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Abstract   

Multiple Sclerosis (MS) is an inflammatory disease which causes areas of demyelination in 

the Central Nervous System (CNS) and affects only humans. Current therapies for MS are 

focused on anti-inflammatory treatment, which reduce the occurrence and clinical relapses of 

the disease. However, progressive disability of the disease is related to axonal degeneration. 

After demyelination, remyelination occurs, which helps repair the demyelinated lesions and 

protects axons from degeneration. However, this endogenous remyelination is inefficient, 

and currently there are no therapies available to enhance remyelination. The aim of this 

thesis was to first characterize a fast and reliable model to study CNS remyelination in vitro, 

and second to investigate the role of semaphorin 3a (Sema3A) and semaphorin 3f (Sema3F) 

signaling in CNS remyelination.  

Various in vivo models have been developed to investigate the pathology of multiple 

sclerosis, and can be used to test remyelination therapies. However, in vivo models are 

expensive, animal- and time- consuming. Until now, there has been no well-characterized 

and robust in vitro model for remyelination study. In this thesis, an ex vivo slice culture 

system with mouse brain and spinal cord was developed, and characterized by 

immunofluorescent microscopy and transmission electron microscopy, for CNS 

remyelination study. Automated (re)myelinating quantification by image pro plus software 

was developed and validated to provide a fast and reliable way for testing factors that change 

remyelination efficiency.  

Two such factors are Sema3A and 3F, which were initially identified as axon guidance cues 

during development. Sema3A (repulsive) and 3F (attractive) were proved to play a role in 

oligodendrocyte precursor cell (OPC) migration during development, and hypothesized to be 

important in remyelination. In this thesis, I investigated the effects and mechanisms for this 

by adding recombinant SEMA3A or SEMA3F or by knockdown their obligatory receptors 

Neuropilin (Nrp) 1 and 2, using lentivirus induced miRNAi. Slice culture and primary OPC 

culture were used to determine the effect on OPC survival, migration, proliferation, 

differentiation and myelination.  
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1.1  Introduction 

 

The evolution of a complex nervous system in vertebrates was accompanied by the 

acquisition of the myelin sheath to ensheathe axons, which is a biologically active 

multilamellar membrane formed by oligodendrocytes (OLs) in the central nervous system 

(CNS) and Schwann cells in the peripheral nervous system (PNS). Communication between 

myelin and axon is crucial for axonal functions, such as rapid nerve saltatory conduction, 

axon survival and cytoskeletal organization. The loss or damage of the myelin sheath, 

referred to as demyelination, occurs in serious neurological diseases such as multiple 

sclerosis (MS), a demyelinating disease of the CNS.  

 

Adult oligodendrocyte precursor cells (OPCs), making up around 5-8% of the glial cell 

population in the CNS (Levine et al, 2001), can be activated and are responsible for the 

myelin repair or regeneration in response to demyelination. This process, which is called 

remyelination, can restore function lost following demyelination. However, remyelination 

fails during the later stages of multiple sclerosis, and leads to axon degeneration eventually. 

Remyelination failure may be because adult OPCs lose the ability to differentiate to mature 

OLs and to myelinate the axons, or due to the damage to the axons preventing OLs from 

myelinating them, or because of failure of OPC recruitment to the lesion sites (Franklin & 

ffrench-Constant, 2008). To improve the efficiency of remyelination in MS and hence to 

protect axons from degeneration, it is important to decipher the cellular and molecular 

mechanisms underlying remyelination.  

 

Multiple sclerosis only occurs in humans, which makes it difficult to study at a molecular 

level, and to develop and test potential therapies that may change the course of the disease. 

To develop therapies to promote remyelination in MS, many and various in vivo models have 

been used, which are expensive in terms of time, animals and money. With the development 

of high-throughput and high-content techniques, such as microarray techniques, a large 
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amount of information is and will be generated according to which genes and molecules are 

involved in MS development and repair. A much faster and cheaper in vitro model is urgently 

needed, as an initial reliable screen to select the most promising remyelination strategies 

from hundreds of thousands of possibilities, for further tests in animal models and clinical 

trials. In addition, how to quantify myelination/remyelination quickly and accurately is also a 

rate-limiting step in the screening process. An objective and automated system to quantify 

myelin sheaths is essential.  One of the objectives of this thesis was to fully characterize a 

mouse slice culture model for study of demyelination and remyelination, and to develop and 

validate an automated quantification method for fast measurement of 

myelination/remyelination.  

 

Semaphorin 3A and 3F (Sema3A and 3F) have been proved to have an effect on OPC 

migration during optic nerve development (Spassky et al, 2002), which make them possible 

candidates for altering remyelination in MS. Sema3A and 3F are members of the semaphorin 

protein family, which is one of the largest protein families of phylogenetically conserved 

guidance cues (Yazdani & Terman, 2006). Semaphorins are expressed in most tissues and 

this distribution varies considerably with age - they are dynamically expressed during 

embryonic development and decrease with maturity (Mann et al, 2007). However, expression 

changes of semaphorins and their receptors in adult are often related to neurological diseases, 

e.g. Schizophrenia (Eastwood et al, 2003; Mah et al, 2006), Alzheimer disease (Good et al, 

2004), autism (Melin et al, 2006), glioblastoma (Osada et al, 2004; Rich et al, 2005), 

Amyotrophic lateral sclerosis (ALS) (De Winter et al, 2006), traumatic injury of the CNS 

and PNS (Ara et al, 2004; De Winter et al, 2002; Kaneko et al, 2006; Scarlato et al, 2003), 

epileptic seizure (Barnes et al, 2003; Shimakawa et al, 2002; Yang et al, 2005), and multiple 

sclerosis (Williams et al, 2007). Yet, the role of Sema3A and 3F and their receptors in 

myelination, demyelination and remyelination has not yet been clearly identified. Another 

objective of this thesis was to explore the role of Sema3A and 3F signaling in CNS 

myelination and remyelination.   
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1.2  Myelination in the CNS 

 

1.2.1 The composition and structure of myelin sheath 

 

The vertebrate axons are electrically insulated by the myelin sheath, which has a unique 

composition and segmental structure and is responsible for the fast saltatory conduction of 

nerve impulses. High-speed conduction, fidelity of signaling over long distances, and space 

economy are the three major advantages of the myelin sheath in the vertebrate nervous 

system in comparison to the invertebrate nervous system, where rapid conduction is 

accompanied by an increased axonal caliber (Baumann & Pham-Dinh, 2001). 

 

The myelin membrane is dominated by lipids, containing cholesterol, phospholipids, and 

glycolipids in molar ratios ranging from 4:3:2 to 4:4:2 (Morell P, 1999). One of the major 

characteristics of myelin lipids is their richness in glycosphingolipids, in particular 

galactocerebrosides, i.e., galactosylceramides (GalC) and their sulfated derivatives, 

sulfatides, i.e., sulfogalactosylceramides. GalC are the most typical lipids of myelin and 

represent 20% lipid dry weight in mature myelin. Sialylated derivatives of 

galactocerebroside, i.e., the ganglioside GM4 and GM1, are also enriched in myelin (Morell 

P, 1999).  

 

The myelin membrane’s protein composition has been viewed to be of very low complexity, 

with PLP (proteolipid protein) and MBP (myelin basic protein) constituting 50% and 30% of 

whole myelin proteins respectively (Taylor et al, 2004). However, recently a myelin 

proteomics study suggests that up to 678 proteins in human and 515 proteins in mouse are 

associated with CNS myelin (Ishii et al, 2009). By mass spectrometry-based quantification, 

PLP and MBP constitute 17% and 8% of total myelin protein respectively, suggesting that 

their abundance was previously overestimated, due to limitations in the resolving power of 

the one dimensional gels and in the dynamic range of protein staining (Jahn et al, 2009). The 
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large scale proteomic analysis of human and mouse myelin with these advanced techniques 

has led to the identification of a large number of novel myelin related proteins involved in 

catalytic activities, the cytoskeleton, vesicular trafficking, ion transport and cell adhesion 

(Jahn et al, 2009). 

 

In the CNS, the myelin sheath is formed by the membrane of oligodendrocytes and an 

individual oligodendrocyte myelinates up to 50 axon segments (Baumann & Pham-Dinh, 

2001). Each myelin sheath segment or internode appears to be 150-200um in length, which 

is separated by spaces where myelin is lacking, the nodes of Ranvier (Baumann & 

Pham-Dinh, 2001). The myelinated axons are organized into a series of polarized domains, 

including the nodes of Ranvier, paranode, juxtaparanode, and the internode (Fig.1.1A) 

(Salzer, 2003). Each of these domains contains distinct protein complexes, such as ion 

channels, cell adhesion molecules, and cytoplasmic adaptor proteins. For example, 

voltage-gated Nav channels are concentrated at the nodes of Ranvier, which allow efficient 

and rapid propagation of action potentials in myelinated axons, whereas Kv channels are 

clustered at the juxtaparanode, which help to maintain the internode resting potential. The 

node and the juxtaparanode are separated by paranode, an axo-glial septate junction between 

the distal, uncompacted loops of myelin and the axolemma, which comprises of the axonal 

proteins Caspr (contactin associated protein, also known as paranodin) and contactin, and 

their probable glial partner neurofascin 155 (Nfasc155) (Poliak & Peles, 2003; Salzer, 2003; 

Sherman & Brophy, 2005). 

 

Myelin sheath thickness increases concomitantly with axon diameter, maintaining a 

relatively stable ratio, called the g-ratio (the ratio between the inner axon 

diameter/circumference and that of the outer myelin sheath) (Bishop et al, 1971; Rushton, 

1951). It is widely believed that the g-ratio of a myelinated axon is optimized to achieve 

maximal efficiency of impulse conduction. An increase in the g-ratio implies a relative 

reduction in the thickness of the myelin sheath, as the myelin sheath diameter approaches  
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that of the axon. The g-ratio is widely utilized as a functional and structural index of optimal 

axonal myelination, and a g-ratio of between 0.60 and 0.75 is considered to be optimal for 

conduction of the action potential (Goldman & Albus, 1968). In addition to the thickness of 

myelin sheath, the relative length of the internode is also important for its function (Beuche 

& Friede, 1985). Short internodes have thinner sheaths than long internodes of the same fiber 

caliber (Friede & Bischhausen, 1982). 

 

1.2.2 Myelin sheath is formed by Oligodendrocytes (OLs) 

 

Oligodendrocytes are CNS myelinating cells, induced from the neuroepithelium and 

differentiated late in the CNS, after neurons, microglia and astrocytes (Baumann & 

Pham-Dinh, 2001). An OL extends many processes, each of which contacts and repeatedly 

envelopes a stretch of axon with subsequent condensation of this multiple-spiral 

membrane-forming myelin. Before their final maturation involving myelin formation, 

oligodendrocyte precursor cells undergo a complex and precisely timed program of 

proliferation, migration, and differentiation. A number of distinct phenotypic developmental 

stages have been identified both in vivo and in vitro based on the expression of various 

specific components (antigenic markers), as it is often insufficient to characterize each stage 

by morphological criteria alone, from migratory and mitotic progenitors and precursors, then 

pro-oligodendroblasts, immature OLs and into mature postmitotic myelin-producing cells 

(Fig.1.1B) (Grinspan, 2002; Jakovcevski et al, 2009; Miller, 2002; Richardson et al, 2006).  

 

The cell type before the OPC stage is termed a progenitor, which can be labeled with the 

embryonic form of neural cell adhesion molecule (NCAM), polysialic acid polymer NCAM 

(PSA-NCAM), and the internal filaments vimentin and nestin (Fig.1.1B) (de Castro & 

Bribian, 2005; Grinspan, 2002). A few of these cells also double label with the A2B5 

antibody. These cells appear to be restricted to a mostly glial fate, giving rise to cells 

exclusively of the oligodendrocyte lineage and astrocytes, but not neurons, both in vitro 
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(Ben-Hur et al, 1998) and in vivo (Nait-Oumesmar et al, 1999).   

 

Oligodendrocyte precursor cells (OPCs) are small, round, process-bearing cells with active 

proliferation and migratory properties, which can be identified in vitro with the A2B5 

antibody that recognizes several gangliosides (Fredman et al, 1984). Antibodies R24 and 

LB1 against ganglioside GD3 was also used to identify OPCs in culture. However, these 

antibodies also label other cell types such as neurons and astrocytes in vivo (Satoh & Kim, 

1995), so more specific makers are used, such as PDGFRα (platelet-derived growth factor 

receptor alpha), a transmembrane receptor tyrosine kinase, and NG2, a single 

membrane-spanning chondroitin sulphate proteoglycan (Fig.1.1B) (Nishiyama, 2007; 

Nishiyama et al, 2009). They are the most reliable markers for OPCs in vivo and are also 

used to label adult OPCs (Franklin & ffrench-Constant, 2008).  

 

When OPCs begin to differentiate, they express a sulfated surface antigen known as POA 

(pro-oligodendroblast antigen), which can be recognized by the antibody O4 (Bansal et al, 

1992). At the same time, they extend numerous branching processes and stop migrating. OLs 

in this stage are called pro-oligodendroblasts, a transition stage that is characterized by 

continued proliferation but altered response to mitogens compared to A2B5+/O4- cells 

(Fig.1.1B) (Gard & Pfeiffer, 1990).  

 

The beginning of the differentiation of OPCs to mature OLs is detected by the expression of 

galactocerebroside (GalC) on the cell surface, with a dramatic decrease in proliferation and 

increase in process extension and complexity (Gard & Pfeiffer, 1990). These cells are termed 

immature OLs, which can be identified by the antibodies recognizing galactocerebrosides, 

such as R-MAb and O1 (Fig.1.1B) (Bansal & Pfeiffer, 1992; Bansal et al, 1989).  

 

As OLs differentiate, they start to synthesize the structural proteins of myelin and are termed 

mature OLs. The expression timing and level of these proteins are precisely regulated during 
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the development of the OLs, at both the RNA and protein level. The first to appear is CNP 

(2’,3’-cyclic nucleotide 3’-phosphohydrolase), a basic myelin membrane protein that forms 4% 

of all myelin (Reynolds & Wilkin, 1988). It is present in 2 isoforms, one of which is 

synthesized before GalC at the very end of the precursor stage (Scherer et al, 1994). More 

abundant myelin proteins, proteolipid protein (PLP), and myelin basic protein (MBP) are 

expressed 2-3 days after GalC and CNP in culture (Reynolds & Wilkin, 1988). PLP and its 

alternatively spliced isoform, DM-20, are membrane proteins that play a critical role in 

regulation of OPC differentiation (Schneider et al, 1992; Yang & Skoff, 1997). MBP also has 

multiple isoforms and plays a major role in myelin compaction (Shine et al, 1992). 

Myelin-associated glycoprotein (MAG) and myelin/oligodendrocyte glycoprotein (MOG), 

are minor components of myelin and expressed relatively late in the process of myelination 

(Fig.1.1B) (Filbin, 1996; Grinspan, 2002; Solly et al, 1996).  

 

1.2.3 The function and importance of the myelin sheath 

 

The major role of the myelin sheath is to allow saltatory conduction of nerve impulses. The 

richness in lipid, but low water content, makes the myelin sheath have a high resistance and 

low capacitance, which are the basics of saltatory conduction (Reviewed by Baumann & 

Pham-Dinh, 2001). In addition, the myelin sheath plays an important role in axonal 

development and maintenance, including development and regulation of axonal caliber, and 

maintenance and survival of axons.  

 

Oligodendrocytes and myelin itself have been shown to induce axon growth in early stages 

of development, by triggering local accumulation and organization of the neurofilament 

network, and the subsequent growth of axon caliber. In later stages of development or 

adulthood, however, myelin and differentiated oligodendrocytes play an inhibitory role on 

neurite growth, e.g. for late-developing tracts and inhibition of plasticity in the adult brain. In 

adult mammalian CNS after axonal injury, myelin-associated inhibitory proteins, such as 
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Nogo A (NI-35/250), MAG and OMgp, have been proved to inhibit axonal regeneration 

(Reviewed by Baumann & Pham-Dinh, 2001). 

 

The myelin sheath is essential in maintaining axonal integrity. Loss of myelin results in 

subsequent axon injury and degeneration - a major cause of neurological disability in myelin 

related disease (Nave & Trapp, 2008), and axonal loss is often related to long-term 

demyelination (Raine & Cross, 1989; Trapp et al, 1998). The role of the myelin sheath in 

protecting and supporting axonal integrity is further proved by the importance of structural 

myelin proteins. Transgenic mice lacking Plp, Cnp or Mag demonstrate axonal degeneration 

and severe neurological disability in spite of the presence of myelin (Griffiths et al, 1998a; 

Griffiths et al, 1998b; Lappe-Siefke et al, 2003; Nguyen et al, 2009; Pan et al, 2005; Yin et al, 

2006). 

 

1.2.4 OPCs are highly migratory in development 

 

Although oligodendrocytes are present throughout the adult CNS, OPCs originate from 

multiple but discrete foci along the neural tube (Richardson et al, 2006). During CNS 

development, beginning on or about E12.5-E13.5, OPCs migrate dorsally from ventral neural 

tube, through distinct migratory routes, to their final destinations, resulting in distribution of 

OLs throughout the CNS in the adult, including both the white and grey matter (Miller, 1996; 

Timsit et al, 1995). One exception is the olfactory bulb, where OPCs are generated 

intrinsically (Spassky et al, 2001). Successful CNS myelination requires long-distance 

migration, most of which is accomplished by immature OPCs. In neonatal rat optic nerve 

culture, immature A2B5 cells migrate extensively while mature O4 precursors are less motile 

(Noble et al, 1988). Adult OPCs still maintain this mobility: migration of adult OPCs from 

adjacent tissue or the SVZ to a MS lesion to differentiate and myelinate denudated axons is 

critical for the repair of demyelinated areas of MS, functional recovery and axon protection.  
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To produce a well-organized brain structure, there must be precise mechanisms controlling 

both OPC migratory movement, in tight combination with axonal growth and establishment 

of precise synapses. Defects in OPC migration during development are suggested to result in 

important pathologies, such as mental retardation, epilepsy, or schizophrenia (reviewed by de 

Castro & Bribian, 2005). However, OPC migration is less studied compared to that of neuron 

migration, e.g. in the developing CNS. OPC migration has been extensively studied in some 

regions of the CNS, such as the optic nerve and the spinal cord. In the rat optic nerve, tissue 

culture studies demonstrated that OPCs originated in the brain or optic chiasm and migrated 

along the nerve during development (Small et al, 1987). In the spinal cord, OPCs are located 

along the ventral regions of the entire rostral-caudal extent of the spinal cord as early as the 

time of neural tube closure (Warf et al, 1991). However, whether the ventral spinal cord is 

the only source of OPCs is still unclear (Spassky et al, 1998). Different mechanisms have 

been suggested to be involved in OPC migration, including contact-mediated mechanisms 

(e.g. adhesion molecules that mediate cell-cell adhesion or matrix-cell interaction) and 

long-range cues (chemoattractive or chemorepellent molecules such as semaphorins and 

Netrin1) (de Castro & Bribian, 2005; Jarjour & Kennedy, 2004).  

 

The contact with a preformed axonal tract might be one of the main factors underlying OPC 

migration, given that the final destinations of oligodendrocytes are consistent with axonal 

topography. This hypothesis was supported by OPC migration in the optic nerve, where 

OPCs migrate from the chiasm to the retina along an established retinal ganglion cell axonal 

tract (Small et al, 1987), providing a migration substratum consisting of parallel, aligned 

axons (Ono et al, 1997; Webb et al, 1995). Different adhesion molecules have been shown to 

mediate OPC migration over astrocytic surfaces and extracellular matrices as well as axonal 

tracts (reviewed by de Castro & Bribian, 2005). Substrate-bound ECM molecules including 

laminin, fibronectin, vitronectin, merosin and “astro-glial matrix” (a complex ECM mixture 

secreted by astrocytes) promote OPC migration, whereas collagen and tenascin-C inhibits 

migration in vitro (Frost et al, 1996; Milner et al, 1996). However, loss of one of these 
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molecules in vivo would not be expected to cause a large defect in OPC distribution as other 

molecules may compensate for the defects. Studies performed in tenascin-C knockout mice 

showed no differences in the distribution of OPCs in adult animals (Kiernan et al, 1999; Saga 

et al, 1992). Integrins are involved in OPC migration on ECM substrates. Oligodendroglial 

cells in vitro express a limited repertoire of integrins, including α6β1 and several αv integrins, 

and blocking integrins with RGD peptides (that block αv but not α6 integrins) and anti-β1 

antibodies block OPC migration in vitro (Milner et al, 1996). Fibronectin and vitronectin, 

expressed in developing white matter tracts during development (Pons & Marti, 2000; 

Sheppard et al, 1991), may bind to αvβ1 integrins expressing OPCs and guide their migration 

along white matter tracts. Other adhesion molecules including PSA-NCAM, polysialic acid, 

N-Cadherin and ephrin also play a role in OPC migration (de Castro & Bribian, 2005).  

 

Ueda et al. observed that OPCs colonized the entire optic nerve at P4 in the absence of viable 

axons when optic nerve was transected at P0 (Ueda et al, 1999). It may be that significant 

numbers of OPCs had populated the nerve prior to the transection or residual cues i.e. ECM 

remained after the removal of the axons. However, it is also possible that OPC migration is 

independent of preformed axonal tracts and secreted long-range chemotropic cues might play 

a key role in directing OPC migration, at least at postnatal stages. This is proved by the 

evidence that the majority of the OPCs migrate unidirectly from the chiasm to the retina in 

optic nerve, and without the optic chiasm the migration of OPCs was bidirectional with 

similar numbers of cells moving short distances in both directions along the nerve (Sugimoto 

et al, 2001). The long-range diffusible cues include growth factors such as PDGF-A, FGF-2 

and HGF, and chemotropic guidance cues such as Netrins and Semaphorins, and chemokines 

such as CXCL1.  

