBcAMP, interruption of the VAMP7-dependent delivery of LE/Ly to the 

plasma membrane leads to decrease of surface PLP. The cognate t-SNAREs were determined in co-

immunoprecipitation studies. Syntaxin4 and SNAP23 were found to be the putative t-SNAREs interacting 

with VAMP3, whereas Syntaxin 3 and SNAP23 are likely to interact with VAMP7. Other possible 

transport routes are indicated by pale grey dashed arrows. TGN, Trans-Golgi Network; RE, Recycling 

Endosome; LE/Ly, Late Endosome/Lysosome.     

4.5 Is VAMP7 involved in regulated exocytosis of exosomes? 

Studies of our group showed that the release of oligodendroglial exosomes is triggered 

by the neurotransmitter glutamate. The release appeared to be dose-dependent with an 

increase until a concentration of 100 µM. At this concentration the maximum of exo-
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some release was reached and further dosage increase was not able to enhance it. Addi-

tion of the calcium-chelator EDTA (EthyleneDiamine Tetraacetic Acid) blocked the 

release of exosomes, pointing to a calcium-dependency also of oligodendroglial exo-

some release (Frühbeis, et al., 2011).  

The R-SNARE VAMP7 has been demonstrated to mediate the fusion of LE/Lys in sev-

eral cell types such as kidney cells, melanocytes and immune cells (Rao, et al., 2004, 

Stinchcombe, et al., 2004, Idone, et al., 2008, Sander, et al., 2008). The N-terminal 

Longin-domain of VAMP7 has been shown to dominant-negatively interfere with 

VAMP7-mediated fusion reactions by preventing SNARE complex formation. Overex-

pression of this domain leads to a decrease in exosome release of MDCK (Madin-Darby 

Canine Kidney epithelial cell line) cells (Proux-Gillardeaux, et al., 2007). In K562 

cells, it furthermore involves an accumulation of MVBs at the cell periphery, indicating 

a blocking of the final fusion step with the plasma membrane (Fader, et al., 2009). Tak-

ing into account that exocytic MVBs are of LE/Ly origin, VAMP7 seems to be a good 

candidate for being the SNARE protein involved in the release of exosomes. In surface 

transport of PLP, VAMP7 mediates transport from LE to the plasma membrane 

(Feldmann, et al., 2009). Moreover, soluble factors which are released by neurons trig-

ger exocytosis of PLP from LEs (Trajkovic, et al., 2006). We thus hypothesize that 

VAMP7 also mediates the regulated release of exosomes. Using siRNA, VAMP7 was 

functionally inactivated in primary oligodendrocytes and exosome release was triggered 

by adding glutamate. Unfortunately, the knockdown was not equally efficient among 

experiments. Most likely due to this fact, exosome release also exhibited strong varia-

tions between single experiments. Thus, the question whether VAMP7 mediates exo-

some release could not yet been definitely resolved. To follow this question, an inde-

pendent inactivation of VAMP7 function, such as a dominant-negative approach, should 

be utilized.     

4.6 Are oligodendroglial exosomes internalized by neurons?  

To follow this question, we utilized the cre-ERT2-loxP system. We chose the modified 

version cre-ERT2 because it was known that in cells it is associated with a complex 

containing HSP90. Mass spectrometry revealed that HSP90 is part of the oligoden-

droglial exosome (Kramer-Albers, et al., 2007). We therefore proposed that cre-ERT2 

would have a greater chance to be sorted to exosomes compared to unmodified cre. 

