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Chapter 1

Aims

Various microarray experiments show, that gene expression profiling represents a potent
and hypothesis-free method to analyze the complex pathogenesis of demyelination and
remyelination (COMABELLA and MARTIN 2007, HAN et al. 2012, LINDBERG et al.
2004, LOCK et al. 2002, MUELLER et al. 2008, TAJOURI et al. 2003, TSEVELEKI
et al. 2010, ULRICH et al. 2010). However, a robust framework and fundamental
knowledge of physiological processes and networks is needed as a basis for molecular
and genetic studies of underlying disease mechanism (DORRELL 2004, JOHNSON et al.
2009, KAGAMI and FURUICHI 2001, KANG et al. 2011, LEDOUX et al. 2006, LEE et
al. 2000, MATSUOKA et al. 2010, OLDHAM et al. 2008, ZAHN et al. 2005).

Therefore, the focus of the first part of this project was set on the delineation of
oligodendrocyte lineage specification, di�erentiation, maturation and myelination during
development. The aims of this part were to provide a detailed exploration of the postnatal,
murine spinal cord transcriptome with focus on oligodendrocyte lineage development and
myelination, and to transfer in vitro generated marker gene signatures for the di�erent
glial cell lines in an in vivo model.

The second part of the study was intended to identify highly conserved, function-
ally important molecular processes commonly a�ected in demyelinating diseases. Hence,
the aims of the second part were to re-analyze publicly available microarray data sets
of multiple sclerosis and animal models for demyelinating diseases employing a consis-
tent methodology and to compare the results across species, experimental models and
platforms, in order to detect pathways that o�er the broadest therapeutic potential. Fur-
thermore the aim was to explore, if the transcriptional changes in the di�erent animal
models reflect the anticipated di�erence in their pathomechanisms.

The ensemble of the identified genes and signalling pathways, however, are hypothe-
sized to provide a principle understanding of mechanisms involved in myelination, demyeli-
nation and remyelination. This knowledge is paramount to identify targets for possible
therapeutic interventions to retard demyelinating diseases and stimulate myelin repair.
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Chapter 2

Introduction

2.1 Oligodendrocyte lineage and myelin sheath

2.1.1 Characterization of oligodendrocyte lineage cells

Oligodendrocytes develop through a series of stages with distinct morphology and stage
specific cell surface proteins (GARD and PFEIFFER 1990, NDUBAKU and DE BEL-
LARD 2008, SHI et al. 1998; Figure 2.1). These stages include the specification of
oligodendrocyte precursor cells (OPCs) from neural progenitor cells, the di�erentiation
into immature or non-myelinating oligodendrocytes and subsequently myelinating oligo-
dendrocytes (BAUMANN and PHAM-DINH 2001, HE and LU 2013). During the devel-
opment their morphology changes from a bipolar appearance to a multipolar, branch-like
morphology (BOULANGER and MESSIER 2014; Figure 2.1).

Although there is some inconsistency in the literature, most authors divide four oligo-
dendrocyte maturation stages: oligodendrocyte precursor cells (OPCs), pre- oligodendro-
cytes (late OPCs), immature (pre-myelinating) oligodendrocytes and mature (myelinat-
ing) oligodendrocytes (BARATEIRO and FERNANDES 2014). OPCs are highly pro-
liferative cells, they are characterized by the expression of platelet-derived growth factor
receptor – (PDGF–R; BARON et al. 2002), fatty-acid-binding protein 7 (FABP7; SHAR-
IFI et al. 2013) and neural/glial antigen 2 (NG2) proteoglycan (NISHIYAMA et al. 1996,
PRINGLE et al. 1992). Migratory OPCs are polysialic acid-neural cell adhesion molecule
(PAS-NCAM)-positive cells (GRINSPAN and FRANCESCHINI 1995). They also express
a ganglioside recognized by A2B5 antibody (GARD and PFEIFFER 1990, NDUBAKU
and DE BELLARD 2008, SHI et al. 1998). In the pre-oligodendrocyte cell stage the
cells extend their processes and start the expression of O4 antibody (SOMMER and
SCHACHNER 1981) and G protein-coupled receptor 17 (GPR17) protein (BODA et al.
2011). These cells are characterized by a small polygonal soma and multiple small tree-
like fine processes (KUKLEY et al. 2010; Figure 2.1). Immature oligodendrocytes con-
tinue to express O4 and GPR17, but down-regulate the expression of (PDGF–R), A2B5
and NG2 (BARATEIRO and FERNANDES 2014, BOULANGER and MESSIER 2014,
NISHIYAMA 2007, YU et al. 1994). Additionally they start to express galactocerebroside
(GalC) and 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNPase) in this developmental
stage (YU et al. 1994). Morphologically, immature oligodendrocytes are characterized
by long ramified branches (ARMSTRONG et al. 1992; Figure 2.1). Mature, myelinat-
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CHAPTER 2. INTRODUCTION

Figure 2.1: Oligodendrocyte lineage development
Schematic drawing of the four maturation steps in the oligodendrocyte lineage: oligo-
dendrocyte precursor cells, pre-oligodendrocytes, immature oligodendrocytes and ma-
ture oligodendrocytes with their increasingly complex morphology, stage specific pro-
teins and the transcription factors involved in the developmental program. PDGF–R,
platelet-derived growth factor receptor –; A2B5, ganglioside recognized A2B5 antibody;
NG2, neural/glial antigen 2 proteoglycan; PAS-NCAM, polysialic acid-neural cell adhe-
sion molecule; FABP7, fatty-acid-binding protein 7; O4 antibody; GPR17, G protein-
coupled receptor 17 protein; GalC, galactocerebroside; CNPase, 2’,3’-Cyclic-nucleotide
3’-phosphodiesterase; MBP, myelin basic protein; PLP, proteolipid protein; MOG, myelin
oligodendrocyte glycoprotein; MAG, myelin-associated glycoprotein; OLIG1/OLIG2,
oligodendrocyte lineage transcription factor 1 and 2; SOX, SRY (sex determining re-
gion Y)-box; NKX2.2, NK2 transcription factor related locus 2. The figure is modified
from BARATEIRO et al. (2014) and MIRON et al. (2011)
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CHAPTER 2. INTRODUCTION

ing oligodendrocytes extend processes that form compact enwrapping sheath around ax-
ons and express typical myelin proteins, like myelin oligodendrocyte glycoprotein (MOG;
SCOLDING et al. 1989), myelin basic protein (MBP), myelin-associated glycoprotein
(MAG) and proteolipid protein (PLP; ZHANG 2001; Figure 2.1).

2.1.2 Composition of the myelin sheath

The myelin sheath is a multilayered stack of uniformly thick membrane layers from which
most of the cytoplasm is extruded. It displays a characteristic, ultrastructural organiza-
tion of periodically alternating electron-dense (major dense line) and electron-light layers
(interperiod line; SCHWEITZER et al. 2006). Compact myelin is formed by the appo-
sition of the external surfaces and the internal surfaces. The major dense line represents
the cytoplasmatic myelin membranes; the closely apposed outer membranes build the
interperiod line (AGGARWAL et al. 2011; Figure 2.2). The compaction requires the ex-
pression of multiple myelin proteins, like PLP, MBP, myelin oligodendrocyte basic protein
(MOBP), and oligodendrocyte specific protein (OSP; NAVE 2010; Figure 2.2).

The myelinated axon consists of four di�erent domains with a unique subset of proteins
critical for their specific function (Figure 2.3). The node of Ranvier is a short segment
of the axonal membrane in regular intervals without myelin sheath (BAUMANN and
PHAM-DINH 2001). This region is enriched in voltage-gated sodium (Nav)-ion channels
(WAXMAN and RITCHIE 1993). During development Nav1.2 is replaced by Nav1.6 in
adult nodes (BOIKO et al. 2001; Figure 2.3). Assignment of ankyrin G to the node
is required for the clustering of sodium channels, and the stability of these clusters is
dependent on neuronal cell adhesion molecule (NrCAM), Neurofascin 186 (NF186), and
—IV spectrin (THAXTON and BHAT 2009). The outgrowth inhibitory molecule (OMGP)
was shown to be related to node formation. Knockout mice show a wider and disorganized
node (BARRES and RAFF 1999). In the paranode region the terminal myelin loops
establish septate-like junctions with the axolemma (THAXTON and BHAT 2009). The
paranodal segment is directly in connection with the node of Ranvier; it functions as a
barrier and hinders the free di�usion between the nodes and the juxtaparanodal region
(PEDRAZA et al. 2001; Figure 2.3). During the compaction process the cytoplasm
is extruded from the internodal regions and redistributed in the paranodal areas. This
results in the characteristic paranodal loops, which establish the clustering and separation
of the juxtaparanodal potassium channels from the nodal sodium channels (THAXTON
and BHAT 2009). The loops also act as an anchoring point for stabilization of the sheath
(THAXTON and BHAT 2009). Proteins involved in the paranodal axo-glial junctions
are members of the Neurexin/CASPR/Paranodin family of cell recognition molecules
(BELLEN et al. 1998, EINHEBER et al. 1997). Despite several axonal proteins, on
the oligodendrocyte only the 155 kDa isoform of neurofascin (NF155) is identified to be
expressed at the paranodal region (COLLINSON et al. 1998; TAIT et al. 2000; Figure
2.3). A possible interaction with contactin associated protein (CASPR) during paranodal

5



CHAPTER 2. INTRODUCTION

Figure 2.2: Structural organization of compact myelin
Schematic drawing of compact myelin. Compact myelin is formed by the apposition of
the external surface and the internal surface of membrane layers from which most of the
cytoplasm is extruded. The compaction requires the expression of multiple myelin pro-
teins. Myelin is characterized by a periodically alternating, ultrastructural organization
consisting of electron-dense (major dense line) and electron-light layers (interperiod line).
The major dense line represents the cytoplasmatic myelin membranes; the closely apposed
outer membranes build the interperiod line. PLP, proteolipid protein; OSP, oligodendro-
cyte specific protein; MBP, myelin basic protein; MOBP, myelin oligodendrocyte basic
protein. The figure is modified from NAVE (2010).
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CHAPTER 2. INTRODUCTION

formation is suggested (THAXTON and BHAT 2009). The juxtaparanodal region is
underneath the compact myelin sheath, adjacent to the paranode (Figure 2.3). Due to
the high amount of potassium channels, predominately Kv1.1 and Kv1.2 in this area,
it�s function is thought to be involved in repolarization of the action potential (CHIU et
al. 1999, WANG et al. 1993). On both, axons and glial cells in the paranodal region
the GPI-anchored adhesion molecule, contactin 2 (CNTN2) is found to be expressed
(FURLEY et al. 1990, KARAGOGEOS et al. 1991, TRAKA et al. 2002). Like CASPR
and CNTN in the paranode, CNTN2 and CASPR2 collaborate to form a connective
complex in the juxtaparanode (TRAKA et al. 2002). The internodal region is the major
constituent of the myelin sheath (THAXTON and BHAT 2009) (Figure 2.3). The length
of this region is determined by the axonal caliber (THAXTON and BHAT 2009). The
mechanisms of axo-glial interactions in this region is not understood in detail, but nectin-
like (NECL) proteins, polarity protein pulmonary adenoma resistance 3 (PAR3), and
MAG were identified in the axonal membrane (THAXTON and BHAT 2009, TRAKA
et al. 2002). NECL proteins are adhesion molecules and suggested to interact with
cytoskeletal proteins (TRAKA et al. 2002; Figure 2.3). Heterophilic interactions between
NECL1 on the axon and NECL4 on the oligodendrocyte are thought to initiate initial
wrapping of myelin sheaths (MAUREL et al. 2007).

2.1.3 Function of the myelin sheath

The myelin sheath reduce the energy to restore the ion gradient needed to depolarize
the axon, because the action potentials and ion currents are restricted to less than 0.5%
of the axonal surface (NAVE 2010). It allows the action potential to travel faster via
salutatory conduction from one node of Ranvier to the other at a speed of up to 430km/h
instead of 3.6km/h for an unmyelinated axon (KARADOTTIR and ATTWELL 2007).
Evidence additionally suggests, that oligodendrocytes are also required for long-term in-
tegrity and survival of the axons by providing trophic support with the production of glial
cell line-derived neurotrophic factor (WILKINS et al. 2003), brain-derived neurotrophic
factor (DOUGHERTY et al. 2000) or insulin-like growth factor-1 (IGF-1; BRADL and
LASSMANN 2010, NAVE 2010).

2.2 Oligodendrogenesis

2.2.1 Oligodendrocyte precursor cell specification

During the development OPCs are generated from neural stem cells (NSCs) in germinal
centers (MITEW et al. 2013). The specification into the oligodendrocytic lineage is the
consequence of a co-expression of bone morphogenic protein (BMP) and sonic hedgehog
(SHH). These extracellular signals in turn regulate the expression of various transcription
factors, important for the orchestrated spatial and temporal oligodendrogenesis, above all

7
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Figure 2.3: Structure of the myelin sheath
Schematic representation of a myelinated axon around the node of Ranvier consisting
of four domains with a unique protein composition. The paranodal loops form septate-
like junctions with the axon. The juxtaparanodal region resides beneath the compact
myelin extending into the internodal region. Natrium channels are concentrated in the
node of Ranvier. A specialized axon-glial contact zone, the paranodal junction, builds a
barrier to the potassium channels in the juxtaparanodal region. Regional-specific adhesion
proteins establish the connections between axons and the myelin sheath. NECL4, nectin-
like protein 4; NECL1, nectin-like protein 1; PAR3, pulmonary adenoma resistance 3;
MAG, myelin-associated glycoprotein; CX29, Connexin 29 kDa; CNTN2, contactin 2;
CASPR2, contactin associated protein 2; CASPR, contactin associated protein 1; NF155,
neurofascin 155kDa; CNTN, contactin; NrCAM, neuronal cell adhesion molecule; NF186,
neurofascin 186 kDa. The figure is modified from NAVE (2010).
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CHAPTER 2. INTRODUCTION

oligodendrocyte transcription factor (OLIG) 1 and 2 (NICOLAY et al. 2007). SHH and
BMP are expressed in a specific dorso-ventral concentration gradient (RICHARDSON
et al. 2006, ROWITCH 2004). In the spinal cord, most OPCs arise from a defined
progenitor domain in the ventral part, called motor neuron progenitor (pMN)-domain
(RICHARDSON et al. 2006, ROWITCH 2004, WEGNER 2008).

SHH is secreted from the notochord and floor plate (ROWITCH 2004). The ventral
to dorsal SHH gradient directs the formation of five ventral progenitor domains including
pMN-domain, where after the development of motor neurons OPC specification is induced
(GRITLI-LINDE et al. 2001, BRISCOE et al. 2000, ERICSON et al. 1997, LU et
al. 2000; Figure 2.4). In response to SHH neuroepithelial cells of the pMN-domain
produce paired box 6 (PAX6) and the two closely related NK homeodomain proteins
NK6 homeobox 1 (NKX6.1) and NK6 homeobox 2 (NKX6.2; LIU et al. 2003, NOVITCH
et al. 2001). These transcription factors control the expression of OLIG2, the most
important transcription factor in OPC specification (LIU et al. 2003, NOVITCH et al.
2001). OLIG2 labels specifically pMN-domain cells (LU et al. 2000, ZHOU et al. 2001)
and defines with mainly two additional transcription factors, NK2 homeobox 2 (NKX2.2)
and iroquois homeobox 3 (IRX3), the boundaries of the pMN-domain (BRISCOE et al.
2000; Figure 2.4).

The switch between neurogenesis and gliogenesis requires ongoing SHH and OLIG2
activity (ROWITCH and KRIEGSTEIN 2010), down-regulation of the basic helix-loop-
helix (bHLH) transcription factors neurogenin (NGN) 1 and 2 (ZHOU et al. 2001),
delta-like notch signaling and the activation of a pro-gliogenic transcriptional program
involving primarily sex-determining region Y-related High Mobility Group-box 9 (Sox9)
and nuclear factor 1 A-type (NFIA; DENEEN et al. 2006, ROWITCH and KRIEGSTEIN
2010). Other factors involved in this switch are SOX8 and SOX10 (STOLT et al. 2003,
NICOLAY et al. 2007), glioma-associated oncogene homolog (GLI) 1 and 2, (HE and LU
2013, LELIEVRE et al. 2006) and achaete-scute complex homolog 1 (ASCL1; SUGIMORI
et al. 2008).

The pMN-domain is, however, not the only domain that gives rise to oligodendrocytes
(RICHARDSON et al. 2006, ROWITCH 2004, WEGNER 2008). Proto-oncogene protein
(WNT)/—- catenin and BMP signaling regulate the expression of transcription factors in
the intermediate and dorsal embryonic spinal cord (TIMMER et al. 2002). BMPs, espe-
cially BMP4, are antagonists of the ventrally-derived SHH signaling (ROWITCH 2004).
It represses the expression of OLIG1 and 2 due to an up-regulation of inhibitor of dif-
ferentiation protein (ID) 2 and 4 (SAMANTA and KESSLER 2004, MEKKI-DAURIAC
et al. 2002). Blocking BMP signaling facilitates OPC di�erentiation (SEE et al. 2004).
Probably due to the reduction of BMP signaling, during later stages of the embryonic
development additional OPCs arise from dorsal regions of the spinal cord independent of
SHH signaling (BATTISTE et al. 2007, CAI et al. 2005, VALLSTEDT et al. 2005). Dor-
sally derived OPCs contribute only a small fraction (10-15%) to the final oligodendrocyte

9
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Figure 2.4: Sonic hedgehog signaling
Schematic drawing of a transverse section through the early developmental spinal cord.
The ventral to dorsal sonic hedgehog (SHH) gradient directs the formation of five ventral
progenitor domains with a specific spatial transcription factor expression (shown on the
right). In response to SHH oligodendrocyte precursor cell develop in the motor neuron
progenitor (pMN)-domain. The OLIG2 labels specifically pMN-domain cells and defines
with mainly two additional transcription factors, NK2 homeobox 2 (NKX2.2) and iroquois
homeobox 3 (IRX3), the boundaries of the pMN-domain. PAX6, paired box 6; NKX6.2,
NK homeodomain proteins NK6 homeobox 1; BMP, bone morphogenic protein. The figure
is modified from RICHARDSON et al. (2006), ROWITCH (2004), WEGNER (2008).
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population in the spinal cord (FOGARTY et al. 2005, CAI et al. 2005, VALLSTEDT et
al. 2005). Their molecular phenotype is distinct with a transient expression of dorsal pro-
genitor markers paired box protein 7 (PAX7), GS homeobox (GSX) 1 and 2 (ROWITCH
and KRIEGSTEIN 2010).

2.2.2 Oligodendrocyte precursor cell proliferation

Platelet-derived growth factor – (PDGF–) signaling through the PDGF– receptor (PDGF
–R) on OPCs is the most important mitogenic signal for OPC proliferation (MITEW et
al. 2013, NOBLE et al. 1988). PDGF– stimulates the phosphatidylinositol-4,5- bis-
phosphate 3- kinase and protein kinase C (PI3K/ PKC) signaling pathways (BARON
et al. 2002). PDGF– cooperates with growth factors of the fibroblast growth factor
(FGF) family most importantly FGF2 and FGF18 acting on FGFR1/2 and FGFR2/3 to
promote rapid OPC division and simultaneously inhibition of di�erentiation to oligoden-
drocytes (CHANDRAN et al. 2003, FORTIN et al. 2005, MITEW et al. 2013; Figure
2.5). Both promote OPC proliferation by the up-regulation of OLIG2 and PDGF–R
(NARUSE et al. 2006) and inhibit di�erentiation to mature oligodendrocytes (FORTIN
et al. 2005). FGF2 together with IGF1 stimulate proliferation due to the activation of
the extracellular-signal-regulated kinases (ERK) 1 and 2 pathway (FREDERICK et al.
2007; Figure 2.5). IGF1 additionally promotes OPC proliferation via the PI3K/protein
kinase B (AKT) pathway (BIBOLLET-BAHENA and ALMAZAN 2009, PANG et al.
2007). This PI3K/AKT pathway is also stimulated by the binding of axonal NRG1 to
epidermal growth factor receptor (ErbB) expressed on OPCs (MITEW et al. 2013; Figure
2.5). Glutamate inhibits proliferation of OPCs once the migratory precursors arrive near
the axons (KARADOTTIR and ATTWELL 2007). The activity behind is an inhibition
of K+-channels, that are expressed in oligodendrocyte but not in mature cells (BERGER
et al. 1991).

2.2.3 Astrocyte development

The term oligodendrocyte precursor cell suggests a lineage restriction. In fact, all mature
oligodendrocytes in the developing and adult CNS arise from OPCs, but the genesis
of other cell types, especially astrocytes have been reported. In previous literature a
commonly used term for OPC was O-2A progenitors, indicating the ability of OPC to
di�erentiate to astrocytes (CRAWFORD et al. 2014, RAFF et al. 1983). OPCs were
suggested to be bi-potential and able to develop both oligodendrocytes and type 2A
astrocytes in vitro (CRAWFORD et al. 2014). Although there is still discrepancy about
the bi-potential behavior in vivo, genetic fate mapping studies in vivo provide further
evidence, that OPCs generate oligodendrocytes and a small number of protoplasmatic
astrocytes (ZHU et al. 2008). Recent studies suggested, that during development OPC
generate both astrocytes and oligodendrocytes. This ability is thought to be lost lost in
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Figure 2.5: Oligodendrocyte precursor cell proliferation signaling
Schematic of oligodendrocyte precursor cell (OPC) proliferation signaling. Extracellular
ligands (PDGF–, NRG1, IGF1, FGF2) stimulate OPC proliferation by promoting the
expression of oligodendrocyte lineage transcription factor 2 (OLIG2) by activating the
PI3K/Akt-, PI3K/PKC-, and ERK-pathway. PDGF–, Platelet-derived growth factor –
; NRG1, Neuregulin 1; IGF1, insulin-like growth factor 1, FGF2, fibroblast growth factor
2; PDGF–R, Platelet-derived growth factor – receptor; ErbB, epidermal growth factor
receptor; IGF1R, insulin-like growth factor receptor, FGF2R, fibroblast growth factor
receptor. RAS, rat sarcoma virus; PKC, protein kinase C; PI3K, Phosphatidylinositol-
4,5-bisphosphate 3-kinase; AKT, similar to PKB, protein kinase B; mTOR, mechanis-
tic target of rapamycin; RAF, proto-oncogene serine/threonine-protein kinase; MEK,
Mitogen-activated protein kinase kinase; ERK1/2, Extracellular signal-regulated kinases.
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the adult CNS and adult OPCs are suggested to exclusively generate oligodendrocytes
(DIMOU et al. 2008, EL WALY et al. 2014, RIVERS et al. 2008, ZHU et al. 2011).
During the development of astrocytes a key function is suggested for OLIG2 (ROWITCH
2004). Loss of OLIG2 function is necessary for astrocyte di�erentiation (ZHOU and
ANDERSON 2002). However, in the postnatal subventricular zone OLIG2 expression is
necessary for astrocyte production (MARSHALL et al. 2005).

2.3 Migration of oligodendrocyte precursor cells

After determination of glial fate to the oligodendrocyte lineage, OPC migrate to their final
destination to ensure axonal contact and ensheathment (MITEW et al. 2013). Migration
is achieved through the counter-action of chemokinetic molecules stimulating cell motility,
adhesion molecules guiding the migration, and chemotactic molecules attracting the cell
to their final site of myelination (MITEW et al. 2013).

PDGF-AA and FGF2 are the two main pro-migratory molecules (MITEW et al. 2013).
PDGF-AA stimulates migration through phosphorylation of verprolin- homologous pro-
tein 2 (WAVE2) involving FYN and cyclin-dependent kinase 5 (CDK 5; MIYAMOTO et
al. 2008). FGF2 executes its dose-dependent motogenic e�ect mainly through FGFR1
(BANSAL et al. 1996, OSTERHOUT et al. 1997).

Laminin (CHUNG et al. 2003) (RELUCIO et al. 2009), fibronectin, merosin, tenascin-
C (FROST et al. 1996, GARCION et al. 2001) and anosmin-1 (BRIBIAN et al. 2006) are
extracellular proteins that are identified to guide OPCs during their migratory process
(HU et al. 2009). Additionally, di�erent cell adhesion molecules, like polysialylated
neuronal cell adhesion molecule (PSA-NCAM; DECKER et al. 2000, ZHANG et al.
2004), ephrins (PRESTOZ et al. 2004) alpha v beta 1 integrins (MILNER et al. 1996),
claudin11 (TIWARI-WOODRUFF et al. 2001), NG2 (STEGMULLER et al. 2002), and
N-cadherin (PAYNE et al. 1996) are suggested to be involved in the migration process of
OPCs (MITEW et al. 2013).