 

PDGF-A is a well-known OPC mitogen that promotes OPC motility and migration, as an 

attractant both in vitro and in vivo (Armstrong et al, 1991; Armstrong et al, 1990; Calver et al, 

1998; Noble et al, 1988). However, during OPC migration, PDGF-A is ubiquitously 
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distributed, being synthesized by astrocytes in the optic nerve (Mudhar et al, 1993) and by 

neurons in the developing brain and spinal cord (Hutchins & Jefferson, 1992; Yeh et al, 

1991), thus probably playing a more important role in maintaining high mobility of the cells 

rather than attracting OPC migration directionally. In PDGF-A knockout mice, there are 

reduced numbers of OPCs and oligodendrocytes (Fruttiger et al, 1999); however, as PDGF-A 

is also a potent mitogen of OPCs, it is difficult to tell whether these phenotypes are due to 

the loss of its chemotaxis effect or mitogenic effect. FGF-2 (or bFGF), another 

chemoattractant and mitogen of OPCs which is widely distributed in the embryonic CNS, 

promotes OPC migration to a lesser extent compared to PDGF-A and in a non-additive 

manner, suggesting that similar downstream signal transduction mechanisms are involved 

(Simpson & Armstrong, 1999).   

 

Many axon guidance cues have been identified during the past decade (Huber et al, 2003), 

and a number of these factors are also reported to play a role in OPC migration in the 

developing spinal cord and optic nerve. Netrin-1 is a secreted axon guidance cue that attracts 

or repels axons according to different types of axons (Manitt & Kennedy, 2002). The 

developing spinal cord and optic nerve express Netrin-1, and its receptors, DCC and Unc3H1, 

which are expressed in OPCs (Jarjour et al, 2003; Spassky et al, 2002; Tsai et al, 2003). In 

vitro experiments with explants of neonatal rat optic nerve and embryonic chick spinal cord, 

or transwell migration assays demonstrated that Netrin-1 repels OPCs migrating away from 

the source of Netrin-1 or against the gradient of Netrin-1，and antibodies blocking DCC 

function abolish the response to Netrin-1 in these experiments (Jarjour et al, 2003; Tsai et al, 

2003). In Netrin-1 or Dcc null mice, OPC migration from ventral to dorsal spinal cord is 

impaired at E15 (Jarjour et al, 2003). However, Spassky et al. showed that netrin-1 guiding 

OPCs migrating from the explants of embryonic mouse optic nerve at E16.5, exerts an 

attractive effect instead of a repellent effect (Spassky et al, 2002), which is in contrast to the 

observation by Sugimoto et al (Sugimoto et al, 2001). The discrepancy between the two may 

be due to differences in the age of the explanted tissue, or the genetic background of the 
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animals, or the experimental protocols. In addition, they use different markers for OPC, NG2 

or A2B5, and it has been suggested that different markers represent either separate 

oligodendrocyte lineages, or different stages of a common oligodendroglial lineage 

(Richardson et al, 2000; Spassky et al, 2000), which may lead to different responses of these 

OPCs to the same signal.  

 

Semaphorins are one of the largest protein families of phylogenetically conserved guidance 

cues (Yazdani & Terman, 2006). The secreted class 3 semaphorins, Sema3A and Sema3F, 

initially were identified as repellent axon guidance cues, but also were found to attract some 

types of axons (Raper, 2000). In the CNS, Sema3A and 3F and their receptors are expressed 

not only by neurons and astrocytes, but also OPCs and microglia cells (Williams et al, 2007). 

Cultured OPCs express Neuropilin family members, Nrp1 and Nrp2, which are obligate 

co-receptors of Sema3A and Sema3F, and their expression is reduced as they differentiate 

(Cohen et al, 2003). Sema3A and 3F have been proved to play an important role in OPC 

migration from the brain to the retina during optic nerve development (Spassky et al, 2002). 

In the developing optic nerve, Nrp1 and 2 are expressed by migrating OPCs, and Sema3A 

repels while Sema3F attracts OPC migrating from explants of embryonic mouse optic nerve 

(Spassky et al, 2002). However, Sugimoto et al. did not find an effect of Sema3A on OPC 

migration from explants of neonatal rat optic nerve (Sugimoto et al, 2001). In addition, 

Cohen et al. found that OPCs derived from neonatal rat brain avoid substrate stripes of 

Sema3F (Cohen et al, 2003). The heterogeneity of these in vitro results may due to 

differences in age, species, and experimental protocol, or different downstream signals are 

activated in different environments.  

 

Chemokines (chemotaxis cytokines) are secreted signaling molecules that were first 

described as regulating leukocyte migration in a target-specific fashion (Baggiolini, 1998). 

Tsai et al showed that chemokine CXCL1 expressed by astrocytes in the developing what 

matter inhibits PDGF-stimulated migration of immature spinal cord OPCs. OPCs express the 
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chemokine receptor CXCR2, and CXCL1 signals through this receptor and mediates 

inhibition of OPC migration (Tsai et al, 2002). Transient CXCL1 expression in the 

developing spinal cord led to localized accumulation of proliferating OPCs, while in Cxcr2 

null mice, oligodendrocytes are abnormally concentrated at the margin of the spinal cord 

(Robinson et al, 1998). It was thus proposed that as migrating OPCs enter presumptive white 

matter, they encounter an environment in which astrocytes transiently express locally high 

level of CXCL1, which signals through CXCR2 and inhibits further migration and stimulates 

proliferation in concert with PDGF. CXCL1 may work in conjunction with other signals such 

as localized expression of ECM i.e. tenascin-C and other guidance cues i.e. Netrin-1 to stop 

OPCs migrating.  

 

However, how can we explain OPC migration to the regions containing high concentrations 

of the repellent cues, such as netrin-1 and Sema3A? One of the explanations is that 

subpopulations of OPCs exist (Fu et al, 2002), which show heterogeneous responses to the 

migration cues in the migration assays above. After all, developmental studies suggest the 

existence of at least two, if not more, oligodendrocyte precursor cells, one is defined by 

PDGFRα expression, while another characterized by Plp/dm20 (RNA message only), which 

is independent from PDGF-AA for its proliferation and survival (Spassky et al, 2000). In this 

paper, the author also postulated the existence of a third family without known origin. It has 

also been shown that there are Nkx2.2+ Olig2+ OPCs and Nkx2.2+ Olig2- OPCs in the 

chick ventricular zone, and both of them have a similar distribution in chick spinal cord with 

about 25% of which are single-positive cells (Zhou et al, 2001). Whether there are more 

subpopulations of OPCs during OPC development is unclear, however, it is possible that 

different subpopulations of OPCs may respond differently to the same migration cues. 

Another explanation is that modulatory factors present at the site may alter OPC responses to 

these repellent guidance cues This happens in axon guidance: factors that regulate 

intracellular concentrations of cAMP or cGMP regulate the response of neuronal growth 

cones to netrins and semaphorins respectively (Caroni, 1998). However, if it is also the case 
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in OPC migration remains to be proved.  

 

Very little is known about the cellular mechanisms that mediate OPC migration. Neuronal 

and oligodendroglial lineages might share some of the mechanisms of migration. Growth 

cone-like structures can be observed at the tip of OPCs processes and actin cytoskeleton 

rearrangement leads to motility in both neurons and OPCs (Schmidt et al, 1997; Simpson & 

Armstrong, 1999). Modulators of oligodendrocyte morphology that affect actin 

polymerization include the Src family nonreceptor tyrosine kinases Src, Fyn, and Lyn 

(Colognato et al, 2004); the Rho family of small GTPases (Liang et al, 2004); 

Wiskott-Aldrich syndrome protein (WASP) family members, N-WASP and WAVE-1 (Sloane 

& Vartanian, 2007); and the serine/threonine kinase cyclin-dependent kinase 5 (Cdk5) 

(Miyamoto et al, 2007). PDGF, a potent OPC migration attractant, binds to PDGFR in OPC 

and initiates a signaling cascade involving sequential activation of Fyn, Cdk5, and WAVE-2, 

which culminates in increased migration (Miyamoto et al, 2008). However, it is not known 

whether Fyn, Cdk5 and WAVE-2 also play a role in OPC migration in vivo, as OPC 

migration defects in their null mice have not been reported (Rajasekharan, 2008; Umemori et 

al, 1994).  

 

1.2.5 Regulation of OPC proliferation, differentiation and maturation during 

CNS development 

 

Migrating OPCs initially enter presumptive ventral white matter, where their further 

immigration is inhibited and they undergo proliferation, differentiation, and myelination. The 

majority of OPC proliferation occurs after migration to the developing white matter and is 

essential to generate sufficient oligodendrocytes to myelinate the axons (Miller et al, 1997). 

Once there is a critical density of OPCs, further proliferation is inhibited, possibly through a 

feedback inhibition of OPC proliferation at high density (density-dependent mechanisms), 

which is cell type specific and does not appear to be mediated through the release of a 
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soluble factor (Zhang & Miller, 1996). The final number of oligodendrocytes is then 

determined by OPC differentiation and more importantly by cell survival (Barres et al, 1992). 

It was shown that normally more than 50% of the newly formed oligodendrocytes die in the 

developing rat optic nerve as a result of competition of limited amounts of local survival 

factors, such as PDGF and axonal derived neuregulin (Barres et al, 1992; Fernandez et al, 

2000). Sema4D was proved to positively regulate oligodendrocyte apoptosis - apoptotic 

oligodendrocytes were remarkably reduced in the developing cerebral cortex in Sema4d 

deficient mice, which induced an increase in the number of oligodendrocytes in the cerebral 

cortex (Yamaguchi et al, 2011). Ultimately, the number of oligodendrocytes in any particular 

region of the CNS seems directly matched to that of axons requiring myelination. Increased 

numbers of optic axons accompanied increased numbers of oligodendrocytes present in the 

optic nerve (Burne et al, 1996), while removal of axons led to a decrease in the number of 

oligodendrocytes (Ueda et al, 1999). 

 

The regulation of OPC proliferation seems closely linked to its differentiation during 

development. This might be because differentiation of OPCs requires its proper withdrawal 

from the cell cycle, with establishment of G1 arrest and induction of a program related to 

achieving quiescence. Cell cycle regulatory proteins, such as cyclin-dependent kinase (Cdk) 

inhibitor p27 and p21, were proved to play an important role in proper OPC differentiation. 

However, p27 and p21 control different aspects of the differentiation program: p27 is 

required for proper withdrawal from the cell cycle and p21 for the establishment of the 

differentiation program following growth arrest (Zezula et al, 2001). Thus, although 

differentiation of OPCs derived from both p27 and p21 null mice were disrupted in vitro, 

they demonstrated different phenotypes in vivo (Casaccia-Bonnefil et al, 1997). Neonatal 

p27 null mice show  ‘hypermyelination’ with an increase in the number of oligodendrocytes, 

while in p21 null mice, OPC differentiation and myelination is delayed and the brain is 

hypomyelinated early in animal life (Zezula et al, 2001).  
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OPC proliferation and differentiation can be regulated by both extrinsic factors and intrinsic 

transcription factors (Emery, 2010; Peru et al, 2008). Extrinsic factors include growth factors, 

negative regulatory factors, cytokines and axonal signals, while intrinsic regulation include 

different transcription factors that regulate OPC induction from neural stem cell (NSC) and 

OPC differentiation and maturation, epigenetic regulation including histone deacetylation 

and DNA methylation, and microRNA regulation.    

 

Shh, the vertebrate homologue of the Drosophila pattern forming gene hedgehog, is 

expressed in the notochord and adjacent floor plate, and plays an important role in inducing 

OPC development (Orentas et al, 1999). PDGF-A is one of the best-characterized mitogens 

and also a significant survival factor for OPC, which express its receptor PDGFRα (Noble et 

al, 1988; Richardson et al, 1988). The proliferative response of OPCs to PDGF is regulated 

by synergistic interactions with other molecules. The chemokine CXCL1 enhances OPC 

proliferation in response to PDGF, signaling through CXCR2 receptor expressed by OPCs 

(Tsai et al, 2002). FGF 2 is also a mitogen for OPC. It upregulates the expression of 

PDGFRα in OPC and thus modulates the PDGF-driven pathway of oligodendrocyte 

development (McKinnon et al, 1990). 

 

Positive regulatory factors including retinoic acid (RA), hormones including thyroid 

hormones (TH) and glucocorticoid (GC), as well as negative regulatory factors including 

TGFβ family members (i.e. bone morphogenetic proteins (BMPs)), Lingo-1, Wnt, and the 

Notch ligand Jagged 1, have primary effects on OPC expansion and differentiation (Emery, 

2010; Feigenson et al, 2011; Miller, 2002). Axonal signals, including neurotrophic factors 

(i.e. NT-3, BDNF, CNTF), neuregulins, extracellular matrix proteins (i.e. L1, integrin 

superfamily, PSA-NCAM and N-cadherin et al.) and electrical activity (neurotransmitters) 

may also play a critical role in controlling oligodendrocyte survival, maturation and 

myelination (Bozzali & Wrabetz, 2004; Peru et al, 2008). However, the CNS myelination 

phenotype of the transgenic mice null for these factors is mostly not as severe as in vitro 
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studies might predict, with significant numbers of OPCs remaining and sufficient 

myelination produced. This might due to a broad range of growth factors and regulatory 

factors that contribute to OPC development. 

 

The ability of OPCs to differentiate and myelinate axons is also regulated by a network of 

transcription factors, such as Olig1, Olig2, Id2, Id4 and Hes5, which are members of bHLH 

factor family; Nkx2.2 and Nkx6.2, which are members of homeodomain (HD) protein family; 

Sox5, Sox6 and Sox10, which are members of Sox protein family; Myt1 and YY1, which are 

members of zinc finger protein family; Tcf4, which is the transcription factor that mediates 

the transcriptional effects of the Wnt/β-catenin pathway; and myelin gene regulatory factor 

(MRF) (Emery, 2010). Some of these factors are present in both OPCs and postmitotic 

oligodendrocytes, such as Olig1, Olig2, Nkx2.2, Sox10, and YY1. Other transcription factors, 

most notably Id2, Id4, Hes5, and Sox6, are active in maintaining OPCs in their 

undifferentiated state and repressing myelin gene expression. This led to a general 

“depression” model of OPC differentiation and myelination. In this model, relief of 

extracellular inhibitory signals (i.e. Jagged1, Wnt, Lingo-1, PSA-NCAM et al.) causes the 

down-regulation of these inhibitory transcription factors or changes their cellular localization, 

allowing pro-differentiation factors (i.e. Olig1, Sox10, MRF, YY1 et al.) to induce 

differentiation and the expression of myelin genes (Emery, 2010; Emery et al, 2009). 

 

Epigenetic factors that induce modifications of chromatin, nucleosomal histones, such as 

histone deacetylases (HDACs), and non-coding RNAs such as microRNAs, can control cell 

type-specific gene expression and contribute to oligodendrocyte differentiation and myelin 

formation (Emery, 2010; Marin-Husstege et al, 2002; Shen et al, 2005). Inhibition of HDAC 

activity by administration of pharmacological inhibitors in postnatal rats leads to a delay in 

OPC differentiation and myelination (Shen et al, 2005). HDACs may promote OPC 

differentiation by interfering with the expression of the inhibitory transcriptional factors, i.e. 

Tcf4, Id2 and Id4 (He et al, 2007; Ye et al, 2009).  
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MicroRNAs have been shown to play an important role in OPC proliferation and 

differentiation. Dicer, an enzyme necessary for microRNAs processing into mature and 

active forms, is required for normal OPC differentiation and myelination. Mice lacking Dicer 

in OPCs and OLs display a shivering phenotype, characteristic of classic CNS 

dysmyelination (Dugas et al, 2010). Using microRNA profiling, several microRNAs have 

been identified. miR-219 and miR-338 are induced simultaneously with and promote OPC 

differentiation, partly by directly repressing negative regulators of OPC differentiation, i.e. 

Sox6 and Hes5 (Dugas et al, 2010; Zhao et al, 2010). The miR-17-92 cluster miRNA family, 

which is enriched in oligodendroglial lineage, promotes OPC proliferation and thus controls 

oligodendrocyte number by influencing Akt signaling (Budde et al, 2010). Absence of 

miR-17-92 leads to a reduction in oligodendrocyte number in vivo. 

 

The specificity and timing control of differentiation is also regulated by the interplay 

between genetic and epigenetic factors (reviewed by Miller, 2002; reviewed by Peru et al, 

2008). This coordinated regulation of OPC proliferation and differentiation in vitro proposed 

that timely oligodendrocyte generation is controlled by cell-intrinsic biological clocks, which 

may partly depend on AP-1 activity (Barres & Raff, 1994; Ibarrola et al, 1996; Tang et al, 

2000). Studies on rat optic nerve OPCs demonstrated that individual precursor cells undergo 

a defined number of cell divisions before differentiation, and in clones of cells derived from 

a single cell, all the progeny stop proliferation and differentiate at approximately the same 

time (Barres & Raff, 1994; Temple & Raff, 1986). In this model, a clock counting 

component, such as AP-1, its levels or activity decreases with time or each cell division, 

which lead to OPC insensitivity to mitogens such as TH, RA or GC. When AP-1 activity falls 

low enough, the cell becomes unresponsive to mitogen stimulation, withdraws from cell 

cycle, and differentiates into an oligodendrocyte (Barres & Raff, 1994). However, it seems 

that environmental factors can override the normal action of the cell intrinsic clock. 

Exposure of OPCs to culture media containing both PDGF and FGF results in the extended 
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proliferation and an inhibition of differentiation of OPCs (Bogler et al, 1990; McKinnon et al, 

1990). Likewise, removal of PDGF and FGF in culture media results in the rapid and 

precocious induction of differentiation of OPCs. Thus, how significant this timing 

mechanism in OPC proliferation and differentiation is still unclear.     

 

Although myelination occurs mostly early in life, it continues at least into late adolescence, 

and in some regions of CNS, even throughout adult life (Benes et al, 1994; Paus et al, 1999). 

In addition, myelin exhibits an unexpected level of plasticity throughout adult life (Benes et 

al, 1994). Evidence shows that extensive piano practice changes white matter even in 

adulthood: possibly caused by neural activity in fiber tracts during training, with myelination 

maturation at least into the third decade of adult life (Bengtsson et al, 2005). Fully 

understanding CNS myelination could help developing treatment for myelin related disease 

such as multiple sclerosis.  
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1.3  Multiple Sclerosis 

 

Multiple sclerosis, first thoroughly described by the French neurologist Jean-Martin Charcot 

in 1868, is a common inflammatory-mediated demyelinating disease and chronic 

degenerative disease of the human affecting the CNS. It is the most common disabling 

neurological disease that affects young adults and reduces lifespan by seven to eight years on 

average. There are around 2.5 million affected individuals throughout the world and nearly 

80,000 in UK. In Scotland, there is one MS patient in every 500 people. It accounts for an 

estimated ￡1.2 billion expenditure per annum in the UK (Compston & Coles, 2002).  

 

1.3.1 Etiology of MS 

 

So far, it is still unclear about the precise nature of MS etiology. It is thought to be the result 

from interplay between as yet unidentified environmental factors and susceptibility genes. It 

is considered as a complex polygenetic disease, which is not inherited, but one can inherit a 

greater susceptibility to get MS. There is increased MS incidence in families, relatively high 

risk in northern Europeans and relatively low risk in Africans, Asians, and American Indians 

(Rosati, 2001). Siblings have an increased risk of 3%, and recurrence in identical twins is 

around 35% (Compston & Coles, 2002). HLA-DRB1 on chromosome 6p21, interleukin-7 

receptor alpha chain and interleukin-2 receptor alpha chain have been identified as 

MS-associated genes (Gregory et al, 2007; Hafler et al, 2007; Haines et al, 1998; Lundmark 

et al, 2007; Oksenberg et al, 2004). Recently genome-wide association studies identified 

more novel susceptibility loci, and immunologically relevant genes, particularly T-helper-cell 

differentiation implicated genes, are significantly overrepresented among those mapping 

close to the identified loci (Patsopoulos et al, 2011; Sawcer et al, 2011).  

 

Many studies support a role for the environment in MS susceptibility. This environmental 

exposure is time sensitive and occurs before the age of 14. However, no single 
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environmental agent has been related to the disease although viruses are the most implicated 

environmental factor (Trapp & Nave, 2008). Recent studies also suggested vitamin D 

deficiency and latitude as risk factors for MS (Pierrot-Deseilligny, 2009). Yet, risk 

assessment studies identify genetic but not environmental factors as the major contributor to 

familiar clustering of MS (Ebers et al, 2000). In addition to genetic and environmental 

factors, there is different disease susceptibility between the genders, with two to three times 

higher incidence of MS in women than men, which mimics what is observed in other 

autoimmune diseases (Compston & Coles, 2002).  