Moreover, it was shown that cre is one of only a few prokaryotic proteins which contain 

a nuclear localization signal (NLS), allowing them the active access to the eukaryotic 

nucleus (Le, et al., 1999). In immuno-stainings of Oli-neu cells which have been trans-

fected to express cre, it was exclusively localized within the nucleus. To achieve cell 

type-specific expression of cre, we generated expression vectors for cre-ERT2. It turned 



4 Discussion 85 

out that cre as well as cre-ERT2 are present in oligodendroglial exosomes. Exosomes 

were also shown to contain mRNAs which are functional in the target cells (Valadi, et 

al., 2007). A group in Frankfurt analyzed fusion events between hematopoietic cells and 

Purkinje neurons. Mice carrying cre under control of the hematopoietic-specific pro-

moter vav were crossbred with floxed ROSA26 reporter mice. They found mononucle-

ated Purkinje neurons expressing the reporter which was in contrast to previous studies 

showing that such fusion events result in fused cells containing two nuclei. They pro-

posed this could be due to a vesicular transport between hematopoietic and non-

hematopoietic cells allowing the transfer of cre protein and/or nucleic acid (Nern, et al., 

2009). Indeed, cre mRNA could be found in exosomes released by cre-expressing oli-

godendroglial cells (Frühbeis, et al., 2011), as well as the cre protein. Since tamoxifen 

treatment of neurons is associated with various side effects, it was chosen to utilize the 

wildtype cre isoform. The cre project was carried on by another person in the lab. In the 

course of these studies exosome transfer and cre-mediated recombination of target neu-

rons indeed could be demonstrated, thus providing proof of principle that glial exo-

somes transfer bioactive molecules to neurons (Frühbeis, et al., 2011). In these studies, 

also the reporter was overexpressed in the target neurons, thus resulting in a higher sen-

sitivity of target cell recombination. The present thesis was focused on the specific met-

abolic influences of oligodendroglial exosomes on neurons.   

4.7 Can oligodendroglial exosomes affect neuronal 

metabolism?    

4.7.1 Influence on metabolic activity  

In the PLP and the CNP knockout mice a primary oligodendroglial defect leads to late 

onset axonal degeneration. In these mice the myelin sheath shows normal compaction 

and formation of microdomains. Thus, oligodendrocytes seem to support axonal func-

tion and survival independent of myelin function (Griffiths, et al., 1998, Lappe-Siefke, 

et al., 2003). Because myelination of an axon also entails its isolation from the external 

milieu, it was suggested that oligodendrocytes provide trophic support to the neurons 

they have myelinated (Nave & Trapp, 2008, Edgar & Nave, 2009). We hypothesize that 

oligodendroglial exosomes can provide trophic support to axons and alter neuronal me-

tabolism. Neurons of distinct differentiation stages were supplied with oligodendroglial 

exosomes and metabolic activity was measured utilizing the MTT assay. It has been 

demonstrated that the neurotransmitter glutamate stimulates exosome release whereas 

the neutral sphingomyelinase inhibitor GW4869 blocks it (Frühbeis, et al., 2011). 

Therefore, these reagents were included in the experiments to demonstrate that effects 

are specifically related to exosome release and not to other secreted factors. We ob-

tained very contradictory results and changes in metabolic activity were only subtle. 
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Glutamate was used to increase oligodendroglial exosome release but turned out to af-

fect also the neurons. For the assays in which we utilized the transwell system, we 

changed media of both, the neurons and the added oligodendrocytes, to minimize effects 

of soluble substances which might have accumulated. For controls, neurons were cul-

tured in the absence of oligodendrocytes. Thus, when neurons are cocultured with oli-

godendrocytes, more cells have to be supplied with nutrients and metabolic activity 

could be decreased due to an undersupply. In the first experiment using the transwell 

system for neurons after 14 DIV, we observed an increase of metabolic activity after 

coculture with oligodendrocytes. Thus, we repeated the experiment and cocultured neu-

rons and oligodendrocytes for 2 d and 4 d, respectively. But in this case we detected a 

decrease. The variations between single experiments could be due to variations in the 

oligodendroglial cultures which always contain other cell types such as neurons and 

astrocytes. As mentioned previously, the PLP and CNP knockout mice develop a late 

onset axonal degeneration. An impairment of motor functions is not detectable until the 

age of 4 months in CNP knockout and even 16 months in the PLP knockout mice 

(Lappe-Siefke, et al., 2003, Edgar & Nave, 2009), indicating that subtle alterations have 

to add up to cause to the symptoms. Mass spectrometry analysis of oligodendroglial 

exosomes revealed that they carry a striking group of proteins with putative functions in 

the relief of stress (Kramer-Albers, et al., 2007). Therefore, differences between neu-

rons, that receive support and those which do not receive it, are perhaps subtle and only 

detectable under stress conditions. 