Di�erent chemoattractants and -repellants direct OPCs to their final destination. Be-
side their chemokinetic abilities PDGF-AA and FGF2 act also as chemoattractants (NO-
BLE et al. 1988, ZHANG et al. 2004). Chemokine (C-X-C motif) ligand 12 (CXCL12)
acts via chemokine (C-X-C motif) receptor 4 (CXCR4) as a chemoattractant and sur-
vival factor mainly in the dorsal spinal cord (DZIEMBOWSKA et al. 2005). During the
embryonic development NRG1 is an e�ective chemoattractant, it activity disappears in
postnatal individuals (ORTEGA et al. 2012). On the other hand, CXCL1, secreted by
astrocytes acts by antagonizing PDGF-AA as a potent chemorepellent and stop signal via
the receptor CXCR2 (TSAI et al. 2002). Other examples for chemorepellents are part
of the semaphorin family, like semaphorin-3A and semaphorin-4D/F (ARMENDARIZ et
al. 2012, SPASSKY et al. 2002, TANIGUCHI et al. 2009). In the developing spinal cord
netrin 1, which is secreted by the floor plate cells, acts via activation of colorectal cancer
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Oligodendrocyte precursor cell migration

Secreted inhibiting factors
Semaphorin 3A
CXCL1

Secreted promoting factors

SHH
PDGF AA
FGF2
HGF
Netrin 1
CXCL4/12
SLIT2

Contact inhibiting factors

Semaphorin 4F
Ephrins
N-cadherin
Tenascin C
Anosmin

Contact promoting factors

NRG1
PSA-NCAM
Fibronectin
Dystroglycan
Claudin 11
NG2

Table 2.1: Factors involved in oligodendrocyte precursor cell migration
Secreted and contact mediated factors involved in the migration of oligodendrocyte pre-
cursor cells. SHH, sonic hedgehog; PDGF AA, platelet-derived growth factor alpha A;
FGF2, fibroblast growth factor 2; HGF, hepatocyte growth factor; CXCL1, chemokine
(C-X-C motif) ligand 1; CXCL4/12, chemokine (C-X-C motif) ligand 4 and 12; SLIT2,
slit homolog 2; NRG1, neuroregulin 1; PSA-NCAM, polysialylated neuronal cell adhesion
molecule; NG2, neural/glial antigen 2. The table is modified from MITEW (2013).

suppressor (DCC) or unc-5 homolog A (UNC5A) receptor as chemorepellent (JARJOUR
et al. 2003, TSAI et al. 2003). Furthermore, activation of myeloid cell nuclear di�erentia-
tion antigen (MNDA)-receptor on cultured OPC increased their migration rate, inhibition
decreased it by almost 90% (WANG et al. 1996). The role of this factors during the mi-
gration progress is doubtless, but in most cases the exact mode of action of these factors
is often controversially discussed (BRADL and LASSMANN 2010).

In vivo time-lapse studies showed, that OPCs extend and retract processes during
their migration. This suggests, that OPCs can detect neighboring OPCs, which regu-
lates a proper and uniform spacing of oligodendrocytes to ensure complete myelination
and to fill unoccupied space (KIRBY et al. 2006). Wiskott–Aldrich syndrome protein
family verprolin homologous (WAVE) proteins, which are identified to mediate lamel-
lipodia formation in di�erent cells (KIM et al. 2006) and ermin an oligoglial-specific
protein are suggested to initiate the formation of numerous oligodendroglial cell protru-
sions (BROCKSCHNIEDER et al. 2006; Table 2.1).
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2.4 Di�erentiation of oligodendrocyte precursor cells

After located at their site of myelination some OPCs persist into adulthood, but the
majority di�erentiates subsequently to myelin producing cells (BRADL and LASSMANN
2010). Di�erent experiments with primary OPC cultures demonstrated, that these cells
rapidly di�erentiate into oligodendrocytes (ABNEY et al. 1983, KNAPP et al. 1987,
EMERY 2010b). Thus, it is assumed that the di�erentiation to mature oligodendrocytes
is a default program of OPCs and primarily elimination of inhibitory mechanisms favors
di�erentiation (EMERY 2010b). The signaling mechanism leading to di�erentiation is
therefore a fine tuned transcriptional network of inhibitory and promoting factors (WEG-
NER 2008; Figure 2.6).

2.4.1 Inhibitory factors

Notch signaling is important for the regulation of di�erent phases of the oligodendrocyte
development (HE and LU 2013). A continued activation of Notch signaling in OPCs
inhibits their di�erentiation (HE and LU 2013, NICOLAY et al. 2007, PARK and AP-
PEL 2003). Jagged 1 (JAG1) and delta 1 are axonally expressed ligands that bind the
transmembrane glycoprotein notch 1 receptor. Upon activation notch 1 receptor gener-
ates an intracellular domain that enters the nucleus and expresses hairy and enhancer
of split (HES) 1 and 5, potent transcription factors for inhibiting OPC di�erentiation
(MITEW et al. 2013, WANG et al. 1998; Figure 2.6). An ablation of notch 1 results
in an increased expression of mRNA for PLP (GENOUD et al. 2002). HES5, inhibits
oligodendrocyte di�erentiation due to physical sequestration of Sox10 and ASCL1 (LIU
et al. 2006, WANG et al. 1998) and binds the regulatory regions of myelin genes such as
MBP promoters (LIU et al. 2006; Figure 2.6). However, there are controversial discus-
sions about notch signaling in oligodendrocyte di�erentiation (LI et al. 2009). Di�erent
studies suggest an enhancement of oligodendrocyte di�erentiation by activating notch
pathway via contactin/F3 (HU et al. 2003).

Wnt/—-catenin pathway is attributed being a key regulator of oligodendrocyte devel-
opment. The transcription factor 7-like 2 (TCF7L2), a down-stream e�ector of the Wnt
signaling pathway is suggested to inhibit oligodendrocyte di�erentiation via the binding
of —–catenin (FANCY et al. 2009, HE et al. 2007, LEUNG et al. 2002, YE et al. 2009;
Figure 2.6). Due to its high expression in human multiples sclerosis lesions a causative
role during the chronic failure of remyelination in late stages of the disease was discussed
(FANCY et al. 2009). However, the role of TCF7L2 during di�erentiation is still not un-
derstood in its full complexity. It is suggested to be required in complex with —-catenin
to exit the cell circle (EMERY 2010b, FU et al. 2009, YE et al. 2009). The competitive
interaction between TCF7L2 with histone deacetylases (HDACs) and —-catenin enables
HDAC1/2 to substitute for —-catenin. This could be responsible for the switch of TCF7L2
from a negative regulator of OPC di�erentiation to positive regulator (YE et al. 2009).
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Wnt signaling may thus display a complex role in myelination and may act in conjunction
with TCF7L2 as a promoting factor for the initial stage of oligodendrocyte di�erentiation,
but may prevent myelination (EMERY 2010a). BMP signaling inhibits, additionally to
its role in the suppression of oligodendrocyte specification, oligodendrocyte maturation
by inducing the expression of the transcription factors ID2 and ID4 (SAMANTA and
KESSLER 2004, SEE et al. 2004). ID2 and ID4 stimulate OPC proliferation and inhibit
oligodendrocyte di�erentiation (KONDO and RAFF 2000) supposedly via suppression
of OLIG1, OLIG2 and ASCL1 function and ultimately due to an impaired myelin gene
expression (FU et al. 2002, LU et al. 2002; Figure 2.6). OLIG1 and OLIG2 promote
maturation (FU et al. 2002, LU et al. 2002). This mechanism is discussed to be allevi-
ated by a complex of the transcription factor yin yang 1 (YY1) and HDACs (HE et al.
2007). Additionally, SOX5 and SOX6 inhibit oligodendrocyte maturation by blocking the
SOX10 mediated activation of the Mbp promotor (STOLT et al. 2006).

In vitro and in vivo evidence suggests supplementary involvement in the inhibition
of oligodendrocyte di�erentiation and myelination for leucine rich repeat and Ig domain
containing 1 (LINGO1) pathway. LINGO1 is expressed in neurons and oligodendrocytes
and inhibits axonal growth via neurite outgrowth inhibitor (NOGO) receptor (NGR;
CARIM-TODD et al. 2003, JI et al. 2006, MI et al. 2005). The inhibition is mediated
through decreased FYN-kinase and subsequently increased rat sarcoma (RAS) homolog
gene family, member A (RhoA) signaling (MI et al. 2005). Recent evidence suggests that
LINGO1 is acting as its own receptor in oligodendrocytes (JEPSON et al. 2012).

2.4.2 Promoting factors

Once OPCs have reached their final target, they di�erentiate and mature (NICOLAY et
al. 2007). Various transcription factors initiate and assure this progress. Basic helix-loop-
helix transcription factors OLIG1 and OLIG2 represent important regulators of oligoden-
drocyte development. Both are necessary for oligodendrocyte di�erentiation (LU et al.
2002, ZHOU and ANDERSON 2002).

In Olig1/2 double knockout mice oligodendrocyte lineage cells are completely missing
(LU et al. 2002, ZHOU and ANDERSON 2002). Despite a small number of oligodendro-
cytes in the hind and forebrain oligodendrocytes are absent in Olig2 knockout mice (LU
et al. 2002). OLIG2 is suggested to induce the expression of SOX10 (LIU et al. 2007, LU
et al. 2002; Figure 2.6). A physical interaction with SOX10 and subsequent activation of
the expression of the myelin genes Plp, Mbp, and Mag was likewise described for OLIG1
(XIN et al. 2005). The expression of ASCL1 is biphasic with a peak during the ventral
patterning and during the terminal di�erentiation of oligodendrocytes (SUGIMORI et al.
2008). In vitro evidence suggests a possible involvement in the activation of myelin gene
promoters and OPC di�erentiation (SUGIMORI et al. 2007). Smad-interacting protein-1
(SIP1) was identified as a common down-stream e�ectors regulated by OLIG1 and OLIG2
(WENG et al. 2012). SIP1 inhibits the BMP-Smad signaling of di�erentiation inhibitors
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like ID2, ID4, HES1, HES5 and BMPR1a and activates the initiation of the expression of
myelination-promoting factors (WENG et al. 2012; Figure 2.6).

Of the more than 20 SOX protein family members, SOX10 is the most important
promoter for terminal di�erentiation of oligodendrocytes (STOLT et al. 2002; Figure
2.6). SOX5 and SOX6 on the other hand are down-regulated during the di�erentiation
phase (STOLT et al. 2006). SOX10, for its part, is believed to directly regulate MBP
(STOLT et al. 2002), PLP (STOLT et al. 2006), connexin47 (SCHLIERF et al. 2006)
and, connexin32 (BONDURAND et al. 2001, SCHLIERF et al. 2006) expression. How-
ever, SOX10 is thought to be a transcription factor with a low e�ector capacity on its own
(KUHLBRODT et al. 1998), that is why other factors, like SCIP (COLLARINI et al.
1992), OLIG2 and SIP1 (GOKHAN et al. 2005) facilitate the function of SOX10 (NICO-
LAY et al. 2007). SOX8 and SOX9 appear to play an additional role in the maturation
process (STOLT et al. 2004). How SOX17 promote maturation is not completely solved,
it is suggested that an over-expression could promote cell cycle exit, furthermore SOX17
may also regulate the expression of myelin protein genes (SOHN et al. 2006).

Over and above nuclear hormone receptors, notably the activation of retinoic acid
receptors (RARs) nuclear receptors (RXRs) and thyroid hormone receptors (THRs) are
required for the di�erentiation to myelinating oligodendrocytes (BARRES et al. 1994,
BILLON et al. 2004). These receptors are ligand-dependent transcription factors and
bind directly to the DNA however their down-stream targets are still elusive (BAAS et
al. 2002). Although YY1 is described to alleviate OLIG1/2 action by forming a com-
plex with HDACs (HE et al. 2007), it is on the other hand assumed to promote the
transcription of Plp (BERNDT et al. 2001). Another zinc-finger transcription factor
involved in oligodendrocyte terminal di�erentiation is zinc finger protein 488 (ZFP488;

Figure 2.6 (following page): Oligodendrocyte di�erentiation
Schematic drawing of transcriptional signaling network of oligodendrocyte di�erentia-
tion and myelination. The process requires the interaction and coordination of multiple
extracellular signals and intrinsic pathways. Inhibitory factors for oligodendrocyte dif-
ferentiation are displayed in red ovals. Promotional or inducing factors are presented in
green ovals. Inhibitory action on the individual factors is exhibited in red arrows and
promoting action in green arrows. BMP, bone morphogenic protein; Wnt, Wnt signal-
ing pathway; TCF7L2, transcription factor 7-like 2; IRX3, iroquois homeobox 3; SHH,
sonic hedgehog; OLIG1, oligodendrocyte transcription factor 1; OLIG2, oligodendrocyte
transcription factor; ID2/4, inhibitor of di�erentiation protein 2 and 4; YY1; yin yang 1;
HDAC1, histone deacetylases 1; GLIA1/2, glioma-associated oncogene homolog 1 and 2;
PAX6, paired box 6; MRF, myelin gene regulatory factor; ZFP488, zinc finger protein 488;
SOX10, SRY (sex determining region Y)-box 10; NKX6, NK6 homeobox; NKX2.2, NK2
transcription factor related locus 2; NGN3, neurogenin 3; SOX5/6, SRY (sex determining
region Y)-box 5 and 6, HES1/5, hairy and enhancer of split 1 and 5; LINGO1, leucine
rich repeat and Ig domain containing 1; JAG1, jagged 1; SOX17, SRY (sex determining
region Y)-box 17; TH, Thyroid hormon; ASCL1, achaete-scute complex homolog 1. The
figure is modified from LI et al (2009) and NICOLAY et al. (2007)
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LI et al. 2009; Figure 2.6). Homeodomain protein NKX2.2 is expressed throughout the
oligodendrocyte lineage however its main function is during the oligodendrocyte di�eren-
tiation. In knockout mice PLP and MBP expression is severely reduced to absent (QI et
al. 2001). The direct mechanism is unknown (LI et al. 2009). Additionally, myelin gene
regulatory factor (MRF) is expresses alongside with the expression of major myelin genes,
especially PLP and MBP (HE and LU 2013). Results in Mrf knockout mice indicate the
crucial role for terminal di�erentiation from immature (premyelinating) oligodendrocytes
to myelinating oligodendrocyte (HE and LU 2013). Furthermore epigenetic and chro-
matin remodeling events have been identified to play a key role during oligodendrocyte
di�erentiation (HE and LU 2013). HDAC1 and HDAC2 e�ect on myelin gene promotors
and therefore increase the myelination potential (SHEN et al. 2008).

Multiple factors with a possible involvement in the exact timing of OPC di�erentia-
tion are discussed. One of the most promising is G protein-coupled receptor 17 (GPR17).
It is present in early stages of oligodendrocyte di�erentiation and is down-regulated in
mature oligodendrocytes (CHEN et al. 2009, FUMAGALLI et al. 2011). Overexpression
prevents terminal myelination (CHEN et al. 2009). Controversially, deficiency results
in an accelerated di�erentiation and myelination (CHEN et al. 2009). Therefore it is
assumed that GPR17 is functioning as a signaling timer to control oligodendrocyte dif-
ferentiation (CHEN et al. 2009). OPC can be also stimulated to terminal di�erentiation
by triiodothyronine/thyroid hormone 3 (T3), as part of an intrinsic cell division timer
(BARRES et al. 1994). In vitro studies bare evidence that several cell-cycle dependent
kinase (CDK) inhibitors could be responsible for the timed di�erentiation during in vivo
development, because of their gradually accumulation in dividing OPCs (DUGAS et al.
2007, DURAND et al. 1997, TOKUMOTO et al. 2002). In this group cyclin-dependent
kinase inhibitor 1B (P27/KIP1) was suggested to be one of the primarily responsible sig-
nals in the transition from proliferation to di�erentiation, however in vivo it did not a�ect
the timing of OPC di�erentiation despite an increased division (CASACCIA-BONNEFIL
et al. 1999). In conjunction with the transcriptional factors displayed above, more recent
studies demonstrated an essential role of miRNAs during all stages of the oligodendrocyte
development (BARCA-MAYO and LU 2012). They primarily act as a negative-feedback
loop that fine-tunes gene expression (EMERY 2010b). MiR-219 and MiR-338 are essential
for oligodendrocyte di�erentiation by targeting inhibitors like SOX6 and HES5 or OPC
proliferation factors, like PDGF–R (DUGAS et al. 2010, ZHAO et al. 2010, ZHENG et
al. 2010).

2.5 Myelination

Oligodendrocytes have only a short time period for myelination during their early di�er-
entiation and loose this ability once they are mature (BRADL and LASSMANN 2010,
WATKINS et al. 2008). The myelin biogenesis can be divided into the formation of
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highly ramified processes, establishment and stabilization of oligodendrocyte-axon inter-
action, the formation of the primary membrane wraps and compaction of the myelin layers
(BAUER et al. 2009, JACKMAN et al. 2009). Oligodendrocytes are able to extend pro-
cesses, sense axons and myelinate up to 40 di�erent axons. This requires a complex and
very dynamic signaling mechanism promoting these actions (MITEW et al. 2013). In the
CNS myelination is not as strictly axon-size dependent as it is in the peripheral nervous
system (MITEW et al. 2013). Axons as small as 200-300nm can be myelinated, never-
theless a dependency of the axon diameter seems to be apparent as well (MITEW et al.
2013). Interestingly, oligodendrocytes in vivo can wrap even around synthetic structures
but only tubes with a diameter larger than 400nm were myelinated (LEE et al. 2012,
ROSENBERG et al. 2008). Conclusively, it is assumed that oligodendrocytes have an
intrinsic default mechanism to myelinate, however, this seems to be particular important
in large diameter axons (MITEW et al. 2013).

2.5.1 Process extension and initial axonal contact

Immature oligodendrocytes find their target axon by extending numerous cytoplasmatic
processes (MITEW et al. 2013). How they decide which axon to myelinate is not clear
(SIMONS and LYONS 2013). The majority of the identified signals are of inhibitory mat-
ter, examples are axonal PSA-NCAM (DECKER et al. 2000), JAG1 (WANG et al. 1998,
WATKINS et al. 2008) and LINGO1 (MI et al. 2005). During development PSA-NCAM
is expressed on axons to inhibit cell-cell interactions. Myelination is initiated after down-
regulation of NCAM (CHARLES et al. 2000, KISS et al. 1994, KUKLEY et al. 2007).
Promoting factors include laminin A2, which binds to —1integrin receptor on oligoden-
drocytes and is responsible for the initial cytoplasmatic extrusions (COLOGNATO et al.
2002, HU et al. 2009, MORISSETTE and CARBONETTO 1995). The binding of axonal
L1 ligand to oligodendrocyte contactin (LAURSEN et al. 2009) and netrin 1 (NTN1)
to deleted in colorectal carcinoma (DCC)-receptor (RAJASEKHARAN et al. 2009) ac-
tivates proto-oncogene tyrosine-protein kinase FYN (FYN), which for its part block the
inhibitory action of RAS homolog gene family, member A (RHOA) (TANIGUCHI et al.
2003; Figure 2.7). Inhibition of RHOA induces hyperextension of processes and increased
branch formation (LIANG et al. 2004). FYN additionally initiates the activation of focal
adhesion kinase (FAK), which has a regulatory e�ect on process expansion (LAFRENAYE
and FUSS 2010). Furthermore it is suggested, that vesicular release of glutamate from
axons can regulated FYN kinase signaling (WAKE et al. 2011; Figure 2.7). Interestingly,
the loss of FYN function causes a severe hypomyelination of especially axons with a small
diameter. Large caliber axons seem to be not a�ected (UMEMORI et al. 1994). This
might be a hint for an additional cytoskeletal flexibility needed in oligodendrocytes for
the proper myelination of small caliber axons (SIMONS and LYONS 2013). In the pe-
ripheral nervous system the expression of the growth factor neuroregulin 1 (NRG1) on the
axons was found to be essential for initiation of myelination (TAVEGGIA et al. 2010).
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No such local signal between axons and oligodendrocytes was discovered for the CNS
(TAVEGGIA et al. 2010). Due to studies in NRG1 over-expression and reduction models
it is suggested, that this growth factor may have a modulatory influence during CNS
myelination, but is not essential in general for the myelination process (BRINKMANN et
al. 2008, LIU et al. 2011, ZISKIN et al. 2007). However, a fundamental signal for the
onset of myelination is suggested to be the electrical activity of neurons (BRADL and
LASSMANN 2010). Axonal firing promotes oligodendrocyte di�erentiation and myeli-
nation (DEMERENS et al. 1996, FRIEDMAN and SHATZ 1990). ATP released from
firing axon potentials prompts the release of leukemia inhibitory factor (LIF) from astro-
cytes. LIF was shown to enhance myelination (ISHIBASHI et al. 2006). Furthermore, a
number of myelin specific proteins have been found to play a role in the formation and
regulation of oligodendrocytic cytoskeleton and therefore process extension and axonal
contact. MBP leads to bundling and reorganization of microtubules by binding nega-
tively charged proteins (BOGGS 2006). This action is phosphorylation-dependent. In
later stages dephosphorylated MBP has the ability to interact with lipid membranes by
acting as an anchoring protein for actin cytoskeleton (BAUER et al. 2009) and reorga-
nizing the microtubules for solute and water flux control in the myelin sheath (BOGGS
2006). Furthermore, tubulin-acetylation creates high stability in mature oligodendrocytes
(SONG et al. 2001). To establish increased microtubular dynamics, tubulin must there-
fore be deacetylated by silent information regulator type 2 (SIRT2; LI et al. 2007). SIRT2
is localized in highly flexible areas like the noncompact myelin laminae (LI et al. 2007).
Its expression correlates with increased 2�3�-cyclic nucleotide 3�-phosphodiesterase (CN-
Pase) expression, indicative for the premyelinating stage of the oligodendrocyte (BAUER
et al. 2009). CNPase binds to both microtubules and microfilaments and also induces
cytoskeletal reorganization leading to process outgrowth and in later stages maintenance
of the myelin sheath (BAUER et al. 2009). In contrast, MOG located on the extracellular
surface has no direct contact with the cytoskeleton. But an indirect regulation of micro-
tubule stability was described (JOHNS and BERNARD 1999). Especially the smaller
isoform of myelin-associated glycoprotein (MAG) was shown to play a significant role in
microtubule reorganization by binding soluble tubulin and maintaining the local polarity
of oligodendrocyte processes (BAUER et al. 2009).

Figure 2.7 (following page): Oligodendrocyte process extension and initial axonal
contact
Schematic drawing of signaling mechanisms responsible for the initiation of cytoplasmatic
process extension in oligodendrocytes and the initial decision with axon to be myelinated.
Inhibitory action is exhibited in red and promoting action in green. NTN1, netrin 1;
DCC-R, deleted in colorectal carcinoma (DCC)-receptor; NMDAR, N-methyl-D-aspartate
receptor; mGluR, metabotropic glutamate receptors; FAK, focal adhesion kinase; FYN,
Proto-oncogene tyrosine-protein kinase FYN; AKT, similar to PKB, protein kinase B;
CDC42, cell division cycle 42; RHOA, ras homolog gene family, member A.
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The first event during myelination is the formation of an axo-glial junction of uncompacted
distal myelin loops and the axon. This junction is determining the paranodal region
(SHERMAN and BROPHY 2005). The paranodal junction is established by the axonal
CASPR and its oligodendrocyte partner NFASC155 (MENEGOZ et al. 1997, RIOS et al.
2000, TAIT et al. 2000). This junction formation in turn initiates the clustering of the
earliest components of the node of Ranvier include NFASC186, ankyrin G, NrCAM and
—IV-spectrin (SHERMAN and BROPHY 2005). Subsequently the clustering of voltage
gated sodium channels follows (SHERMAN and BROPHY 2005).