 

1.3.2 MS pathology and subtypes 

 

Although an ideal system for the pathological classification of different MS stages does not 

yet exist (van der Valk & De Groot, 2000), there is consensus that loss of myelin due to 

oligodendrocyte damage or death together with axonal degeneration leading to reactive glial 

scar formation are the key hall marks of the disease (Trapp & Nave, 2008). Generally, the 

disease starts from acute focal inflammatory demyelination and axonal loss with limited 

remyelination, and culminates in the chronic multifocal sclerotic plaques from which the 

disease gets its name (Compston & Coles, 2002; Trapp & Nave, 2008). A cascade of events 

is included, involving engagement of the immune system, acute inflammatory injury of 

axons and glia, recovery of function and structural repair, post-inflammatory gliosis, and 

neurodegeneration.  

 

Some studies demonstrate a pronounced heterogeneity in the immunopathology profiles of 

the lesion between different MS patients. Whereas most cases share similarities to 

autoimmune encephalomyelitis, some cases also show signs of oligodendrocyte dystrophy. 

Four different types of MS were categorized (Lucchinetti et al, 2000). Both Pattern I and II 

lesions are centered on small veins and venules, and are T-cell- and macrophage- dominated 

inflammation. However, only in Pattern II there is pronounced deposition of antibodies and 
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complement at sites of active demyelination, which was not seen in Pattern I. Pattern III 

lesions did not have veins and venules in their centers, with striking oligodendrocyte 

dystrophy, i.e. loss of MAG and oligodendrocyte apoptosis, in the active plaque, sometimes 

extending into the apparently normal periplaque white matter. Pattern IV was exclusively 

present in a subgroup of patients with primary progressive MS, with extensive nonapoptotic 

loss of oligodendrocytes in active as well as inactive areas of lesions.  

 

Demyelinating lesions can be found in any CNS region, with higher frequency in the 

periventricular white matter, the subcortical white matter, the optic nerves, the cerebellar 

peduncles and the spinal cord. Interestingly, demyelinating lesions occur not only in 

myelin-rich white matter, but also in gray matter where they are more difficult to identify 

(Brownell & Hughes, 1962). All MS plaques have a certain degree of axonal injury and loss, 

varying from plaque to plaque in the same brain, and even more between plaques of different 

individuals. Axonal density within the plaques ranges 20-80% of that in the periplaque white 

matter, and within the chronically demyelinated plaques, the reduction of axonal density is 

60-70% compared to that of the same area in the normal tissue (Lassmann, 2003).  

 

1.3.3 MS Course and diagnosis 

 

MS has two characteristics: first, the neurological disease course is variable. Second, much 

of the disease process is initially clinically silent. These characteristics increase the difficulty 

of diagnosing MS. Approximately 85% of MS patients begin with a course of recurrent and 

reversible neurological deficits. This disease phase is named relapsing-remitting MS 

(RRMS). About fifteen percent of MS patients have a primary progressive disease course 

(PPMS), and clinical disease onset occurs later in life compared to RRMS patients 

(Andersson et al, 1999; Miller & Leary, 2007). 

 

RRMS is caused by focal areas of inflammatory demyelination in which myelin, 
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oligodendrocytes, and axons are destroyed. Much of the inflammation consists of 

blood-derived lymphocytes and monocytes. These immune cells enter the brain and the 

blood-brain barrier is compromised and lesion areas become edematous. Relapses usually 

last no more than a few months and the patient often regains neurological function. 

Resolution of the inflammation and edema, redistributing and inserting of axon Na+ 

channels on demyelinated axons, and remyelination help restore axonal conduction and 

contribute to the clinical recovery or remission. The relapse rate varies from patient to 

patient, averaging one to two episodes per year; and the RR stage of MS can last for years or 

decades (Compston & Coles, 2002; Compston, 2008).  

 

After 8-20 years, the majority of RRMS patients enter a second disease phase characterized 

by continuous, irreversible neurological decline unassociated with relapse. This disease 

phase is called secondary progressive state of MS (SPMS), which is an ominous event as 

therapeutics are not yet available to combat axonal degeneration and neuronal loss in this 

phase of disease, a major cause of this chronic progressive functional decline. Therefore, 

prevention of conversion to SPMS is a major therapeutic goal of MS research.  

 

1.3.4 MS therapy  

 

While there is no therapy available yet to directly reverse plaque formation in MS-affected 

brains, there are numerous medications to alter the underlying autoimmune response leading 

to demyelination, such as immunomodulatory or immunosuppressive drugs, which reduce 

the occurrence and clinical relapses of the disease. However, these drugs do not have effects 

in PPMS and SPMS patients. In addition, as the main causes for the progressive decline and 

long-term disability of the MS patients is neurodegeneration, a more effective therapy for 

MS would be neuroprotection. As myelin sheaths play a key role in maintaining axonal 

integrity (chapter 1.2.3), one of the feasible therapies is to enhance remyelination, either by 

cell transplantation or by modulating the endogenous regenerative process (chapter 1.4.7). 
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1.4  Remyelination and Multiple Sclerosis 

 

1.4.1 Neurodegeneration in Multiple Sclerosis 

 

Despite immunomodulatory or immunosuppressive therapy, progressive neurologic decline 

and long-term disability still occur in many MS patients, which reflects axonal damage or 

axon loss. Axon pathology has been thought to be a consequence of demyelination and 

occurs in later stages of disease. However, now we believe that axonal pathology can be both 

substantial and early in disease. This has been determined by more sensitive detection 

techniques in in vivo imaging e.g. quantification of N-acetyl aspartate (NAA) by in vivo 

MRS (magnetic resonance spectroscopy) or in post mortem tissue e.g. HPLC analysis of 

NAA, careful morphological analysis of brain sections (presence of axonal ovoids) as well as 

detection of amyloid precursor protein (APP).  

 

Axonal damage occurs in acute demyelinating lesions 

 

Even very acute demyelinating MS lesions show signs of axonal damage. Ferguson et al. 

detected APP expression in 18 post-mortem MS samples, and found that APP was expressed 

in damaged axons within acute MS lesions and in the active borders of less acute lesions, 

which are areas of acute inflammation and demyelination, but not the in the more chronic 

areas of the lesions (Ferguson et al, 1997). Bitsch et al. detected APP expression in 42 patient 

brain tissue samples derived from 45 CT-guided stereotactic needle or open biopsies, and 

found that APP accumulation in acute axonal damage occurs not only in inactive 

demyelinated lesions but also in active demyelinating lesions with a correlation between APP 

accumulation in damaged axons and the number of macrophages, microglia and CD8+ T 

cells within the lesions, suggesting that inflammation plays an important role in axonal 

injury in the early stage of the disease (Bitsch et al, 2000). These studies confirm that axonal 

injury is an early event during MS course and lesion formation. The differences in amount of 
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damage detected in chronic demyelinated lesions in these experiments may reflect 

differences between post-mortem samples and biopsy samples.  

 

To correlate axonal damage with disease duration, inflammation and clinical course, 

Kuhlmann et al. investigated brain tissues from biopsy or autopsy of 39 patients, which are 

grouped into four according to disease duration (Kuhlmann et al, 2002). They found that the 

highest number of APP-positive axons was found in the group with shortest duration of 

disease (0-1year) in both RRMS and SPMS patients, and active lesions of this group had the 

highest number of APP-positive axons, compared to inactive demyelinated lesions and 

remyelinating lesions. In addition, the highest number of CD3-positive and CD8-positve T 

cells as well as macrophages was found in this group, and the extent of acute axonal damage 

significantly correlated with the number of CD8-positive T cells. These results demonstrate 

that acute axonal damage is an early event during MS with much axonal damage at the 

beginning of the disease.  

  

These findings are also supported by immunohistochemical quantification of terminal axonal 

ovoids, which indicate axonal transection. Trapp et al. found abundant axonal ovoids 

(indicating extensive axonal transection) in both active and chronic active lesions from 11 

patients with durations of clinical disease ranging from 2 weeks to 27 years, suggesting that 

axonal pathological changes begin at the onset of disease (Trapp et al, 1998). In addition, the 

greatest degree of axonal transection occurred in areas of active demyelination and 

inflammation, suggesting that newly demyelinated axons are vulnerable to inflammatory 

environments and that axonal transection may be caused by immune attacks, i.e. proteolytic 

enzymes, cytokines, oxidative products and free radicals.  

 

Spectroscopy techniques measuring NAA, a neuronal marker present almost exclusively in 

neurons and their dendritic and axonal processes, also indicate early axonal damage. Gonen 

et al. found that the concentration of whole brain NAA in relapsing remitting MS patients 



 
 

28

was significantly lower than controls, indicating early neuronal loss (Gonen et al, 2000). 

Filippi et al. investigated 31 consecutive patients at the earliest clinical stage of MS with 

clinically isolated syndromes and paraclinical evidence of dissemination in space, and found 

that the mean concentration of whole-brain NAA was significantly lower comparing to the 

matched controls (Filippi et al, 2003). The presence of this marker of widespread axonal 

pathology in the earliest stage of the disease was largely independent of MRI-visible 

inflammation, and may be related to extensive axonal damage in the NAWM.  

 

Recently, a new in vivo technique, optical coherence tomography (OCT), has been developed 

and applied to quantify retinal nerve fiber layer thickness, which is another attractive site for 

axonal loss assessment in MS (Albrecht et al, 2007; Gelfand et al, 2012). Gelfand et al. 

performed spectral-domain optical coherence tomography (SD-OCT) in 541 MS patients of 

CIS, RRMS, SPMS or PPMS, and found that retinal axonal loss begins early in the disease 

course and independently of the occurrence of symptomatic optic neuritis. However, it was 

also clear that retinal axonal loss was increasingly prominent in more advanced stages of 

disease, indicating that axonal loss is on-going throughout the MS disease course (Gelfand et 

al, 2012). 

 

Axonal damage also occurs in the NAWM 

 

In addition to axonal damage in MS plaques, there is much evidence that axonal loss is also 

found in NAWM. By immunostaining of 200kDa neurofilament in cervical spinal cord 

samples from 10 patients with SPMS, Lovas et al found a significant reduction in axonal 

density (57%) in both completely demyelinated MS plaques and NAWM compared with 

control, with no significant difference between MS plaques and NAWM (Lovas et al, 2000). 

Evangelou et al. quantified both axonal density and white matter atrophy in the NAWM of 

the corpus callosum in postmortem brains of 8 MS patients (1 RRMS and 7 SPMS) and 

reported axonal loss of as much as 50% of the total number of axons in the NAWM 
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(Evangelou et al, 2000). Using spectroscopy, Fu et al. tested the association between changes 

in the ratio of NAA to creatine/phosphocreatine (NAA:Cr) in a demyelinated lesion or 

NAWM and changes in disability (EDSS score) of 28 patients with clinically definite MS 

(Fu et al, 1998). The decrease in the NAA:Cr ratio in NAWM correlated strongly with 

changes in disability in the RRMS subgroup, and there was a significantly lower NAA:Cr 

ratio in the NAWM in the SPMS subgroup than RRMS subgroup, suggesting that 

pathological changes in the NAWM may be related to changes in clinical disability. Bjartmar 

et al also found significantly reduced NAA in areas of demyelination (40%) and NAWM 

(30%) corresponding to axonal loss as verified by post mortem HPLC analysis of spinal 

cords from 5 paralyzed (Expanded Disability Status Scale score ≥7.5) MS patients (Bjartmar 

et al, 2000).  

 

The extensive axonal damage in the NAWM might explain the differences between focal and 

limited MRI-visible lesions at the earliest stage of the disease but in the presence of a 

significant decrease of whole brain NAA in patients (Filippi et al, 2003). It may be secondary 

to demyelination of a segment of an axon elsewhere, which may be MRI-invisible, or 

unrelated to demyelination, and clinical disability seems more correlated with this extended 

more global neurodegeneration. Axonal damage in NAWM may be the result of Wallerian 

degeneration of axons that are transected in MS lesions (Simon et al, 2000). Using an 

antibody against the neuropeptide Y receptor Y1 (NPY-Y1R) to visualize Wallerian 

degeneration, Dziedzic et al. investigated early MS biopsy tissue from 63 MS patients and 

found that the number of NPY-Y1R-positive axons was significantly higher in both NAWM 

and plaques than in control WM (Dziedzic et al, 2010), indicating that Wallerian 

degeneration is a major component of axonal pathology in NAWM in early MS.  

 

Axonal loss in the NAWM may also result from inflammatory damage. Kuhlmann et al. 

found that highest numbers of APP-positive axons in the NAWM occurred in biopsies taken 

within 1 year after onset of first symptoms (Kuhlmann et al, 2002). Inflammatory infiltrates 
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were seen perivascularly and diffusely distributed through the normal appearing periplaque 

white matter and the extent of acute axonal damage correlated significantly with the number 

of CD8-positive T cells. However, some of this NAWM neurodegeneration may be unrelated 

to inflammation/demyelination. An epidemiology investigation of 1844 MS patients by 

Confavreux et al found that although the time from disease onset to EDSS score 4 differed in 

patients from less than a year to 33 years, probably due to the extent of inflammatory 

demyelination, location of the lesions, genetic susceptibility and use of medication, the time 

from an EDSS score of 4 to a score of 6 was strikingly similar for all patients, suggesting 

that once a clinical threshold of irreversible disability has been reached, the progression of 

disability is decided by preprogrammed axonal degeneration, and is unrelated to the amount 

of earlier demyelination (Confavreux et al, 2000).  

 

Is demyelination the primary determinant for axonal degeneration in MS? 

 

The discussion above indicates that axonal damage occurs not only in active demyelinating 

lesions but also in inactive demyelinated lesions and remyelinated lesions (Bitsch et al, 2000; 

Trapp et al, 1998), suggesting that axonal injury in chronic MS may be an early event during 

disease course and lesion formation, and axonal injury in MS is, at least in part, independent 

of demyelination and directly mediated by inflammatory cells such as macrophages, 

microglia and CD8-positive T cells. In addition, substantial loss of axons occurs in areas 

apparently not affected by demyelination (NAWM), which raises questions about whether 

demyelination is the primary determinant for axonal loss in MS. Deluca et al. investigated 

post-mortem brain tissue from 55 MS patients and found that plaque load did not correlate 

with brain weight, even after adjusting for sex, age and duration of disease (DeLuca et al, 

2006).  

 

Indeed, as axonal damage severity correlated to the extent of inflammation and immune cell 

infiltration rather than demyelination, and axonal damage is also present in remyelinated 
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axons and NAWM, it appears that some axonal damage is independent of demyelination. 

However, demyelination still plays a crucial role in axonal damage. Firstly, inflammation is 

closely connected to axonal demyelination, and these are two events in MS that are difficult 

to separate. Inflammation can cause axonal demyelination, and newly demyelinated axons 

are vulnerable to damage from inflammatory environments compared to myelinated axons. 

Secondly, the mechanism for axonal injury in MS remains obscure. It may be the result of a 

complex environmental insult and may vary in each stage of the disease. However, although 

axonal damage is found in a more widespread distribution than the focal areas of 

demyelination, axonal damage markers are very frequently found within and around 

demyelinated lesions, suggesting that they are linked. 

 

1.4.2 Can remyelination prevent axonal degeneration in multiple sclerosis?  

 

As neurodegeneration occurs in demyelinated plaques, and at least part of the NAWM 

neurodegeneration may be related to Wallerian degeneration secondary to demyelination 

elsewhere along the axon length, it is a reasonable hypothesis that remyelination may be 

helpful in reducing neurodegeneration and progressive accumulation of disability in MS.  

 

Transgenic evidence that myelin may be neuroprotective 

 

The study of myelin mutants has shown that various components of the myelin sheath are 

crucial in maintaining axonal integrity. These proteins, such as Proteolipid protein (PLP), 

2',3'-cyclic nucleotide phosphodiesterase (CNP1) and myelin associated glycoprotein (MAG) 

are expressed only by oligodendrocytes, and yet clearly have a key role in axonal protection. 

 

Mice with a null mutation of the Plp gene develop widespread axonal swellings and 

degeneration starting from the age of 6 to 8 weeks, predominantly associated with 

small-caliber myelinated axons and in particular the optic nerve (Griffiths et al, 1998a; 
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Griffiths et al, 1998b). At older ages, the motor performance of mutant mice alters with 

unusually slow gait and signs of spasticity. In a rotarod test, a sudden impairment of motor 

function was observed in 16-month-old mice without any corresponding evidence of 

demyelination, for up to at least 22 months. However, normal amounts of compact myelin 

sheath are assembled and maintained in Plp null mice, except that the periodicity of compact 

myelin is changed (Yin et al, 2006). These experiments support the neuroprotective role of 

PLP in myelin sheaths. To determine whether the axonal degeneration was a primary effect 

of Plp loss or a secondary response caused by alteration in the periodicity of Plp null myelin, 

Yin et al. replaced Plp with P0, which is the ancestral CNS myelin protein and was replaced 

by Plp during evolution from terrestrial vertebrates to mammalian. The shift from Plp to P0 

in Plp-P0 transgenic mice results in reduced myelin internode length, degeneration of 

myelinated axons and severe neurological disability, while the periodicity of myelin is 

identical to WT CNS myelin. This experiment supports that PLP expression provides direct 

neuroprotection in mammalian oligodendrocytes and myelin sheath (Yin et al, 2006). It also 

suggests that the presence of an apparent myelin sheath is not sufficient to protect axons, but 

the constituents of the myelin sheath need to be correct, and that P0 cannot replace all of the 

roles normally carried out by PLP. 

 

In addition to Plp transgenic mice, Cnp1 null mice develop axonal swellings and axonal loss 

in a progressive neurodegenerative disease throughout the brain, leading to progressive 

motor deficits and premature death before one year old (Lappe-Siefke et al, 2003). However, 

the ultrastructure and physical stability of myelin are not visibly changed, suggesting that 

Cnp1 is essential for axonal survival and neuroprotection, but not for myelin assembly.  

 

Mag null mice demonstrate marked CNS as well as PNS chronic atrophy of myelinated 

axons, and display impaired motor coordination and balance as well as impaired hindlimb 

reflex extension (Nguyen et al, 2009; Pan et al, 2005; Yin et al, 1998). Dysmyelination was 

found in the absence of MAG, with reduced axonal caliber, decreased neurofilament spacing, 



 
 

33

and reduced neurofilament phosphorylation.  

 

These findings suggest that loss of myelin sheaths leads to neurodegeneration, and that a 

healthy myelin sheath therefore is neuroprotective. However, loss of some myelin proteins, 

such as MBP, seems not to be associated with axonal survival. In contrast to Plp null mice, 

Mbp null mice (shiverer) demonstrate severe dysmyelination and tremors without noticeable 

signs of axonal swelling or degeneration (Griffiths et al, 1998b; Rosenbluth, 1980). 

Moreover, it appears that the accurate abundance of myelin proteins is also important for 

axonal integrity. Transgenic mice carrying extra copies of the Plp gene demonstrate an early 

onset of severe and lethal demyelination, or a very late onset of a tract-specific 

demyelination and axonal degeneration depending on the gene dosage (Griffiths et al, 

1998a).  

 

In spite of this apparent evidence of neuroprotection from myelin, all of these transgenic 

mouse studies could be criticized as the abnormal myelin structure generated in each 

transgenic may be “toxic” to axons, having a dominant negative effect. Therefore, perhaps 

the effect of abnormal myelin causing neurodegeneration cannot be extrapolated to the 

conclusion that healthy myelin causes neuroprotection. Against this is that ultrastructure of 

myelin sheaths in some transgenic mice, i.e. Plp-P0 transgenic mice and Cnp null mice, 

appears visibly normal, so that these proteins may be not essential in myelin assembly, but 

critical in maintaining axonal and neuronal integrity. In addition, the mutations are in a 

variety of different genes, both components of myelin and in the oligodendrocyte cytoplasm 

suggesting that there may not be a common route to axonal damage. However, this criticism 

cannot be completely rebutted, and other evidence for myelin as a neuroprotective 

mechanism is presented below. 

 

So does the myelin sheath formed after remyelination have the same chemical components 

as that of myelination, so that it can maintain axonal integrity or could this be abnormal 
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myelin and less neuroprotective? To answer this question, Manrique-Hoyos et al. performed 

proteome analysis in myelin from remyelinated cuprizone-treated animals and age-matched 

controls, as well as older animals (20 months old), to unravel quantitative differences in 

myelin protein composition in remyelination, myelination and aging (Manrique-Hoyos et al, 

2012). They found that the relative abundance of the majority of the proteins were unaltered 

after completed remyelination (6 weeks of remyelination), although subtle changes were 

evident in a pattern similar to that of older animals, i.e. membrane spanning protein claudin 

11 was increased following remyelination and in aged animals. It is possible that minor 

alterations accumulating in remyelinated myelin can lead to subtle changes in axonal 

integrity and function, though this may only become evident in the long term. 

 

Evidence that remyelination protects axons from energy depletion and degeneration 

 

Remyelination allows reconstruction of nodes of Ranvier and efficient saltatory conduction, 

protecting axons from energy depletion and degeneration. In demyelination, sodium channels 

are redistributed along the length of the demyelinated segment, leading to energy deficiency, 

due to accumulation of axoplasmic Na+ and Ca2+, and a loss of K+, which may account for 

axonal degeneration (reviewed by Diem et al, 2007). Demyelinated axons require a higher 

demand of ATP compared to physiological conditions. This additional energy is to keep the 

resting potential and the sodium concentration within the normal range in demyelinated 

axons with a higher sodium influx with each action potential (Poliak & Peles, 2003). In 

addition, inadequate cellular ATP production also occurs in demyelinated axons, due to 

impaired mitochondrial metabolism caused by increased levels of nitric oxide production in 

inflammatory lesions (Smith & Lassmann, 2002). ATP depletion induces failure of 

Na+/K+-ATPase, which further augments Na+ influx into neurons and inhibits the inactivation 

of Na+ channels. As a result, intracellular calcium increases from intracellular stores as well 

as extracellular calcium influx via voltage-gated calcium channels and reversed Na+-Ca2+ 

exchange. Overloaded axonal Ca2+ activates a variety of calcium-dependent enzymes and 
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further inhibits mitochondrial energy production. Remyelination restores axonal sodium 

channels to discrete nodes as shown in both EAE (Craner et al, 2004a) and MS (Craner et al, 

2004b), which avoiding these ion fluxes, energy depletion and damage. 