4.7.2 Phosphorylation levels of the neurofilament heavy subunit are 

altered upon influence of oligodendrocytes 

Abnormal localization, composition and modification of NFs are hallmarks of many 

neurodegenerative diseases, such as ALS, AD, PD, CMT, and diabetes. In the PLP 

knockout mice, axonal swellings and an impairment of the transport machinery includ-

ing anterograde and retrograde transport were detected (Edgar, et al., 2004). We thus 

were interested in whether oligodendroglial exosomes can affect the neuronal cytoskele-

ton and analyzed phosphorylation levels of the NF heavy subunit. In the first approach, 

in which we incubated the neurons with isolated exosomes, we observed no overall 

changes of phosphorylation levels after several experiments, although individual exper-

iments appeared promising. However, the isolated exosomes were obtained from an 

oligodendroglial cell line which shows characteristics of precursor cells. Therefore, their 

exosomes might lack characteristics which are present in exosomes released from dif-

ferentiated cells. Moreover, the procedure used to isolate the exosomes could have af-

fected their bioactive properties. In the second approach we utilized the transwell sys-

tem to achieve a constant supply with exosomes. Here, we observed a low but signifi-

cant decrease of phosphorylation after 2 d of coculture. However, longer periods of co-
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culture did not result in a further decrease. This could perhaps be explained by the ac-

tion of mechanisms for compensation. An effect on NF phosphorylation was only 

achieved utilizing the transwell system whereas the incubation with isolated exosomes 

was inefficient. It may be possible that effects of exosomes on the neuronal cytoskeleton 

are only subtle and small but constantly supplied amounts of exosomes are required. 

The PLP knockout mice show swellings containing highly phosphorylated NFs. The 

phosphorylation state of NFs is considered to be a dynamic balance between the action 

of kinases and phosphatases. Exosomes could contribute to the maintenance of this bal-

ance. Some studies demonstrate that dephosphorylated NFs exhibit better attachment to 

motor proteins such as kinesin and dynein/dynactin and thus undergo faster transport in 

the axon (Shah, et al., 2000, Yabe, et al., 2000). Dephosphorylation of NF-H also seems 

to induce the binding of NFs to MTs (Hisanaga & Hirokawa, 1990). Thus, dephosphor-

ylation of NFs could play a role during axonal outgrowth, when the system needs to be 

highly dynamic. In our transwell system the neurons are supplied with oligodendroglial 

exosomes but interaction between neurons and oligodendrocytes by adhesion molecules 

is not possible which represents an unphysiological situation. It seems likely that both, 

trophic support and the interaction by cell adhesion molecules are needed for the 

maintenance of axonal integrity. We also have to clarify where the dephosphorylated 

NF-H subunits are located in the cell. It was shown that phosphorylation of NFs is topo-

logically regulated. Under normal conditions, dephosphorylated NFs are found in cell 

bodies, neurites and nodes of Ranvier. Furthermore, there is a proximo-distal gradient 

with most intense phosphorylation in the axon and little or no expression in cell bodies 

and dendrites (Nixon, et al., 1994, Brown, 1998).  

Control cells were cultured in the absence of oligodendrocytes, but the optimal control 

would have been the coculturing with oligodendrocytes, which produce no or at least 

less exosomes. This could be achieved by siRNA-mediated silencing of Rab35, which 

in Oli-neu cells was shown to reduce exosome release by approximately 50% (Hsu, et 

al., 2010). However, this might not be sufficient to affect target cell functions. Perhaps 

it is possible to further decrease exosome release by silencing of Rab35 together with 

other Rab proteins such as Rab11, Rab27a and Rab27b, which also were shown to be 

involved in exosome biogenesis (Savina, et al., 2005, Ostrowski, et al., 2009). Since the 

inserts which carry the oligodendrocytes in the transwell system exhibit pores of 1 µm 

in diameter, which also allow soluble substances, such as growth factors, to pass, it can-

not be totally excluded that these contribute to the observed effects. Furthermore, exo-

somes and soluble substances could act together to modify the neuronal cytoskeleton. In 

summary, we could show that oligodendrocytes affect the phosphorylation levels of the 

NF heavy subunit. Further studies are required to answer the question whether these 

effects are due to oligodendroglial exosomes or other secreted factors.  
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4.7.3 Which kinases are activated upon the influence of oligodendroglial 

exosomes? 