2.5.2 Myelin assembly and tra�cking

In about 12-18 hours oligodendrocytes have to wrap their processes around multiple ax-
ons. Therefore an enormous amount of proteins and lipids have to be synthesized dur-
ing a very short period of time (BARRES 2008). This requires elaborated transport
mechanisms to meet the demand of myelin membrane components to the newly form-
ing membrane (KRAMER et al. 2001). The cytoskeleton functions as an intracellular
transport rail for vesicular lipids and proteins (ROSS et al. 2008). However, the major
structural components of the myelin membrane are not simultaneously expressed, their
expression is progressively activated as the oligodendrocyte mature and is controlled by
multiple positive and negative feedback loops (AGGARWAL et al. 2011). The first region
synthesized in the myelin sheath is the internodal area, which comprises about 99% of
the total myelin (SIMONS and TRAJKOVIC 2006). Initially, galactosylceramide and
sulfatide are synthesized (AGGARWAL et al. 2011). Followed by cholesterol, phospho-
lipids and glycospingolipids, which comprise about 70% of myelin membrane dry weight
(SIMONS and TROTTER 2007). For there transport vesicular and non-vesicular mech-
anisms are used (SIMONS and TROTTER 2007). Myelin specific proteins, like PLP
and MAG are transported via microtubules to the growing myelin sheath. Interestingly,
other myelin proteins, like MBP or MOBP are synthesized in the periphery after mRNA
was transported to the process (BARBARESE et al. 1999). MBP mRNA is assembled
into granules in the perikaryon and subsequently transported along the processes by the
motor protein kinesin family member 1B (KIF1B) and locally translated in the plasma
membrane (AINGER et al. 1993, CARSON et al. 1997). The local synthesis is neces-
sary to ensure that the adhesive action is exclusively e�ective in the appropriate place
(SIMONS and TROTTER 2007). MBP is suggested to function as a lipid coupler be-
cause of its ability to bind the negative charged inner leaflet of the plasma membrane
(SIMONS and TRAJKOVIC 2006). It is the only myelin protein that has been shown to
be essential for myelin formation (AGGARWAL et al. 2011, O’CONNOR et al. 1999).
PLP is transported to myelin by vesicular transport (COLMAN et al. 1982). It contains
a cholesterol recognition sequence and therefore represents a major cholesterol interacting
protein (SIMONS et al. 2000). As a consequence PLP merges together with cholesterol
and galactosylceramide in the Golgi complex, what would support the assumption of the
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involvement of lipid rafts in the transport of proteins to myelin (SIMONS et al. 2000; SI-
MONS and TRAJKOVIC 2006). Both mechanism MBP and PLP transport is suggested
to be controlled by neuronal signals (BRADL and LASSMANN 2010). The di�erent
transport and storage mechanism are suggested to support the compartimentalization of
myelin components (SIMONS and TRAJKOVIC 2006). However, the tra�cking machin-
ery in oligodendrocytes is still not determined in detail.

2.5.3 Wrapping

Little is known about the mechanism of oligodendrocyte processes wrapping around the
axons. Non of the major lipid proteins have been found to induce membrane curvature
(SIMONS and LYONS 2013). Several theories have been created how the oligodendrocyte
processes establish the ensheathment. First theories suggested a concentric spiraling of
a uniform myelin sheath (SOBOTTKA et al. 2011). Since this model could not explain
di�erent ultrastructural observations an alternative model was assumed, which suggested
a unidirectional coiling of a myelin ribbon along the internode (PEDRAZA et al. 2009,
SOBOTTKA et al. 2011; Figure 2.8). Because of the multiple shortcoming of both
models a third model was introduced (SOBOTTKA et al. 2011). Its theory says, that
the myelin sheath forms by new layers on the top of the inner layer (SOBOTTKA et al.
2011). The leading edge is suggested to spread along the axon in a sheet-like manner and
moves underneath the growing sheath (SOBOTTKA et al. 2011; Figure 2.8).

2.5.4 Myelin thickness

The thickness of a myelin sheath depends on the diameter of the axon. The larger the
caliber of the axon, the thicker the myelin sheath. The ratio of the axon diameter di-
vided by the axon and its myelin sheath is called growth ratio (g-ratio). It is a constant
value between 0.6-0.7 (HILDEBRAND and HAHN 1978). Laminin A2 and —1 integrin
mediated signaling is not only required for process outgrowth but also for proper myelin
thickness (MITEW et al. 2013). Additionally myelin thickness is regulated by axonal
NRG1 by binding to the ErbB receptor on the oligodendrocyte (TAVEGGIA et al. 2010).
Additionally, PI3K/AKT/mTOR pathway is suggested to modulate the late stage of oligo-
dendrocyte di�erentiation and myelin thickness (FLORES et al. 2008, NARAYANAN et
al. 2009).

2.5.5 Compaction

The compaction phase is probably the most important phase of myelin formation. It
involves the extrusion of the cytoplasm and the interconnection of the layers by specialized
proteins. This ensures the proper isolating function of the myelin sheath.

In most cells the interaction of two external surface membranes is mediated by a
strong lock and key force of adhesion molecules, which override the repulsive force of
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Figure 2.8: Models for myelin wrapping
Schematic drawing of three hypothesis of myelin wrapping mechanism. A: Concentric
spiraling of a uniform myelin sheath. B: Ribbon-like coiling and subsequent expanding of
oligodendrocyte processes. C: New myelin layers form over the sideward spreading and
underneath growing sheath. Graphics A and B are modified from SIMONS (2013).
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the membrane bilayer (SIMONS and LYONS 2013). In myelin membranes the repulsive
nature is lost and therefore such strong forces are not needed (BAKHTI et al. 2013).
Causes are the loss of glycocalyx during di�erentiation, including the negatively charged
sialic acids (BAKHTI et al. 2013), proteoglycans and NG2 (RICHARDSON et al. 2011).
This uncovers weak non-specific attractive forces and may also induce the wrapping of
the lamellae (SIMONS and LYONS 2013).

The main components of the myelin sheath are hydrophobic molecules, including lipids
and proteolipids. They build up a repulsive force towards the aqueous cytosolic and ex-
tracellular fluid (AGGARWAL et al. 2011). In addition intermolecular attractive forces,
like hydrogen bonds formed by galactosylceramide and -sulfatide result in the formation
of closely packed myelin membranes. Important supplementary attractive forces are the
van der Waals dispersion forces between adjacent lipid molecules (AGGARWAL et al.
2011). Because of the high amount of very long-chain and saturated fatty acids these
forces are particularly strong. Therefore, the proportion of saturated long-chain fatty
acids has a high impact on the myelin thickness and the density of lipids within the
myelin (O’BRIEN 1965). Furthermore, phosphatidylethanolamines in their plasmalogen
form establish strong hydrogen bonds between adjacent lipids (AGGARWAL et al. 2011).
The peroxisomal dihydroxyacetone- phosphate acyltransferase gene (DAPAT) is the key
enzyme involved in plasmalogen biogenesis (AGGARWAL et al. 2011). MBP interacts
mainly over electrostatic forces with the membrane, predominately with phosphatidylser-
ine and phosphatidylinositol (IMGRUND et al. 2009, MEIXNER et al. 2011, POTTER
et al. 2011). MBP is crucial for joining the cytoplasmatic leaflets together, but little is
known about the process bringing the extracellular leaflets together (AGGARWAL et al.
2011). A possible role of PLP was shown in mice lacking PLP (AGGARWAL et al. 2011).

2.6 Di�erences in the myelination process between
humans and rodents

In the mouse myelination starts at birth and is almost achieved in all regions around
45-60 days postnatally. In humans the peak of myelination occurs during the first year
postnatally and starts in the second half of fetal development (BAUMANN and PHAM-
DINH 2001). Di�erences between humans and rodents are found in their response to
certain factors. An example is CXCL1, almost all rodent OPCs express this receptor,
but only a few human OPCs can be found to carry it (BRADL and LASSMANN 2010).
It is thought to inhibit OPC migration (TSAI et al. 2002). Interestingly, in murine
animal models for multiple sclerosis a key role during remyelination was found for CXCL1
(OMARI et al. 2009).

In humans only a few studies assessed the temporal development of oligodendrocytes
(BARATEIRO and FERNANDES 2014). The first OPCs are described in the forebrain
at 10 weeks, at around 15 weeks higher numbers of OPCs appear in the ganglionic emi-
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nences and the cortical ventricular zone (JAKOVCEVSKI et al. 2009). OPCs and pre-
oligodendrocytes are the main oligodendrocyte lineage component during 18 and 28 weeks
of gestation (BACK et al. 2001, CRAIG et al. 2003). A first wave of oligodendrocyte
di�erentiation in the periventricular white matter is seen around week 28 and 40, conse-
quently the number of immature oligodendrocytes increases and first mature, myelinating
MBP positive cells can be seen in the subcortical region (BACK et al. 2001, CRAIG et
al. 2003). During weeks 36 and 40 the number of MBP positive cells increases rapidly
and the volume of myelinated white matter in the brain rises consequently from 1% to 5%
(BACK et al. 2001, HUPPI et al. 1998). In rodents the first wave of OPCs is around the
embryonic day 9.5 (TIMSIT et al. 1995). At postnatal day 2 pre-oligodendrocytes are the
major oligodendrocyte stage in the cerebral white matter with only few immature oligo-
dendrocytes (HARDY and FRIEDRICH 1996). At postnatal day 7 the oligodendrocyte
population consists of 80% immature oligodendrocytes that start to myelinate (DEAN et
al. 2011).

Summarizing the di�erences between humans and rodents, oligodendrocyte lineage
progression at week 18-27 of gestation in humans is similar to postnatal day 2 in ro-
dents (BARATEIRO and FERNANDES 2014). Postnatal day 7 in rodents represents
the maturation state similar to humans at gestational week 30-36 (CRAIG et al. 2003).
The majority of cells at postnatal day 14 in rodents are myelinating oligodendrocytes
(HARDY and FRIEDRICH 1996), in humans it displays the stage of an full-term infant
(BACK et al. 2001). In humans peripheral nerves, pons and cerebellar peduncles are well
myelinated at birth (WIGGINS 1982). Between 8-12 months postnatally, myelination
takes place in the frontal, parietal and occipital lobe (PAUS et al. 2001). In humans
myelination is completed in early adulthood (PAUS et al. 2001).
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Abstract

Postnatal murine spinal cord represents a good model system to study mammalian central
nervous system myelination in vivo as a basis for further studies in demyelinating diseases.
Transcriptional changes were analyzed in SJL/J mice on postnatal day 0, 14, 49 and 231
(P0, P14, P49, P231) employing A�ymetrix GeneChip Mouse Genome 430 2.0 Arrays.
Additionally, marker gene signatures for astrocyte and oligodendrocyte lineage-stages were
defined to study their gene expression in more detail. In addition, immunohistochemistry
was used to quantify the abundance of commonly used glial cell markers.

5907 di�erentially regulated genes (DEGs) were identified at P14, P49 and P231 com-
pared to P0. The up-regulated DEGs exhibited significantly enriched associations to gene
ontology terms such as myelination and lipid metabolic transport and down-regulated
DEGs to neurogenesis and axonogenesis. Expression values of marker gene signatures
for neural stem cells, oligodendrocyte precursor cells (OPC), and developing astrocytes
were constantly decreasing, whereas myelinating oligodendrocyte and mature astrocyte
markers showed a steady increase. Molecular findings were substantiated by immunohis-
tochemical observations.

The transcriptional changes observed are an important reference for future analysis of
degenerative and inflammatory conditions in the spinal cord.
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Abstract

Background: Multiple microarray analyses of multiple sclerosis (MS) and its experi-
mental models have been published in the last years.
Objective: Meta-analyses integrate the information from multiple studies and are sug-
gested to be a powerful approach in detecting highly relevant and commonly a�ected
pathways.
Data sources: ArrayExpress, Gene Expression Omnibus and PubMed databases were
screened for microarray gene expression profiling studies of MS and its experimental ani-
mal models.
Study eligibility criteria: Studies comparing central nervous system (CNS) samples
of diseased versus healthy individuals with n > 1 per group and publically available raw
data were selected.
Material and Methods: Included conditions for re-analysis of di�erentially expressed
genes (DEGs) were MS, myelin oligodendrocyte glycoprotein-induced experimental au-
toimmune encephalomyelitis (EAE) in rats, proteolipid protein-induced EAE in mice,
Theiler’s murine encephalomyelitis virus-induced demyelinating disease (TMEV-IDD),
and a transgenic tumor necrosis factor-overexpressing mouse model (TNFtg). Since
solely a single MS raw data set fulfilled the inclusion criteria, a merged list contain-
ing the DEGs from two MS-studies was additionally included. Cross-study analysis was
performed employing list comparisons of DEGs and alternatively Gene Set Enrichment
Analysis (GSEA).
Results: The intersection of DEGs in MS, EAE, TMEV-IDD, and TNFtg contained 12
genes related to macrophage functions. The intersection of EAE, TMEV-IDD and TNFtg
comprised 40 DEGs, functionally related to positive regulation of immune response. Over
and above, GSEA identified substantially more di�erentially regulated pathways including
coagulation and JAK/STAT-signaling.
Conclusion: A meta-analysis based on a simple comparison of DEGs is over-conservative.
In contrast, the more experimental GSEA approach identified both, a priori anticipated
as well as promising new candidate pathways.
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Discussion

5.1 Transcriptional analysis of glial cell di�erentia-
tion in postnatal murine spinal cord

In the first part of this study oligonucleotide microarrays were used to identify tran-
scriptional changes in the developing postnatal murine spinal cord. Genes and biological
processes were assigned to certain developmental stages and their overlapping significance
during several periods of postnatal life was detected.

5.1.1 Functional annotation

Genes sub-summarized under the biological process myelination (GO: 0042552) were found
highly di�erentially regulated not only during the first two weeks of postnatal life, but
in the intersection of all time-points. This indicates a continuous high rate of myelin
accumulation throughout the whole studied period. And may represent the periodical
replacement of membrane components and continuous remodeling of myelin membranes
throughout the life span on a transcriptional level (ANDO et al. 2003). 15 DEGs could be
assigned to the GO-term myelination. Interestingly, when comparing the gene list of this
GO-term with the gene signature for myelinating oligodendrocytes, only 3 DEGs (Mbp;
UDP galactosyltransferase 8A, Ugt8a and galactose-3-O-sulfotransferase 1, Gal3st1 ) were
found in both lists. Genes encoding important and immunohistochemically widely used
myelin-proteins like MOG, MOBP, MAG and MAL are currently not assigned to this
GO-term. In general, the GO-term myelination comprises 149 mouse genes most of them
(116 genes) are experimentally assigned annotations. Thus there should be a high relia-
bility of the annotated genes and an incorrect annotation as stated as one of the pitfalls
using GO-term annotation seems to be a minor concern (PRIMMER et al. 2013). Yet,
this highlights the necessity of a better representation of the GO-term myelination as
previously stated (RADDATZ et al. 2014). The majority of DEGs expression values
associated with the GO-term myelination, showed, as expected, a peak at P14 with a
subsequent progressive decline from P14 to P231. However, Hexosaminidase B (Hexb),
leucine-rich repeat LGI family, member 4 (Lgi4), Ngfi-A binding protein 2 (Nab2) and
Adhesion molecule with Ig like domain 1 (Amigo1) displayed an increase in their expres-
sion values with the age of the animals. This suggests an important role in maintenance
of the myelin membrane rather than in the primary myelin formation. HEXB is a lyso-
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somal enzym for the degradation of ganglioside GM2, mutations in this gene lead myelin
deficiency and delayed onset of myelination (BAEK et al. 2009, FOLKERTH et al. 2000,
KROLL et al. 1995, MAGLOTT et al. 2011). Nab2, known for the involvement in periph-
eral nerve myelination is also described as a transcriptional regulator in oligodendrocyte
precursor cells (MAGER et al. 2008, SWISS et al. 2011). Amigo1 is thought to play a
role in dendrite outgrowth and modulates the survival of developing and adult neurons
(CHEN et al. 2012).

Since the lipid content in myelin is up to 70-80% of it’s dry weight (NORTON 1984,
SAHER et al. 2011) the involvement of nine biological processes assigned to the di�erent
intersections of up-regulated DEGs related to lipid metabolism is another indicator that
the major event during the studied period can be addressed to myelination. Cholesterol
synthesis is one of the rate-limiting steps during myelination (SAHER et al. 2011). Herz
et al. (1999) went so far as to say, that there must exist checkpoints for the determina-
tion of su�cient amount of cholesterol to proceed brain development (HERZ and FARESE
1999). Interestingly, for 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (Hmgcr), the
gene encoding the rate limiting enzyme in the cholesterol synthesis (ORTH and BEL-
LOSTA 2012) no di�erential expression, according to our criteria was detectable. Similar
results were found for squalene synthethase (Fdft1), the gene encoding the enzyme that
catalyzes the first biochemical step in cholesterol synthesis (SAHER et al. 2011). By look-
ing at the steroid biosynthesis pathway, lanosterol synthethase (Lss) was the first gene
to be di�erentially regulated directly downstream after the formation of squalene only at
P14 with 7-fold up-regulation to expression values at P0. This observation could suggest
that first steps of the lipid-synthesis, more specifically the formation of squalene would
be almost completed by the time of birth. Another explanation is that changes in mRNA
levels precede changes in the in the rate of accumulation of cholesterol by several days
as described for Hmgcr (MUSE et al. 2001). Reflecting again the continuous myelin re-
placement, one of the genes with the highest fold change assigned to lipid metabolism was
fatty acid 2-hydroxylase (Fa2h), a gene involved in the production of 2-hydroxylated sph-
ingolipids, was found to be required for long term maintenance of myelin sheath (ZÖLLER
et al. 2008). It enstablishes hydrogen bonds and is thereby leading to the formation of
tightly packed myelin membrane (AGGARWAL et al. 2011). Single Fa2h-deficient mice
generate normal myelin in the beginning, but develop myelin sheath degeneration in old
age (POTTER et al. 2011). Moreover genes associated with the GO-term potassium
iron transport were found among the up-regulated genes in all comparisons. More than
85% of the 29 genes displayed a progressive up-regulation. Most striking changes in the
expression level were found for the voltage-gated potassium channels (Kv) Kv1.1 and Kv
1.4. Kv1.1 is located in the juxtaparanodal region of the nodes of Ranvier (WANG et al.
1993). Kv1.4 is localized near the termini (COOPER et al. 1998). Alteration in Kv1.4 ex-
pression was recently described in an experimental autoimmune encephalomyelitis-model
for multiple sclerosis (JUKKOLA et al. 2012).
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One of the biological processes exclusively enriched at P14 was associated with vesicle-
mediated transport. This expresses most likely a comparable requirement of vesicle traf-
ficking for maintenance of lipid and protein cycling as described during cortical develop-
ment (SHEEN 2012). The biological process predominantly enriched in DEGs at P49 and
P231 was glucose metabolic process. Whether this indicates that glucose is the primary
energy source only of the adult CNS is unclear (SOKOLOFF 1992). It was stated before
that in early postnatal life, lactate is also an important energy source (DOMBROWSKI
et al. 1989). Furthermore, oligodendrocytes in culture consume lactate for lipid syn-
thesis (SANCHEZ-ABARCA et al. 2001). Another biological process enriched in older
animals is antigen processing and presentation. An increase in inflammatory response in
aging animals was previously described in the peripheral nervous system (VERDIER et
al. 2012) and brain (GINSBERG 2007). GO-terms enriched in the down-regulated genes
were associated to neurogenesis and axonogenesis. The temporal sequence of neurogenesis
varies within the di�erent regions of the brain (GOTZ and HUTTNER 2005, RICE and
BARONE 2000). The earliest neurons in the mouse spinal cord appear rather early at E9
(MCCONNELL 1981) and neurogenesis is described to be completed several days before
birth (GOTZ and HUTTNER 2005). This is also the conclusion we could draw from our
results. Interesting however is the association of synaptogenesis down-regulated genes.
Previous reports stated a major wave of synaptogenesis in the rodent CNS in the first two
to three weeks of postnatal life (FREEMAN 2010).

5.1.2 Marker gene signatures for glial lineage stages and im-
munohistochemistry

Myelination is the subsequent process initialized by progressive, temporary controlled
di�erentiation and maturation of oligodendrocytes and their precursors to myelinating
oligodendrocytes. The in vivo expression analysis of in vitro generated marker gene sig-
natures detected the majority of up-regulated DEGs in the gene signature assigned to
myelinating oligodendrocytes (CAHOY et al. 2008). Among these, up-regulated DEGs
genes with the highest fold change of up to over 900-fold were found, including well known
myelin protein encoding genes like Mog, Mal, Mobp, and Mag, reviewed by (BAUMANN
and PHAM-DINH 2001). But also more recently discovered genes, like Opalin, a gene,
involved in actin-cytoskeletal signaling in oligodendrocytes (YOSHIKAWA et al. 2008)
and Ermn a gene, which is thought to play a critical role in cytoskeletal rearrangement
during myelin wrapping and compaction (BROCKSCHNIEDER et al. 2006). Tmem125,
Tmem88b, Pdlim2, Apod, Padi2, Hapln2, Nipal4, and Ppp1r14a were additionally discov-
ered in this group of DEGs. These genes are repeatedly described to be among the most
significantly di�erentially expressed genes in di�erent studies but their function regarding
the myelination process or oligodendrocyte maturation is still elusive (BORDNER et al.
2011, DUGAS et al. 2006, GOLAN et al. 2008, LEDOUX et al. 2006, LI et al. 2012,
MAGLOTT et al. 2011, PANDEY et al. 2014).

35



CHAPTER 5. DISCUSSION

In contrast, only 45% of the 88 genes specific for oligodendrocyte precursor cells were
di�erentially regulated. The majority showed a decrease in their expression values over
the studies time-period. Only five genes, (Matn4, Prkg2, Cp, Inhbb and Adora2b) were
slightly up-regulated. Interestingly, Prkg2 and Cp showed a relatively marked increase in
their expression values from P0 to P231. Additionally to the marker gene signature anal-
ysis single DEGs suggest that oligodendrocyte precursor cells exited the cell cycle around
P14. An example is transcription factor 7 like 2, T cell specific, HMG box (Tcf7l2/Tcf4),
a gene expressed transiently during postmitotic oligodendrocyte precursor cell di�eren-
tiation (FU et al. 2009) and G protein-coupled receptor 17 (Gpr17), a gene controlling
the timing of oligodendrocyte di�erentiation (CHEN et al. 2009). These genes were ex-
pressed with a fold change of 2.5 respectively 5 in P14 mice and down-regulated in older
animals in comparison to expression values at P0. In contrast to this, genes like leucine
rich repeat and Ig domain containing 1 (Lingo1), a gene inhibiting oligodendrocyte dif-
ferentiation and maturation in vitro (MI et al. 2005) showed a prominent and persisting
down-regulation of about 7-fold already at P14. Furthermore, genes like SRY-box con-
taining gene 10 (Sox10), oligodendrocyte transcription factor 1 and 2 (Olig1, Olig2), NK2
transcription factor related, locus 2 (Nkx2.2), required for the onset of myelination are
found among the up-regulated DEGs in all time points (P14, P49, P231) compared to
P0 with peak expression values at P14. Immunohistochemistry supported the results ob-
tained on the transcriptional level. No significant di�erence was detectable in the number
of immunopositive NG2 cells, a marker for oligodendrocyte precursor cells, at the di�er-
ent time-points. NOGO A, an important axonal growth inhibitor in the central nervous
system (PETRINOVIC et al. 2010), indicated, as the membrane associated extracellular
domain of NOGO A was studied a significant increase of mature oligodendrocytes during
the first 14 days of postnatal life (MA et al. 2009). This supports the assumption drawn
on the transcriptional level that the major process during early postnatal life is the mat-
uration of non-myelinating oligodendrocytes to myelinating oligodendrocytes. This was
virtually visualized by immunohistochemistry for the myelin proteins MBP and MOG
with a profound increase in immunopositive white matter from P0 to P14. On the other
hand, multiple studies suggest that production and development of astrocytes is also a
major event in the early postnatal development (BUSHONG et al. 2004, GE et al. 2012,
PETRIK et al. 2013). The number of immunopositive cells for GFAP, a standard marker
for the principle intermediate filament in astrocytes (ENG et al. 2000) showed no sig-
nificant di�erences between the time-points studied, a di�erence however was detectable
in the glial cell gene signature for mature astrocytes and developing astrocytes. There
are controversial studies about the onset of GFAP production. According to most studies
GFAP expression is increasing with the gestational and postnatal age and has a climax in
the first two post-natal weeks (BUSHONG et al. 2004, MIDDELDORP and HOL 2011,
OUDEGA and MARANI 1991). Most striking up-regulation in the astrocyte lineage was
found for Cryab, Aldh1a1, and Agxt2l1 in mature astrocytes. H19 showed the strongest
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negative fold change in developing astrocytes. Cryab encodes a protein, that regulates
GFAP assembly and is the most abundant gene transcript in early multiple sclerosis le-
sions (HAGEMANN et al. 2009) (OUSMAN et al. 2007). Aldh1a1 was identified as a
highly specific marker for astrocytes (CAHOY et al. 2008) and Agxt2l1 is involved in the
phospholipid metabolism (SCHIROLI et al. 2013). H19 controls the expression of growth
factors in the embryo a similar expression pattern as in our data was already described
(GABORY et al. 2010, MONNIER et al. 2013).