 

Sodium and calcium channel blockers have been tested in EAE animal models for their 

effect on neurodegeneration. The sodium channel blockers, i.e. phenytoin, flecainide and 

lamotrigine, have shown significant axon protection within the spinal cord in mice or rat 

EAE models with improved functional recovery as assessed by in vivo electrophysiology 

(Bechtold et al, 2004; Bechtold et al, 2006; Lo et al, 2002; Lo et al, 2003). Administration of 

the calcium channel blockers, i.e. Bepridil and nitrendipine, which block calcium influx 

through L-type calcium channels, also protected spinal cord axons from axonal degeneration 

in a mouse EAE model (Brand-Schieber & Werner, 2004). However, in a phase 2 clinical 

trial of 120 SPMS patients to test whether such neuroprotection also occurs in human, 

treatment with lamotrigine (40mg/day) was found to neither alter cerebral and whole brain 

volume loss in the expected manner nor have a beneficial effect on five of six clinical 

outcomes (Kapoor et al, 2010). Only the rate of deterioration of the timed 25-foot walk was 

markedly lower in lamotrigine treated patients. This may be because measurement of brain 

volume, which can be affected by many factors, is not sensitive and accurate enough to 

indicate axonal loss, and different tissue compartments, i.e. white matter and grey matter, 

may respond differently to the treatment. In addition, timing of lamotrigine treatment may 

also be important, and neuroprotection may need to be explored early in the MS course. 

Another clinical trial with phenytoin on patients of acute optic neuritis is planned, using 

retinal nerve fibre layer thickness as a biomarker to assess neurodegeneration and 

neuroprotection (ClinicalTrials.gov number: NCT01451593, page link:  

http://clinicaltrials.gov/ct2/show/NCT01451593?term=phenytoin+multiple+sclerosis&rank=

1 

 

Myelinating oligodendrocytes also provide monocarboxylic acid, i.e. lactates and pyruvate, 
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to myelinated axons, which are essential in axonal energy support. Disruption of the 

monocarboxylate transporter 1 (MCT1), a lactate transporter that is predominantly localized 

to the myelin sheath around CNS axons and needed for lactate transportation from 

oligodendroglia to axons, causes axonal damage and neuronal loss in animal models and 

organotypic spinal cord cultures (Lee et al, 2012). Heterozygous MCT1-null mice, with 

about 50% reduction in MCT1 expression, developed axonopathy in the brain and spinal 

cord at 8 months old without overall changes in myelination. Conditional knockout Cox10 

(protoheme IX farnesyltransferase) mice in which oligodendrocytes and Schwann cells fail 

to assemble stable mitochondrial cytochrome c oxidase (COX, mitochondrial complex IV), 

develop a severe peripheral neuropathy with dysmyelination. However, no signs of 

neuropathology, demyelination or oligodendroglial pathology were found in the CNS 

(Funfschilling et al, 2012). This may because CNS has a more efficient compensation 

mechanism for cell survival, for example, increased glycolysis in oligodendrocytes as shown 

by proton MRS. CNS neuropathology may occur later in the CNS in these transgenic mice 

but their severe peripheral neuropathy meant that they had to be killed at 9 months, and so 

this cannot be investigated. These descriptions of myelinating oligodendrocytes providing 

metabolic support for axons are perhaps the most direct evidence yet that myelination (and 

presumably remyelination) is needed for healthy axons. 

 

Animal evidence that remyelination is neuroprotective 

 

As myelin allows fast saltatory conduction, prevents energy depletion in axons, and 

mutations in key myelin genes cause axonal degeneration, can myelin formed by 

remyelination perform the same function? Remyelinated axons have thinner myelin and 

shorter internodes, so is this sufficient to protect axons? Smith et al. measured 

compound-action potentials in demyelinated cat spinal cord and found that conduction 

improved at about the time remyelination begins, and the refractory period of transmission 

progressively returned to normal as the sheaths thickened (Smith et al, 1979). To prove that 
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remyelination not only restores nerve conduction, but also helps functional recovery, Jeffery 

and Blakemore measured locomotor ability by a beam walking test in rats with 

demyelination induced by EB-injection into the dorsal funiculus of the spinal cord, 

comparing rats with full remyelination at 4 weeks post-injection, and those with suppressed 

remyelination, by exposure of the spinal cord to 40 Gy of X-irradiation (Jeffery & 

Blakemore, 1997). They found that the significant decrease in locomotor ability caused by 

demyelination was restored by remyelination, but persisted when remyelination was 

suppressed. 

 

Furthermore, in a cuprizone-induced demyelinating mouse model, Irvine and Blakemore 

inhibited endogenous corpus callosum remyelination by exposure to 40 Gy of X-irradiation 

to deplete OPCs, and this caused failure of remyelination and increased axonal degeneration 

compared to non-irradiated mice. However, this could be rescued by transplanting 

embryonic EGFP neurospheres into the corpus callosum, which subsequently generated 

oligodendrocyte lineage cells and repopulated the demyelinating areas, restoring 

remyelination and causing a significant reduction in axon degeneration (Irvine & Blakemore, 

2008). Although the increased axon survival in transplanted mice may be partly due to the 

neuroprotection and immunomodulative effects of embryo-derived neuronal stem cells, these 

experiments still strongly support the concept that remyelination is neuroprotective and 

remyelination failure contributes to axonal loss in MS. Another example is that 

transplantation of postnatal day 1 derived striatal neural precursors into the T8 spinal cord of 

a chronic demyelinating MHV mouse model with complete hindlimb paralysis resulted in 

extensive remyelination, ranging from 54% to 67% of axons in the spinal cord, accompanied 

by axonal sparing and behavioral improvement in locomotor abilities, indicating 

neuroprotection by remyelination (Totoiu et al, 2004).    

 

Human evidence that remyelination is neuroprotective 
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As yet, there is no direct evidence that CNS remyelination is neuroprotective in humans. 

However, from post mortem human brain or biopsy material, the correlation between the 

extent of remyelination in MS lesions and the amount of axonal injury or the severity of 

disability, suggests that remyelination plays an important role in axonal protection. Kornek et 

al. investigated autopsy and biopsy tissues from 22 MS patients, and found that the highest 

incidence of acute axonal injury, quantified by APP immunostaining, was correlated with 

active demyelination, and there was significantly lower axonal injury in chronic inactive 

demyelinated lesions, while no significant axonal damage in remyelinated shadow plaques 

(Kornek et al, 2000), suggesting that remyelination protects against on-going axonal damage. 

Goldschmidt et al. analyzed 52 biopsies from 51 patients (early MS) and 174 lesions from 36 

autopsy cases (chronic MS), and found that more lesions were remyelinated in early MS, 

when there is less disability, than in chronic MS, suggesting that remyelination was 

associated with less neurodegeneration. More direct evidence may be generated by 

measuring neuronal degeneration and functional change in response to drugs that enhance 

remyelination in animal models and hopefully also will be effective in MS patients.    

 

Is remyelination fully protective? 

 

Although there is good evidence that remyelination helps neuroprotection, the protection 

may not be complete and axons may still be more vulnerable to degeneration than never 

demyelinated axons, though less than chronically demyelinated axons. Manrique-Hoyos et al. 

investigated whether mice that underwent remyelination showed any signs of axonal 

degeneration many months after initial return to function. They tested the motor skill 

sequence (MOSS) of demyelinated and remyelinated cuprizone-treated animals and found 

that although there was interim functional recovery after single or repeated demyelination, 

animals displayed late-onset motor impairments along with brain atrophy and axonal loss in 

the corpus callosum despite extensive remyelination (Manrique-Hoyos et al, 2012). It is 

likely that this way of inducing demyelination using cuprizone may also damage axons 
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directly, but it brings into question whether remyelination can fully protect axons. This 

late-onset functional impairment may due to a continued low degree of axonal loss of 

remyelinated axons - a significant fraction of APP-positive axons was found ensheathed by 

MBP-positive myelin in both this animal model as well as in progressive MS autopsy lesions 

with extensive remyelination.  

 

A mechanism behind this possible enhanced vulnerability of remyelinated axons to 

degeneration over time may be related to the increased number of nodes and hence sodium 

channels along a remyelinated axon. As internodal lengths are shorter in remyelinated axons, 

there are more nodes, and therefore more risk of ion exchanges as described above, leading 

to accumulation of Na+ and damage (reviewed by Smith, 2006). However, on balance, it 

seems likely that remyelination is helpful for protecting axons, and much research is focused 

on finding ways to improve the efficiency of this process. 

 

1.4.3 Spontaneous remyelination occurs 

 

Following demyelination, spontaneous remyelination sometimes occurs, in which myelin 

sheaths are restored to demyelinated axons, regaining saltatory conduction and resolving 

functional deficits. This is particularly of great research interest and focus recently for its 

role in neuronal protection, as axonal degeneration is thought to be the main cause for the 

clinical disability of the patient (Fig.1.2A). Experimental animal models demonstrate 

extensive remyelination in the CNS (Blakemore, 1973; Woodruff & Franklin, 1999) with 

improved axonal function (Jeffery & Blakemore, 1997; Smith et al, 1979). In MS patients, 

remyelination can be observed as “shadow plaques”, characterized by complete 

remyelination with thinner myelin, however only a subset of MS patients demonstrates 

extensive remyelination (Patrikios et al, 2006). In some MS patients, remyelination occurs in 

most lesions and up to 96% total lesion area; in others, remyelination is restricted to the  
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margins of a few lesions and is largely absent (Patani et al, 2007; Patrikios et al, 2006; 

Prineas et al, 1984). In addition, more remyelination occurs in early stages of MS, while 

remyelination in late stages of MS appears sparse and restricted to borders of inactive lesions 

(Goldschmidt et al, 2009; Patrikios et al, 2006; Perier & Gregoire, 1965; Prineas & Connell, 

1979).  

 

1.4.4 Remyelination is carried out by adult OPC 

 

Remyelination is carried out by oligodendrocytes. The origin of these OLs has been 

discussed for decades - are they mature OLs already in MS plaques, or are they new OLs 

differentiated from adult OPCs or OPCs dedifferentiated from mature OLs? The consensus 

now is that in most cases remyelination is mediated by new OLs derived from a population 

of adult CNS stem/precursor cells (adult OPCs) (Franklin & ffrench-Constant, 2008). This is 

supported by some indirect evidence in rodent experiments: first, lacZ-encoding retroviral 

and auto-radiographic tracing experiments suggest that dividing cells in normal adult white 

matter give rise to remyelinating OLs (Carroll et al, 1998; Gensert & Goldman, 1997); 

second, transplanted OPCs, but not transplanted OLs, remyelinate demyelination lesions 

with high efficiency (Groves et al, 1993; Nunes et al, 2003; Warrington et al, 1993; Zhang et 

al, 1999); and finally, focal demyelination lesions depleted of OLs and OPCs are repopulated 

with OPCs before new OLs appear (Levine & Reynolds, 1999; Sim et al, 2002; Watanabe et 

al, 2002) 

 

Not all OPCs differentiate during the developmental period, and there is a significant number 

of OPCs in adult CNS retaining significant proliferative capacity (Wolswijk & Noble, 1989; 

Wolswijk & Noble, 1992; Wolswijk et al, 1991). These OPCs, called adult OPCs, are derived 

from their developmental forebears, widely spread and make up approximately 5-8% of the 

glial cell population in the CNS (Levine et al, 2001). The adult OPC and its developmental 

forebears share many similarities, however, the adult OPC has a longer basal cell cycle time, 
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a slower rate of migration, and longer differentiation time-course (Wolswijk et al, 1990). Cell 

markers used to identify OPCs include, most often, NG2 and PDGFRα, the same as in 

development. In addition, the transcription factors OLIG1, NKX2.2, ACSL1 (Mash1) and 

MYT1 are also used to mark adult OPC (Franklin & ffrench-Constant, 2008). O4, which 

represents more differentiated OPCs during development, however, is expressed by most of 

adult OPCs and is a marker for adult OPCs (Wolswijk & Noble, 1989; Wolswijk et al, 1990).  

 

In response to injury, adult OPCs are activated by acute injury-induced changes in microglia 

and astrocytes, undergo rapid proliferation from a quiescent state, and migrate towards the 

demyelinated areas. The rapid proliferation response is modulated by the endogenous levels 

of the cell-cycle regulatory protein p27Kip1 (Crockett et al, 2005) and promoted by growth 

factors, i.e. PDGF and FGF, and acute-inflammatory related factors. Following this 

proliferation phase is the recruitment of OPC with the ongoing proliferation, then OPCs 

populate the demyelinated areas and differentiate into remyelinating oligodendrocytes 

(Franklin & ffrench-Constant, 2008) . 

 

Recent study suggested that OPCs play additional roles in normal CNS, other than 

myelination during development and remyelination during CNS damage. A subset of OPCs 

expresses voltage-gated Na+ channels, has the ability to receive synaptic input from neurons 

leading to an inward current (Bergles et al, 2000; Karadottir et al, 2005; Ziskin et al, 2007), 

and even generates action potentials, which greatly challenges the classical view of the CNS 

(Karadottir et al, 2008). These potential-generating OPCs are more vulnerable when they 

suffer glutamate-mediated damage as in cerebral palsy, stroke and spinal cord injury, as they 

express more glutamate receptors and receive increased spontaneous glutamatergic synaptic 

input (Karadottir et al, 2008). It is unknown whether these two functional different subsets of 

OPCs display different capacities to myelinate and remyelinate. However, recent studies 

showed that the synaptic input onto OPCs is also observed during remyelination in the adult 

CNS and rapidly lost as the cells differentiate into mature oligodendrocytes, suggesting that 
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the synapse formation between axon and OPCs is a transient and regulated step during 

remyelination (Etxeberria et al, 2010).  

 

1.4.5 Remyelination vs. Myelination 

 

From myelin sheath composition and structure point of view, remyelination and myelination 

share lots of similarities. However, in remyelination, the myelin reconstruction does not 

maintain the correlation between axon diameter and myelin sheath thickness and length that 

is established during developmental myelination, with a thinner and shorter myelin sheath 

than would be expected for a given diameter of axon (Blakemore, 1974; Ludwin & Maitland, 

1984). The mechanisms involved are unclear; however, the newly formed thinner and shorter 

myelin sheaths still can help restore adequate axonal conduction and promote axonal 

survival, and play an important role in clinical recovery and outcome of MS patients 

(Franklin & ffrench-Constant, 2008; Irvine & Blakemore, 2008; Piaton et al, 2009). 

 

The regulation of remyelination shares some similarity to myelination, including the 

proliferation, migration, and differentiation of OPCs. However, some differences occur in the 

regulation of development and regeneration of myelin. For example, OLIG1, which is 

essential in developmental myelination, has a redundant role in OPC differentiation in 

remyelination (Arnett et al, 2004). Another similar example is the Notch signaling pathway, 

which also plays a redundant role in remyelination (Stidworthy et al, 2004). In addition, 

some studies also suggest an association between inflammation and remyelination. For 

example, depletion or inhibition of macrophages or T cells following toxin-induced 

demyelination leads to an impairment of remyelination (Bieber et al, 2003; Kotter et al, 2001; 

Kotter et al, 2005; Li et al, 2005). This may be because macrophages play an important role 

in removal of myelin debris, which has been shown to inhibit OPC differentiation. Moreover, 

increased expression of inflammatory cytokines and chemokines, such as the 

pro-inflammatory cytokines interleukin-1β (IL1β), tumour necrosis factor-α (TNFα), 
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lymphotoxin-β receptor (LTβR) and major histocompatibility complex class II (MHCII) 

molecules, have been implicated as mediators of remyelination in cuprizone–induced 

demyelination models (Biancotti et al, 2008). On the other hand, another cytokine, 

interferon-γ (IFN-γ) inhibits remyelination (Lin et al, 2006).  

 

1.4.6 Why remyelination fails 

 

In most MS patients, remyelination is inadequate and inefficient, as remyelination takes 

place in an intrinsically hostile environment to the oligodendrocyte lineage. In such a hostile 

environment, OPCs fail to recruit to the lesion, or fail to differentiate and mature, or are 

primarily depleted in the CNS. The efficiency of remyelination is also affected by the 

non-disease-related factors, such as age, sex and genetic background. For example, a decline 

in remyelination efficiency occurs more rapidly in male rats than in females, although the 

basis of this sex divergence is not clear (Li et al, 2006). The efficiency of remyelination 

decreases with age in both rodent and human, due to a decrease in the efficiency of both 

OPC recruitment and OPC differentiation (Goldschmidt et al, 2009; Ibanez et al, 2003; 

Shields et al, 1999; Sim et al, 2002). The expression of growth factors that affect OPC 

proliferation, migration and differentiation, and the inflammatory processes related to 

remyelination (i.e. cytokines and chemokines expression, clearance of myelin debris), 

declines in an age-related matter (Franklin et al, 2002; Ruckh et al, 2012). In addition, 

epigenetic modulation of the OPC differentiation program, i.e. downregulation of OPC 

differentiation inhibitors, also becomes inefficient with aging (Shen et al, 2008). 

 

1.4.7 The stages of remyelination and its regulation 

 

There are several key stages during remyelination, including OPC activation, recruitment 

and differentiation (Fig.1.2B). Failure in any of these stages results in failure of 

remyelination, however, it is thought that remyelination failure mostly occurs in OPC 
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recruitment and differentiation (Franklin & ffrench-Constant, 2008).  

 

1.4.7.1 OPC activation 

 

Upon demyelination, quiescent adult OPCs are activated, possibly due to the acute 

injury-induced activation of microglia and astrocytes. These two types of cells produce 

mitogenic factors, such as PDGF and FGF (Murtie et al, 2005; Woodruff et al, 2004), and 

induce and promote the rapid proliferative response of OPCs to the demyelinating injury 

(Levine & Reynolds, 1999; Reynolds et al, 2002). However, changing OPC proliferation 

with PDGF, has been shown to have no effect in remyelination in acute demyelinating 

models, yet promotes remyelination in chronically demyelinated white matter (Vana et al, 

2007a; Woodruff et al, 2004). 

 

BMP signaling was also proved to play a role in OPCs proliferation. Intraventricular infusion 

of BMP4 into the mice brains during demyelination increased proliferation of OPC, and to a 

lesser extent, microglia and astrocyte in the corpus callosum (Sabo et al, 2011). Evidence has 

shown that the increased proliferation of OPCs is modulated by the endogenous levels of the 

cell cycle regulatory protein p27 (Crockett et al, 2005). The activated OPCs demonstrated 

dramatic changes in cell morphology, an increase in NG2 immunoreactivity (Reynolds et al, 

2002), and upregulation of some oligodendrocyte associated transcription factors, i.e. Olig2, 

Nkx2.2 and Myt1 and Sox 2 (Fancy et al, 2004; Shen et al, 2008; Vana et al, 2007b). 

 

1.4.7.2 OPC recruitment 

 

Following activation is OPC recruitment, during which the neighboring rapidly proliferative 

OPCs migrate to the demyelinated lesions. The efficiency of the recruitment of immature 

oligodendroglial cells varies in different multiple sclerosis plaques, from pronounced 

recruitment in the plaque centre, to absence in some demyelinated regions, to significant 
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reduced recruitment in the plaque centre (Lucchinetti et al, 1999). MS lesion cores late in the 

course of the disease often contain only a few OPCs but exhibit remyelination at the lesion 

edge (Bruck et al, 1994; Lucchinetti et al, 1999; Ozawa et al, 1994; Wolswijk, 1998), 

suggesting that at least in late stage of MS, failure of oligodendrocyte recruitment to the 

demyelinated plaque is a significant reason for poor remyelination. The impairment of OPC 

recruitment may due to the disease-specific factors, i.e. expression of attractive or repellent 

guidance cues within or around the plaque such as PDGF, FGF (Hinks & Franklin, 1999; 

Messersmith et al, 2000), SEMA3A and SEMA3F (Williams et al, 2007), and 

non-disease-related factors, such as age (Sim et al, 2002). Neutralizing the action of the 

migration inhibitors and promotion of OPC migration to the lesion site may be an important 

aspect of future treatment of MS. However, molecules and signaling pathways involved in 

impaired OPC recruitment in MS lesions are not yet well studied. 

 

1.4.7.3 OPC differentiation and remyelination 

 

Once within MS lesions, proliferative OPCs must differentiate into pre-oligodendrocytes, 

immature premyelinating oligodendrocytes, and then mature myelinating oligodendrocytes 

to regenerate myelin sheaths. In some MS lesions, Oligodendrocyte progenitor cells are 

numerous (Chang et al, 2000; Kuhlmann et al, 2008) and O4+ GalC- pre-oligodendorcytes 

are also plentiful; however, very few GalC+ oligodendrocytes were found within these MS 

lesions, suggesting oligodendrocyte differentiation in MS lesions is blocked late in the 

oligodendrocyte lineage (Wolswijk, 1998). In addition, the density of PLP+ oligodendrocytes 

is also significantly reduced in MS lesions compared to normal appearing white matter 

(Chang et al, 2002). The decreased number of immature and mature pre-myelinating 

oligodendrocytes, with plenty of OPCs and pro-oligodendrocytes in this subset of MS lesions, 

supports the hypothesis that oligodendrocyte differentiation is impaired. 