Oligodendrocytes are able to modify NF phosphorylation and perhaps also other aspects 

of neuronal metabolism. The cellular pathways are regulated by a plethora of kinases. 

We tried to identify kinases which are activated upon oligodendroglial exosome influ-

ence. Most of the analyzed kinases varied in their activity between single experiments. 

However, a number of kinases appeared to act consistently. Among these were CREB, 

the JNKs JNK1, JNK2 and JNK3, p38α and p70 S6 kinase. CREB (CAMP-Response-

Element-Binding protein) functions as a transcription factor and is present in all cells in 

the brain. The key steps involved in CREB-mediated gene transcription include dimeri-

zation, binding to CREB response elements (CRE) in the DNA and phosphorylation. 

Phosphorylated CREB activates a cascade of events including the recruitment of CREB-

binding protein (CBP) and assembly of a transcriptional complex. CREB can be activat-

ed by various factors. These include neurotrophins such as brain-derived neurotrophic 

factor (BDNF) which was shown to promote neuronal survival (Finkbeiner, et al., 1997, 

Carlezon, et al., 2005). CREB can be phosphorylated by p70 S6 kinase which also was 

found to be activated in the presence of oligodendrocytes. P70 S6 kinase has a promi-

nent role in mitogenesis. Phosphorylation of the ribosomal subunit S6 by p70 S6 kinase 

correlates with increased translation and several studies indicate that it plays a role in 

progression through the G1 phase of the cell cycle (Chou & Blenis, 1995, Jefferies, et 

al., 1997). C-Jun N-terminal kinases (JNKs) are strongly activated during cellular stress 

and thus are also known as stress-activated protein kinases (SAPKs). For many years, 

the JNKs were thought to have pro-apoptotic effects. But in the recent years it emerged 

that the outcome of JNK signaling is cell- and context-dependent (Basu & Kolesnick, 

1998). They were also shown to have positive effects, e.g. they seem to play a role in 

axon formation. Phosphorylated JNK is enriched in the axon and forms a proximo-distal 

gradient in young axons. JNK can phosphorylate the transcription factor ATF-2, a 

member of the ATF/CREB family, which was suggested to play a role in neuronal sur-

vival (Robinson, 1996, Kreutz, et al., 1999, Oliva, et al., 2006). JNK1 and JNK3 were 

shown to target multiple phosphorylation sites in NF-H side arms, leading to aberrant 

phosphorylation of NF-H in the neuronal cell body under stress conditions (Giasson & 

Mushynski, 1996, Giasson & Mushynski, 1997, Brownlees, et al., 2000). The activation 

of JNKs would lead to an increase of NF-H phosphorylation and thus is in contrast to 

our findings that NF-H phosphorylation was decreased upon oligodendroglial influence. 

A possible explanation would be the concurrent activation of phosphatases. The phos-

phorylation state of NFs in a cell likely is the result of a balance between the activity of 

kinases and phosphatases and a dominance of the activity of phosphatases could overlay 

the effects of operating kinases. P38α seems to be involved in phosphorylation under 

stress conditions and like JNK can activate ATF-2 (Livingstone, et al., 1995). The con-
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sequences of p38 downstream signaling and its role in neuronal survival are still un-

known.  

In summary, results of the present thesis suggest that oligodendroglial exosomes affect 

neurofilament phosphorylation. Kinases showing the tendency of being upregulated in 

the presence of oligodendrocytes have putative roles in neuronal survival. Further ex-

periments are required to confirm these results and to specify the involved exosomal 

factors as well as kinases acting in the target cells.                              
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