Conclusively, the transcriptional analysis of spinal cord tissue is in many points con-
gruent with the results obtained in other brain regions. However, the analysis detected
a number of genes, highly di�erentially regulated with still elusive gene function. This
results demonstrate not only the applicability of in vitro generated marker gene signa-
tures in an in vivo model but also point out the weaknesses of a transcriptional analysis
based solely on GO-term annotation, as described for the GO-term myelination. Pre-
sented findings indicate that the combination of conventional comparisons of DEGs in
combination with predefined marker gene signatures provided a useful tool for the iden-
tification of genes important for the myelination process. Therefore, the provided results
indicate that this method can be also assistant in the identification of genes responsible
for the development of certain disorders in the myelination process. The presented data
are thereafter an important reference for subsequent analysis in pathologic conditions.

5.2 Transcriptomic meta-analysis of multiple sclero-
sis and its experimental models

5.2.1 Comparison of results to the original studies

The present re-analysis of publically available data sets of MS, EAE, TMEV-IDD, and
TNFtg generally displayed a lower number of DEGs as compared to the original studies.
This might be attributed to the highly stringent filtering criteria suggested to be essen-
tial for high reproducibility across studies and platforms (SHI et al. 2008). However,
at the level of the most severely a�ected biological modules, the current results are in
general agreement with the original studies (HAN et al. 2012, LINDBERG et al. 2004,
MUELLER et al. 2008, TAJOURI et al. 2003, TSEVELEKI et al. 2010, ULRICH et al.
2010).

5.2.2 Comparison on the gene level

The list comparison method did only retrieve 12 DEGs that were commonly a�ected in
MS, EAE, TMEV-IDD, and TNFtg, supporting previous studies suggesting that list com-
parisons are an over-conservative approach (LARSSON et al. 2006). Notably, 8 out of
these 12 common DEGs are known to be expressed by macrophages (EMRE et al. 2007,
GLOWACKA et al. 2012, HENDRICKX et al. 2013, JENKINS et al. 2013, LUO et
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al. 2012, MA et al. 2007, MAGLOTT et al. 2011, NACU et al. 2008, RAMSEY et
al. 2008, VAN DER VALK and DE GROOT 2000). Interestingly, all of the 12 DEGs in
the intersection were down-regulated in MS, while they were up-regulated in the animal
models. The reason for this dis-concordance remains unclear. However, this observation
is in agreement with the recently reported poor transcriptional overlap of mouse models
and human inflammatory diseases (SEOK et al. 2013). Furthermore, the complex role
of macrophages in the pathogenesis of MS is still not understood in detail (VOGEL et
al. 2013). Lysosomal-associated protein transmembrane 5 is a potent regulator of pro-
inflammatory signaling pathways in macrophages, transforming growth factor interacting
factor 1 is a regulator of murine macrophage activation, transforming growth factor beta,
induced, is up-regulated in macrophages following phagocytosis of apoptotic cells, colony
stimulating factor 1 receptor 1 signaling is known to be involved in macrophage prolif-
eration and migration, and cathepsin H have been found to be expressed by activated
microglia and macrophages, CD68 represents a well-known marker for macrophages and
activated microglia, uncoupling protein 2 has been described to be di�erentially regulated
following lipopolysaccharide stimulation of macrophages, and complement component 1,
s subcomponent, is constitutively expressed in bone-marrow derived macrophages (EMRE
et al. 2007, GLOWACKA et al. 2012, HENDRICKX et al. 2013, JENKINS et al. 2013,
LUO et al. 2012, MA et al. 2007, MAGLOTT et al. 2011, NACU et al. 2008, RAMSEY
et al. 2008, VAN DER VALK and DE GROOT 2000). Uncoupling protein 2 (Ucp2) is
additionally a neuroprotector and neuromodulator in the central nervous system as it may
decrease oxidant damage due to regulation of the production of reactive oxygen species
such as superoxide (HORVATH et al. 2003, PELLETIER et al. 2012). In agreement to
our findings, Ucp2 is known to be di�erentially expressed in both EAE and MS (HOR-
VATH et al. 2003, IBRAHIM et al. 2001). Interestingly, alterations in this protein are a
risk factor for MS (OTAEGUI et al. 2007), highlighting this gene as a hub gene involved
in the pathogenesis of demyelinating diseases.

The limited concordance of DEGs in the list comparisons of MS may be at least
partially attributed to the marked genetic complexity and interspecies diversity, which
hampers the detection of orthologous genes (COMABELLA and MARTIN 2007, LU et
al. 2009). An example for this dilemma is the lack of orthology. One example for
this problem are the DEGs coding for the immunoglobulin kappa light chain: MS (im-
munoglobulin kappa constant), EAE (immunoglobulin kappa chain variable (Igkv) 28 ),
and TMEV-IDD (Igk-V1, Igkv14-111; Igkv15-103, Igkv19-93, Igk-V28, Igkv4-55, Igkv4-
68, Igkv4-72, Igkv6-14, Igkv6-20, Igkv8-30 ). Although these DEGs all code for parts of
the same molecule, the complex species-specific conformation and nomenclature of the
immunoglobulin light chain gene cluster prevented automatic detection of this analogous
change in gene expression.
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5.2.3 Comparison on the pathway level

A possible alternative to circumvent the problems of orthologous gene assignments in
cross-species comparisons is a shift from the gene level to the more unifom pathway level
(KUMAR et al. 2005). This was done by a cross-study GSEA evaluating MS, EAE,
TMEV-IDD and TNFtg for commonly a�ected pathways. Accordingly, in addition to
the already anticipated immune response pathways, GSEA highlighted the common bi-
ological module “coagulation” in MS, EAE, TMEV-IDD and TNFtg. The observation
of a cluster of 6 GO terms comprising 47 genes involved in coagulation and hemostasis
supports the results of a proteomic analysis of MS (HAN et al. 2008). Concordantly,
the thrombin inhibitor hirudin leads to a dramatic improvement in disease severity in
EAE (HAN et al. 2008). Furthermore, fibrinogen depletion leads to an increased lifespan,
retardation of the clinical symptoms and delayed inflammation and demyelination in TN-
Ftg (AKASSOGLOU et al. 2004). The importance of the coagulation cascade in disease
development has also been shown in a treatment study with batroxobin, a thrombin-like
defibrinogenating enzyme, in TMEV-IDD, which resulted in decreased clinical signs and
reduced CNS demyelination in treated animals (INOUE et al. 1997).

5.2.4 Transcriptional changes reflecting multiple sclerosis pat-
terns I-IV

GO terms suggested to reflect principal pathomechanistic features were compiled in order
to discriminate patterns I-IV of MS by Lucchinetti et al. (2000) (ASHBURNER et al.
2000, LUCCHINETTI et al. 2000). Consequently, a di�erential expression of the genes
within the GO term “T cell mediated immunity” was expected to be found in all patterns
I-IV. Pattern I was suggested to di�er from Pattern II by a marked di�erential expression
of genes of the GO term “immunoglobulin mediated immune response” in pattern II only.
Marked di�erential expression of the genes belonging to the GO term “myelination” was
anticipated to be present in patterns III and IV only. A di�erential expression of the
genes comprised by the GO term “positive regulation of apoptotic process” is presumably
indicative of an a�liation to pattern III, rather than pattern IV. Demyelinating conditions
analogous to all four MS patterns should be associated by a transcriptional up-regulation
of genes comprised by the GO term “T cell mediated immunity”. Accordingly, a moderate
percentage of DEGs associated with this gene signature was detected in EAE, TMEV-
IDD, and TNFtg. This transcriptional change reflects the histological demonstration of
inflammatory T cells and macrophages within the lesions in MOG-induced EAE, TMEV-
IDD, and TNFtg as shown in previous studies (AKASSOGLOU et al. 1998, STORCH et
al. 1998, ULRICH et al. 2010).

Conditions analogous to MS pattern II were anticipated to be accompanied by an
additional up-regulation of genes comprised by the GO term “immunoglobulin medi-
ated immune response”. This GO term comprises genes involved in the synthesis of
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immunoglobulins as well as complement factors and therefore includes both important
features indicative of MS pattern II. Accordingly, we observed a high percentage of DEGs
associated to this gene signature in EAE and TMEV-IDD, and a significantly lower per-
centage in TNFtg. This result supports the hypothesis that a type II autoimmunity
analogous to pattern II of MS is an important pathogenic feature of TMEV-IDD and cer-
tain subtypes of EAE (MUELLER et al. 2008, PACHNER et al. 2007, STORCH et al.
1998, ULRICH et al. 2010). Furthermore, this reflects the histological demonstration of
immunoglobulin, complement, B cells and plasma cells within the lesions of MOG-induced
EAE and TMEV-IDD (PACHNER et al. 2007, STORCH et al. 1998, ULRICH et al.
2010). The pathogenic role of immunoglobulins in EAE remains controversial. However,
several types of EAE in mice, rats, and monkeys are accompanied by B cell responses and
immunoglobulin deposition (MANN et al. 2012). In detail, deposition of immunoglobulin
has been described in MOG(1-125)-induced EAE in Dark Agouti rats, one of the models
used in the present meta-analysis (STORCH et al. 1998). However, studies in B cell de-
ficient mice have shown that B cells are not critical for the development of MOG-induced
murine EAE (HJELMSTROM et al. 1998).

Experimental models with a marked oligodendrocyte dystrophy such as cuprizone-
induced toxicity analogous to the MS patterns III and IV are characterized by an early-
onset and marked down-regulation of genes involved in myelination (KIPP et al. 2009).
Notably, none of the experimental models included in this study displayed a high per-
centage of DEGs included in the GO term “myelination”, suggesting that neither EAE,
TMEV-IDD nor TNFtg display transcriptional changes anticipated to dominate in oligo-
dendrocyte dystrophy analogous to patterns III and IV of MS. The majority of the DEGs
from the myelination gene signature displayed a down-regulation in EAE. This is in agree-
ment with the demonstrated down-regulation of multiple classical myelin genes in the
range of a -2- to -4-fold change comparing acute EAE with controls in the original publi-
cation of the MOG-induced EAE data set (MUELLER et al. 2008). The magnitude of the
transcriptional change roughly parallels the degree of demyelination, which is estimated
to a�ect slightly more than one half of the spinal cord in MOG-induced EAE in female
Dark Agouti rats (STORCH et al. 1998). Similarly, in TMEV-IDD a down-regulation of
PLP and MBP mRNA to approximately 58% of control levels has been described using
in-situ hybridization (YAMADA et al. 1990), and a down-regulation of MBP mRNA to
approximately 70% of control levels has been described using RT-qPCR (ULRICH et al.
2008).

Based on the abundant apoptotic oligodendroglial cell death in pattern III, and non-
apoptotic oligodendroglial cell death in pattern IV a respective di�erential expression of
the genes of the GO term “positive regulation of apoptotic process” was suggested to
di�erentiate between analogous conditions (LUCCHINETTI et al. 2000). Although the
TNFtg model is reported to display primary oligodendrocyte apoptosis with subsequent
myelin loss as the predominant pathological feature (AKASSOGLOU et al. 2004, AKAS-
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SOGLOU et al. 1998), we were unable to detect corresponding transcriptional changes
in the genes comprised by the selected GO terms. The reason for this lack of concor-
dance remains unclear. The only GO term observed in our re-analysis of this model
which is possibly linked to programmed cell death was “ion homeostasis”. It is known
that TNF potently increases intracellular Ca2+ and may thereby induce apoptosis (YU
et al. 2001). Similar to our results, the original study describing the TNFtg data set also
lacks the description of transcriptional changes associated with myelination and apopto-
sis (TSEVELEKI et al. 2010). It cannot be excluded that previous studies may have
overestimated the relative contribution of oligodendrocyte apoptosis in comparison to the
pro-inflammatory e�ects of TNF-overexpression in the pathogenesis of the TNFtg model.
Alternatively, it seems plausible that the induction of apoptosis in oligodendrocytes via
the p55TNF receptor-signaling pathway may simply occur by activation of the preformed
apoptotic cascade without any related transcriptional changes. Further studies are needed
to unravel, whether alternate gene signatures are better suited or if transcriptional pro-
filing is generally a poor approach to reflect the degree of demyelination and apoptosis.
The up-regulation of apoptosis–related genes in EAE is suggested to be linked to the
marked infiltration of T cells, which are known for their marked expression of extrinsic
apoptosis pathway genes like Fas and Fas-L (WHITE et al. 1998). Apoptosis is known
to mainly occur in lymphocytes and not in oligodendrocytes in EAE (BONETTI et al.
1997). The contribution of virus-induced oligodendrocyte apoptosis during the pathogen-
esis of TMEV-IDD is debated controversially, but generally regarded to be low for the
TMEV BeAn-strain used in this study (SCHLITT et al. 2003, TSUNODA et al. 1997,
ZOECKLEIN et al. 2003).

Conclusively, based on the provided results, MOG- and PLP-induced EAE as well
as TMEV-IDD are suggested to mimic especially MS pattern II. In contrast, the TNFtg
model displayed transcriptional changes anticipated to occur in MS pattern I.

5.3 Concluding remarks

One of the major challenges of the research in the field of demyelinating diseases is to find
the molecular basis of the disease and identify targets for future diagnostic and therapeu-
tic approves. Microarrays allow the researcher to examine the mRNA expression levels of
ten thousands of genes in one experiment (OLSON 2006). During the last decade tran-
scriptome profiling has become a powerful tool in exploratory research and led to essential
insights in the complex pathomechanisms involved in the development of disorders of the
CNS (MITCHELL and MIRNICS 2012). Integrating studies of physiological development
and in animal models of the diseases are key to identify causal genes or pathways for a
specific disease (BHATTACHARYA and MARIANI 2009).

The present study aimed to provide a fundamental knowledge of the physiological
developmental processes and to identify highly conserved pathomechanism in regard to
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demyelinating diseases. In the first part the focus was set on the delineation of oligo-
dendrocyte di�erentiation and myelination during development and presents a detailed
exploratory analysis of the transcriptome of the postnatal murine spinal cord, which led
to the identification of genes and biological processes in certain developmental stages and
their overlapping significance during postnatal life. In the second part publicaly avail-
able microarray data sets of multiple sclerosis and animal models for multiples sclerosis
were combined in a comprehensive meta-analysis to identify highly conserved, function-
ally important molecular processes. This led to the identification of pathways including
coagulation and JAK/STAT-signaling commonly a�ected in demyelinating diseases.

The data-driven, hypothesis free approach allowed to find previously unknown rela-
tions and uncovered unexpected players on the gene and pathway level for further hy-
pothesis driven approaches. Thus eventually leads to the discovery of new therapeutic,
prognostic or diagnostic markers. In addition, background knowledge from sources, like
Gene Ontology, previous published marker gene signatures and demyelination pattern
were included in the data analysis. In regard to Gene Ontology, a comprehensive struc-
tured vocabulary of terms describing di�erent elements of molecular biology (BELLAZZI
and ZUPAN 2008), major shortcomings in the annotation of the Gene Ontology Term
“myelination” were observed. However, no ontology can be complete and the absence of
an annotation thus does not mean the absence of the function or the gene (PRIMMER
et al. 2013, RHEE et al. 2008). Yet, this highlights the importance of the need for a
better representation of the GO-term "myelination" and emphasizes the importance of the
implementation of additional knowledge from other available sources.

However, the results of both analyses point out the importents of referencing back-
ground information rather than an exclusive application of highly conservative methods
based solely on di�erentially expressed genes. As previously proposed, this implementa-
tion of tools, which support knowledge-based data mining can provide the cornerstone of
research in the coming years (BELLAZZI and ZUPAN 2007).

Conclusively, the novel insights gained from the present data-driven analysis are im-
portant to generate novel hypotheses for further studies and thus lead to a better under-
standing of the cause and consequences of demyelinating diseases.
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Summary

Transcriptional analysis of the glial cell di�erentiation in the dis-
eased and normal central nervous system

Barbara Beate Rosa Raddatz

The key objective of the research in demyelinating diseases is to find the molecular ba-
sis of the diseases and identify targets for future therapeutic approaches. Transcriptome
profiling has become a powerful tool in exploratory research and led to essential insights
in the complex pathomechanisms of central nervous system disorders. New approaches
in knowledge-based data-mining point out the importance of referencing background in-
formation. Thus, integrating studies of physiological development and animal models of
diseases are a key to identify causal genes or pathways for a specific disease.

Therefore, the first part of the study focused on the delineation of oligodendrocyte dif-
ferentiation and myelination during development. Myelination of the murine spinal cord
is an entirely postnatal process, thus it represents a good model system to study mam-
malian central nervous myelination in vivo. Oligonucleotide microarrays were used to
present a detailed exploratory analysis of the postnatal murine spinal cord transcriptome
from postnatal day 0 to day 231. This led to the identification of eight highly di�eren-
tially regulated genes among the group of well-known myelin genes with still unknown
function during the myelination process. Furthermore, biological processes were assigned
to certain developmental stages and their overlapping significance during several periods
of postnatal life was detected. The up-regulated di�erentially expressed genes (DEGs)
exhibited significantly enriched associations to gene ontology terms such as myelination
and lipid metabolic transport and down-regulated DEGs to neurogenesis and axonogen-
esis. Expression values of marker gene signatures for neural stem cells, oligodendrocyte
precursor cells, and developing astrocytes were constantly decreasing, whereas expression
values of marker gene signitures for myelinating oligodendrocyte and mature astrocyte
markers showed a steady increase.

The second part of the study was aimed to identify highly conserved and function-
ally important molecular processes in demyelinating diseases. Integrating the informa-
tion from multiple studies in multiples sclerosis and its animal models in a comprehen-
sive meta-analysis was suggested to be a powerful approach in detecting commonly af-
fected pathways. ArrayExpress, Gene Expression Omnibus and PubMed databases were
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screened for microarray gene expression profiling studies of MS and its experimental an-
imal models. Included conditions were multiples sclerosis (MS), myelin oligodendrocyte
glycoprotein-induced experimental autoimmune encephalomyelitis (EAE) in rats, prote-
olipid protein-induced EAE in mice, Theiler’s murine encephalomyelitis virus-induced de-
myelinating disease (TMEV-IDD), and a transgenic tumor necrosis factor-overexpressing
mouse model (TNFtg). The re-analysis of the data set with consistent methodology on
the gene level revealed an intersection of 12 genes related to macrophage function in all
studies. Cross-study pathway-analysis revealed interesting commonly a�ected pathways
in MS, EAE, TMEV-IDD, and TNFtg including coagulation and JAK/STAT-signaling.
Furthermore the transcriptional changes in the di�erent animal models were examined
for their anticipated di�erences in their pathomechanism.

The results of both analyses point out the importance of the integration of multiple
knowledge-based data mining methods rather than an exclusive application of highly
conservative methods based solely on di�erentially expressed genes.

Conclusively, the novel insights gained from the present data-driven analysis are im-
portant to generate novel starting points for further hypothesis-driven studies and thus
lead to a better understanding of the cause and consequences of demyelinating diseases.
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Zusammenfassung

Transkriptionale Analyse der glialen Di�erenzierung im erkrankten
und normalen zentralen Nervensystem

Barbara Beate Rosa Raddatz

Das Hauptziel der Forschung bei demyelinisierenden Erkrankungen ist es, die molekularen
Grundlagen der Krankheiten zu erkennen um diese für zukünftige Therapieansätze nutzen
zu können. Transkriptom-Analysen stellen ein wichtiges Instrument für diese Grundla-
genforschung dar und führten in den vergangenen Jahren zu fundamentalen Erkenntnissen
bezüglich der komplexen Vorgänge bei diversen Erkrankungen des zentralen Nervensys-
tems. Doch neue Verfahren der statistischen, explorativen Datenanalyse heben die Be-
deutung von Hintergrundinformationen zur verbesserten Identifizierung von Mustern und
Trends hervor. Die Berücksichtigung von Zusatzinformation aus Studien am gesunden
Organismus und im Tiermodel der Erkrankung stellt somit eine wichtige Methode für
die Identifizierung kausaler Gene und Signalwege in der Pathogenese der Erkrankung im
Menschen dar.

Aus diesem Grund bezieht sich der erste Teil der vorliegenden Studie auf die genaue
Beschreibung der oligodendrozytären Di�erenzierung und Myelinisierung während der En-
twicklung des zentralen Nervensystems. Die Myelinisierung des Rückenmarks der Maus
beginnt erst nach der Geburt und stellt somit ein gutes Model-System zur Untersuchung
der zentralnervösen Myelinisierung der Säugetiere in vivo dar. Mittels Oligonukleotid-
Microarrays wurde eine detaillierte, explorative Analyse des Transkriptoms des post-
natalen, murinen Rückenmarks vom Tag 0 bis Tag 231 nach der Geburt durchgeführt.
Durch diese Untersuchung wurden unter den hochsignifikanten, bekannten Myelin-Genen
8 Gene identifiziert, deren Funktionen während der Myeliniserung des zentralen Ner-
vensystems nicht bekannt sind. Des Weiteren wurden den unterschiedlichen Entwick-
ungsstadien bestimmte biologische Prozesse zugeordnet und deren Bedeutung in den ver-
schiedenen Perioden der postnatalen Reifung beschrieben. Die Anzahl der Gene mit
einer Zugehörigkeit zu den Gen-Ontologie (GO)-Kategorien Myelinisierung und Lipid-
Metabolismus war signifikant erhöht, die Anzahl der Gene mit einer Zugehörigkeit zu den
GO-Kategorien Neurogenese und Axonogenese war signifikant erniedrigt. Gene in den
Marker-Gen-Signaturen für neurale Stammzellen, oligodendrozytäre Vorläuferzellen und
unreife Astrozyten zeigten eine kontinuierliche Verminderung, Gene für myelinisierende
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Oligodendrozyten und reife Astrozyten wiesen dagegen einen stetigen Anstieg in ihren
Expressionswerten auf.

Der zweite Teil der Studie zielte auf die Identifizierung hoch konservierter und funk-
tionell wichtiger molekularer Prozesse bei demyelinisierenden Erkrankungen ab. Die
gemeinsame Analyse von Daten aus Multiple Sklerose-Studien und Studien aus Tier-
modellen der Multiplen Sklerose in einer umfassenden Meta-Analyse sollte zur Detek-
tion der am häufigsten betro�en Signalwege in demyeliniserenden Erkrankungen beitra-
gen. Die Datenbanken ArrayExpress, Gene Expression Omnibus und PubMed wurden
nach Microarray-Genexpressionsstudien der Multiplen Sklerose und ihrer experimentellen
Tiermodelle durchsucht. Anhand der Einschlusskriterien wurden drei Studien der Mul-
tiplen Sklerose, die Myelin-Oligodendrozyten-Glykoprotein-induzierte experimentelle au-
toimmune Enzephalomyelitis (EAE) bei Ratten, die Proteolipidprotein-induzierte EAE
in Mäusen, die Theilervirus induzierte, murine Enzephalomyelitis (TMEV-IDD) und das
Tumor- Nekrose- Faktor- überexprimierende Maus-Modell (TNFtg) in die Meta-Analyse
einbezogen. Die Re-Analyse der Daten mit einer einheitlichen Methodik ergab auf Gene-
Ebene eine Überschneidung von 12 mit Makrophagen assoziierten Genen in allen Studien.
Eine studienübergreifende Analyse der am häufigsten betro�enen Signalwege in MS, EAE,
TMEV-IDD und TNFtg verdeutlichte die in allen Studien zu findenden Veränderungen
im Bezug auf den Koagulations- und JAK / STAT-Signalweg. Darüber hinaus wurden
die transkriptionellen Veränderungen in den verschiedenen Tiermodellen auf ihre Unter-
schiede bezüglich ihrer Pathogenese eingeordet.

Die Ergebnisse beider Analysen betonen die Bedeutung der Berücksichtigung ver-
schiedener Analyseverfahren und bereits bestehender Kenntnisse für einen verbesserten
Wissensgewinn bei Transkriptom-Analysen. Ein derartiger Ansatz kann das hoch- kon-
servative Verfahren basierend auf der Analyse di�erentiell exprimierter Gene verbessern.

Abschließend ist anzumerken, dass die Wichtigkeit der vorliegenden Daten basierten,
explorativen Analyse insbesondere in der Erzeugung neuer Ansatzpunkte für weitere
Hypothesen-basierte Studien besteht und somit zu einem besseren Verständnis der Ur-
sachen und Folgen von demyelinisierenden Erkrankungen beiträgt.

46



Chapter 8

References

ABNEY, E.R., WILLIAMS, B.P., and RAFF, M.C. (1983): Tracing the development of
oligodendrocytes from precursor cells using monoclonal antibodies, fluorescence -activated
cell sorting, and cell culture. Dev Biol 100,166-171.

AGGARWAL, S., YURLOVA, L., and SIMONS, M. (2011): Central nervous system
myelin: Structure, synthesis and assembly. Trends Cell Biol 21,585-593.