 

Why and how oligodendrocyte differentiation is blocked in MS is still unclear. One of the 
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hypotheses, the “dysregulation hypothesis”, argues that remyelination failure is because of a 

disturbance in the timing of a tightly regulated multi-faceted differentiation process (Fancy et 

al, 2010). During development, oligodendrocyte differentiation requires very precise timing 

for switching off the inhibitory pathways, allowing the cells to become responsive to 

inducers of differentiation (differentiation window), which is called the “depression” model 

of OPC differentiation and myelination (Emery, 2010; Emery et al, 2009). However, in MS 

lesions, the prolonged activation of a negative regulatory pathway (such as Wnt and Notch) 

in OPCs prevents cells exiting the cell cycle and renders them unresponsive to differentiation 

signals. In this situation, oligodendrocyte precursors miss a window of opportunity within 

which differentiation could occur and leaves cells that have not fully differentiated in the MS 

lesions (Fancy et al, 2010; Franklin, 2002).   

 

This hypothesis could also explain the age-associated decline in remyelination efficiency. 

HDAC, histone deacetylase enzymes, deacetylate histones in the promoter regions of several 

inhibitory transcription factors, including hes1 and hes5 (downstream of the canonical Notch 

pathway), tcf4 (down stream of Wnt pathway), id2, id4, and sox2 et al. suppress gene 

expression (Shen et al, 2005). The efficiency of recruitment of HDAC to suppress expression 

of inhibitory transcription factors declines as animals age, resulting in cycling precursor cells 

remaining refractory to differentiation inducing factors longer than in young animals (Shen 

et al, 2008). In such circumstances, oligodendrocyte precursors within MS lesions in older 

animals miss a critical window of opportunity where environmental signals favour 

differentiation, leaving undifferentiated oligodendrocytes which fail to remyelinate.  

 

OPC differentiation signals in MS lesion have been more studied than signals influencing 

OPC recruitment. A number of possible molecular pathways or signals is indicated to play a 

role in OPC differentiation, including the Notch signaling pathway, Wnt signaling pathway, 

Lingo-1, and RXR et al. In addition, it is implicit that mitogens for OPCs, such as PDGF and 

BMP4, are de facto inhibitors of differentiation. Inhibition of endogenous BMP signaling by 
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infusion of Noggin, an endogenous antagonist of BMP4, in cuprizone-induced demyelination 

promotes mature oligodendrocyte regeneration and remyelination in corpus callosum (Sabo 

et al, 2011). 

 

Notch signaling pathway 

 

Among the first pathways discovered to be involved in regulating OPC differentiation was 

the Delta/Jagged-Notch pathway (Genoud et al, 2002). Notch1 receptor, expressed by 

oligodendrocytes, is an inhibitory regulator of OPC differentiation during development (Hu 

et al, 2003; Nakahara et al, 2009; Wang et al, 1998). Notch1 responds to membrane-bound 

ligands Jagged1, expressed by axons, neurons, and astrocytes throughout the brain, and 

inhibits OPC maturation (John et al, 2002; Stidworthy et al, 2004; Wang et al, 1998).  

 

Notch1 is expressed by adult OPCs in both experimental models of demyelination and within 

MS lesions. Jagged1 is expressed predominantly in inflammatory cells and astrocytes, and is 

induced by the cytokine TGFβ1 in primary cultures of human astrocytes in vitro (John et al, 

2002). However, both Notch1 and Jagged1 are also expressed in MS lesions that undergo 

complete remyelination, suggesting that their presence does not block remyelination 

(Stidworthy et al, 2004). This was further confirmed by the conditional Notch1 knock out 

transgenic mice, in which PLP+ oligodendrocyte-targeted Notch1 ablation was induced by 

Cre expression. No significant differences in remyelination were seen between knock out 

and control mice (Stidworthy et al, 2004). Another study using a similar strategy to knockout 

Notch1 in Olig1+ oligodendrocytes, an earlier stage of oligodendrocyte lineage than PLP+ 

oligodendrocytes, showed earlier onset of differentiation although no overall increase in 

remyelination (Zhang et al, 2009). Thus the canonical Notch pathway seems to play a 

relatively weak role in the negative regulation of OPC differentiation. This may because of 

competitive activation of non-canonical Notch signaling in OPCs, which promotes 

oligodendrocyte maturation and myelination by initiation of a Notch/Deltex1 signaling 
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pathway (Hu et al, 2003).  

 

Contactin, a non-canonical Notch1 ligand, is upregulated in MS lesions (Nakahara et al, 

2009). However, examination of MS tissue actually implies a failure of Notch signaling: the 

Notch-intracellular domain (NICD) accumulates outside the nucleus and therefore cannot 

activate the expression of downstream targets (Nakahara et al, 2009). This perinuclear 

aggregation of NCID is due to abnormal expression of TIP30 (TAT-interacting protein 30 

kDa), a direct inhibitor of the nuclear transporter Importin β in the OPCs (Nakahara et al, 

2009). The conflicting roles of canonical and non-canonical notch signaling in OPC 

differentiation will make the development of therapeutic agents to promote remyelination by 

manipulating this pathway difficult.  

 

MW167, a γ-secretase inhibitor that interrupts Notch signaling (Wolfe, 2001), has been 

injected intraventricularly and demonstrated improved myelin repair and axonal survival in 

an EAE model (Jurynczyk et al, 2005). However, it is difficult to tell whether these effects 

were due to its role in OPC differentiation, or the cleavage of amyloid precursor protein 

(APP) in the CNS (De Strooper et al, 2010; Skaper et al, 2009), or immunomodulation 

(Seifert et al, 2007).  

 

Wnt signaling pathway 

 

Canonical Wnt signaling pathway is involved in both myelination and remyelination (Fancy 

et al, 2009; Shimizu et al, 2005; Ye et al, 2009). The Wnt/β-catenin pathway negatively 

regulates OPC differentiation and maturation during development (Shimizu et al, 2005; Ye et 

al, 2009). A genome-wide screen of transcription factors in experimental remyelinating 

rodent lesions found altered gene expression in positive and negative regulators of the Wnt 

pathway, thus identifying the Wnt signaling pathway as an important regulator of OPC 

differentiation during remyelination (Fancy et al, 2009).  
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Tcf4 (also called TCF7L2), the HMG-box containing transcription factor, is a critical 

intranuclear component of canonical Wnt signaling, forming a nucleoprotein complex with 

de-phosphorylated β-catenin at the final stage of the pathway. Tcf4 is expressed specifically 

within OPCs during postnatal developmental myelination between P1-P20. In adult mouse, 

Tcf4 expression is not detected in normal white matter, but is found re-expressed following 

demyelination in a subset of Olig2+ cells (Fancy et al, 2009). In MS patients, TCF4 protein 

expression is evident in active MS lesions, but not normal-appearing white matter or in the 

core of chronic MS lesions.  

 

Using a gain-of-function transgenic strategy, activation of the Wnt signaling pathway by 

overexpression of activated β-catenin in Olig2+ oligodendrocyte lineage cells led to a delay 

in remyelination, due to impaired OPC differentiation, without affecting OPCs recruitment to 

the lesion (Fancy et al, 2009). Another independent transgenic approach, using mice with 

only a single functional copy of the Wnt signaling pathway inhibitor APC, showed that 

activation of the Wnt signaling pathway by loss of one copy of APC, led to a delay in 

remyelination (Fancy et al, 2009). All this evidence proves that Wnt activation negatively 

regulates OPC differentiation and remyelination.  

 

Lingo-1 

 

Leucine rich repeat and Ig domain containing 1 (or LINGO1) has been shown to be a 

negative regulator of oligodendrocyte maturation and myelination during development (Mi 

et al, 2005), and also to play a role in experimental demyelinating animal models (Mi et al, 

2007). LINGO1 is expressed exclusively in brain, and specifically by neurons and 

oligodendrocytes in normal brain, and activated microglia and astrocytes in MS lesions (Mi 

et al, 2007; Mi et al, 2004; Mi et al, 2005; Satoh et al, 2007). Inhibition of LINGO1 function 

with LINGO1 antagonists enhances remyelination in cerebellum slice cultures and several 
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animal models, including EAE, LPC injection and Cuprizone de/remyelination models (Mi 

et al, 2009). EAE models with Lingo1 null mice demonstrated enhanced remyelination and 

lower clinical EAE scores (Mi et al, 2007). The repressive effect of LINGO1 in OPC 

differentiation and remyelination appears to work through RhoA activation, and dominant 

negative LINGO1 enhances FYN phosphorylation, which regulates RhoA function (Liang et 

al, 2004; Mi et al, 2005).   

 

RXRγ  

 

Using a microarray technique, retinoid X receptor gamma (RXRγ) expression was shown to 

be significantly upregulated in focal demyelinating lesions at the time when OPCs mature 

during the process of remyelination (Huang et al, 2011). RXRγ is also significantly 

upregulated in oligodendrocyte lineage cells, macrophages and astrocytes in acute and 

remyelinating MS lesions, but shows very low expression in chronic inactive MS lesions. 

This suggests that RXRγ is an active component of remyelination.  

 

RXRγ is a member of the retinoid X receptor (RXR) family of nuclear receptors, which 

forms homodimers or heterodimers with other nuclear receptors (i.e. retinoic acid receptors 

(RAR), thyroid hormone receptors (TR), peroxisome proliferator activated receptors (PPAR), 

vitamin D receptors (VDR) et al.) and controls transcription of target genes (Diab et al, 2004; 

Smolders et al, 2008). Oligodendrocytes are important RXRγ expressing cells with 

differential subcellular localization: cytoplasmic RXRγ in Nkx2.2+ OPCs and nuclear RXRγ 

in CC1+ mature OLs, suggesting that sequestering RXRγ in the cytoplasm inhibits OPC 

differentiation.  

 

In MS lesions, subcellular localization of RXRγ matches remyelination status, with more 

nuclear RXRγ within remyelinating lesions compared to chronic inactive lesions (Huang et 

al, 2011). OPCs in vitro culture transfected with siRNA against RXRγ, or treated with an 
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RXRγ antagonist, show impaired differentiation and myelination; while OPCs treated with 

RXRγ agonists stimulate OPC differentiation and form myelin membrane-like sheaths in 

culture (Huang et al, 2011). Experimental animals with focal demyelination treated with 

RXR agonist showed accelerated CNS remyelination; while RXRγ knockout mice with focal 

CNS demyelination demonstrated accumulation of undifferentiated OPCs and less mature 

OLs in lesions (Huang et al, 2011). Moreover, RXR agonists attenuate inflammation by 

regulating microglia and astrocyte activity (Xu & Drew, 2006; Xu et al, 2005), which may 

also help for successful remyelination.  

 

1.4.8 Other cells within the MS lesion may effect remyelination 

 

Within the MS lesion, there are different types of cells in addition to OPCs and OLs, 

including neurons and axons, microglia cells, macrophages, lymphocytes, and astrocytes, all 

of which may have direct or indirect effects in remyelination.  

 

The primary mechanism of demyelination in MS is via immune related pathways. However, 

in response to inflammation, the activated microglia cells, macrophages, lymphocytes, and 

astrocytes in active MS lesions, secrete a number of cytokines and play dual roles in 

remyelination (Bieber et al, 2003; Kotter et al, 2005; Miller et al, 2007; Setzu et al, 2006). 

Deletion of pro-inflammatory cytokines, including IL1β and TNFα, results in impaired 

remyelination (Arnett et al, 2003; Mason et al, 2001). Activated microglia cells have been 

shown to preferentially promote the survival of mature oligodendrocytes, yet also reduce 

OPC survival (Miller et al, 2007). Depletion of macrophages in a LPC induced 

demyelination model led to impaired remyelination (Kotter et al, 2001). Indeed, myelin 

debris has been shown to inhibit OPC differentiation and remyelination, and phagocytic 

removal of myelin debris is important for efficient remyelination (Kotter et al, 2006; 

Robinson & Miller, 1999; Syed et al, 2008). Remyelination in Rag-1 deficient mice, which 

lack T- and B- lymphocytes, is significantly impaired following experimental demyelination 
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(Bieber et al, 2003). Endothelin 1 (ET-1), secreted by astrocytes, have a negative role in OPC 

differentiation (Gadea et al, 2009); while LIF (leukemia inhibitory factor), also released by 

astrocytes in response to ATP liberated from axons generating action potentials, promotes 

myelination by mature oligodendrocytes (Ishibashi et al, 2006). All this evidence 

demonstrates that inflammatory infiltrates play an important role in remyelination. However, 

there is relative scarcity of infiltrating leukocytes in the chronic later phases of MS, when 

non-immune processes dominate late in the disease, which may lead to reduced 

remyelination potential late in the disease.   

 

To form a compact myelin sheath around axons, the oligodendrocyte needs to establish 

contact with axons. The demyelinated axon itself might be less easily remyelinated, 

compared to healthy axons, which are myelinated during development, as a result of 

pathological changes during demyelination or as a consequence of chronic demyelination. 

Investigation with forty-eight chronic lesions obtained at autopsy from 10 MS patients found 

that oligodendrocytes with multiple extended processes (premyelinating oligodendrocytes) 

contacted demyelinated axons and primed to but failed to myelinate them (Chang et al, 2002). 

This may be because of a block in further maturation of the premyelinating oligodendrocyte, 

but also suggests that the axons lose receptivity for remyelination in the chronic MS lesions, 

as these axons were dystrophic and contained multiple swellings (Chang et al, 2002). 

PSA-NCAM, which is a negative regulator of myelination during development, is 

re-expressed by demyelinated axons in the plaques, while not expressed within shadow 

plaques (Charles et al, 2002). Recent findings showed that a subset of OPCs can receive 

synaptic inputs from axons (Karadottir et al, 2008; Kukley et al, 2008), it is possible that this 

electrical communication helps OPCs to differentiate and myelinate axons, and unhealthy 

axons may send incorrect signals or lose the ability to send signals to oligodendrocytes. 

 

1.4.9 Promoting remyelination in vivo 
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At present, there are no therapies in the clinic that promote remyelination. There are at least 

two possible strategies to promote remyelination in MS: exogenous cell transplantation, or 

stimulation of remyelination by endogenous OPCs. It has been shown that cell 

transplantation can regenerate myelin in animal models of demyelination, in either myelin 

mutant rodents or toxin-induced demyelination models (Blakemore & Crang, 1985; 

Lachapelle et al, 1983), with various types of cells, including primary OPCs (Groves et al, 

1993; Windrem et al, 2004; Zhang et al, 1999), Schwann cells (Bachelin et al, 2005; 

Honmou et al, 1996), olfactory ensheathing cells (Barnett et al, 2000; Franklin et al, 1996; 

Imaizumi et al, 1998), and neural stem cell lines (Hammang et al, 1997). However, 

application of exogenous transplantation is restricted by the availability of these cells for 

human therapeutic applications and by the method of delivery. Multifocal and on-going 

demyelination would need multiple injections and each surgical operation carries a risk of 

intracerebral haemorrhage, infection and damage to other brain structures (Franklin & 

ffrench-Constant, 2008). In addition, as cells that are responsible for remyelination are 

abundant throughout the adult CNS, it is perhaps more logical to target the endogenous 

regenerative process to enhance remyelination. This approach is predicated on the principle 

that understanding the mechanisms of remyelination and the cause of remyelination failure 

will allow identification of plausible therapeutic targets. 

  



 
 

55

1.5  Models for demyelination/remyelination research 

 

1.5.1 Animal models and in vitro models of MS 

 

Different models have been used for study of myelination: in vitro models, such as co-culture 

of neurons and OPCs, ex vivo models, such as organotypic slice culture, and in vivo animal 

models. However, there are few models of demyelination and remyelination, most of which 

are in vivo animal models (Altmann & Boyton, 2004). There are no spontaneous models of 

demyelination or MS-like illnesses in non-human animals. The most widely used is the 

Experimental Autoimmune Encephalitis (EAE) model. EAE is an inflammatory autoimmune 

disease, which is induced by passive or active immunization with a variety of myelin 

compounds and the pathological picture depends on strain of animal and antigen used. In the 

EAE model, the processes of demyelination and remyelination occur simultaneously. This 

lack of temporal separation makes it difficult to distinguish between an effect that is 

enhancing remyelination and one that is ameliorating the inflammatory response to EAE and 

therefore, enabling the normal process of remyelination to occur (Buckley et al, 2008). In 

addition, the involvement of complex immune interactions makes it difficult to study 

demyelination or remyelination alone. The EAE model focuses on T-cell responses to 

particular epitopes, and does not model all aspects of MS pathology well, particularly 

non-immune components.  Some types of EAE cause inflammatory disease without 

extensive demyelination and so do not provide easily interpretable models of the 

neurobiological aspects of MS (Altmann & Boyton, 2004; Friese et al, 2006; Gold et al, 

2006; Lucchinetti et al, 2000).  

 

Animal models to investigate non-inflammatory demyelination are toxin-induced 

demyelination models, by feeding animals with cuprizone, a copper chelator, or by 

microinjection of white matter with gliotoxic chemicals such as Ethidium Bromide (EB) and 

lysophosphatidyl choline (LPC). These models may not be comparable to the initial events 
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occurring in MS as their demyelination is caused by oligodendrocyte selective toxins. 

However, the primary oligodendrocyte damage in these models could be relevant for MS, as 

studies have shown that oligodendrocyte damage can occur in early MS (Barnett & Prineas, 

2004; Lucchinetti et al, 2000; Lucchinetti et al, 2004).   

 

In rodent demyelination models, remyelination usually proceeds to completion, which is 

different from that of most MS patients. The differences may simply be human and rodent; 

but may be because the environment is more permissive for remyelination in toxin-induced 

demyelination models, compared to an intrinsically hostile environment in a MS patient. In 

rodent, remyelination is efficient and to enhance remyelination at best is to achieve 

acceleration of an already-effective ongoing process. This problem could be partly overcome 

by using aged animals, in which remyelination rate is slower, or by combination with some 

EAE models, in which OPCs are in an intrinsically hostile environment as well (Franklin & 

ffrench-Constant, 2008).   

 

Animal models can faithfully mimic the physiological and pathological process of 

demyelination and remyelination in vivo, however, they have several drawbacks. First, it is 

time consuming and animal consuming to identify potential therapeutic agents; Second, it is 

difficult to manipulate experimental conditions in vivo as the cells are inaccessible; Thirdly, 

it is expensive; Finally, investigation of demyelination and remyelination at a cellular level is 

hampered by complex interactions of the immune system with the CNS. Therefore, a 

reproducible in vitro model for de- and remyelination would be helpful (Lee et al, 2000; 

Vereyken et al, 2009).  

 

In vitro myelinating co-culture systems with dorsal root ganglion (DRG) neurons or retinal 

ganglion cells (RGCs) and OPCs or neurospheres (Chan et al, 2004; Wang et al, 2007; 

Watkins et al, 2008) have been used to investigate myelination. These simple systems allow 

specific investigation of myelination by oligodendrocytes in the absence of any other cell 
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types such as astrocytes. However, these co-culture systems do not demyelinate, thus do not 

allow the study of remyelination, which is different from myelination in development.  

 

Another in vitro myelinating culture containing all the cell types in spinal cord, i.e. 

astrocytes and microglia, was also developed, by plating dissociated rat embryonic spinal 

cord cells onto a monolayer of neurosphere-derived astrocyte, and axons are well myelinated 

by oligodendrocytes with the formation of nodes of Ranvier (Sorensen et al, 2008). This 

myelinating culture has been used to investigate myelination (Ioannidou et al, 2012; Nash et 

al, 2011) and spinal cord injury (SCI) repair (Boomkamp et al, 2012). When the myelinating 

cultures were cut with a scalpel blade, demyelination was also induced in culture 

accompanied with many other features that recapitulate SCI. However, this system has not 

yet been used to study demyelination and remyelination.  

 

To induce demyelination in vitro, Vereyken et al. tried the gliotoxin LPC in whole brain 

spheroid culture (Vereyken et al, 2009). They successfully induced 56% loss in the number 

of myelin sheaths (demyelination) after a week of repeated exposure to LPC, with partial 

remyelination after a week of recovery. After exposure to LPC in the culture, the number of 

dividing cells was increased and oligodendrocytes were among the dividing cells. Microglia 

and astrocytes were not affected and neurons were relatively spared. This is the first better 

characterized model of in vitro demyelination/remyelination. However, the authors failed to 

prove that the returned myelin sheaths are compact myelin sheaths and are the result of 

remyelination. A disadvantage of the in vitro cell culture systems is that the true 

three-dimensional structure of the tissue is absent, and the cells are asked to behave 

‘‘normally’’ in very contrived environments. An alternative is to use an ex vivo slice culture 

model, where the three dimensional structure of the brain is retained within the slice 

(Birgbauer et al, 2004; Zhang et al, 2011).  

 

1.5.2 Slice culture model for demyelination and remyelination research 
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Ex vivo culture of brain slices is a technique that dates back to 1941 when Levi and Meyer 

(Levi G, 1941) attempted culture of embryonic chick rhomboencephalon, but long-term 

cultures were not successful. In the 1950s, the technique was developed further with use of 

plasma drops to maintain the cultures. The original description of myelin formation in 

culture of mammalian CNS was made in 1956 and was visualized by its characteristic 

refractive pattern on light microscopy (Hild, 1956). Longer term kitten and rat cerebellar 

cultures grown on rat collagen confirmed this (Bornstein, 1958) and the presence of myelin 

was identified using Luxol Fast Blue and Sudan Black staining (Bornstein & Murray, 1958). 