AINGER, K., AVOSSA, D., MORGAN, F., HILL, S.J., BARRY, C., BARBARESE,
E., and CARSON, J.H. (1993): Transport and localization of exogenous myelin basic
protein mRNA microinjected into oligodendrocytes. J Cell Biol 123,431-441.

AKASSOGLOU, K., ADAMS, R.A., BAUER, J., MERCADO, P., TSEVELEKI, V.,
LASSMANN, H., PROBERT, L., and STRICKLAND, S. (2004): Fibrin depletion de-
creases inflammation and delays the onset of demyelination in a tumor necrosis factor
transgenic mouse model for multiple sclerosis. Proc Natl Acad Sci U S A 101,6698-6703.

AKASSOGLOU, K., BAUER, J., KASSIOTIS, G., PASPARAKIS, M., LASSMANN,
H., KOLLIAS, G., and PROBERT, L. (1998): Oligodendrocyte apoptosis and primary
demyelination induced by local TNF/p55TNF receptor signaling in the central nervous
system of transgenic mice: Models for multiple sclerosis with primary oligodendrogliopa-
thy. Am J Pathol 153,801-813.

ANDO, S., TANAKA, Y., TOYODA, Y., and KON, K. (2003): Turnover of myelin
lipids in aging brain. Neurochem Res 28,5-13.

ARMENDARIZ, B.G., BRIBIAN, A., PEREZ-MARTINEZ, E., MARTINEZ, A., DE
CASTRO, F., SORIANO, E., and BURGAYA, F. (2012): Expression of sema- phorin 4f
in neurons and brain oligodendrocytes and the regulation of oligodendrocyte precursor
migration in the optic nerve. Mol Cell Neurosci 49,54-67.

ARMSTRONG, R.C., DORN, H.H., KUFTA, C.V., FRIEDMAN, E., and DUBOIS-
DALCQ, M.E. (1992): Pre-oligodendrocytes from adult human CNS. J Neurosci 12,1538-
1547.

47



CHAPTER 8. REFERENCES

ASHBURNER, M., BALL, C.A., BLAKE, J. A., BOTSTEIN, D., BUTLER, H., CHERRY,
J.M., DAVIS, A.P., DOLINSKI, K., DWIGHT, S. S., EPPIG, J. T., HARRIS, M.A.,
HILL, D. P., ISSEL-TARVER,L., KASARSKIS,A., LEWIS,S., MATESE,J. C., RICHARD-
SON, J. E., RINGWALD, M., RUBIN, G.M., SHERLOCK, G., and CONSORTIUM, G.O.
(2000): Gene ontology: Tool for the unification of biology. Nat Genet 25,25-29.

BAAS, D., LEGRAND, C., SAMARUT, J., and FLAMANT, F. (2002): Persistence of
oligodendrocyte precursor cells and altered myelination in optic nerve associated to retina
degeneration in mice devoid of all thyroid hormone receptors. Proc Natl Acad Sci U S A
99,2907-2911.

BACK, S.A., LUO, N.L., BORENSTEIN, N.S., LEVINE, J.M., VOLPE, J.J., and KIN-
NEY, H.C. (2001): Late oligodendrocyte progenitors coincide with the developmental
window of vulnerability for human perinatal white matter injury. J Neurosci 21,1302-
1312.

BAEK, R.C., MARTIN, D.R., COX, N.R., and SEYFRIED, T.N. (2009): Comparative
analysis of brain lipids in mice, cats, and humans with sandho� disease. Lipids 44,197-205.

BAKHTI, M., SNAIDERO, N., SCHNEIDER, D., AGGARWAL, S., MOBIUS, W., JAN-
SHOFF, A., ECKHARDT, M., NAVE, K.A., and SIMONS, M. (2013): Loss of electro-
static cell-surface repulsion mediates myelin membrane adhesion and compaction in the
central nervous system. Proc Natl Acad Sci U S A 110,3143-3148.

BANSAL, R., KUMAR, M., MURRAY, K., MORRISON, R.S., and PFEIFFER, S.E.
(1996): Regulation of FGF receptors in the oligodendrocyte lineage. Mol Cell Neurosci
7,263-275.

BARATEIRO, A., and FERNANDES, A. (2014): Temporal oligodendrocyte lineage pro-
gression: In vitro models of proliferation, di�erentiation and myelination. Biochim Bio-
phys Acta

BARBARESE, E., BRUMWELL, C., KWON, S., CUI, H., and CARSON, J.H. (1999):
RNA on the road to myelin. J Neurocytol 28,263-270.

BARCA-MAYO, O., and LU, Q.R. (2012): Fine-tuning oligodendrocyte development
by microRNAs. Front Neurosci 6,13.

48



CHAPTER 8. REFERENCES

BARON, W., SHATTIL, S.J., and FFRENCH-CONSTANT, C. (2002): The oligoden-
drocyte precursor mitogen PDGF stimulates proliferation by activation of alpha(v)beta3
integrins. EMBO J 21,1957-1966.

BARRES, B.A. (2008): The mystery and magic of glia: A perspective on their roles
in health and disease. Neuron 60,430-440.

BARRES, B.A., LAZAR, M.A., and RAFF, M.C. (1994): A novel role for thyroid hor-
mone, glucocorticoids and retinoic acid in timing oligodendrocyte development. Develop-
ment 120,1097-1108.

BARRES, B.A., and RAFF, M.C. (1999): Axonal control of oligodendrocyte develop-
ment. J Cell Biol 147,1123-1128.

BATTISTE, J., HELMS, A.W., KIM, E.J., SAVAGE, T.K., LAGACE, D.C., MAND-
YAM, C.D., EISCH, A.J., MIYOSHI, G., and JOHNSON, J.E. (2007): Ascl1 defines
sequentially generated lineage-restricted neuronal and oligodendrocyte precursor cells in
the spinal cord. Development 134,285-293.

BAUER, N.G., RICHTER-LANDSBERG, C., and FFRENCH-CONSTANT, C. (2009):
Role of the oligodendroglial cytoskeleton in di�erentiation and myelination. Glia 57,1691-
1705.

BAUMANN, N., and PHAM-DINH, D. (2001): Biology of oligodendrocyte and myelin in
the mammalian central nervous system. Physiol Rev. 81,871-927.

BELLAZZI, R., and ZUPAN, B. (2007): Towards knowledge-based gene expression data
mining. J Biomed Inform 40,787-802.

BELLAZZI, R., and ZUPAN, B. (2008): Predictive data mining in clinical medicine:
Current issues and guidelines. Int J Med Inform 77,81-97.

BELLEN, H.J., LU, Y., BECKSTEAD, R., and BHAT, M.A. (1998): Neurexin iv, caspr
and paranodin–novel members of the neurexin family: Encounters of axons and glia.
Trends Neurosci 21,444-449.

BERGER, T., SCHNITZER, J., and KETTENMANN, H. (1991): Developmental changes
in the membrane current pattern, k+ bu�er capacity, and morphology of glial cells in the
corpus callosum slice. J Neurosci 11,3008-3024.

49



CHAPTER 8. REFERENCES

BERNDT, J.A., KIM, J.G., TOSIC, M., KIM, C., and HUDSON, L.D. (2001): The
transcriptional regulator yin yang 1 activates the myelin plp gene. J Neurochem 77,935-
942.

BHATTACHARYA, S., and MARIANI, T.J. (2009): Array of hope: Expression pro-
filing identifies disease biomarkers and mechanism. Biochem Soc Trans 37,855-862.

BIBOLLET-BAHENA, O., and ALMAZAN, G. (2009): IGF-1-stimulated protein syn-
thesis in oligodendrocyte progenitors requires pi3k/mtor/akt and mek/erk pathways. J
Neurochem 109,1440-1451.

BILLON, N., TERRINONI, A., JOLICOEUR, C., MCCARTHY, A., RICHARDSON,
W.D., MELINO, G., and RAFF, M. (2004): Roles for p53 and p73 during oligodendro-
cyte development. Development 131,1211-1220.

BODA, E., VIGANO, F., ROSA, P., FUMAGALLI, M., LABAT-GEST, V., TEMPIA,
F., ABBRACCHIO, M.P., DIMOU, L., and BUFFO, A. (2011): The GPR17 receptor in
NG2 expressing cells: Focus on in vivo cell maturation and participation in acute trauma
and chronic damage. Glia 59,1958-1973.

BOGGS, J.M. (2006): Myelin basic protein: A multifunctional protein. Cell Mol Life
Sci 63,1945-1961.

BOIKO, T., RASBAND, M.N., LEVINSON, S.R., CALDWELL, J.H., MANDEL, G.,
TRIMMER, J.S., and MATTHEWS, G. (2001): Compact myelin dictates the di�erential
targeting of two sodium channel isoforms in the same axon. Neuron 30,91-104.

BONDURAND, N., GIRARD, M., PINGAULT, V., LEMORT, N., DUBOURG, O., and
GOOSSENS, M. (2001): Human connexin 32, a gap junction protein altered in the x-
linked form of charcot-marie-tooth disease, is directly regulated by the transcription factor
SOX10. Hum Mol Genet 10,2783-2795.

BONETTI, B., POHL, J., GAO, Y.L., and RAINE, C.S. (1997): Cell death during au-
toimmune demyelination: E�ector but not target cells are eliminated by apoptosis. J
Immunol 159,5733-5741.

BORDNER, K.A., GEORGE, E.D., CARLYLE, B.C., DUQUE, A., KITCHEN, R.R.,
LAM, T.T., COLANGELO, C.M., STONE, K.L., ABBOTT, T.B., MANE, S.M., NAIRN,
A.C., and SIMEN, A.A. (2011): Functional genomic and proteomic analysis reveals dis-

50



CHAPTER 8. REFERENCES

ruption of myelin-related genes and translation in a mouse model of early life neglect.
Front Psychiatry 2,18.

BOULANGER, J.J., and MESSIER, C. (2014): From precursors to myelinating oligo-
dendrocytes: Contribution of intrinsic and extrinsic factors to white matter plasticity in
the adult brain. Neuroscience

BRADL, M., and LASSMANN, H. (2010): Oligodendrocytes: Biology and pathology.
Acta Neuropathol 119,37-53.

BRIBIAN, A., BARALLOBRE, M.J., SOUSSI-YANICOSTAS, N., and DE CASTRO,
F. (2006): Anosmin-1 modulates the FGF-2-dependent migration of oligodendrocyte pre-
cursors in the developing optic nerve. Mol Cell Neurosci 33,2-14.

BRINKMANN, B. G., AGARWAL, A., SEREDA, M. W., GARRATT, A. N., MÜLLER,
T., WENDE, H., STASSART, R. M., NAWAZ, S., HUMML, C., VELANAC, V., RADYU-
SHKIN, K., GOEBBELS, S., FISCHER, T.M., FRANKLIN, R. J., LAI, C., EHRENRE-
ICH, H., BIRCHMEIER, C., SCHWAB, M. H., and NAVE, K. A. (2008): Neuregulin-
1/erbb signaling serves distinct functions in myelination of the peripheral and central
nervous system. Neuron 59,581-595.

BRISCOE, J., PIERANI, A., JESSELL, T.M., and ERICSON, J. (2000): A homeodomain
protein code specifies progenitor cell identity and neuronal fate in the ventral neural tube.
Cell 101,435-445.

BROCKSCHNIEDER, D., SABANAY, H., RIETHMACHER, D., and PELES, E. (2006):
Ermin, a myelinating oligodendrocyte-specific protein that regulates cell morphology. J
Neurosci 26,757-762.

BUSHONG, E.A., MARTONE, M.E., and ELLISMAN, M.H. (2004): Maturation of as-
trocyte morphology and the establishment of astrocyte domains during postnatal hip-
pocampal development. Int J Dev Neurosci 22,73-86.

CAHOY, J. D., EMERY, B., KAUSHAL, A., FOO, L. C., ZAMANIAN, J. L., CHRISTO-
PHERSON, K.S., XING, Y., LUBISCHER, J.L., KRIEG, P.A., KRUPENKO, S.A.,
THOMPSON, W.J., and BARRES, B.A. (2008): A transcriptome database for astro-
cytes, neurons, and oligodendrocytes: A new resource for understanding brain develop-
ment and function. J Neurosci 28,264-278.

51



CHAPTER 8. REFERENCES

CAI, J., QI, Y., HU, X., TAN, M., LIU, Z., ZHANG, J., LI, Q., SANDER, M., and
QIU, M. (2005): Generation of oligodendrocyte precursor cells from mouse dorsal spinal
cord independent of NKX6 regulation and SHH signaling. Neuron 45,41-53.

CARIM-TODD, L., ESCARCELLER, M., ESTIVILL, X., and SUMOY, L. (2003): LRRN
6a/ lERN1 (leucine-rich repeat neuronal protein 1), a novel gene with enriched expression
in limbic system and neocortex. Eur J Neurosci 18,3167-3182.

CARSON, J.H., WORBOYS, K., AINGER, K., and BARBARESE, E. (1997): Transloca-
tion of myelin basic protein mRNA in oligodendrocytes requires microtubules and kinesin.
Cell Motil Cytoskeleton 38,318-328.

CASACCIA-BONNEFIL, P., HARDY, R.J., TENG, K.K., LEVINE, J.M., KOFF, A.,
and CHAO, M.V. (1999): Loss of p27kip1 function results in increased proliferative capac-
ity of oligodendrocyte progenitors but unaltered timing of di�erentiation. Development
126,4027-4037.

CHANDRAN, S., KATO, H., GERRELI, D., COMPSTON, A., SVENDSEN, C.N., and
ALLEN, N.D. (2003): FGF-dependent generation of oligodendrocytes by a hedgehog-
independent pathway. Development 130,6599-6609.

CHARLES, P., HERNANDEZ, M.P., STANKOFF, B., AIGROT, M.S., COLIN, C.,
ROUGON, G., ZALC, B., and LUBETZKI, C. (2000): Negative regulation of central
nervous system myelination by polysialylated-neural cell adhesion molecule. Proc Natl
Acad Sci U S A 97,7585-7590.

CHEN, Y., HOR, H.H., and TANG, B.L. (2012): Amigo is expressed in multiple brain cell
types and may regulate dendritic growth and neuronal survival. J Cell Physiol 227,2217-
2229.

CHEN, Y., WU, H., WANG, S., KOITO, H., LI, J., YE, F., HOANG, J., ESCOBAR,
S.S., GOW, A., ARNETT, H.A., TRAPP, B.D., KARANDIKAR, N.J., HSIEH, J., and
LU, Q.R. (2009): The oligodendrocyte-specific g protein-coupled receptor gpr17 is a cell-
intrinsic timer of myelination. Nat Neurosci 12,1398-1406.

CHIU, S.Y., ZHOU, L., ZHANG, C.L., and MESSING, A. (1999): Analysis of potas-
sium channel functions in mammalian axons by gene knockouts. J Neurocytol 28,349-364.

CHUNG, J.W., HONG, S.J., KIM, K.J., GOTI, D., STINS, M.F., SHIN, S., DAW-
SON, V.L., DAWSON, T.M., and KIM, K.S. (2003): 37-kda laminin receptor precursor

52



CHAPTER 8. REFERENCES

modulates cytotoxic necrotizing factor 1-mediated rhoa activation and bacterial uptake.
Journal of Biological Chemistry 278,16857-16862.

COLLARINI, E.J., KUHN, R., MARSHALL, C.J., MONUKI, E.S., LEMKE, G., and
RICHARDSON, W.D. (1992): Down-regulation of the pou transcription factor scip is an
early event in oligodendrocyte di�erentiation in vitro. Development 116,193-200.

COLLINSON, J.M., MARSHALL, D., GILLESPIE, C.S., and BROPHY, P.J. (1998):
Transient expression of neurofascin by oligodendrocytes at the onset of myelinogenesis:
Implications for mechanisms of axon-glial interaction. Glia 23,11-23.

COLMAN, D.R., KREIBICH, G., FREY, A.B., and SABATINI, D.D. (1982): Synthesis
and incorporation of myelin polypeptides into CNS myelin. J Cell Biol 95,598-608.

COLOGNATO, H., BARON, W., AVELLANA-ADALID, V., RELVAS, J. B., BA- RON-
VAN EVERCOOREN, A., GEORGES- LABOUESSE, E., and FFRENCH- CONSTANT,
C. (2002): CNS integrins switch growth factor signalling to promote target-dependent sur-
vival. Nat Cell Biol 4,833-841.

COMABELLA, M., and MARTIN, R. (2007): Genomics in multiple sclerosis - current
state and future directions. J Neuroimmunol 187,1-8.

COOPER, E.C., MILROY, A., JAN, Y.N., JAN, L.Y., and LOWENSTEIN, D.H. (1998):
Presynaptic localization of kv1.4-containing a-type potassium channels near excitatory
synapses in the hippocampus. J Neurosci 18,965-974.

CRAIG, A., LING LUO, N., BEARDSLEY, D. J., WINGATE- PEARSE, N., WALKER,
D. W., HOHIMER, A.R., and BACK, S.A. (2003): Quantitative analysis of perinatal
rodent oligodendrocyte lineage progression and its correlation with human. Exp Neurol
181,231-240.

CRAWFORD, A.H., STOCKLEY, J.H., TRIPATHI, R.B., RICHARDSON, W.D., and
FRANKLIN, R.J. (2014): Oligodendrocyte progenitors: Adult stem cells of the central
nervous system? Exp Neurol 260,50-55.

DEAN, J.M., MORAVEC, M.D., GRAFE, M., ABEND, N., REN, J., GONG, X., VOLPE,
J.J., JENSEN, F.E., HOHIMER, A.R., and BACK, S.A. (2011): Strain-specific di�erences
in perinatal rodent oligodendrocyte lineage progression and its correlation with human.
Dev Neurosci 33,251-260.

53



CHAPTER 8. REFERENCES

DECKER, L., AVELLANA-ADALID, V., NAIT-OUMESMAR, B., DURBEC, P., and
BARON-VAN EVERCOOREN, A. (2000): Oligodendrocyte precursor migration and dif-
ferentiation: Combined e�ects of PSA residues, growth factors, and substrates. Mol Cell
Neurosci 16,422-439.

DEMERENS, C., STANKOFF, B., LOGAK, M., ANGLADE, P., ALLINQUANT, B.,
COURAUD, F., ZALC, B., and LUBETZKI, C. (1996): Induction of myelination in the
central nervous system by electrical activity. Proc Natl Acad Sci U S A 93,9887-9892.

DENEEN, B., HO, R., LUKASZEWICZ, A., HOCHSTIM, C.J., GRONOSTAJSKI, R.M.,
and ANDERSON, D.J. (2006): The transcription factor NFIA controls the onset of glio-
genesis in the developing spinal cord. Neuron 52,953-968.

DIMOU, L., SIMON, C., KIRCHHOFF, F., TAKEBAYASHI, H., and GOTZ, M. (2008):
Progeny of OLIG2-expressing progenitors in the gray and white matter of the adult mouse
cerebral cortex. J Neurosci 28,10434-10442.

DOMBROWSKI, G.J., JR., SWIATEK, K.R., and CHAO, K.L. (1989): Lactate, 3-
hydroxybutyrate, and glucose as substrates for the early postnatal rat brain. Neurochem
Res 14,667-675.

DORRELL, M.I. (2004): Global gene expression analysis of the developing postnatal
mouse retina. Invest Ophthalmol Vis Sci 45,1009-1019.

DOUGHERTY, K.D., DREYFUS, C.F., and BLACK, I.B. (2000): Brain-derived neu-
rotrophic factor in astrocytes, oligodendrocytes, and microglia/macrophages after spinal
cord injury. Neurobiol Dis 7,574-585.

DUGAS, J.C., CUELLAR, T.L., SCHOLZE, A., ASON, B., IBRAHIM, A., EMERY, B.,
ZAMANIAN, J.L., FOO, L.C., MCMANUS, M.T., and BARRES, B.A. (2010): Dicer1
and mir-219 are required for normal oligodendrocyte di�erentiation and myelination. Neu-
ron 65,597-611.

DUGAS, J.C., IBRAHIM, A., and BARRES, B.A. (2007): A crucial role for p57 (kip2) in
the intracellular timer that controls oligodendrocyte di�erentiation. J Neurosci 27,6185-
6196.

DUGAS, J.C., TAI, Y.C., SPEED, T.P., NGAI, J., and BARRES, B.A. (2006): Func-
tional genomic analysis of oligodendrocyte di�erentiation. J Neurosci 26,10967-10983.

54



CHAPTER 8. REFERENCES

DURAND, B., GAO, F.B., and RAFF, M. (1997): Accumulation of the cyclin-dependent
kinase inhibitor p27/kip1 and the timing of oligodendrocyte di�erentiation. EMBO J
16,306-317.

DZIEMBOWSKA, M., THAM, T.N., LAU, P., VITRY, S., LAZARINI, F., and DUBOIS-
DALCQ, M. (2005): A role for cxcr4 signaling in survival and migration of neural and
oligodendrocyte precursors. Glia 50,258-269.

EDA, A., TAKAHASHI, M., FUKUSHIMA, T., and HOHJOH, H. (2011): Alteration
of microRNA expression in the process of mouse brain growth. Gene 485,46-52.

EINHEBER, S., ZANAZZI, G., CHING, W., SCHERER, S., MILNER, T.A., PELES,
E., and SALZER, J.L. (1997): The axonal membrane protein CASPAR, a homologue of
neurexin iv, is a component of the septate-like paranodal junctions that assemble during
myelination. J Cell Biol 139,1495-1506.

EL WALY, B., MACCHI, M., CAYRE, M., and DURBEC, P. (2014): Oligodendroge-
nesis in the normal and pathological central nervous system. Front Neurosci 8,145.

EMERY, B. (2010a): Regulation of oligodendrocyte di�erentiation and myelination. Sci-
ence 330,779-782. EMERY, B. (2010b): Transcriptional and post-transcriptional control
of CNS myelination. Curr Opin Neurobiol 20,601-607.

EMRE,Y., HURTAUD,C., NUBEL,T., CRISCUOLO,F., RICQUIER,D., and CASSARD-
DOULCIER, A.M. (2007): Mitochondria contribute to lps-induced mapk activation via
uncoupling protein ucp2 in macrophages. Biochem J 402,271-278.

ENG, L.F., GHIRNIKAR, R.S., and LEE, Y.L. (2000): Glial fibrillary acidic protein:
Gfap-thirty-one years (1969-2000). Neurochem Res 25,1439-1451.

ERICSON, J., RASHBASS, P., SCHEDL, A., BRENNER-MORTON, S., KAWA-KAMI,
A., VAN HEYNINGEN, V., JESSELL, T.M., and BRISCOE, J. (1997): Pax6 controls
progenitor cell identity and neuronal fate in response to graded shh signaling. Cell 90,169-
180.

FANCY, S.P., BARANZINI, S.E., ZHAO, C., YUK, D.I., IRVINE, K.A., KAING, S.,
SANAI, N., FRANKLIN, R.J., and ROWITCH, D.H. (2009): Dysregulation of the wnt
pathway inhibits timely myelination and remyelination in the mammalian CNS. Genes
Dev 23,1571-1585.

55



CHAPTER 8. REFERENCES

FLORES, A.I., NARAYANAN, S.P., MORSE, E.N., SHICK, H.E., YIN, X., KIDD, G.,
AVILA, R.L., KIRSCHNER, D.A., and MACKLIN, W.B. (2008): Constitutively active
akt induces enhanced myelination in the CNS. J Neurosci 28,7174-7183.

FOGARTY, M., RICHARDSON, W.D., and KESSARIS, N. (2005): A subset of oligoden-
drocytes generated from radial glia in the dorsal spinal cord. Development 132,1951-1959.

FOLKERTH, R.D., ALROY, J., BHAN, I., and KAYE, E.M. (2000): Infantile G(m1)
gangliosidosis: Complete morphology and histochemistry of two autopsy cases, with par-
ticular reference to delayed central nervous system myelination. Pediatr Dev Pathol
3,73-86.

FORTIN, D., ROM, E., SUN, H., YAYON, A., and BANSAL, R. (2005): Distinct fibrob-
last growth factor (FGF)/FGF receptor signaling pairs initiate diverse cellular responses
in the oligodendrocyte lineage. J Neurosci 25,7470-7479.

FREDERICK, T.J., MIN, J., ALTIERI, S.C., MITCHELL, N.E., and WOOD, T.L.
(2007): Synergistic induction of cyclin d1 in oligodendrocyte progenitor cells by IGF-1 and
FGF-2 requires di�erential stimulation of multiple signaling pathways. Glia 55,1011-1022.

FREEMAN, M.R. (2010): Specification and morphogenesis of astrocytes. Science 330,774-
778. FRIEDMAN, S., and SHATZ, C.J. (1990): The e�ects of prenatal intracranial in-
fusion of tetrodotoxin on naturally occurring retinal ganglion cell death and optic nerve
ultrastructure. Eur J Neurosci 2,243-253.