Culture of spinal cord slices occurred a little later with successful culture of transverse 

sections of fetal rodent and human spinal cords in 1965 (Peterson et al, 1965), primarily to 

study nerve outgrowth and synapses electrophysiologically, or neuronal location (Sobkowicz 

et al, 1968). At this stage, biologists were unclear about which cells actually formed myelin 

in the CNS (in vivo) due to technical limitations in identifying specific cells. However, 

electron micrographs using these rat and mouse cerebellar cultures enabled the visualisation 

of the initial wrapping of axons by glial cells and later compaction of myelin sheaths (Field 

et al, 1969; Kim, 1971; Ross et al, 1962). Later, the advent of immunohistochemistry 

allowed oligodendrocytes to be confirmed as the myelinating cells of the CNS. 

 

The success of longer-term slice cultures also depended on technical advances. Initial slices 

were hand cut into cubes of tissue, whereas later these were refined to more uniform slices of 

200-500 μm cut with a tissue chopper or vibrating microtome. Roller cultures (Gahwiler, 

1984) were used to obtain sufficient aeration and as the cultures thinned to ~50 μm rapidly, 

analysis using microscopy was easier. However, these cultures often failed to properly 

adhere, and the system had to be disassembled for feeding and examination under the 

microscope. Slices were also grown in a drop of nutrient medium between two collagen 

covered coverslips in Maximow assemblies (Notterpek et al, 1993; Toran-Allerand, 1990), 

but this also needed to be dissembled for feeding and processing and was expensive and 
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laborious. Long-term culture of spinal cord for many months was possible when the cord 

was cut into longitudinal sections (rather than transverse) and grown on small moulded 

fluoroplastic dishes coated with collagen (Bunge & Wood, 1973).   

 

Even as early as 1959, cerebellar slices were successfully demyelinated using serum from 

rabbits with experimental allergic encephalomyelitis, in the presence of complement 

(Bornstein & Appel, 1959), although this was more as a test of demyelination capacity of 

antibodies in the serum rather than studying the process of demyelination itself. Since then, 

various methods of demyelination have been developed. Addition of rabbit sera raised 

against MBP, GalC or white matter to well myelinated embryonic mouse slice cultures 

caused demyelination (Raine et al, 1981). Addition of anti-white matter serum with 

complement also demyelinated spinal cord slices, and IGF-1 both inhibited this and 

accelerated remyelination as defined by a return of CNPase activity (Roth et al, 1995). 

Anti-MOG antibody in combination with complement demyelinates mouse cerebellar slices 

as shown by loss of MBP-positive immunofluorescence and ELISA specific for MBP (Harrer 

et al, 2009). Theiler virus added to myelinated mouse spinal cord slices caused marked 

demyelination (Shahar et al, 1986). In 2004, Birgbauer et al. developed a system of 

demyelinating rat cerebellar slices put into culture at P10 and demyelinated after 1 week 

using addition of lysolecithin to the culture medium for 15-17 h, with the subsequent return 

of myelin sheaths seen by immunofluorescence visible around 1 week later (Birgbauer et al, 

2004). Measurement of CNPase activity in homogenized slices declined and was restored 

corresponding to demyelination and return of myelin sheaths, but it was not proven that this 

was remyelination of previously demyelinated fibers with the characteristics of remyelinated 

fibers or myelination of new unmyelinated fibers. This is relevant as it is shown that Purkinje 

cells survive and produce new axons in these cultures (Dusart et al, 1997).  

 

1.5.3 Myelination quantification method 
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Initial approaches to quantify myelination relied on biochemical methods measuring myelin 

lipid and protein composites that altered in myelination, demyelination, and remyelination. 

Incorporation of [35S] sulphate into sulfolipids in the presence of [35S]SO4 has been used 

both in vivo and in vitro/ex vivo (Cardwell & Rome, 1988; McKhann & Ho, 1967; Notterpek 

et al, 1993). High-performance thin-layer chromatography (HPTLC) densitometry was used 

to measure the lipid composition of organotypic cultures of mouse spinal cord, where the 

concentration of glycolipids (cerebrosides and sulfatides) is significantly decreased after 

demyelination, but not in a linear manner with the morphologic evaluation of demyelination 

(Roth & Bornstein, 1984). In cultures of Schwann cells and DRG neurons, myelination was 

tracked by following the uptake of a fluorescent ceramide analog and its appearance in the 

plasma membrane as fluorescent sphingolipid and galactocerebrosidase analog (Bilderback 

et al, 1997). However, this has not been carried out in oligodendroglial cells. 

 

CNPase is an enzyme present in immature and mature oligodendrocytes and its activity has 

been used to assess myelination (Roth & Bornstein, 1984; Roth et al, 1995; Roth et al, 1983; 

Vereyken et al, 2009). Alterations in CNPase expression levels appear earlier than light 

microscopic evidence of demyelination, as it is a marker of the degree of differentiation of 

oligodendrocytes present, rather than a marker of the presence of myelin sheaths. However, 

there was still a correlation of CNPase activity with the degree of myelination. Similarly, an 

approach using a β-galactosidase luminometric assay in a transgenic mouse expressing LacZ 

under the MBP promoter only measures MBP expression rather than the formation of myelin 

sheaths (Stankoff et al, 1996). Competitive inhibition ELISA was developed to measure the 

amount of MBP, found in both mature oligodendrocytes and the myelin sheath, in cerebellar 

explant cultures and found a 90% decrease in MBP on demyelination (Harrer et al, 2009; 

Nishimura et al, 1986). Myelin proteins, such as MBP, PLP/DM20, MAG, MOG, and 

CNPase, can also be measured by western blot from cultures (Brinkmann et al, 2008; Mi et 

al, 2009) as a surrogate marker of myelination. 
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These chemical analyses are generally simple, cheap and may be useful for screening, but 

are often only semi-quantitative, and may be insensitive in detecting minor changes in 

myelination and remyelination. In addition, as these proteins and lipids exist in mature 

oligodendrocyte cell bodies (whether myelinating or not), and in cell debris as well as in the 

myelin sheath, it is difficult to determine how meaningful these measurements are. 

 

Immunohistochemistry has been used to try and improve myelination quantification. Use of 

antibodies against myelin markers such as MBP allows visualization of the myelin sheath, 

which can then be used to quantify the amount of myelin present. For example, the total 

MBP immunoreactive area divided by the scan area was used to describe myelination in 

tissue sections (McTigue et al, 1998; Miron et al, 2009) and slice culture (Mi et al, 2009; 

Miron et al, 2010). However, as MBP is present in not only the myelinating oligodendrocyte 

and myelin sheath, but also nonmyelinating oligodendrocytes and cell debris, overestimation 

of myelin sheath formation occurs. In addition, this method does not adjust for axon density; 

an increase in the MBP-positive immunoreactive area may simply be due to the presence of a 

greater number of axons. Recently, it was reported that all-trans retinoic acid increased MBP 

mRNA and protein expression in Schwann cell bodies in the peripheral nervous system, but 

reduced myelinated internodes (Latasa et al, 2010), indicating that MBP protein alone is not 

an ideal measure of myelination. 

 

The need to consider axon density when quantifying myelination was addressed in the 

DRG-OPC co-culture system by relating the number of myelinating oligodendrocytes to the 

density of the underlying neurite network (Wang et al, 2007). However, this is 

time-consuming analysis, as although the neurite density can be calculated automatically by 

pixel counts, the percentage of MBP-positive myelinating oligodendrocytes must be counted 

manually. Numbers of myelinated axons can also be visualised and counted by electron 

microscopy (Brinkmann et al, 2008; Mi et al, 2009; Miron et al, 2010; Vereyken et al, 2009). 

This is helpful in distinguishing remyelination from normally myelinated axons by 
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measuring the thickness of myelin sheaths, but is expensive, slow and labor-intensive and is 

therefore not suitable for high- throughput analysis. 

 

The question is still not well addressed about how effectively myelination has occurred in 

terms of thickness and compaction of the myelin sheath. Immunolabeling for axons 

surrounded by myelin shows only that oligodendrocytes have wrapped axons, but does not 

distinguish between initial wrapping and mature compact myelin. The gold standard for 

conclusively demonstrating that myelination is complete and compact at internodes flanked 

by formed paranodal loops is to use electron microscopy. However, a surrogate marker may 

be to observe the distribution of oligodendroglial protein neurofascin (NFC)-155 or its 

axonal binding partner Caspr, which mirrors it, by immunofluorescence. Early in 

myelination, these proteins are present at regions of axo-glial contact throughout the nascent 

internode. As myelination progresses, their distribution patterns coalesce into a spiral and 

later a compact band at each paranode (Pedraza et al, 2009). Using MBP and Caspr 

distribution as an indirect measure, each oligodendrocyte can be scored according to the 

extent to which it has myelinated underlying axons. One categorization scheme is to score 

oligodendrocytes as ‘‘contacting’’ axons, ‘‘extending’’ processes, ‘‘wrapping,’’ and ‘‘mature’’ 

(Huang et al, 2011). Although this approach has the disadvantages of both being subjective 

and requiring manual analysis, it is still considerably more rapid and inexpensive than 

processing an equal number of samples using electron microscopy. 
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1.6  Semaphorin signaling pathway 

 

1.6.1 The Semaphorin family 

 

The Semaphorins are one of the largest protein families that are phylogenetically conserved 

guidance cues. Semaphorin proteins are defined by a conserved N-terminal 500-amino-acid 

conserved semaphorin (sema) domain which is essential for their function. The structure of 

the sema domain is a seven-blade β-propeller fold similar to the extracellular domain of 

α-integrins (Gherardi et al, 2004). Next to the sema domain is the short 

plexin-semaphorin-integrin (PSI) domain, which is a cysteine-rich motif that is also referred 

to as a MET-related sequence (MRS) (Bork et al, 1999). Semaphorins are grouped into eight 

classes on the basis of phylogenetic tree analyses and other distinct protein domains, 

including immunoglobulin-like, thrombospondin and basic C-terminal domains. Class-3 

semaphorins are the only secreted semaphorins found in vertebrates and are distinguished by 

a conserved, basic-charged domain at the C-terminal (Capparuccia & Tamagnone, 2009) 

(Fig1.3). Class-4, 5, and 6 semaphorins are membrane-bound proteins, and class 7 

semaphorins are glycophosphatidylinositol (GPI) anchored proteins in vertebrates. 

 

Secreted and membrane-bound semaphorins are dynamically expressed in most tissues and 

participate in diverse biological processes, including central and peripheral nervous system 

development, function and regeneration, cardiovascular patterning and tissue morphogenesis, 

and immune system maturation and function (Kikutani & Kumanogoh, 2003; Kruger et al, 

2005; Pasterkamp & Verhaagen, 2006; Yazdani & Terman, 2006). The role of the semaphorin 

family has been extensively studied in CNS development, including axon pathfinding, 

fasciculation, branching and target selection; stereotyped axon pruning and synapse 

elimination; establishment and function of neural circuits by regulating neuronal cell 

migration, cell apoptosis; synaptic transmission et al. (reviewed by Mann et al, 2007). 

Although initially identified as a repulsive cue in axon guidance, different semaphorins have  
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been proved to be able to act as both attractants and repellents in a cell type specific manner; 

and also play a role in cell survival, apoptosis, proliferation and differentiation (Capparuccia 

& Tamagnone, 2009; Mann et al, 2007; Pasterkamp & Giger, 2009; Tran et al, 2007). 

Semaphorins expression decreases with maturity, but is re-expressed in some diseases, 

including neurological disease (i.e. multiple sclerosis, Alzheimer’s disease, ALS and 

traumatic lesion) and tumors. However, the mechanisms underling their role in diseases are 

still unclear.  

 

1.6.2 Signaling receptors for Semaphorins 

 

Plexins and neuropilins are high-affinity receptors for semaphorins (He & Tessier-Lavigne, 

1997; Kolodkin & Ginty, 1997; Tamagnone et al, 1999). Plexins transduce both secreted and 

transmembrane semaphorin-mediated signals and are the most prominent semaphorin 

receptors that have been studied so far. Whereas only two plexin genes exist in invertebrates, 

nine plexins are found in vertebrates which are divided into four subfamilies (plexin-A1-A4, 

plexin-B1-B3), plexinC1 and PlexinD1). The extracellular domain of plexins contains a 

sema-like domain, which interacts with membrane-bound semaphorins, two to three repeated 

PSI domains and three IPT domains (Ig-like, plexins, and transcription factor domains) 

(Fig1.3). Plexins have a large, highly conserved intracellular domain containing two domains 

with homology to Ras GTPase activating proteins (GAPs), which is separated by a linker 

region that can bind other small GTPase (Fig1.3). The intrinsic GAP activity is inhibited 

when associated with GTPase-exchange factors (GEFs), such as Rac-GEF FARPs. Upon 

stimulation of Sema3A, FARP2 dissociates from PlexinA and activates Rac1 (Fig1.4A). The 

intrinsic GAP activity of plexins can be activated by association with Rho family of small 

GTPases (Rac1, Rnd1, RhoA) at linker region, and catalyze the inactivation of monomeric 

GTPase R-Ras (Fig1.4A). The inactivation of R-Ras inhibits PI3K/AKT activity, which 

inhibits integrin ligand-binding activity, thus impedes cell adhesion and promotes migration. 

In addition, plexins can trigger the activation of plexin-associated receptor-type tyrosine  
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kinases (RTK, i.e. ErbB2, Met, VEGFR2) or non-receptor tyrosine kinases (i.e. FYN, FAK, 

FER/FPS, SRC and PYK2) in a cell specific manner (Fig1.4A). By activating these tyrosine 

kinases and intrinsic GAP activity, activated plexins regulate cytoskeletal dynamics, integrin 

functions, cell adhesion and migration, which are important roles of semaphorin signaling 

(Capparuccia & Tamagnone, 2009; Rohm et al, 2000b; Takahashi et al, 1999; Tamagnone et 

al, 1999). 

 

In addition to plexins, Semaphorin signaling is greatly expanded by numerous co-receptors. 

Co-receptors that have been identified to transduce or modulate semaphorin signaling 

include neuropilins, integrin receptors, IgCAMs (Ig superfamily cell adhesion molecules) 

and plexin-associated tyrosine kinases (Castellani et al, 2000; Falk et al, 2005; Pasterkamp et 

al, 2003).  

 

The first identified co-receptors, single span transmembrane glycoproteins Neuropilin (NRP) 

1 and 2, are obligate receptors for secreted semaphorins (sema3s) in vertebrates, except 

Sema3E (Mann et al, 2007; Pellet-Many et al, 2008). NRPs bind with class 3 semaphorins 

with different but partially overlapping binding affinity (Chen et al, 1997; He & 

Tessier-Lavigne, 1997; Kolodkin et al, 1997; Pellet-Many et al, 2008). For example, NRP1 

binds with high affinity to SEMA3A, but also binds SEMA3F with lower affinity and several 

other SEMA3s (He & Tessier-Lavigne, 1997; Kolodkin et al, 1997); whereas NRP2 binds 

with high affinity to SEMA3F and SEMA3C, but also with low affinity to SEMA3B and 3G 

(Chen et al, 1997). In addition to SEMA3s, NRPs also have the ability to bind with high 

affinity to the VEGF family of angiogenic cytokines, a structurally unrelated class of ligands 

with distinct biological functions.  

 

NRP1 and 2 share similar domain structures and 44% overall amino acid homology. The 

extracellular domains of NRPs are characterized by two complement-like (CUB) domains 

(sema-binding domain, also called the a1 and a2 domains), two FV/FVIII coagulation 
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factor-like domains (VEGF (vascular endothelial growth factor) -binding domain, also called 

the b1 and b2 domains), and a meprin-like MAM domain (also called the c domain) (Fig1.3). 

NRPs have very short intracellular domains, which can interact with the PDZ (post-synaptic 

density protein 95 kDa/discs large/zona occludens-1)-domain containing Nrp1-interacting 

protein (NIP) expressed by axons and nerve terminals (Cai & Reed, 1999). However, it 

seems that the cytoplasmic domain of NRPs is dispensable for Semaphorin-induced 

repulsive signaling during neuronal guidance (Nakamura et al, 1998), although some studies 

suggest an important role in other cell types (Wang et al, 2006). Binding of a class-3 

semaphorin to a neuropilin-plexin holoreceptor complex activates the plexin intracellular 

domain, through the abrogation of plexin receptor autoinhibition due to intramolecular 

interactions between portions of the plexin receptor ectodomain (Takahashi & Strittmatter, 

2001). 

 

Rat Nrp1 gene comprises 18 exons and encodes a full-length protein of 922 amino acids (aa) 

(Ensembl genome database). In addition to the full-length NRP1, alternative splicing also 

generates several isoforms, although it is mainly proved in human cells. One 

membrane-associated NRP1 isoform, NRP1 (Δexon16), which lacks the 51 nucleotides 

corresponding to exon 16, is identified (Rossignol et al, 2000) and shows no functional 

difference from the common full-length NRP1 in VEGF signaling (Tao et al, 2003). Four 

Nrp1 mRNA isoforms have been reported in human due to alternative splicing after exon 9 

(s12, s11, sIII and sIV), although only two of them (s12 and sIV) are unambiguously shown to be 

expressed in protein form and found in protein databases (Cackowski et al, 2004; Rossignol 

et al, 2000). These isoforms produces proteins ranging from 551 to 704 aa in size, which 

contain only the extracellular a/CUB and b/coagulation factor-like domains, but lacking the 

MAM (c), transmembrane and cytoplasmic domains (Rossignol et al, 2000). These proteins 

are soluble (sNRPs) and released by healthy or diseased cells, and may act as decoys, 

competitively binding and sequestering ligands such as VEGF or SEMA3s, therefore 

negatively regulating their functions (Gagnon et al, 2000). However, some evidence suggests 
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that sNRPs may act more than decoys. Whereas an sNRP1 monomer sequesters VEGF and 

inhibits vascular development, a dimer form of sNRP1 delivers VEGF to VEGFR-2 positive 

endothelial cells and promotes angiogenesis (Yamada et al, 2001).  

 

Membrane-bound NRP2 exists in two major isoforms, NRP2a and NRP2b. NRP2a shares 44% 

overall homology at the amino acid level with NRP1. In the mouse, four NRP2a isoforms are 

reported due to alternative splicing, NRP2a(0), NRP2a(5), NRP2a(17), and NRP2a(22), due to the 

insertion of 0, 5, 17 or 22 (17+5) amino acids after residue 809, situated between the MAM 

and the transmembrane domains (Chen et al, 1997). This insertion might potentially change 

their ability to form complexes with ligands or to homodimerize. In humans, only two 

isoforms of NRP2a have been cloned, NRP2a(17) and NRP2a(22), producing proteins of 926aa 

and 931aa respectively (Rossignol et al, 2000). While identical in extra-cytoplasmic domain, 

NRP2b only shares 11% homology with NRP2a in transmembrane and cytoplasmic domain, 

with a distinct cytoplasmic domain lacking the C-terminal PDZ domain recognition sequence. 

Alternative splicing and the insertion of 0 or 5 amino acids after amino acid 808 result in two 

isoforms of NRP2b, NRP2b(0) and NRP2b(5). Both NRP2a and NRP2b are highly expressed 

in the brain; however, in other tissues their expression demonstrates distinct preferences, 

which probably are reflections of their difference in cytoplasmic domains. In addition to 

membrane-bound NRP2, a 555 aa truncated NRP2 isoform, s9NRP2, is also produced by 

alternative splicing (Rossignol et al, 2000), which contains the extracellular a domain, the b1 

domain, and part of the b2 domain, but lacks the last 48aa of the b2 domain, the MAM, 

transmembrane and cytoplasmic domains. Western blot analysis of the condition medium of 

the transfected CHO cells shows that s9NRP2 is a 62.5KDa secreted soluble protein. 

Although there is no literature report yet, this soluble NRP2 isoform may also play a role in 

Sema3F signaling in OPCs, i.e. competitively binding to Sema3F ligand, thus inhibiting the 

Sema3F signaling pathway.  

 

NRP1 protein could be modified by addition of an O-linked CS-GAG (chondroitin sulfate - 
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glycosaminoglycan) or HS-GAG (heparin sulfate - glycosaminoglycan) moiety to Ser612 in 

the linker region between the b2 and MAM domains, resulting in a high molecular mass 

band of >250kDa in addition to the major species of 130kDa in certain cell types NRP1 

immunoblotting (Shintani et al, 2006). Both GAG-modified and non-GAG modified NRP1 

are also modified by asparagine (N) - linked glycosylation, as indicated by the reduction in 

the apparent molecular masses following pre-treatment with tunicamycin (+Tn), an antibiotic 

inhibitor of N-linked glycosylation (Fukahi et al, 2004). CS-GAG modification is reported 

enhance VEGF binding, and regulate VEGFR2 expression levels (Shintani et al, 2006). 

However, no literature report has demonstrated its role in SEMA3s signaling. One possibility 

is that this modification is closer to the VEGF binding domain, but far from SEMA binding 

domain. In contrast, no evidence was shown for such high-molecular-mass-modification in 

NRP2, and only one band can be detected at 130kDa in Nrp2 immunoblotting. NRP2 is also 

modified by N-linked glycosylation, as suggested by reduced molecular masses when 

pre-treatment with Tn (Fukahi et al, 2004).  

 

1.6.3 Different holoreceptors are bound to SEMA3A or 3F to transduce 

signals 

 

The short cytoplasmic domain of NRPs is not required for semaphorin signaling (Nakamura 

et al, 1998), suggesting that NRPs form a holoreceptor with additional components to 

transduce SEMA3s signal. This was proved by the evidence that neither PlexinA1 nor Nrp1 

alone is sufficient to mediate the collapsing effect of SEMA3A in transfected COS-7 cell 

contraction assays; expression of truncated forms of PlexinA1 and A2 blocks the 

chemorepulsive activity of SEMA3A on axonal growth cones; and class 3 semaphorins bind 

with higher affinities to PLXN-NRP complexes than to NRPs alone (Rohm et al, 2000a; 

Rohm et al, 2000b; Takahashi et al, 1999; Tamagnone et al, 1999). This also raises the 

question about which plexins associate with NRPs to mediate class 3 semaphorins signal.  
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Some in vitro and in vivo experiments have shown that SEMA3A binds to NRP1 but not to 

NRP2 (Feiner et al, 1997; He & Tessier-Lavigne, 1997; Kolodkin et al, 1997), while 

SEMA3F preferentially interacts with NRP2 (Chen et al, 1997; Giger et al, 1998). 

Visualization of binding of an alkaline phosphatase (AP) - tagged SEMA3F ligand to the P1 

mouse forebrain section demonstrated that NRP2 is the main axonal receptor for SEMA3F, 

and little binding was seen in Nrp2 null mice (Giger et al, 2000). This was further proved by 

loss of function experiments such as blocking antibodies and genetic ablation of Nrp1 or 

Nrp2. The SEMA3A-dependent growth cone collapse was completely abolished in DRG and 

sympathetic ganglion (SG) axons of Nrp1 null mutant embryos, and the SEMA3F dependent 

growth cone collapse was completely abolished in SG axons of Nrp2 null mutant embryos 

(Kitsukawa et al, 1997; Suto et al, 2005). These experiments confirm that SEMA3A signals 

through NRP1 while SEMA3F signals through NRP2 in DRG and SG neurons (Fig1.3).  

 

The association of PlexinAs to SEMA3A and SEMA3F signals appears much more 

complicated. A comparative study with PlexinA1, A2 and A3 showed that PlexinA1 and A2, 

but not PlexinA3, are required for SEMA3A and 3F induced collapsing activity in COS-7 

cells (Takahashi & Strittmatter, 2001). However, this is not the case in mitral cells of the 

main olfactory bulb, which do not respond to SEMA3A despite the fact that they express 

NRP1, PlexinA1, A2 and A3(Suto et al, 2003). This might be because COS-7 cells do not 

truly represent neuronal cells in vivo.  

 

Studies with PlexinA3 or PlexinA4 null mice help to better understand the contribution of 

PlexinAs in class 3 semaphorin signalling. In Plexin-a3 null mice, SG neurons completely 

lose their repulsive responses to SEMA3F, and responsiveness of hippocampal axons to 

SEMA3F are more impaired than to SEMA3A, which suggests PlexinA3 is essential for 

SEMA3F signaling in these neurons (Cheng et al, 2001). This observation is comparable to 

that of Nrp2 null mice, indicating that both PlexinA3 and NRP2 are necessary components in 

the SEMA3F holoreceptor complex in these neurons (Chen et al, 2000; Giger et al, 2000). In 
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contrast, the responses of PlexinA3 null neurons to SEMA3A are only partially impaired, 

implying that PlexinA3 contributes partially to the responsiveness of axons to SEMA3A, and 

other members of the PlexinA family are also required for SEMA3A signal (Cheng et al, 

2001).  

 

The abnormal trajectories and projections of PNS and SG axons in Plexina4 null embryos 

are similar to the phenotype of Nrp1 and Sema3a null embryos, suggesting that PlexinA4 

forms a holoreceptor complex with NRP1 to transduce SEMA3A signal (Kawasaki et al, 

2002; Kitsukawa et al, 1997; Taniguchi et al, 1997). In Plexina4 null embryos, the 

responsiveness of DRGs and SG axons to SEMA3A is significantly defected, although is not 

completely missing, and SG axons respond normally to SEMA3F (Suto et al, 2005). These 

suggest that although PlexinA4 plays an important role in SEMA3A activities, other 

members of the PlexinA family may also be required for SEMA3A signalling, such as 

PlexinA3 as suggested in PlexinA3 null mice. This is confirmed by the analysis of the 

Plexina3/Plexina4 double knockout mice, in which SG neurons are totally insensitive to both 

SEMA3A and SEMA3F (Yaron et al, 2005).  

 

Taken together, the NRP1/PLXNA4 complex serves as a preferential functional receptor for 

SEMA3A in neurons, but full activation requires PLXNA3 function. The SEMA3F/NRP2 

signal is mediated principally by PLXNA3, although this preferential functional association 

is not absolute in some types of neurons, and it can partly mediated by PLXNA4 (Cheng et 

al, 2001; Okada et al, 2007; Suto et al, 2005; Suto et al, 2003; Yaron et al, 2005) (Fig1.3). 

However, it appears that co-expression of a given PLXN/NRP couple mediates different 

outcomes depending on the specific cellular context. This may be because other co-receptors 

are also involved in the signaling. Adhesion molecules of the immunoglobulin superfamily 

(IgCAMs) of the L1 family, including L1 and NrCAM (NgCAM related cell adhesion 

molecule), have been proved to be necessary components of the receptor complex for class 3 

semaphorins, and may act together with semaphorins to specify attractive versus repulsive 
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responses of a given semaphorin member (Mann et al, 2007; Rougon & Hobert, 2003). L1 or 

NrCAM can physically interact with the extracellular domains of Nrp1 or Nrp2 respectively, 

thus possibly leading to a change in adhesivity of the growth cones, and tune the direction of 

axon trajectories within specific distinct classes of neurons. However, how IgCAMs and 

Nrps cooperate in different cellular contexts and which subcellular components transduce the 

outcomes of this cooperation is still unknown.  

 

1.6.4 Sema3A and 3F and CNS (re)myelination 

 

Oligodendrocytes express a broad spectrum of class 3-7 semaphorin ligands and receptors 

Nrp1 and Nrp2, shownby RT-PCR, and some by western blot or immunocytochemistry 

(Cohen et al, 2003). However, in contrast to neuronal and axonal development in CNS, the 

role of semaphorins in oligodendrocyte development and disease is poorly studied. Recently 

the roles in oligodendrocytes of some semaphorin family members, including Sema3A 

(Piaton et al, 2011; Syed et al, 2011; Williams et al, 2007), Sema3F (Piaton et al, 2011; 

Williams et al, 2007), Sema4D (Yamaguchi et al, 2011) and Sema4F (Armendariz et al, 

2012), and their receptors, such as Nrp1 and PlexinA4 (Okada et al, 2007; Okada, 2012; 

Piaton et al, 2011), were investigated and  show  a role in OPC migration, apoptosis, 

proliferation or differentiation.  

 

SEMA3A and SEMA3F are widely expressed throughout different systems, and play an 

important role in embryonic development. They are also expressed in tumor cells, and are 

involved in tumor cell behavior, angiogenesis and the immune response. As guidance cues, 

SEMA3A and SEMA3F were initially identified as repellents in axon guidance, fasciculation 

and branching, and neuronal cell migration (Tran et al, 2007). Later, SEMA3A and SEMA3F 

were also proved to play a role in OPC migration from the brain to the retina during optic 

nerve development (Le Bras et al, 2005; Spassky et al, 2002). These OPCs express 

semaphorin receptors NRP1 and NRP2, and are repulsed or attracted by SEMA3A or 
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SEMA3F signals respectively. The expression of SEMA3A delineates a clear boundary 

around the optic nerve and forces the OPCs to stay within the optic nerve and migrate along 

its length. SEMA3F is expressed in the retina and transported along the axons to attract 

migrating OPCs (Le Bras et al, 2005; Spassky et al, 2002).  

 

As OPC migration is a critical step in CNS myelination during development, expression 

changes of SEMA3A/SEMA3F and their receptors could result in myelination defects. 

However, no myelination defects were reported in Sema3a, Sema3f, Nrp1 or Nrp2 deficient 

mice. Sema3a deficient mice, although displaying different phenotypes according to the 

different transgenic mice background, no obvious abnormalities were found in the CNS 

except for the smaller size of the brain (Behar et al, 1996; Catalano et al, 1998; Taniguchi et 

al, 1997). Sema3f deficient mice exhibit profound axon guidance defects in the CNS, 

including the anterior commissure and stria terminalis in the forebrain, the infrapyramidal 

tract in the hippocampus and the fasciculus retroflexus in the midbrain (Sahay et al, 2003). 

However, no overt myelin changes were reported. Transgenic Nrp1 or Nrp2 deficient mice 

demonstrated similar axon projection abnormalities to Sema3a and Sema3f deficient mice, 

but more drastic abnormalities in both the nervous system and cardiovascular system. No 

myelination defects were reported, but it is unclear whether a detailed survey was undertaken 

(Chen et al, 2000; Giger et al, 2000; Kawasaki et al, 1999; Kitsukawa et al, 1997; Yuan et al, 

2002a). This lack of phenotype in myelination in transgenic mice may due to the fact that 

several molecules and signals are involved in OPC migration during development, and other 

molecules may compensate this loss of function of Sema3A or Sema3F signal. In addition, 

there might be an effective correction mechanism for the deficiency in vivo, as it was found 

that the axon projection abnormalities in Sema3a deficient mice that occurred during early 

stages (E11.5) of development can be corrected later in development (E25.5) (White & 

Behar, 2000).  

 

Recent studies showed that expression of Sema3A/3F and Nrp1/2 alters in the lesions of 
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multiple sclerosis patients and experimental animal models, which suggests a possible role in 

MS development and lesion repair (Williams et al, 2007). Sema3A and Sema3F mRNA 

expression was increased around and within active MS lesions, but not chronic lesions, or 

normal appearing white matter (NAWM) distant to active lesions, or shadow (remyelinated) 

plaques. Sema3A and Sema3F positive cells are mostly glial cells, including astrocytes, 

microglia and oligodendrocytes. Among these cells, Sema3A+ cells are predominant in less 

inflammatory lesions (chronic active MS lesions), while more Sema3F+ cells are found in 

the most inflammatory lesions (early active MS lesions) (Fig1.4B). Nrp1 and Nrp2 were also 

expressed in a subpopulation of the Olig2+ oligodendrocyte lineage cells in addition to 

astrocytes, microglia and neurons, mostly in the plaque and periplaque area, but not in 

NAWM. This increased Sema3A and 3F mRNA expression also occurs in LPC induced 

experimental demyelinating animal models (Williams et al, 2007).  

 

In summary, the function of Sema3A and 3F signaling in OPCs is less studied, compared to 

that in neurons and cancer research. Sema3A and 3F expression changes in MS lesions and 

animal demyelinating models suggest their role in disease development and recovery. 

However, it is unclear what and how an altered level of Sema3A or Sema3F in the lesion 

changes OPC proliferation, apoptosis, differentiation and remyelination, besides their 

repellent or attractant effect of OPC migration, all of which are important stages in 

remyelination.   

 

One of the aims of this thesis is to investigate the role of Sema3A/Nrp1 and Sema3F/Nrp2 

signaling on OPC performance, including OPC proliferation, apoptosis, migration, 

differentiation and myelination. Utilizing an ex vivo model characterized and validated in 

chapter 3, chapter 4 discusses OPC performance and myelination changes on addition of 

rSEMA3A or 3F in slice culture. Chapter 6 investigates the effects of loss of function of 

Nrp1 or Nrp2, obligatory receptors of Sema3A or 3F, in primary OPC culture with miR 

RNAi lentiviruses developed and validated in Chapter 5. A model is thus established 
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according to these findings to elucidate a possible mechanism of Sema3A/Nrp1 and 

Sema3F/Nrp2 signaling in CNS remyelination in demyelinating animal models and MS 

patients.  
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Chapter 2:   

Materials and Methods 
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This chapter details the materials and methods used in all experiments. I am grateful to Dr 

Pamela Brown (Biomolecular Core facility of the University of Edinburgh) for making the 

lentiviruses and grateful to Stephen Mitchell (Institute of Molecular Plant Sciences) for TEM 

tissue processing.   

 

All chemicals were obtained by Sigma-Aldrich unless otherwise stated.  

 

2.1 Molecular biology techniques 

 

2.1.1 Production of miR RNAi expression vector 

 

BLOCK-iTTM Pol II miR RNAi Expression Vector Kit (Invitrogen) was used to make miR 

RNAi expression vectors, following the instructions in the manual of the kit and as follows.   

 

2.1.1.1 Generation of miR Double-Stranded Oligo 

 

The pre-designed single-stranded DNA oligos were ordered from Invitrogen. In a 0.5ml 

sterile microcentrifuge tube, the following annealing reaction was set up at room 

temperature.  

 

 

The reaction mixture was put in water bath at 95 °C for 4min, then removed from water bath 

and cooled to room temperature for 5-10 min on the bench. The reaction mixture (50μM) 

was then diluted 5,000 fold in DNase/RNase-free water to get a final concentration of 10nM.  
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The single-stranded DNA oligos sequences used were:    

    Single-Stranded DNA Oligo 

Sema3a 

A 

Top 
TGCTGAGCAGTTCCAGAGTACAACTCGTTTTGGCC

ACTGACTGACGAGTTGTACTGGAACTGCT 

Bottom 
CCTGAGCAGTTCCAGTACAACTCGTCAGTCAGTGG

CCAAAACGAGTTGTACTCTGGAACTGCTC 

Sema3a 

B 

Top 
TGCTGAATAGTTGTTGGTTCCCGGAAGTTTTGGCC

ACTGACTGACTTCCGGGACAACAACTATT 

Bottom 
CCTGAATAGTTGTTGTCCCGGAAGTCAGTCAGTGG

CCAAAACTTCCGGGAACCAACAACTATTC 

Sema3a 

C 

Top 
TGCTGTTAAGAACGGTTCCAACATCTGTTTTGGCC

ACTGACTGACAGATGTTGACCGTTCTTAA 

Bottom 
CCTGTTAAGAACGGTCAACATCTGTCAGTCAGTGG

CCAAAACAGATGTTGGAACCGTTCTTAAC 

Sema3f  

A 

Top 
TGCTGAGTTCAGGAGGCCTAAGTGCTGTTTTGGCC

ACTGACTGACAGCACTTACCTCCTGAACT 

Bottom 
CCTGAGTTCAGGAGGTAAGTGCTGTCAGTCAGTGG

CCAAAACAGCACTTAGGCCTCCTGAACTC 

Sema3f  

B 

Top 
TGCTGTAGAGTTCCTCATTGATGAGGGTTTTGGCC

ACTGACTGACCCTCATCAGAGGAACTCTA 

Bottom 
CCTGTAGAGTTCCTCTGATGAGGGTCAGTCAGTGG

CCAAAACCCTCATCAATGAGGAACTCTAC 

Sema3f  

C 

Top 
TGCTGTAGAGTTTATCGTCATTGCGCGTTTTGGCCA

CTGACTGACGCGCAATGGATAAACTCTA 

Bottom 
CCTGTAGAGTTTATCCATTGCGCGTCAGTCAGTGG

CCAAAACGCGCAATGACGATAAACTCTAC 

Nrp1  

A 

Top 
TGCTGTGAAGTTGCCATCTCCTGTATGTTTTGGCCA

CTGACTGACATACAGGATGGCAACTTCA 

Bottom 
CCTGTGAAGTTGCCATCCTGTATGTCAGTCAGTGG

CCAAAACATACAGGAGATGGCAACTTCAC 

Nrp1  

B 

Top 
TGCTGTGTAGGTGCACTCCAAGCAGTGTTTTGGCC

ACTGACTGACACTGCTTGGTGCACCTACA 

Bottom 
CCTGTGTAGGTGCACCAAGCAGTGTCAGTCAGTGG

CCAAAACACTGCTTGGAGTGCACCTACAC 
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Nrp2  

A 

Top 
TGCTGTAAAGGAGGAGGCCCGCACAGGTTTTGGCC

ACTGACTGACCTGTGCGGCTCCTCCTTTA 

Bottom 
CCTGTAAAGGAGGAGCCGCACAGGTCAGTCAGTG

GCCAAAACCTGTGCGGGCCTCCTCCTTTAC 

Nrp2  

B 

Top 
TGCTGTGAAGGTACAGTCCAGATTGTGTTTTGGCC

ACTGACTGACACAATCTGCTGTACCTTCA 

Bottom 
CCTGTGAAGGTACAGCAGATTGTGTCAGTCAGTGG

CCAAAACACAATCTGGACTGTACCTTCAC 

Nrp2  

C 

Top TGCTGTGAACTTGCGTACAAACGCCCGTTTTGGCC

ACTGACTGACGGGCGTTTACGCAAGTTCA 

Bottom 
CCTGTGAACTTGCGTAAACGCCCGTCAGTCAGTGG

CCAAAACGGGCGTTTGTACGCAAGTTCAC 

Plxna3  

A 

Top 
TGCTGAAAGCACGCGCACAGCATAGGGTTTTGGCC

ACTGACTGACCCTATGCTGCGCGTGCTTT 

Bottom 
CCTGAAAGCACGCGCAGCATAGGGTCAGTCAGTG

GCCAAAACCCTATGCTGTGCGCGTGCTTTC 

Plxna3  

B 

Top 
TGCTGATCAATAGGACCTTTCTCCATGTTTTGGCCA

CTGACTGACATGGAGAAGTCCTATTGAT 

Bottom 
CCTGATCAATAGGACTTCTCCATGTCAGTCAGTGG

CCAAAACATGGAGAAAGGTCCTATTGATC 

Plxna3  

C 

Top 
TGCTGTGTTAAAGCGCACTGCAGGTAGTTTTGGCC

ACTGACTGACTACCTGCAGCGCTTTAACA 

Bottom 
CCTGTGTTAAAGCGCTGCAGGTAGTCAGTCAGTGG

CCAAAACTACCTGCAGTGCGCTTTAACAC 

Plxna4  

A 

Top 
TGCTGAAAGGAAGGCTTCTGAGACAGGTTTTGGCC

ACTGACTGACCTGTCTCAAGCCTTCCTTT 

Bottom 
CCTGAAAGGAAGGCTTGAGACAGGTCAGTCAGTG

GCCAAAACCTGTCTCAGAAGCCTTCCTTTC 

Plxna4  

B 

Top 
TGCTGTACAGTTGACACCTGCTGACAGTTTTGGCC

ACTGACTGACTGTCAGCATGTCAACTGTA 

Bottom 
CCTGTACAGTTGACATGCTGACAGTCAGTCAGTGG

CCAAAACTGTCAGCAGGTGTCAACTGTAC 

Plxna4  

C 

Top 
TGCTGTATCAATGAGGTCAGCCAGTAGTTTTGGCC

ACTGACTGACTACTGGCTCCTCATTGATA 

Bottom 
CCTGTATCAATGAGGAGCCAGTAGTCAGTCAGTGG

CCAAAACTACTGGCTGACCTCATTGATAC 
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2.1.1.2 Cloning miR Double-Stranded Oligo into 

pcDNATM6.2-GW/EmGFP-miR Expression Vector 

 

The following ligation reaction was set up, including the miR double-stranded oligo mixture 

produced above.  

Reagent Volume 

5X Ligation Buffer  4μl 

pcDNATM6.2-GW/EmGFP-miR, linearized (5 ng/μl)  2μl 

miR double-stranded oligo (10 nM)  4μl 

DNase/RNase-Free Water  9μl 

T4 DNA Ligase (1 U/μl)  1μl 

Total volume  20μl 

 

The reaction mixture was well mixed and incubated for 5min at room temperature for 

ligation.  

 

2.1.1.3 Transformation of Expression Vector to Competent E.coli. 

 

2μl of the ligation reaction generated above was added into a vial of One Shot® TOP10 

chemically competent E.coli (Invitrogen) and incubated on ice for 5 to 30 min. The reaction 

mixture was then put in 42°C water bath for 30 seconds for a heat-shock without shaking. 

After heat-shock, the reaction mixture was transferred to ice immediately, and 250μl room 

temperature S.O.C. medium (Invitrogen) was added before shaking in an orbital shaker 

(200rpm) at 37°C for 1 hour. The reaction mixture was then spread on a pre-warmed LB agar 

plate containing 50μg/ml spectinomycin and incubated overnight at 37°C.  

 



 82

2.1.1.4 Plasmid Preparation (Miniprep and Maxiprep) 

 

Single colonies picked from the LB agar plate were growth in individual 5ml (Miniprep) or 

200-400ml (Maxiprep) spectinomycin containing medium and incubated at 37°C overnight in 

an orbital shaker (200rpm). After 12-16 hours the cells were harvested by centrifugation 

(6000g for 15 minutes at 4°C). Plasmid DNA was purified by Miniprep or Maxiprep kit 

(Qiagen), according to the manuals provided in the kits. Purified plasmid DNA was sent to 

Source BioScience (Cambridge) for sequencing. The sequencing primers used were:  

EmGFP forward sequencing primer: GGCATGGACGAGCTGTACAA 

miRNA reverse sequencing primer: CTCTAGATCAACCACTTTGT 

 

2.1.2 RT-qPCR 

 

2.1.2.1 RNA Isolation and On-Column DNA Digestion 

 

RNA isolation was performed with RNeasy mini kit (Qiagen), according to the manual 

provided. Briefly, cells grown in monolayer were rinsed with PBS and lysed by adding 

Buffer RLT into the culture dishes directly. The lysate was collected with a rubber policeman 

and transferred into a microcentriguge tube. The lysate was then homogenized by passing 

through a 20-gauge needle attached to a sterile plastic syringe several times, ensuring that no 

cell clumps are visible. An equal volume of 70% ethanol was added to the homogenized 

lysate before transferred to the RNeasy spin column, and centrifuged at 8000g for 15 second. 