FROST, E., KIERNAN, B.W., FAISSNER, A., and FFRENCH-CONSTANT, C. (1996):
Regulation of oligodendrocyte precursor migration by extracellular matrix: Evidence for
substrate-specific inhibition of migration by tenascin-c. Dev Neurosci 18,266-273.

FU, H., CAI, J., CLEVERS, H., FAST, E., GRAY, S., GREENBERG, R., JAIN, M.K.,
MA, Q., QIU, M., ROWITCH, D.H., TAYLOR, C.M., and STILES, C.D. (2009): A
genome-wide screen for spatially restricted expression patterns identifies transcription
factors that regulate glial development. J Neurosci 29,11399-11408.

FU, H. , QI, Y. , TAN, M., CAI, J. , TAKEBAYASHI, H., NAKAFUKU, M., RICHARD-
SON, W., and QIU, M. (2002): Dual origin of spinal oligodendrocyte progenitors and
evidence for the cooperative role of OLIG2 and NK2.2 in the control of oligodendrocyte
di�erentiation. Development 129,681-693.

56



CHAPTER 8. REFERENCES

FUMAGALLI, M., DANIELE, S., LECCA, D., LEE, P.R., PARRAVICINI, C., FIELDS,
R.D., ROSA, P., ANTONUCCI, F., VERDERIO, C., TRINCAVELLI, M.L., BRAMANTI,
P., MARTINI, C., and ABBRACCHIO, M.P. (2011): Phenotypic changes, signaling path-
way, and functional correlates of GPR17-expressing neural precursor cells during oligo-
dendrocyte di�erentiation. Journal of Biological Chemistry 286,10593-10604.

FURLEY, A.J., MORTON, S.B., MANALO, D., KARAGOGEOS, D., DODD, J., and
JESSELL, T.M. (1990): The axonal glycoprotein TAG-1 is an immunoglobulin superfam-
ily member with neurite outgrowth-promoting activity. Cell 61,157-170.

GABORY, A., JAMMES, H., and DANDOLO, L. (2010): The H19 locus: Role of an
imprinted non-coding RNA in growth and development. Bioessays 32,473-480.

GARCION, E., FAISSNER, A., and FFRENCH-CONSTANT, C. (2001): Knockout mice
reveal a contribution of the extracellular matrix molecule tenascin-c to neural precursor
proliferation and migration. Development 128,2485-2496.

GARD, A.L., and PFEIFFER, S.E. (1990): Two proliferative stages of the oligoden-
drocyte lineage (A2B5+O4- and O4+GALC-) under di�erent mitogenic control. Neuron
5,615-625.

GE, W.P., MIYAWAKI, A., GAGE, F.H., JAN, Y.N., and JAN, L.Y. (2012): Local
generation of glia is a major astrocyte source in postnatal cortex. Nature 484,376-380.

GENOUD, S., LAPPE-SIEFKE, C., GOEBBELS, S., RADTKE, F., AGUET, M., SCHE-
RER, S.S., SUTER, U., NAVE, K.A., and MANTEI, N. (2002): Notch1 control of oligo-
dendrocyte di�erentiation in the spinal cord. J Cell Biol 158,709-718. GINSBERG, S.D.
2007. Expression profile analysis of brain aging. In Brain aging: Models, methods, and
mechanisms. RIDDLE, D.R., editor Boca Raton (FL).

GLOWACKA, W.K., ALBERTS, P., OUCHIDA, R., WANG, J.Y., and ROTIN, D.
(2012): Laptm5 protein is a positive regulator of proinflammatory signaling pathways
in macrophages. Journal of Biological Chemistry 287,27691-27702.

GOKHAN, S., MARIN-HUSSTEGE, M., YUNG, S.Y., FONTANEZ, D., CASACCIA-
BONNEFIL, P., and MEHLER, M.F. (2005): Combinatorial profiles of oligodendro- cyte-
selective classes of transcriptional regulators di�erentially modulate myelin basic protein
gene expression. J Neurosci 25,8311-8321.

57



CHAPTER 8. REFERENCES

GOLAN, N., ADAMSKY, K., KARTVELISHVILY, E., BROCKSCHNIEDER, D., MO-
BIUS, W., SPIEGEL, I., ROTH, A.D., THOMSON, C.E., RECHAVI, G., and PELES,
E. (2008): Identification of tmem10/opalin as an oligodendrocyte enriched gene using
expression profiling combined with genetic cell ablation. Glia 56,1176-1186.

GOTZ, M., and HUTTNER, W.B. (2005): The cell biology of neurogenesis. Nat Rev
Mol Cell Biol 6,777-788.

GRINSPAN, J.B., and FRANCESCHINI, B. (1995): Platelet-derived growth factor is
a survival factor for PSA-NCAM+ oligodendrocyte pre-progenitor cells. J Neurosci Res
41,540-551.

GRITLI-LINDE, A., LEWIS, P., MCMAHON, A.P., and LINDE, A. (2001): The where-
abouts of a morphogen: Direct evidence for short- and graded long-range activity of
hedgehog signaling peptides. Dev Biol 236,364-386.

HAGEMANN, T.L., BOELENS, W.C., WAWROUSEK, E.F., and MESSING, A. (2009):
Suppression of gfap toxicity by alphab-crystallin in mouse models of alexander disease.
Hum Mol Genet 18,1190-1199.

HAN, M.H., HWANG, S.I., ROY, D.B., LUNDGREN, D.H., PRICE, J.V., OUSMAN,
S.S., FERNALD, G.H., GERLITZ, B., ROBINSON, W.H., BARANZINI, S.E., GRIN-
NELL, B.W., RAINE, C.S., SOBEL, R.A., HAN, D.K., and STEINMAN, L. (2008):
Proteomic analysis of active multiple sclerosis lesions reveals therapeutic targets. Nature
451,1076-1081.

HAN, M.H., LUNDGREN, D.H., JAISWAL, S., CHAO, M., GRAHAM, K.L., GAR-
RIS, C.S., AXTELL, R.C., HO, P.P., LOCK, C.B., WOODARD, J.I., BROWNELL,
S.E., ZOUDILOVA, M., HUNT, J.F.V., BARANZINI, S.E., BUTCHER, E.C., RAINE,
C.S., SOBEL, R.A., HAN, D.K., WEISSMAN, I., and STEINMAN, L. (2012): Janus-like
opposing roles of CD47 in autoimmune brain inflammation in humans and mice. Journal
of Experimental Medicine 209,1325-1334.

HARDY, R.J., and FRIEDRICH, V.L., JR. (1996): Progressive remodeling of the oligo-
dendrocyte process arbor during myelinogenesis. Dev Neurosci 18,243-254.

HE, L., and LU, Q.R. (2013): Coordinated control of oligodendrocyte development by
extrinsic and intrinsic signaling cues. Neurosci Bull 29,129-143.

58



CHAPTER 8. REFERENCES

HE, Y., DUPREE, J., WANG, J., SANDOVAL, J., LI, J., LIU, H., SHI, Y., NAVE,
K.A., and CASACCIA-BONNEFIL, P. (2007): The transcription factor yin yang 1 is
essential for oligodendrocyte progenitor di�erentiation. Neuron 55,217-230.

HENDRICKX, D.A., KONING, N., SCHUURMAN, K.G., VAN STRIEN, M.E., VAN
EDEN, C.G., HAMANN, J., and HUITINGA, I. (2013): Selective upregulation of scav-
enger receptors in and around demyelinating areas in multiple sclerosis. J Neuropathol
Exp Neurol 72,106-118.

HERZ, J., and FARESE, R.V., JR. (1999): The LDL receptor gene family, apolipoprotein
b and cholesterol in embryonic development. J Nutr 129,473S-475S.

HILDEBRAND, C., and HAHN, R. (1978): Relation between myelin sheath thickness
and axon size in spinal cord white matter of some vertebrate species. J Neurol Sci 38,421-
434.

HJELMSTROM, P., JUEDES, A.E., FJELL, J., and RUDDLE, N.H. (1998): B-cell-
deficient mice develop experimental allergic encephalomyelitis with demyelination after
myelin oligodendrocyte glycoprotein sensitization. J Immunol 161,4480-4483.

HORVATH, T.L., DIANO, S., LERANTH, C., GARCIA-SEGURA, L.M., COWLEY,
M.A., SHANABROUGH, M., ELSWORTH, J.D., SOTONYI, P., ROTH, R.H., DIET-
RICH, E.H., MATTHEWS, R.T., BARNSTABLE, C.J., and REDMOND, D.E. (2003):
Coenzyme q induces nigral mitochondrial uncoupling and prevents dopamine cell loss in
a primate model of parkinson’s disease. Endocrinology 144,2757-2760.

HU, J., DENG, L., WANG, X., and XU, X.M. (2009): E�ects of extracellular matrix
molecules on the growth properties of oligodendrocyte progenitor cells in vitro. J Neu-
rosci Res 87,2854-2862.

HU, Q.D., ANG, B.T., KARSAK, M., HU, W.P., CUI, X.Y., DUKA, T., TAKEDA,
Y., CHIA, W., SANKAR, N., NG, Y.K., LING, E.A., MACIAG, T., SMALL, D., TRI-
FONOVA, R., KOPAN, R., OKANO, H., NAKAFUKU, M., CHIBA, S., HIRAI, H.,
ASTER, J.C., SCHACHNER, M., PALLEN, C.J., WATANABE, K., and XIAO, Z.C.
(2003): F3/contactin acts as a functional ligand for notch during oligodendrocyte matu-
ration. Cell 115,163-175.

HUPPI, P.S., WARFIELD, S., KIKINIS, R., BARNES, P. D., ZIENTARA, G. P., JOLESZ,
F. A., TSUJI, M. K., and VOLPE, J. J. (1998): Quantitative magnetic resonance imaging
of brain development in premature and mature newborns. Ann Neurol 43,224-235.

59



CHAPTER 8. REFERENCES

IBRAHIM, S.M., MIX, E., BOTTCHER, T., KOCZAN, D., GOLD, R., ROLFS, A.,
and THIESEN, H.R. (2001): Gene expression profiling of the nervous system in murine
experimental autoimmune encephalomyelitis. Brain 124,1927-1938.

IMGRUND, S., HARTMANN, D., FARWANAH, H., ECKHARDT, M., SANDHOFF, R.,
DEGEN, J., GIESELMANN, V., SANDHOFF, K., and WILLECKE, K. (2009): Adult
ceramide synthase 2 (CERS2)-deficient mice exhibit myelin sheath defects, cerebellar de-
generation, and hepatocarcinomas. Journal of Biological Chemistry 284,33549-33560.

INOUE, A., KOH, C.S., YAMAZAKI, M., YANAGISAWA, N., ISHIHARA, Y., and
KIM, B.S. (1997): Fibrin deposition in the central nervous system correlates with the
degree of theiler’s murine encephalomyelitis virus-induced demyelinating disease. J Neu-
roimmunol 77,185-194.

ISHIBASHI, T., DAKIN, K.A., STEVENS, B., LEE, P.R., KOZLOV, S.V., STEWART,
C.L., and FIELDS, R.D. (2006): Astrocytes promote myelination in response to electrical
impulses. Neuron 49,823-832.

JACKMAN, N., ISHII, A., and BANSAL, R. (2009): Oligodendrocyte development and
myelin biogenesis: Parsing out the roles of glycosphingolipids. Physiology (Bethesda)
24,290-297.

JAKOVCEVSKI, I., FILIPOVIC, R., MO, Z., RAKIC, S., and ZECEVIC, N. (2009):
Oligodendrocyte development and the onset of myelination in the human fetal brain.
Front Neuroanat 3,5.

JARJOUR, A.A., MANITT, C., MOORE, S.W., THOMPSON, K.M., YUH, S.J., and
KENNEDY, T.E. (2003): Netrin-1 is a chemorepellent for oligodendrocyte precursor cells
in the embryonic spinal cord. J Neurosci 23,3735-3744.

JENKINS, S.J., RUCKERL, D., THOMAS, G.D., HEWITSON, J.P., DUNCAN, S.,
BROMBACHER, F., MAIZELS, R.M., HUME, D.A., and ALLEN, J.E. (2013): Il-4
directly signals tissue-resident macrophages to proliferate beyond homeostatic levels con-
trolled by csf-1. Journal of Experimental Medicine 210,2477-2491.

JEPSON, S., VOUGHT, B., GROSS, C.H., GAN, L., AUSTEN, D., FRANTZ, J.D.,
ZWAHLEN, J., LOWE, D., MARKLAND, W., and KRAUSS, R. (2012): Lingo-1, a
transmembrane signaling protein, inhibits oligodendrocyte di�erentiation and myelination
through intercellular self-interactions. Journal of Biological Chemistry 287,22184-22195.

60



CHAPTER 8. REFERENCES

JI, B., LI, M., WU, W.T., YICK, L.W., LEE, X., SHAO, Z., WANG, J., SO, K.F.,
MCCOY, J.M., PEPINSKY, R.B., MI, S., and RELTON, J.K. (2006): Lingo-1 antago-
nist promotes functional recovery and axonal sprouting after spinal cord injury. Mol Cell
Neurosci 33,311-320.

JOHNS, T.G., and BERNARD, C.C. (1999): The structure and function of myelin oligo-
dendrocyte glycoprotein. J Neurochem 72,1-9.

JOHNSON, M.B., KAWASAWA, Y.I., MASON, C.E., KRSNIK, Z., COPPOLA, G.,
BOGDANOVIC, D., GESCHWIND, D.H., MANE, S.M., STATE, M.W., and SESTAN,
N. (2009): Functional and evolutionary insights into human brain development through
global transcriptome analysis. Neuron 62,494-509.

JUKKOLA, P.I., LOVETT-RACKE, A.E., ZAMVIL, S.S., and GU, C. (2012): K+ chan-
nel alterations in the progression of experimental autoimmune encephalomyelitis. Neuro-
biol Dis 47,280-293.

KAGAMI, Y., and FURUICHI, T. (2001): Investigation of di�erentially expressed genes
during the development of mouse cerebellum. Brain Res Gene Expr Patterns 1,39-59.

KANG, H.J., KAWASAWA, Y.I., CHENG, F., ZHU, Y., XU, X., LI, M., SOUSA,
A.M., PLETIKOS, M., MEYER, K.A., SEDMAK, G., GUENNEL, T., SHIN, Y., JOHN-
SON, M.B., KRSNIK, Z., MAYER, S., FERTUZINHOS, S., UMLAUF, S., LISGO, S.N.,
VORTMEYER, A., WEINBERGER, D.R., MANE, S., HYDE, T.M., HUTTNER, A.,
REIMERS, M., KLEINMAN, J.E., and SESTAN, N. (2011): Spatio-temporal transcrip-
tome of the human brain. Nature 478,483-489.

KARADOTTIR, R., and ATTWELL, D. (2007): Neurotransmitter receptors in the life
and death of oligodendrocytes. Neuroscience 145,1426-1438.

KARAGOGEOS, D., MORTON, S.B., CASANO, F., DODD, J., and JESSELL, T.M.
(1991): Developmental expression of the axonal glycoprotein TAG-1: Di�erential regula-
tion by central and peripheral neurons in vitro. Development 112,51-67.

KIM, H.J., DIBERNARDO, A.B., SLOANE, J.A., RASBAND, M.N., SOLOMON, D.,
KOSARAS, B., KWAK, S.P., and VARTANIAN, T.K. (2006): Wave1 is required for
oligodendrocyte morphogenesis and normal CNS myelination. J Neurosci 26,5849-5859.

61



CHAPTER 8. REFERENCES

KIPP, M., CLARNER, T., DANG, J., COPRAY, S., and BEYER, C. (2009): The cupri-
zone animal model: New insights into an old story. Acta Neuropathol 118,723-736.

KIRBY, B.B., TAKADA, N., LATIMER, A.J., SHIN, J., CARNEY, T.J., KELSH, R.N.,
and APPEL, B. (2006): In vivo time-lapse imaging shows dynamic oligodendrocyte pro-
genitor behavior during zebrafish development. Nat Neurosci 9,1506-1511.

KISS, J.Z., WANG, C., OLIVE, S., ROUGON, G., LANG, J., BAETENS, D., HARRY,
D., and PRALONG,W.F. (1994):Activity-dependent mobilization of the adhesion molecule
polysialic NCAM to the cell surface of neurons and endocrine cells. EMBO J 13,5284-5292.

KNAPP, P.E., BARTLETT, W.P., and SKOFF, R.P. (1987): Cultured oligodendrocytes
mimic in vivo phenotypic characteristics: Cell shape, expression of myelin-specific anti-
gens, and membrane production. Dev Biol 120,356-365.

KONDO, T., and RAFF, M. (2000): The ID4 HLH protein and the timing of oligo-
dendrocyte di�erentiation. EMBO J 19,1998-2007.

KRAMER, E.M., SCHARDT, A., and NAVE, K.A. (2001): Membrane tra�c in myeli-
nating oligodendrocytes. Microsc Res Tech 52,656-671.

KROLL, R. A., PAGEL, M. A., ROMAN-GOLDSTEIN, S., BARKOVICH, A. J., D’
AGOSTINO, A. N., and NEUWELT, E. A. (1995): White matter changes associated with
feline GM2 gangliosidosis (sandho� disease): Correlation of MR findings with pathologic
and ultrastructural abnormalities. AJNR Am J Neuroradiol 16,1219-1226.

KUHLBRODT, K., HERBARTH, B., SOCK, E., HERMANS-BORGMEYER, I., and
WEGNER, M. (1998): SOX10, a novel transcriptional modulator in glial cells. J Neu-
rosci 18,237-250.

KUKLEY, M., CAPETILLO-ZARATE, E., and DIETRICH, D. (2007): Vesicular gluta-
mate release from axons in white matter. Nat Neurosci 10,311-320.

KUKLEY, M., NISHIYAMA, A., and DIETRICH, D. (2010): The fate of synaptic input
to NG2 glial cells: Neurons specifically downregulate transmitter release onto di�erenti-
ating oligodendroglial cells. J Neurosci 30,8320-8331.

KUMAR, A., HIGGINS, M.A., CALLEY, J.N., MCAHREN, S.M., HALSTEAD, B.W.,
DOW, E.R., GAO, H., and SEARFOSS, G.H. (2005): Abstracting genes to gene ontology

62



CHAPTER 8. REFERENCES

terms allows comparison across multiple species. Proceedings of the 18th International
Conference on Systems Engineering 320 – 325.

LAFRENAYE, A.D., and FUSS, B. (2010): Focal adhesion kinase can play unique and
opposing roles in regulating the morphology of di�erentiating oligodendrocytes. J Neu-
rochem 115,269-282.

LARSSON, O., and SANDBERG, R. (2006): Lack of correct data format and compara-
bility limits future integrative microarray research. Nat Biotechnol 24,1322-1323.

LARSSON, O., WENNMALM, K., and SANDBERG, R. (2006): Comparative microar-
ray analysis. OMICS 10,381-397.

LAURSEN,L.S., CHAN,C.W., and FFRENCH-CONSTANT,C. (2009): An integrin- con-
tactin complex regulates CNS myelination by di�erential fyn phosphorylation. J Neurosci
29,9174-9185.

LEDOUX, M.S., XU, L., XIAO, J., FERRELL, B., MENKES, D.L., and HOMAYOUNI,
R. (2006): Murine central and peripheral nervous system transcriptomes: Comparative
gene expression. Brain Res 1107,24-41.

LEE, C.K., WEINDRUCH, R., and PROLLA, T.A. (2000): Gene-expression profile of
the ageing brain in mice. Nat Genet 25,294-297.

LEE, S., LEACH, M.K., REDMOND, S.A., CHONG, S.Y., MELLON, S.H., TUCK,
S.J., FENG, Z.Q., COREY, J.M., and CHAN, J.R. (2012): A culture system to study
oligodendrocyte myelination processes using engineered nanofibers. Nat Methods 9,917-
922.

LELIEVRE, V., GHIANI, C.A., SEKSENYAN, A., GRESSENS, P., DE VELLIS, J.,
and WASCHEK, J.A. (2006): Growth factor-dependent actions of pacap on oligoden-
drocyte progenitor proliferation. Regul Pept 137,58-66. LEUNG, J.Y., KOLLIGS, F.T.,
WU, R., ZHAI, Y., KUICK, R., HANASH, S., CHO, K.R., and FEARON, E.R. (2002):
Activation of axin2 expression by beta-catenin-t cell factor. A feedback repressor pathway
regulating wnt signaling. Journal of Biological Chemistry 277,21657-21665.

LI, H., HE, Y., RICHARDSON, W.D., and CASACCIA, P. (2009): Two-tier transcrip-
tional control of oligodendrocyte di�erentiation. Curr Opin Neurobiol 19,479-485.

63



CHAPTER 8. REFERENCES

LI, H., LORIE, E.P., FISCHER, J., VAHLQUIST, A., and TORMA, H. (2012): The
expression of epidermal lipoxygenases and transglutaminase-1 is perturbed by nipal4 mu-
tations: Indications of a common metabolic pathway essential for skin barrier homeostasis.
J Invest Dermatol 132,2368-2375.

LI, W., ZHANG, B., TANG, J., CAO, Q., WU, Y., WU, C., GUO, J., LING, E.A.,
and LIANG, F. (2007): Sirtuin 2, a mammalian homolog of yeast silent information
regulator-2 longevity regulator, is an oligodendroglial protein that decelerates cell di�er-
entiation through deacetylating alpha-tubulin. J Neurosci 27,2606-2616.

LIANG, X., DRAGHI, N.A., and RESH, M.D. (2004): Signaling from integrins to fyn to
rho family gtpases regulates morphologic di�erentiation of oligodendrocytes. J Neurosci
24,7140-7149.

LINDBERG, R.L.P., DE GROOT, C.J.A., CERTA, U., RAVID, R., HOFFMANN, F.,
KAPPOS, L., and LEPPERT, D. (2004): Multiple sclerosis as a generalized CNS disease
- comparative microarray analysis of normal appearing white matter and lesions in sec-
ondary progressive ms. J Neuroimmunol 152,154-167.

LIU, A., LI, J., MARIN-HUSSTEGE, M., KAGEYAMA, R., FAN, Y., GELINAS, C.,
and CASACCIA-BONNEFIL, P. (2006): A molecular insight of hes5-dependent inhibi-
tion of myelin gene expression: Old partners and new players. EMBO J 25,4833-4842.

LIU, R., CAI, J., HU, X., TAN, M., QI, Y., GERMAN, M., RUBENSTEIN, J., SANDER,
M., and QIU, M. (2003): Region-specific and stage-dependent regulation of olig gene ex-
pression and oligodendrogenesis by NKX6.1 homeodomain transcription factor. Develop-
ment 130,6221-6231.

LIU, X., BATES, R., YIN, D.M., SHEN, C., WANG, F., SU, N., KIROV, S.A., LUO, Y.,
WANG, J.Z., XIONG, W.C., and MEI, L. (2011): Specific regulation of NRG1 isoform
expression by neuronal activity. J Neurosci 31,8491-8501.

LIU, Z., HU, X., CAI, J., LIU, B., PENG, X., WEGNER, M., and QIU, M. (2007):
Induction of oligodendrocyte di�erentiation by OLIG2 and SOX10: Evidence for recipro-
cal interactions and dosage-dependent mechanisms. Dev Biol 302,683-693.

LOCK, C., HERMANS, G., PEDOTTI, R., BRENDOLAN, A., SCHADT, E., GARREN,
H., LANGER-GOULD, A., STROBER, S., CANNELLA, B., ALLARD, J., KLONOWSKI,
P., AUSTIN, A., LAD, N., KAMINSKI, N., GALLI, S.J., OKSENBERG, J.R., RAINE,
C.S., HELLER, R., and STEINMAN, L. (2002): Gene-microarray analysis of multiple

64



CHAPTER 8. REFERENCES

sclerosis lesions yields new targets validated in autoimmune encephalomyelitis. Nat Med
8,500-508.

LU, Q.R., SUN, T., ZHU, Z., MA, N., GARCIA, M., STILES, C.D., and ROWITCH,
D.H. (2002): Common developmental requirement for olig function indicates a motor
neuron/oligodendrocyte connection. Cell 109,75-86.

LU, Q.R., YUK, D., ALBERTA, J.A., ZHU, Z., PAWLITZKY, I., CHAN, J., MCMA-
HON, A.P., STILES, C.D., and ROWITCH, D.H. (2000): Sonic hedgehog–regulated oligo-
dendrocyte lineage genes encoding bhlh proteins in the mammalian central nervous sys-
tem. Neuron 25,317-329.

LU, Y., HUGGINS, P., and BAR-JOSEPH, Z. (2009): Cross species analysis of mi-
croarray expression data. Bioinformatics 25,1476-1483.

LUCCHINETTI, C., BRUCK, W., PARISI, J., SCHEITHAUER, B., RODRIGUEZ, M.,
and LASSMANN, H. (2000): Heterogeneity of multiple sclerosis lesions: Implications for
the pathogenesis of demyelination. Ann Neurol 47,707-717.

LUO, C., CHEN, M., MADDEN, A., and XU, H. (2012): Expression of complement
components and regulators by di�erent subtypes of bone marrow-derived macrophages.
Inflammation 35,1448-1461.

MA, J., TANAKA, K.F., YAMADA, G., and IKENAKA, K. (2007): Induced expres-
sion of cathepsins and cystatin c in a murine model of demyelination. Neurochem Res
32,311-320.

MA, Z., CAO, Q., ZHANG, L., HU, J., HOWARD, R.M., LU, P., WHITTEMORE, S.R.,
and XU, X.M. (2009): Oligodendrocyte precursor cells di�erentially expressing NOGO-A
but not MAG are more permissive to neurite outgrowth than mature oligodendrocytes.
Exp Neurol 217,184-196.

MAGER, G.M., WARD, R.M., SRINIVASAN, R., JANG, S.W., WRABETZ, L., and
SVAREN, J. (2008): Active gene repression by the egr2.Nab complex during peripheral
nerve myelination. Journal of Biological Chemistry 283,18187-18197.

MAGLOTT, D., OSTELL, J., PRUITT, K.D., and TATUSOVA, T. (2011): Entrez gene:
Gene-centered information at ncbi. Nucleic Acids Research 39,D52-D57.

65



CHAPTER 8. REFERENCES

MANN, M. K., RAY, A., BASU, S., KARP, C. L., and DITTEL, B. N. (2012): Pathogenic
and regulatory roles for B cells in experimental autoimmune encephalo- myelitis. Autoim-
munity 45,388-399.

MARSHALL, C.A., NOVITCH, B.G., and GOLDMAN, J.E. (2005): Olig2 directs as-
trocyte and oligodendrocyte formation in postnatal subventricular zone cells. J Neurosci
25,7289-7298.

MATSUOKA, T., SUMIYOSHI, T., TSUNODA, M., TAKASAKI, I., TABUCHI, Y.,
UEHARA, T., ITOH, H., SUZUKI, M., and KURACHI, M. (2010): Change in the ex-
pression of myelination/oligodendrocyte-related genes during puberty in the rat brain. J
Neural Transm 117,1265-1268.

MAUREL, P., EINHEBER, S., GALINSKA, J., THAKER, P., LAM, I., RUBIN, M.B.,
SCHERER, S.S., MURAKAMI, Y., GUTMANN, D.H., and SALZER, J.L. (2007): Nectin-
like proteins mediate axon schwann cell interactions along the internode and are essential
for myelination. J Cell Biol 178,861-874.

MCCONNELL, J.A. (1981): Identification of early neurons in the brainstem and spinal
cord. Ii. An autoradiographic study in the mouse. J Comp Neurol 200,273-288.

MEIXNER, M., JUNGNICKEL, J., GROTHE, C., GIESELMANN, V., and ECKHARDT,
M. (2011): Myelination in the absence of UDP - galactose: Ceramide galactosyl- trans-
ferase and fatty acid 2 -hydroxylase. BMC Neurosci 12,22.

MEKKI-DAURIAC, S., AGIUS, E., KAN, P., and COCHARD, P. (2002): Bone morpho-
genetic proteins negatively control oligodendrocyte precursor specification in the chick
spinal cord. Development 129,5117-5130.

MENEGOZ, M., GASPAR, P., LE BERT, M., GALVEZ, T., BURGAYA, F., PALFREY,
C., EZAN, P., ARNOS, F., and GIRAULT, J.A. (1997): Paranodin, a glycoprotein of
neuronal paranodal membranes. Neuron 19,319-331.

MI, S., MILLER, R.H., LEE, X., SCOTT, M.L., SHULAG-MORSKAYA, S., SHAO,
Z., CHANG, J., THILL, G., LEVESQUE, M., ZHANG, M., HESSION, C., SAH, D.,
TRAPP, B., HE, Z., JUNG, V., MCCOY, J.M., and PEPINSKY, R.B. (2005): Lingo-1
negatively regulates myelination by oligodendrocytes. Nat Neurosci 8,745-751.

MIDDELDORP, J., and HOL, E.M. (2011): Gfap in health and disease. Prog Neuro-
biol 93,421-443.

66



CHAPTER 8. REFERENCES

MILNER, R., EDWARDS, G., STREULI, C., and FFRENCH-CONSTANT, C. (1996): A
role in migration for the alpha v beta 1 integrin expressed on oligodendrocyte precursors.
J Neurosci 16,7240-7252.

MITCHELL, A.C., and MIRNICS, K. (2012): Gene expression profiling of the brain:
Pondering facts and fiction. Neurobiol Dis 45,3-7.

MITEW, S., HAY, C.M., PECKHAM, H., XIAO, J., KOENNING, M., and EMERY,
B. (2013): Mechanisms regulating the development of oligodendrocytes and central ner-
vous system myelin. Neuroscience

MIYAMOTO, Y., YAMAUCHI, J., and TANOUE, A. (2008): Cdk5 phosphorylation
of wave2 regulates oligodendrocyte precursor cell migration through nonreceptor tyrosine
kinase fyn. J Neurosci 28,8326-8337.

MONNIER, P., MARTINET, C., PONTIS, J., STANCHEVA, I., AIT-SI-ALI, S., and
DANDOLO, L. (2013): H19 lncRNA controls gene expression of the imprinted gene net-
work by recruiting mbd1. Proc Natl Acad Sci U S A 110,20693-20698.

MORISSETTE, N., and CARBONETTO, S. (1995): Laminin alpha 2 chain (m chain) is
found within the pathway of avian and murine retinal projections. J Neurosci 15,8067-
8082.

MUELLER, A.M., PEDRE, X. , STEMPFL, T. , KLEITER, I. , COUILLARD-DESPRES,
S. , AIGNER, L., GIEGERICH, G., and STEINBRECHER, A. (2008): Novel role for
SLPI in MOG-induced EAE revealed by spinal cord expression analysis. J Neuroinflam-
mation 5,20.

MUSE, E.D., JUREVICS, H., TOEWS, A.D., MATSUSHIMA, G.K., and MORELL,
P. (2001): Parameters related to lipid metabolism as markers of myelination in mouse
brain. J Neurochem 76,77-86.

NACU, N., LUZINA, I. G., HIGHSMITH, K., LOCKATELL, V., POCHETUHEN, K.,
COOPER, Z. A., GILLMEISTER, M. P., TODD, N. W., and ATAMAS, S. P. (2008):
Macrophages produce TGF-beta-induced (beta-ig-h3) following ingestion of apoptotic
cells and regulate mmp14 levels and collagen turnover in fibroblasts. J Immunol 180,5036-
5044.

67



CHAPTER 8. REFERENCES

NARAYANAN, S.P., FLORES, A.I., WANG, F., and MACKLIN, W.B. (2009): Akt
signals through the mammalian target of rapamycin pathway to regulate CNS myelina-
tion. J Neurosci 29,6860-6870.

NARUSE, M., NAKAHIRA, E., MIYATA, T., HITOSHI, S., IKENAKA, K., and BANSAL,
R. (2006): Induction of oligodendrocyte progenitors in dorsal forebrain by intraventricular
microinjection of FGF-2. Dev Biol 297,262-273.

NAVE, K.A. (2010): Myelination and support of axonal integrity by glia. Nature 468,244-
252.

NDUBAKU, U., and DE BELLARD, M.E. (2008): Glial cells: Old cells with new twists.
Acta Histochem 110,182-195.

NICOLAY, D.J., DOUCETTE, J.R., and NAZARALI, A.J. (2007): Transcriptional con-
trol of oligodendrogenesis. Glia 55,1287-1299.

NISHIYAMA, A. (2007): Polydendrocytes: NG2 cells with many roles in development
and repair of the CNS. Neuroscientist 13,62-76.

NISHIYAMA, A., LIN, X.H., GIESE, N., HELDIN, C.H., and STALLCUP, W.B. (1996):
Interaction between NG2 proteoglycan and pdgf alpha-receptor on O2A progenitor cells
is required for optimal response to PDGF. J Neurosci Res 43,315-330.

NOBLE, M., MURRAY, K., STROOBANT, P., WATERFIELD, M.D., and RIDDLE,
P. (1988): Platelet-derived growth factor promotes division and motility and inhibits pre-
mature di�erentiation of the oligodendrocyte/type-2 astrocyte progenitor cell. Nature
333,560-562.

NORTON, W.T. (1984): Recent advances in myelin biochemistry. Ann N Y Acad Sci
436,5-10.

NOVITCH, B.G., CHEN, A.I., and JESSELL, T.M. (2001): Coordinate regulation of
motor neuron subtype identity and pan-neuronal properties by the bhlh repressor OLIG2.
Neuron 31,773-789.

O’BRIEN, J.S. (1965): Stability of the myelin membrane. Science 147,1099-1107.

68



CHAPTER 8. REFERENCES

O’CONNOR, L.T., GOETZ, B.D., KWIECIEN, J.M., DELANEY, K.H., FLETCH, A.L.,
and DUNCAN, I.D. (1999): Insertion of a retrotransposon in MBP disrupts mRNA splic-
ing and myelination in a new mutant rat. J Neurosci 19,3404-3413.

OLDHAM, M.C., KONOPKA, G., IWAMOTO, K., LANGFELDER, P., KATO, T.,
HORVATH, S., and GESCHWIND, D.H. (2008): Functional organization of the tran-
scriptome in human brain. Nat Neurosci 11,1271-1282.

OLSON, N.E. (2006): The microarray data analysis process: From raw data to bio-
logical significance. NeuroRx 3,373-383.

OMARI, K.M., LUTZ, S.E., SANTAMBROGIO, L., LIRA, S.A., and RAINE, C.S.
(2009): Neuroprotection and remyelination after autoimmune demyelination in mice that
inducibly overexpress cxcl1. Am J Pathol 174,164-176.

ORTEGA, M.C., BRIBIAN, A., PEREGRIN, S., GIL, M.T., MARIN, O., and DE CAS-
TRO, F. (2012): Neuregulin-1/erbb4 signaling controls the migration of oligodendrocyte
precursor cells during development. Exp Neurol 235,610-620.

ORTH, M., and BELLOSTA, S. (2012): Cholesterol: Its regulation and role in cen-
tral nervous system disorders. Cholesterol 2012,292598.

OSTERHOUT, D.J., EBNER, S., XU, J., ORNITZ, D.M., ZAZANIS, G.A., and MCKIN-
NON, R.D. (1997): Transplanted oligodendrocyte progenitor cells expressing a dominant-
negative FGF receptor transgene fail to migrate in vivo. J Neurosci 17,9122-9132.

OTAEGUI, D., SAENZ, A., RUIZ-MARTINEZ, J., OLASKOAGA, J., and DE MU-
NAIN, A.L. (2007): Ucp2 and mitochondrial haplogroups as a multiple sclerosis risk
factor. Multiple Sclerosis 13,454-458.

OUDEGA, M., and MARANI, E. (1991): Expression of vimentin and glial fibrillary
acidic protein in the developing rat spinal cord: An immunocytochemical study of the
spinal cord glial system. J Anat 179,97-114.

OUSMAN, S. S., TOMOOKA, B. H., VAN NOORT, J. M., WAWROUSEK, E. F., O’
CONNOR, K. C., HAFLER, D.A., SOBEL, R.A., ROBINSON, W.H., and STEINMAN,
L. (2007): Protective and therapeutic role for alphab-crystallin in autoimmune demyeli-
nation. Nature 448,474-479.

69



CHAPTER 8. REFERENCES

PACHNER, A.R., BRADY, J., and NARAYAN, K. (2007): Antibody-secreting cells in
the central nervous system in an animal model of ms: Phenotype, association with dis-
ability, and in vitro production of antibody. J Neuroimmunol 190,112-120.

PANDEY, A.K., LU, L., WANG, X., HOMAYOUNI, R., and WILLIAMS, R.W. (2014):
Functionally enigmatic genes: A case study of the brain ignorome. PLoS One 9,e88889.

PANG, Y., ZHENG, B., FAN, L.W., RHODES, P.G., and CAI, Z. (2007): IGF-1 protects
oligodendrocyte progenitors against tnfalpha-induced damage by activation of pi3k/akt
and interruption of the mitochondrial apoptotic pathway. Glia 55,1099-1107.

PARK, H.C., and APPEL, B. (2003): Delta-notch signaling regulates oligodendrocyte
specification. Development 130,3747-3755.

PAUS, T., COLLINS, D.L., EVANS, A.C., LEONARD, G., PIKE, B., and ZIJDEN-
BOS, A. (2001): Maturation of white matter in the human brain: A review of magnetic
resonance studies. Brain Res Bull 54,255-266.

PAYNE, H.R., HEMPERLY, J.J., and LEMMON, V. (1996): N-cadherin expression and
function in cultured oligodendrocytes. Brain Res Dev Brain Res 97,9-15.

PEDRAZA, L., HUANG, J.K., and COLMAN, D. (2009): Disposition of axonal caspr
with respect to glial cell membranes: Implications for the process of myelination. J Neu-
rosci Res 87,3480-3491.

PEDRAZA, L., HUANG, J.K., and COLMAN, D.R. (2001): Organizing principles of
the axoglial apparatus. Neuron 30,335-344.

PELLETIER, M. , LEPOW, T.S., BILLINGHAM, L. K., MURPHY, M. P., and SIEGEL,
R.M. (2012): New tricks from an old dog: Mitochondrial redox signaling in cellular in-
flammation. Semin Immunol 24,384-392.

PETRIK, D., YUN, S., LATCHNEY, S.E., KAMRUDIN, S., LEBLANC, J.A., BIBB,
J.A., and EISCH, A.J. (2013): Early postnatal in vivo gliogenesis from nestin-lineage
progenitors requires cdk5. PLoS One 8,e72819.

PETRINOVIC, M.M., DUNCAN, C.S., BOURIKAS, D., WEINMAN, O., MONTANI,
L., SCHROETER, A., MAERKI, D., SOMMER, L., STOECKLI, E.T., and SCHWAB,
M.E. (2010): Neuronal nogo-a regulates neurite fasciculation, branching and extension in
the developing nervous system. Development 137,2539-2550.

70



CHAPTER 8. REFERENCES

POTTER, K.A., KERN, M.J., FULLBRIGHT, G., BIELAWSKI, J., SCHERER, S.S.,
YUM, S.W., LI, J.J., CHENG, H., HAN, X., VENKATA, J.K., KHAN, P.A., ROHRER,
B., and HAMA, H. (2011): Central nervous system dysfunction in a mouse model of fa2h
deficiency. Glia 59,1009-1021.

PRESTOZ, L., CHATZOPOULOU, E., LEMKINE, G., SPASSKY, N., LEBRAS, B.,
KAGAWA, T., IKENAKA, K., ZALC, B., and THOMAS, J.L. (2004): Control of ax-
onophilic migration of oligodendrocyte precursor cells by eph-ephrin interaction. Neuron
Glia Biol 1,73-83.

PRIMMER, C.R., PAPAKOSTAS, S., LEDER, E.H., DAVIS, M.J., and RAGAN, M.A.
(2013): Annotated genes and nonannotated genomes: Cross-species use of gene ontology
in ecology and evolution research. Mol Ecol 22,3216-3241.

PRINGLE, N.P., MUDHAR, H.S., COLLARINI, E.J., and RICHARDSON, W.D. (1992):
PDGF receptors in the rat CNS: During late neurogenesis, PDGF alpha-receptor expres-
sion appears to be restricted to glial cells of the oligodendrocyte lineage. Development
115,535-551.

QI, Y., CAI, J., WU, Y., WU, R., LEE, J., FU, H., RAO, M., SUSSEL, L., RUBEN-
STEIN, J., and QIU, M. (2001): Control of oligodendrocyte di�erentiation by the NKX2.
22. 2 homeodomain transcription factor. Development 128,2723-2733.

RADDATZ, B.B., HANSMANN, F., SPITZBARTH, I., KALKUHL, A., DESCHL, U.,
BAUMGÄRTNER, W., and ULRICH, R. (2014): Transcriptomic meta-analysis of mul-
tiple sclerosis and its experimental models. PLoS One 9,e86643.

RAFF, M.C., MILLER, R.H., and NOBLE, M. (1983): A glial progenitor cell that de-
velops in vitro into an astrocyte or an oligodendrocyte depending on culture medium.
Nature 303,390-396.

RAJASEKHARAN, S., BAKER, K.A., HORN, K.E., JARJOUR, A.A., ANTEL, J.P.,
and KENNEDY, T.E. (2009): Netrin 1 and dcc regulate oligodendrocyte process branch-
ing and membrane extension via fyn and rhoa. Development 136,415-426.

RAMSEY, S.A., KLEMM, S.L., ZAK, D.E., KENNEDY, K.A., THORSSON, V., LI,
B., GILCHRIST, M., GOLD, E.S., JOHNSON, C.D., LITVAK, V., NAVARRO, G.,
ROACH, J.C., ROSENBERGER, C.M., RUST, A.G., YUDKOVSKY, N., ADEREM,
A., and SHMULEVICH, I. (2008): Uncovering a macrophage transcriptional program by

71



CHAPTER 8. REFERENCES

integrating evidence from motif scanning and expression dynamics. PLoS Comput Biol
4,e1000021.

RELUCIO, J., TZVETANOVA, I.D., AO, W., LINDQUIST, S., and COLOGNATO,
H. (2009): Laminin alters fyn regulatory mechanisms and promotes oligodendrocyte de-
velopment. J Neurosci 29,11794-11806.

RHEE, S.Y., WOOD, V., DOLINSKI, K., and DRAGHICI, S. (2008): Use and mis-
use of the gene ontology annotations. Nat Rev Genet 9,509-515.

RICE, D., and BARONE, S., JR. (2000): Critical periods of vulnerability for the de-
veloping nervous system: Evidence from humans and animal models. Environ Health
Perspect 108 Suppl 3,511-533.

RICHARDSON, W.D., KESSARIS, N., and PRINGLE, N. (2006): Oligodendrocyte wars.
Nat Rev Neurosci 7,11-18.

RICHARDSON, W.D., YOUNG, K.M., TRIPATHI, R.B., and MCKENZIE, I. (2011):
NG2-glia as multipotent neural stem cells: Fact or fantasy? Neuron 70,661-673.

RIOS,J.C., MELENDEZ-VASQUEZ,C.V., EINHEBER,S., LUSTIG,M., GRUMET, M.,
HEMPERLY, J., PELES, E., and SALZER, J.L. (2000): Contactin-associated protein
(caspr) and contactin form a complex that is targeted to the paranodal junctions during
myelination. J Neurosci 20,8354-8364.

RIVERS, L.E., YOUNG, K.M., RIZZI, M., JAMEN, F., PSACHOULIA, K., WADE,
A., KESSARIS, N., and RICHARDSON, W.D. (2008): Pdgfra/NG2 glia generate myeli-
nating oligodendrocytes and piriform projection neurons in adult mice. Nat Neurosci
11,1392-1401.

ROSENBERG, S.S., KELLAND, E.E., TOKAR, E., DE LA TORRE, A.R., and CHAN,
J.R. (2008): The geometric and spatial constraints of the microenvironment induce oligo-
dendrocyte di�erentiation. Proc Natl Acad Sci U S A 105,14662-14667.

ROSS, J.L., ALI, M.Y., and WARSHAW, D.M. (2008): Cargo transport: Molecular
motors navigate a complex cytoskeleton. Curr Opin Cell Biol 20,41-47.

ROWITCH, D.H. (2004): Glial specification in the vertebrate neural tube. Nat Rev
Neurosci 5,409-419.

72



CHAPTER 8. REFERENCES

ROWITCH, D.H., and KRIEGSTEIN, A.R. (2010): Developmental genetics of verte-
brate glial-cell specification. Nature 468,214-222.

SAHER, G., QUINTES, S., and NAVE, K.A. (2011): Cholesterol: A novel regulatory
role in myelin formation. Neuroscientist 17,79-93.

SAMANTA, J., and KESSLER, J.A. (2004): Interactions between id and olig proteins
mediate the inhibitory e�ects of bmp4 on oligodendroglial di�erentiation. Development
131,4131-4142.

SANCHEZ-ABARCA, L.I., TABERNERO, A., and MEDINA, J.M. (2001): Oligoden-
drocytes use lactate as a source of energy and as a precursor of lipids. Glia 36,321-329.

SCHIROLI, D., CIRRINCIONE, S., DONINI, S., and PERACCHI, A. (2013): Strict
reaction and substrate specificity of agxt2l1, the human o-phosphoethanolamine phospho-
lyase. IUBMB Life 65,645-650.

SCHLIERF, B., WERNER, T., GLASER, G., and WEGNER, M. (2006): Expression
of connexin47 in oligodendrocytes is regulated by the sox10 transcription factor. J Mol
Biol 361,11-21.

SCHLITT, B.P., FELRICE, M., JELACHICH, M.L., and LIPTON, H.L. (2003): Apop-
totic cells, including macrophages, are prominent in theiler’s virus-induced inflammatory,
demyelinating lesions. J Virol 77,4383-4388.

SCHWEITZER, J., BECKER, T., SCHACHNER, M., NAVE, K.A., and WERNER,
H. (2006): Evolution of myelin proteolipid proteins: Gene duplication in teleosts and
expression pattern divergence. Mol Cell Neurosci 31,161-177.

SCOLDING, N.J., FRITH, S., LININGTON, C., MORGAN, B.P., CAMPBELL, A.K.,
and COMPSTON, D.A. (1989): Myelin-oligodendrocyte glycoprotein (MOG) is a surface
marker of oligodendrocyte maturation. J Neuroimmunol 22,169-176.

SEE, J., ZHANG, X., ERAYDIN, N., MUN, S.B., MAMONTOV, P., GOLDEN, J.A.,
and GRINSPAN, J.B. (2004): Oligodendrocyte maturation is inhibited by bone morpho-
genetic protein. Mol Cell Neurosci 26,481-492.

SEOK, J., WARREN, H. S., CUENCA, A. G., MINDRINOS, M. N., BAKER, H. V.,
XU, W., RICHARDS, D. R., MCDONALD-SMITH, G. P., GAO, H., HENNESSY,
L., FINNERTY, C. C., LOPEZ, C. M., HONARI, S., MOORE, E. E., MINEI, J. P.,

73



CHAPTER 8. REFERENCES

CUSCHIERI, J., BANKEY, P. E., JOHNSON, J. L., SPERRY, J., NATHENS, A. B.,
BILLIAR, T. R., WEST, M. A., JESCHKE, M. G., KLEIN, M. B., GAMELLI, R.
L., GIBRAN, N. S., BROWNSTEIN, B. H., MILLER-GRAZIANO, C., CALVANO, S.
E., MASON, P. H., COBB, J. P., RAHME, L. G., LOWRY, S. F., MAIER, R. V.,
MOLDAWER, L. L., HERNDON, D. N., DAVIS, R. W., XIAO, W., TOMPKINS, R.G.,
INFLAMMATION, and HOST RESPONSE TO INJURY, L.S.C.R.P. (2013): Genomic
responses in mouse models poorly mimic human inflammatory diseases. Proc Natl Acad
Sci U S A 110,3507-3512.

SHARIFI, K., EBRAHIMI, M., KAGAWA, Y., ISLAM, A., TUERXUN, T., YASUMOTO,
Y., HARA, T., YAMAMOTO, Y., MIYAZAKI, H., TOKUDA, N., YOSHIKAWA, T., and
OWADA, Y. (2013): Di�erential expression and regulatory roles of fabp5 and fabp7 in
oligodendrocyte lineage cells. Cell Tissue Res 354,683-695.

SHEEN, V.L. (2012):Periventricular heterotopia: Shuttling of proteins through vesicles
and actin in cortical development and disease.Scientifica(Cairo) 2012,480129.

SHEN, K., and TSENG, G.C. (2010): Meta-analysis for pathway enrichment analysis
when combining multiple genomic studies. Bioinformatics 26,1316-1323.

SHEN, S., SANDOVAL, J., SWISS, V.A., LI, J., DUPREE, J., FRANKLIN, R.J., and
CASACCIA-BONNEFIL, P. (2008): Age-dependent epigenetic control of di�erentiation
inhibitors is critical for remyelination e�ciency. Nat Neurosci 11,1024-1034.

SHERMAN, D.L., and BROPHY, P.J. (2005): Mechanisms of axon ensheathment and
myelin growth. Nat Rev Neurosci 6,683-690.

SHI, J., MARINOVICH, A., and BARRES, B.A. (1998): Purification and characterization
of adult oligodendrocyte precursor cells from the rat optic nerve. J Neurosci 18,4627-4636.

SHI, L.M., JONES, W.D., JENSEN, R.V., HARRIS, S.C., PERKINS, R.G., GOODSAID,
F.M., GUO, L., CRONER, L.J., BOYSEN, C., FANG, H., QIAN, F., AMUR, S., BAO,
W.J., BARBACIORU, C.C., BERTHOLET, V., CAO, X.M., CHU, T.M., COLLINS,
P.J., FAN, X.H., FRUEH, F.W., FUSCOE, J.C., GUO, X., HAN, J., HERMAN, D.,
HONG, H.X., KAWASAKI, E.S., LI, Q.Z., LUO, Y.L., MA, Y.Q., MEI, N., PETER-
SON, R.L., PURI, R.K., SHIPPY, R., SU, Z.Q., SUN, Y.A., SUN, H.M., THORN, B.,
TURPAZ, Y., WANG, C., WANG, S.J., WARRINGTON, J.A., WILLEY, J.C., WU, J.,
XIE, Q., ZHANG, L., ZHANG, L., ZHONG, S., WOLFINGER, R.D., and TONG, W.D.
(2008): The balance of reproducibility, sensitivity, and specificity of lists of di�erentially
expressed genes in microarray studies. Bmc Bioinformatics 9.

74



CHAPTER 8. REFERENCES

SIMONS, M., KRAMER, E.M., THIELE, C., STOFFEL, W., and TROTTER, J. (2000):
Assembly of myelin by association of proteolipid protein with cholesterol- and galactosyl
ceramide-rich membrane domains. J Cell Biol 151,143-154. SIMONS, M., and LYONS,
D.A. (2013): Axonal selection and myelin sheath generation in the central nervous sys-
tem. Curr Opin Cell Biol 25,512-519.

SIMONS, M., and TRAJKOVIC, K. (2006): Neuron-glia communication in the control
of oligodendrocyte function and myelin biogenesis. J Cell Sci 119,4381-4389.

SIMONS, M., and TROTTER, J. (2007): Wrapping it up: The cell biology of myeli-
nation. Curr Opin Neurobiol 17,533-540.

SOBOTTKA, B., ZIEGLER, U., KAECH, A., BECHER, B., and GOEBELS, N. (2011):
CNS live imaging reveals a new mechanism of myelination: The liquid croissant model.
Glia 59,1841-1849.

SOHN, J., NATALE, J., CHEW, L.J., BELACHEW, S., CHENG, Y., AGUIRRE, A.,
LYTLE, J., NAIT-OUMESMAR, B., KERNINON, C., KANAI-AZUMA, M., KANAI,
Y., and GALLO, V. (2006): Identification of SOX17 as a transcription factor that regu-
lates oligodendrocyte development. J Neurosci 26,9722-9735.

SOKOLOFF, L. (1992): Energy metabolism and e�ects of energy depletion or expo-
sure to glutamate. Can J Physiol Pharmacol 70 Suppl,S107-112.

SOMMER, I., and SCHACHNER, M. (1981): Monoclonal antibodies (O1 to O4) to
oligodendrocyte cell surfaces: An immunocytological study in the central nervous system.
Dev Biol 83,311-327.

SONG, J., GOETZ, B.D., BAAS, P.W., and DUNCAN, I.D. (2001): Cytoskeletal re-
organization during the formation of oligodendrocyte processes and branches. Mol Cell
Neurosci 17,624-636.

SPASSKY,N., DECASTRO,F., LEBRAS,B., HEYDON, K., QUERAUD-LESAUX, F.,
BLOCH-GALLEGO, E., CHEDOTAL, A., ZALC, B., and THOMAS, J.L. (2002): Di-
rectional guidance of oligodendroglial migration by class 3 semaphorins and netrin-1. J
Neurosci 22,5992-6004.

75



CHAPTER 8. REFERENCES

STEGMULLER, J., SCHNEIDER, S., HELLWIG, A., GARWOOD, J., and TROTTER,
J. (2002): An2, the mouse homologue of NG2, is a surface antigen on glial precursor cells
implicated in control of cell migration. J Neurocytol 31,497-505.

STOLT, C.C., LOMMES, P., FRIEDRICH, R.P., and WEGNER, M. (2004): Transcrip-
tion factors sox8 and sox10 perform non-equivalent roles during oligodendrocyte develop-
ment despite functional redundancy. Development 131,2349-2358.

STOLT, C.C., LOMMES, P., SOCK, E., CHABOISSIER, M.C., SCHEDL, A., and WEG-
NER, M. (2003): The SOX9 transcription factor determines glial fate choice in the devel-
oping spinal cord. Genes Dev 17,1677-1689.

STOLT, C.C., REHBERG, S., ADER, M., LOMMES, P., RIETHMACHER, D., SCHACH-
NER, M., BARTSCH, U., and WEGNER, M. (2002): Terminal di�erentiation of myelin-
forming oligodendrocytes depends on the transcription factor SOX10. Genes Dev 16,165-
170.

STOLT, C. C., SCHLIERF, A., LOMMES, P., HILLGARTNER, S., WERNER, T.,
KOSIAN, T., SOCK, E., KESSARIS, N., RICHARDSON, W.D., LEFEBVRE, V., and
WEGNER, M. (2006): Soxd proteins influence multiple stages of oligodendrocyte devel-
opment and modulate soxe protein function. Dev Cell 11,697-709.

STORCH, M.K., STEFFERL, A., BREHM, U., WEISSERT, R., WALLSTROM, E.,
KERSCHENSTEINER, M., OLSSON, T., LININGTON, C., and LASSMANN, H. (1998):
Autoimmunity to myelin oligodendrocyte glycoprotein in rats mimics the spectrum of mul-
tiple sclerosis pathology. Brain Pathol 8,681-694.

SUGIMORI, M., NAGAO, M., BERTRAND, N., PARRAS, C.M., GUILLEMOT, F.,
and NAKAFUKU, M. (2007): Combinatorial actions of patterning and hlh transcription
factors in the spatiotemporal control of neurogenesis and gliogenesis in the developing
spinal cord. Development 134,1617-1629.

SUGIMORI, M., NAGAO, M., PARRAS, C.M., NAKATANI, H., LEBEL, M., GUILLE-
MOT, F., and NAKAFUKU, M. (2008): Ascl1 is required for oligodendrocyte develop-
ment in the spinal cord. Development 135,1271-1281.

SWISS, V.A., NGUYEN, T., DUGAS, J., IBRAHIM, A., BARRES, B., ANDROU-
LAKIS, I.P., and CASACCIA, P. (2011): Identification of gene regulatory network nec-
essary for the initiation of oligodendrocyte di�erentiation. PLoS One 6,e18088.

76



CHAPTER 8. REFERENCES

TAIT, S., GUNN-MOORE, F., COLLINSON, J.M., HUANG, J., LUBETZKI, C., PE-
DRAZA, L., SHERMAN, D.L., COLMAN, D.R., and BROPHY, P.J. (2000): An oligo-
dendrocyte cell adhesion molecule at the site of assembly of the paranodal axo-glial junc-
tion. J Cell Biol 150,657-666.

TAJOURI, L., MELLICK, A.S., ASHTON, K.J., TANNENBERG, A.E.G., NAGRA,
R.M., TOURTELLOTTE, W.W., and GRIFFITHS, L.R. (2003): Quantitative and qual-
itative changes in gene expression patterns characterize the activity of plaques in multiple
sclerosis. Mol Brain Res 119,170-183.

TANIGUCHI, S., LIU, H., NAKAZAWA, T., YOKOYAMA, K., TEZUKA, T., and YA-
MAMOTO, T. (2003): P250gap, a neural rhogap protein, is associated with and phos-
phorylated by fyn. Biochem Biophys Res Commun 306,151-155.

TANIGUCHI, Y., AMAZAKI, M., FURUYAMA, T., YAMAGUCHI, W., TAKAHARA,
M., SAINO, O., WADA, T., NIWA, H., TASHIRO, F., MIYAZAKI, J., KOGO, M.,
MATSUYAMA, T., and INAGAKI, S. (2009): Sema4d deficiency results in an increase
in the number of oligodendrocytes in healthy and injured mouse brains. J Neurosci Res
87,2833-2841.

TAVEGGIA, C., FELTRI, M.L., and WRABETZ, L. (2010): Signals to promote myelin
formation and repair. Nat Rev Neurol 6,276-287.

THAXTON, C., and BHAT, M.A. (2009): Myelination and regional domain di�eren-
tiation of the axon. Results Probl Cell Di�er 48,1-28.

TIMMER, J.R., WANG, C., and NISWANDER, L. (2002): BMP signaling patterns the
dorsal and intermediate neural tube via regulation of homeobox and helix-loop-helix tran-
scription factors. Development 129,2459-2472.

TIMSIT, S., MARTINEZ, S., ALLINQUANT, B., PEYRON, F., PUELLES, L., and
ZALC, B. (1995): Oligodendrocytes originate in a restricted zone of the embryonic ven-
tral neural tube defined by DM-20 mRNA expression. J Neurosci 15,1012-1024.

TIWARI-WOODRUFF, S.K., BUZNIKOV, A.G., VU, T.Q., MICEVYCH, P.E., CHEN,
K., KORNBLUM, H.I., and BRONSTEIN, J.M. (2001): Osp/claudin-11 forms a complex
with a novel member of the tetraspanin super family and beta1 integrin and regulates
proliferation and migration of oligodendrocytes. J Cell Biol 153,295-305.

77



CHAPTER 8. REFERENCES

TOKUMOTO, Y.M., APPERLY, J.A., GAO, F.B., and RAFF, M.C. (2002): Posttran-
scriptional regulation of p18 and p27 cdk inhibitor proteins and the timing of oligoden-
drocyte di�erentiation. Dev Biol 245,224-234.

TRAKA, M., DUPREE, J.L., POPKO, B., and KARAGOGEOS, D. (2002): The neu-
ronal adhesion protein tag-1 is expressed by schwann cells and oligodendrocytes and is
localized to the juxtaparanodal region of myelinated fibers. J Neurosci 22,3016-3024.

TSAI, H.H., FROST, E., TO, V., ROBINSON, S., FFRENCH-CONSTANT, C., GEERT-
MAN, R., RANSOHOFF, R.M., and MILLER, R.H. (2002): The chemokine receptor
cxcr2 controls positioning of oligodendrocyte precursors in developing spinal cord by ar-
resting their migration. Cell 110,373-383.

TSAI, H.H., TESSIER-LAVIGNE, M., and MILLER, R.H. (2003): Netrin 1 mediates
spinal cord oligodendrocyte precursor dispersal. Development 130,2095-2105.

TSENG, G.C., GHOSH, D., and FEINGOLD, E. (2012): Comprehensive literature review
and statistical considerations for microarray meta-analysis. Nucleic Acids Res 40,3785-
3799.

TSEVELEKI, V., RUBIO, R., VAMVAKAS, S.S., WHITE, J., TAOUFIK, E., PETIT,
E., QUACKENBUSH, J., and PROBERT, L. (2010): Comparative gene expression anal-
ysis in mouse models for multiple sclerosis, alzheimer’s disease and stroke for identifying
commonly regulated and disease-specific gene changes. Genomics 96,82-91.

TSUNODA, I., KURTZ, C.I., and FUJINAMI, R.S. (1997): Apoptosis in acute and
chronic central nervous system disease induced by theiler’s murine encephalomyelitis virus.
Virology 228,388-393.

ULRICH, R., KALKUHL, A., DESCHL, U., and BAUMGÄRTNER, W. (2010): Ma-
chine learning approach identifies new pathways associated with demyelination in a viral
model of multiple sclerosis. J Cell Mol Med 14,434-448.

ULRICH, R., SEELIGER, F., KREUTZER, M., GERMANN, P.G., and BAUMGÄRT-
NER, W. (2008): Limited remyelination in theiler’s murine encephalomyelitis due to
insu�cient oligodendroglial di�erentiation of nerve/glial antigen 2 (NG2)-positive puta-
tive oligodendroglial progenitor cells. Neuropathol Appl Neurobiol 34,603-620.

78



CHAPTER 8. REFERENCES

UMEMORI, H., SATO, S., YAGI, T., AIZAWA, S., and YAMAMOTO, T. (1994): Initial
events of myelination involve fyn tyrosine kinase signalling. Nature 367,572-576.

VALLSTEDT, A., KLOS, J.M., and ERICSON, J. (2005): Multiple dorsoventral ori-
gins of oligodendrocyte generation in the spinal cord and hindbrain. Neuron 45,55-67.

VAN DER VALK, P., and DE GROOT, C.J.A. (2000): Staging of multiple sclerosis
(MS) lesions: Pathology of the time frame of ms. Neuropathology and Applied Neurobi-
ology 26,2-10.

VERDIER, V., CSARDI, G., DE PREUX-CHARLES, A.S., MEDARD, J.J., SMIT, A.B.,
VERHEIJEN, M.H., BERGMANN, S., and CHRAST, R. (2012): Aging of myelinating
glial cells predominantly a�ects lipid metabolism and immune response pathways. Glia
60,751-760.

VOGEL, D.Y.S., VEREYKEN, E.J.F., GLIM, J.E., HEIJNEN, P.D.A.M., MOETON,
M., VAN DER VALK, P., AMOR, S., TEUNISSEN, C.E., VAN HORSSEN, J., and DI-
JKSTRA, C.D. (2013): Macrophages in inflammatory multiple sclerosis lesions have an
intermediate activation status. J Neuroinflammation 10.

WAKE, H., LEE, P.R., and FIELDS, R.D. (2011): Control of local protein synthesis
and initial events in myelination by action potentials. Science 333,1647-1651.

WANG, C., PRALONG, W.F., SCHULZ, M.F., ROUGON, G., AUBRY, J.M., PAGLIUSI,
S., ROBERT, A., and KISS, J.Z. (1996): Functional n-methyl- d- aspartate receptors in
O-2A glial precursor cells: A critical role in regulating polysialic acid-neural cell adhesion
molecule expression and cell migration. J Cell Biol 135,1565-1581.

WANG, H., KUNKEL, D.D., MARTIN, T.M., SCHWARTZKROIN, P.A., and TEM-
PEL, B.L. (1993): Heteromultimeric k+ channels in terminal and juxtaparanodal regions
of neurons. Nature 365,75-79.

WANG, S., SDRULLA, A.D., DISIBIO, G., BUSH, G., NOFZIGER, D., HICKS, C.,
WEINMASTER, G., and BARRES, B.A. (1998): Notch receptor activation inhibits oligo-
dendrocyte di�erentiation. Neuron 21,63-75.

WATKINS, T.A., EMERY, B., MULINYAWE, S., and BARRES, B.A. (2008): Distinct
stages of myelination regulated by gamma-secretase and astrocytes in a rapidly myelinat-
ing CNS coculture system. Neuron 60,555-569.

79



CHAPTER 8. REFERENCES

WAXMAN, S.G., and RITCHIE, J.M. (1993): Molecular dissection of the myelinated
axon. Ann Neurol 33,121-136.

WEGNER, M. (2008): A matter of identity: Transcriptional control in oligodendrocytes.
J Mol Neurosci 35,3-12.

WENG, Q., CHEN, Y., WANG, H., XU, X., YANG, B., HE, Q., SHOU, W., CHEN,
Y., HIGASHI, Y., VAN DEN BERGHE, V., SEUNTJENS, E., KERNIE, S.G., BUK-
SHPUN, P., SHERR, E.H., HUYLEBROECK, D., and LU, Q.R. (2012): Dual-mode
modulation of smad signaling by smad-interacting protein sip1 is required for myelination
in the central nervous system. Neuron 73,713-728.

WHITE, C.A., MCCOMBE, P.A., and PENDER, M.P. (1998): The roles of fas, fas
ligand and bcl-2 in t cell apoptosis in the central nervous system in experimental autoim-
mune encephalomyelitis. J Neuroimmunol 82,47-55.

WIGGINS, R.C. (1982): Myelin development and nutritional insu�ciency. Brain Res
257,151-175.

WILKINS, A., MAJED, H., LAYFIELD, R., COMPSTON, A., and CHANDRAN, S.
(2003): Oligodendrocytes promote neuronal survival and axonal length by distinct in-
tracellular mechanisms: A novel role for oligodendrocyte-derived glial cell line-derived
neurotrophic factor. J Neurosci 23,4967-4974.

XIN, M., YUE, T., MA, Z., WU, F.F., GOW, A., and LU, Q.R. (2005): Myelinogen-
esis and axonal recognition by oligodendrocytes in brain are uncoupled in OLIG1-null
mice. J Neurosci 25,1354-1365.

YAMADA, M., ZURBRIGGEN, A., and FUJINAMI, R.S. (1990): The relationship be-
tween viral RNA, myelin-specific mRNAs, and demyelination in central nervous system
disease during theiler’s virus infection. Am J Pathol 137,1467-1479.

YE, F., CHEN, Y., HOANG, T., MONTGOMERY, R.L., ZHAO, X.H., BU, H., HU,
T., TAKETO, M.M., VAN ES, J.H., CLEVERS, H., HSIEH, J., BASSEL-DUBY, R.,
OLSON, E.N., and LU, Q.R. (2009): Hdac1 and hdac2 regulate oligodendrocyte di�eren-
tiation by disrupting the beta-catenin-tcf interaction. Nat Neurosci 12,829-838.

YOSHIKAWA,F., SATO,Y., TOHYAMA,K., AKAGI,T., HASHIKAWA,T., NAGAKURA-
TAKAGI, Y., SEKINE, Y., MORITA, N., BABA, H., SUZUKI, Y., SUGANO, S., SATO,
A., and FURUICHI, T. (2008): Opalin, a transmembrane sialylglycoprotein located in the

80



CHAPTER 8. REFERENCES

central nervous system myelin paranodal loop membrane. Journal of Biological Chemistry
283,20830-20840.

YU, S.P., CANZONIERO, L.M., and CHOI, D.W. (2001): Ion homeostasis and apop-
tosis. Curr Opin Cell Biol 13,405-411.

YU, W.P., COLLARINI, E.J., PRINGLE, N.P., and RICHARDSON, W.D. (1994): Em-
bryonic expression of myelin genes: Evidence for a focal source of oligodendrocyte pre-
cursors in the ventricular zone of the neural tube. Neuron 12,1353-1362.

ZAHN, J.M., POOSALA, S., OWEN, A.B., INGRAM, D., LUSTIG, A., CARTER,
A., WEERARATNA, A.T., TAUB, D.D., GOROSPE, M., MAZAN-MAMCZARZ, K.,
LAKATTA, E., BOHELER, K.R., XU, X., MATTSON, M.P., FALCO, G., KO, M.S.H.,
SCHLESSINGER, D., FIRMAN, J., KUMMERFELD, S.K., WOOD, W., LONGO, D.L.,
ZONDERMAN, A.B., KIM, S.K., and BECKER, K.G. (2005): Agemap: A gene expres-
sion database for aging in mice. PLoS Genetics preprint,e201.

ZHANG, H., VUTSKITS, L., CALAORA, V., DURBEC, P., and KISS, J.Z. (2004):
A role for the polysialic acid-neural cell adhesion molecule in pdgf-induced chemotaxis of
oligodendrocyte precursor cells. J Cell Sci 117,93-103. ZHANG, S.C. (2001): Defining
glial cells during CNS development. Nat Rev Neurosci 2,840-843.

ZHAO, X., HE, X., HAN, X., YU, Y., YE, F., CHEN, Y., HOANG, T., XU, X., MI,
Q.S., XIN, M., WANG, F., APPEL, B., and LU, Q.R. (2010): MicroRNAs-mediated con-
trol of oligodendrocyte di�erentiation. Neuron 65,612-626.

ZHENG, K., LI, H., ZHU, Y., ZHU, Q., and QIU, M. (2010): MicroRNAs are essen-
tial for the developmental switch from neurogenesis to gliogenesis in the developing spinal
cord. J Neurosci 30,8245-8250.

ZHOU, Q., and ANDERSON, D.J. (2002): The bhlh transcription factors OLIG2 and
OLIG1 couple neuronal and glial subtype specification. Cell 109,61-73.

ZHOU, Q., CHOI, G., and ANDERSON, D.J. (2001): The bhlh transcription factor
OLIG2 promotes oligodendrocyte di�erentiation in collaboration with nkx2.2. Neuron
31,791-807.

ZHU, X., HILL, R.A., DIETRICH, D., KOMITOVA, M., SUZUKI, R., and NISHI-
YAMA, A. (2011): Age-dependent fate and lineage restriction of single NG2 cells. Devel-
opment 138,745-753.

81



CHAPTER 8. REFERENCES

ZHU, X., HILL, R.A., and NISHIYAMA, A. (2008): NG2 cells generate oligodendrocytes
and gray matter astrocytes in the spinal cord. Neuron Glia Biol 4,19-26. ZISKIN, J.L.,
NISHIYAMA, A., RUBIO, M., FUKAYA, M., and BERGLES, D.E. (2007): Vesicular
release of glutamate from unmyelinated axons in white matter. Nat Neurosci 10,321-330.

ZOECKLEIN, L.J., PAVELKO, K.D., GAMEZ, J., PAPKE, L., MCGAVERN, D.B.,
URE, D.R., NJENGA, M.K., JOHNSON, A.J., NAKANE, S., and RODRIGUEZ, M.
(2003): Direct comparison of demyelinating disease induced by the daniel’s strain and
bean strain of theiler’s murine encephalomyelitis virus. Brain Pathol 13,291-308.

ZÖLLER,I., MEIXNER,M., HARTMANN,D., BUSSOW,H., MEYER,R., GIESELMANN,
V., and ECKHARDT, M. (2008): Absence of 2-hydroxylated sphingolipids is compatible
with normal neural development but causes late-onset axon and myelin sheath degenera-
tion. J Neurosci 28,9741-9754.

82



Chapter 9

Acknowledgements

I am using this opportunity to express my gratitude to everyone who supported me
throughout the course of this PhD Project.

First and foremost I would like to thank Prof. Dr. Wolfgang Baumgärtner, PhD for
encouraging my research and for allowing me to grow professionally and personally in
an open and friendly environment. He continually and persuasively conveyed a spirit of
adventure in regard to research and pathology, and an excitement for teaching.

I am grateful to my co-supervisors Prof. Dr. Peter Claus and Prof. Dr. Herbert Hilde-
brandt for taking time out from their busy schedule to constructively reviewing my work
and for helpful and interesting discussions.

I would also specifically like to thank Dr. Reiner Ulrich, PhD whose expertise, under-
standing, and patience, added considerably to my graduate experience and for the support
he provided at all levels of this research project. I have enjoyed the opportunity to watch
and learn from his knowledge and experience.

I would like to express my special appreciation and thanks to Prof. Dr. Ulrich De-
schl, Dr. Arno Kalkuhl, Anuschka Unold, Thomas Feidl and Martin Gamber from the
Department of Non-Clinical Drug Safety, Boehringer Ingelheim Pharma GmbH&Co KG
in Biberach (Riß) for conducting the microarray experiments and giving me the opportu-
nity to visit their friendly and supportive lab.

Moreover, I want to thank Petra Grünig, Bettina Buck, Kerstin Schöne, Caro Schütz,
Kerstin Rohn, Claudia Hermann, Christiane Namneck and Danuta Waschke for their ex-
cellent help in the lab and an always friendly and collegiate working atmosphere.

At the end I would like to thank three important groups of people, without whom this
dissertation would not have been possible: my colleagues, my friends, and my family.

Many thanks to my wonderful friends and colleagues from the Department of pathol-
ogy. I am very grateful for working in an environment, where people enjoy what they are

83



CHAPTER 9. ACKNOWLEDGEMENTS

doing and are capable of having a good time. Thank you for helping me out, cheering me
on, pulling in the same direction, cooperating and sometimes just listen to me.

Thanks to my family for supporting me through every decision I made and my husband
for being my rock.

84





ISBN 978-3-86345-245-2

Verlag: Deutsche Veterinärmedizinische Gesellschaft Service GmbH
35392 Gießen · Friedrichstraße 17 · Tel. 0641 / 24466 · Fax: 0641 / 25375

E-Mail: info@dvg.de · Internet: www.dvg.de

Re
in

er
 G

eo
rg

 U
lri

ch
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

 H
an

no
ve

r 2
01

4

Department of Pathology
University of Veterinary Medicine Hannover
Center for Systems Neuroscience Hannover

Barbara Beate Rosa Raddatz

Hannover 2015

Transcriptional analysis of the glial cell differentiation
in the diseased and normal central nervous system