The flow-through was discarded. The Buffer RW1 was added to the RNeasy spin column 

and centrifuged for 15 seconds at 8000g before DNase on-column digestion. 80μl DNase I 

incubation mix (10μl DNase I stock solution diluted in 70μl Buffer RDD, Qiagen) was added 

directly to the RNeasy spin column membrane and placed on the bench for 15 min. The spin 

column was washed with buffer RW1 and centrifuged for 15 seconds at 8000g, before 

washed by Buffer RPE twice, centrifuged at 8000g, 15 sec and 2 min respectively. 
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RNase-free water then was then added to the spin column membrane, and centrifuged for 1 

min at 8000g to elute the RNA into a 1.5ml collection tube. The concentration of the eluted 

RNA was determined by NanoDropTM 1000 spectrophotometer (Thermo scientific).  

 

2.1.2.2 Complementary DNA (cDNA) Synthesis 

 

SuperScriptTM III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen) was used to 

synthesize cDNA for following qPCR reaction. Briefly, 1μg of RNA was added to the 

first-strand cDNA reaction mix (1xRT reaction mix, 2μl RT Enzyme Mix) to make a final 

volume of 20μl, and then incubated at 25°C for 10 min before incubated at 42°C for 60 min. 

A “no-RT” control was also made by replacing the 2μl RT Enzyme Mix with RNAse free 

water.  

 

2.1.2.3 Quantitative Polymerase Chain Reaction (qPCR) 

 

Fast SYBR® Green Master Mix (ABI) was used for qPCR reaction. Briefly, 10ng of the 

resulting cDNA was added to 2x Fast SYBR® Green Master Mix with 5’ and 3’ primers 

(90nM) for Nrp1 and Nrp2. To ensure no contamination with genomic DNA, a “no-RT” 

control was always included. To normalize the concentration of template used in PCR 

reactions, a PCR reaction of a housekeeping gene GAPHD was also included. Primers for 

Nrp1 and Nrp2 (Ehlert et al, 2010) were synthesized by Invitrogen. Primers for GAPDH 

were kindly supplied by Dr. Jayanth Chandran. Primers used as follows: 

 

Nrp1:   Forward: 5’-CTGTGCAAAACCAACAGACCTAGAT-3’ 

Reverse: 5’-GTTCTTGTCGCCTTTCCCTTCT-3’ 

Nrp2:  Forward: 5’-TCCGGAGAGATTTCCATCGA-3’ 

   Reverse: 5’-AAAGCCGAGATGGGTTCCA-3’ 

GAPDH:  Forward: 5’-CCATCACCATCTTCCAGGAG-3’ 
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   Reverse: 5’-CGTGGTTCACACCCATCACA-3’ 

 

ABI 7500 FAST qPCR machine (Applied Biosystems) with a SDS v1.4 software was used to 

run the PCR reaction and data analysis. Cycle conditions were 95°C 20 sec initial activation 

step, 40 cycles: 95°C 3sec denature step, 60°C 30sec annealing and extension step. The 

program was followed with an integrated melting curve analysis for each reaction to verify 

the specificity of the PCR primers and products, and data collection. Relative quantification, 

with error bars, was presented as bar charts in the SDS v1.4 software.   

 

2.1.3 Western Blot 

 

2.1.3.1 Protein Extraction from Cells  

 

Cultured cells were rinsed twice with PBS before ice-cold RIPA buffer (Pierce scientific), 

containing protease inhibitor cocktail (1:100, Calbiochem), was added to the culture dishes. 

Cell lysate was collected on ice using a rubber policeman, and transferred into a 1.5ml 

eppendorf tube. Cell lysate then went through sonication for 30 seconds with 40-50% pulse 

before centrifuged at 4°C for 15min at 13000g. The supernatant was collected in a new 

eppendorf tube and protein concentration was determined using Pierce BCA (bicinchoninic 

acid) assay (Thermo scientific).  

 

2.1.3.2 Protein Electrophoresis and Electrophoretic Transfer 

 

Protein lysate was prepared with Laemmli sample buffer (Bio-Rad) containing 

β-mercaptoethanol (β-ME), and boiled for 5 min in order to unfold the proteins completely 

before the electrophoresis. 10-20 μg protein samples and molecular weight ladder 

(kaleidoscope protein standards, Bio-Rad) were loaded onto Precise Tris-HEPES gel (4-20%, 

Thermo scientific). The electrophoresis was carried out at 150V for 45 min in running buffer 
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Tris-HEPES-SDS (Thermo scientific). Proteins were then transferred onto PVDF membranes 

(Immobilon-P, Millipore) in SDS-PAGE transfer buffer (192mM glycine, 25mM Tris Base) 

containing 20% Methanol. The electrophoretic transfer was carried out at 400mAh for 2-3 

hrs in a mini trans-blot electrophoretic transfer cell (Bio-Rad). 

 

2.1.3.3 Primary and Secondary Antibody Incubation  

 

To eliminate background staining, PVDF membranes were blocked with gentle rocking for 1 

hour at RT in 1xTBS buffer (8g NaCl, 0.2g KCl, 3g Tris in 1L dH2O, Ph7.4) containing 0.1% 

Tween and 5% milk. The membranes were then incubated with primary antibody, diluted in 

1xTBS with 0.1% Tween and 5% milk, at 4°C overnight. The membranes were washed in 

1xTBS with 0.1% Tween three times for 10min each before incubated in secondary antibody 

conjugated to HRP (horseradish-peroxidase), diluted at 1:5000 in 1xTBS with 0.1% Tween 

and 5% milk, at RT for 1 hour. Following secondary antibody incubation, the membranes 

were washed in 1xTBS with 0.1% Tween three times each for 10min. All incubations and 

washes were performed on a shaking platform. Primary antibodies used for western blot 

were: rabbit anti-Sema3A (1:1000, Abcam), rabbit anti-Sema3F (1:500, Chemicon), rabbit 

anti-Nrp1 (1:1000, CST), rabbit anti-Nrp1 (1:200, Abcam), rabbit anti Nrp2 (1:1000, CST), 

goat anti-PlxnA3 (1:1000, R&D), rabbit anti-PlxnA4 (1:1000, CST), rabbit anti-PlxnA4 

(1:250, Abcam), mouse anti-GAPDH (1:5000, Millipore). Secondary antibodies used were 

HRP-Linked anti-rabbit IgG and anti-mouse IgG (1:5000, GE Healthcare) and HRP-Linked 

anti-goat IgG (1:50,000, Sigma).  

 

2.1.3.4 Enzymatic Chemiluminescence (ECL) Detection 

 

To visualize the protein bands, the membranes were incubated with ECL reagents (ECL plus, 

GE Healthcare) for 1 min, and then mounted in an X-ray film cassette in a suitable detection 

pocket. A sheet of autoradiography film (Kodak) was placed on top of the membrane and 
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exposed at RT for times varying from 30 seconds to 1 hour to get an optimal exposure. The 

exposed film was developed in an X-ray film developer. Gel Pro program was used for 

quantification of the proteins in relation to the total protein loaded.  

 

2.2 Slice Culture 

 

2.2.1 Culturing Mouse Cerebellum, Brain Stem and Spinal Cord Slices 

 

All experiments were performed under Home Office project and personal licenses and in 

compliance with United Kingdom Home Office regulations and University of Edinburgh 

guidelines. CD1 mice, C57BL/6 mice and CNPase-EGFP transgenic mice on the C57BL/6 

background (Yuan et al, 2002b) were used in slice culture. P1-P2 mouse pups were 

decapitated, and their brains or spinal cords were dissected into ice-cold Hank's Balanced 

Salt Solution (HBSS). 300μm sagittal slices of cerebellum, brainstem or spinal cord were cut 

using a McIlwain tissue chopper. For cerebellum, excess tissue was trimmed around the 

brain, ensuring the cerebellum remained attached to the underlying piece of hindbrain. The 

slices were placed on Millipore Millicell-CMTM organotypic culture inserts (Millipore, 

0.4μm) in slice culture medium containing 50% MEM with Earle's salts, 25% Earle's 

Balanced Salt Solution, 25% heat inactivated horse serum (HIHS), glutamax-II, 

penicillin-streptomycin (Pen-Strep, Invitrogen; 5000 units/ml penicillin, 5000μg/ml 

streptomycin), amphotericin B (Invitrogen) and 6.5 mg/ml glucose. Medium was changed 

every two days (Fig2.1A).  

 

2.2.2 Demyelinating and Remyelinating Slice Cultures 

 

After 10 days in culture, demyelination was induced by addition of 0.5mg/ml 

lysophosphatidylcholine (lysolecithin, LPC) to the medium for 16-20 h, after which slices  
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were transferred back into normal slice culture medium. Cerebellar slice cultures require 

around 16 h, whereas brainstem and spinal cord cultures require around 18-20 h of 

incubation. Concentrations of LPC higher than this are also toxic to axons. Medium 

containing factors was added 12 h later. Cultures were maintained for a further 14 days, and 

then processed for immunolabelling. 

 

2.2.3 Addition of Factors in Slice Culture 

 

For remyelination slices, factors were added 12 hr after LPC treatment. For myelination 

slices, factors were added 12 hr after starting culture. Factors used were Platelet Derived 

Growth Factor (PDGF) (10ng/ml, PeproTech Inc.), Fibroblast growth factor (FGF) (10ng/ml, 

PeproTech Inc.), Neuregulin 1 (NRG1) (10ng/ml, R&D Systems), NRG1-III (10ng/ml, R&D 

Systems), DAPT (gamma secretase inhibitor, 5μM, CalBiochem), 9-cis retinoic acid (9cRA, 

50nM, Sigma), 9cRA agonists HX630 and PA024, and 9cRA antagonist PA452 (1μM, 

500nM, 5μM respectively, kindly supplied by Hiroyuki Kagechika), Semaphorin 3A (R&D 

Systems), Semaphorin 3F (R&D Systems). 

 

2.2.4 Slice Culture Proliferation Assay 

 

In order to examine cell proliferation in slice culture, BrdU labelling medium (Roche, 1:1000) 

was added in slice culture medium for 16 h before fixation at DIV10 (myelination M), 

DIV12 (demyelination DM) and DIV25 (remyelination RM). The slices were rinsed with 1x 

phosphate-buffered saline (PBS) before fixation with EtOH fixative (add 50mM glycine 

solution to 70ml absolute EtOH to get 100 ml fixative, pH 2.0) for 45min at -20°C. Slices 

were rinsed with 1xPBS 3 times before immunolabelling.  

 

2.2.5 Immunostaining of Slice Cultures 

 



 89

Slices were fixed while attached to membranes with 4% paraformaldehyde (PFA) in 

phosphate-buffered saline (PBS) for 1 hr, rinsed in PBS for 10 min thrice, and blocked with 

3% HIHS, 2% bovine serum albumin (BSA), and 0.5% Triton X-100 in PBS (block solution) 

for 1 h. Slices were then incubated in primary antibody diluted in block solution overnight, 

washed once for 10 min and then thrice for 1 h in block solution. The slices were then 

incubated in secondary antibody overnight, washed thrice in block solution. Slices were then 

rinsed in PBS, counterstained in Hoechst (Sigma, 5μg/ml) for 10 min, and mounted in 

Fluoromount-G (Southern Biotechnology). The antibodies Nkx2.2 and PCNA required 

antigen retrieval before incubation with the primary antibody, by microwaving in Vector 

H-3300 antigen unmasking solution (Vector Laboratories) for 5 min. Primary antibodies used 

include: rabbit polyclonal anti-contactin associated protein (Caspr, Abcam, 1:500), mouse 

monoclonal anti-CD68 (Serotec, 1:200), rat monoclonal anti-myelin basic protein (MBP, 

Serotec, 1:500), chicken polyclonal anti-neurofilament 200kDa (NFH, EnCor Biotech, 

1:50,000), mouse monoclonal anti-Neuronal Nuclei (NeuN, Millipore, 1:300), rabbit 

monoclonal anti-Nkx2.2 (Developmental Studies Hybridoma Bank, 1:200), mouse 

monoclonal anti-NG2 (Chemicon, 1:200), rabbit polyclonal anti-NG2 (Chemicon, 1:200), 

rabbit polyclonal anti-Olig2 (Millipore, 1:500), rabbit polyclonal anti-PCNA (Abcam, 

1:2000) and mouse monoclonal anti-BrdU (Millipore, 1:500), mouse monoclonal anti-APC 

(CC1, 1:200), rabbit polyclonal anti cleaved Caspase-3 (cell signaling, 1:500), rabbit 

polyclonal anti-GFAP (DAKO, 1:500), chicken polyclonal anti-GFAP (Covance, 1:2000), 

rabbit monoclonal anti-GFP (Invitrogen, 1:2000), mouse monoclonal anti-GFP (Invitrogen, 

1:200), chicken polyclonal anti-GFP (Abcam, 1:500). Appropriate fluorescent secondary 

antibodies were used (Alexa Fluor, Invitrogen, 1:1000).  

 

2.2.6 Imaging and Quantification  

 

Confocal microscopy (Leica SPE) was used to obtain stacks of photographs of MBP and 

NFH immunolabelling at 1μm intervals in white matter areas at ×40 magnification. Only 
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slices with intact axonal cytoarchitecture were chosen for imaging. Slices thinned after 

culture for 25 days to approximately 30μm thickness. Myelinated fibres are best observed 

between a depth of 5μm to 20μm from the upper surface and all our results were taken from 

this level. A macro was written with Image Pro Plus software (Media Cybernetics) to 

automate quantification of myelination and remyelination. For cell counting slices, images 

were acquired at 1μm intervals in cerebellum areas at ×20 magnification.  

 

2.2.7 Transmission Electron Microscopy (TEM) 

 

Tissue samples were processed by Stephen Mitchell (Institute of Molecular Plant Sciences). 

Briefly, samples were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 

7.3, for 2 h, washed in PBS and post-fixed in 1% osmium tetroxide in 0.1 M sodium 

cacodylate for 45 min. The samples were then dehydrated in increasing concentrations of 

acetone and embedded in Araldite resin. Sections, 1μm thick, were cut on a Reichert OMU4 

ultramicrotome (Leica Microsystems), stained with toluidine blue and viewed in a light 

microscope to select suitable areas for investigation. Ultrathin sections, 60 nm thick were cut 

from selected areas, stained in uranyl acetate and lead citrate and then viewed in a Phillips 

CM120 Transmission electron microscope (FEI). Images were taken on a Gatan Orius CCD 

camera (Gatan). The perimeter of the axon and the outer border of the myelin sheath was 

traced and measured with Image Pro Plus software (Media Cybernetics). The g-ratio was 

obtained by dividing these values. The axon diameter was measured by taking the average 

length of diameters measured at 2° intervals and passing through the centre of the axon. The 

Maximum Likelihood Test was used to test the likelihood that the two g-ratio regression 

lines were statistically different. 

 

2.3 Oli-Neu Cell Culture 

 

Oli-Neu cells were seeded in 9cm plate at 1x106 cells/plate, and cultured in SATO medium 
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supplemented with 2% HIHS. SATO medium used for all experiments was composed of a 

Sato’s modification of DMEM (SATO) (Bottenstein & Sato, 1979), supplemented with 

Pen-Strep (Invitrogen) and ITS supplement (100x). The SATO added consisted of: putrescine 

(15μg/ml), L0thyroxine (T4, 400ng/ml), Tri-iodothyroxine (T3, 400ng/ml), progesterone 

(6.2ng/ml), sodium selenite (5ng/ml), and bovine serum albumin fraction V (100μg/ml) 

dissolved in DMEM. Cultures were maintained at 37°C in 7.5% CO2 and medium was 

changed every three to four days. To passage, medium was aspirated, then the cells were 

washed twice with PBS and incubated with TripleE (Invitrogen) at 37°C for 3-5 min. The 

cells lifted off the tissue culture plastic after incubation and were then gently disaggregated 

into a single cell suspension using a 10ml pipette. Cells were then neutralized with a 5x 

volume of culture medium in a Falcon tube and cells were centrifuged at 1000rpm for 5 min. 

The cell pellet was re-suspended in fresh culture medium. The cells were then counted and 

plated into new 9cm plates at 1x106 cells/plate.    

 

2.4 Mouse and Rat OPC Primary Culture 

 

2.4.1 “Shaking-Off” Method 

 

2.4.1.1 Mouse and Rat Mixed glial Culture 

 

OPC cultures were prepared from neonatal mice (CD1) or Sprague Dawley rats as described 

previously (Laursen et al, 2009; McCarthy & de Vellis, 1980). Briefly, cerebral cortices from 

P0-P2 mice or rats were dissected and pooled. Brains were removed from the skull and 

dissected in ice-cold MEM. The midbrain, hindbrain, and meninges were removed and the 

cortices were transferred to a small vial of 1ml MEM. After mincing with fine scissors, tissue 

was digested for 45min at 37°C with a solution of 40μl papain (20U/ml, Worthington), 25μl 

L-cysteine (24mg/ml in MEM), and DNase I Type IV (40mg/ml in PBS) in 1ml MEM 

filtered and then pre-warmed at 37°C for 30min to activate and dissolve the papain. 
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Digestion was then halted by the addition of DMEM and 10%FCS medium (DMEM 

supplemented with Pen-Strep, 10% fetal calf serum (Invitrogen) and Glutamax II). Tissue 

was then mechanically dissociated and triturated using a pipette until the suspension was free 

of clumps. The homogenized suspension was then centrifuged for 5 min at 1000rpm, and the 

pellet resuspended in DMEM and 10%FCS medium. Cells were then plated onto 

poly-D-lysine (5μg/ml) coated T75 flasks (Falcon) filled with 10ml DMEM and 10%FCS 

(rat) or 10%HS (mouse) medium. Approximately three brains to two flasks for rats, or three 

brains to one flask for mouse, were plated. Cultures were maintained at 37°C in 7.5% CO2 

and media were changed every three to four days.  

 

2.4.1.2 Mouse and Rat OPC “Shake-Off” 

 

After 10-14 days in vitro, OPCs were shaken off the mixed glial culture on an orbital shaker 

at 37°C at 250rpm. Cultures were shaken for 1hr to remove loosely attached microglia and 

macrophages, the medium was removed and replaced with fresh medium. Flasks were then 

returned to the shake for 18hrs to isolate OPCs from the basal monolayer of cells. 

 

Following shake-off, medium was then transferred to non-tissue culture plastic petri dishes 

(Sterilin) and incubated for 20mins at 37°C in 7.5% CO2. This step further purifies OPCs as 

remaining macrophages and microglia adhere to the plastic. This technique generates a 

population of precursor cells approximately 95% of which will differentiate into 

oligodendrocytes (Milner & Ffrench-Constant, 1994). Medium containing purified OPCs 

was then collected in 50ml tubes and centrifuged at 1000 rpm for 5 min. The cell pellet was 

then resuspended in 1ml OPC proliferation medium, containing SATO medium, PDGF 

(10ng/ml), FGF (10ng/ml), and 0.5%FCS (rat OPC) or 0.5%HS (mouse OPC). The cells 

were well dispersed, counted, further diluted in OPC proliferation medium, and plated onto 

poly-D-lysine (5μg/ml) coated plates for experiments at the required density. Media were 

changed every two days with OPC proliferation medium to prevent OPCs from 
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differentiating.   

 

2.4.2 Magnetic-Activated Cell Sorting (MACS) 

 

Cerebral hemispheres from P1-P2 mouse pups were dissected and digested as described 

above (2.4.1). The digested tissues were then put through a 40μm cell strainer to get single 

cell suspension. Digestion was stopped by the addition of DMEM and 10%HS medium 

(DMEM supplemented with Pen-Strep, 10% Heat inactivated horse serum and Glutamax II). 

The cells were then counted and the suspension centrifuged at 1000rpm for 5mins. The cell 

pellet was resuspended in DMEM and 10%HS medium (70μl per 107 cells), and incubated 

with blocking solution (10μl per 107 cells, Miltenyi Biotec) for 10mins at 4°C. Anti-A2B5 

MicroBeads (20μl per 107 cells, Miltenyi Biotec) were then added and incubated for 10 mins 

at 4°C, followed by addition of 5ml DMEM and 10% HS to stop the reaction. The cells were 

then centrifuged at 1000rpm for 5mins, resuspended in 500μl DMEM and 10%HS, and put 

in FACS tubes in the auto MACS® Pro Separator (Miltenyi Biotec) for separation. The 

program “possels (sensitive mode)” was selected to separate the A2B5+ cells and A2B5 

negative cells. The A2B5 cells were counted, further diluted in OPC proliferation medium, 

and plated onto poly-D-lysine (5μg/ml) coated 6 well plates or 8 well chamber slides. About 

2 million A2B5+ cells were acquired from 3 mouse brains.  

 

2.5 Oligodendrocyte Precursor Cell Assays (Fig.2.1B) 

 

2.5.1 Nucleofection of Rat OPC 

 

Cultured rat OPCs at 2 or 3DIV were washed with PBS twice and detached with Accutase 

(Sigma) at 37°C for 5min. The detached cells were collected and centrifuged at 1000rpm for 

5min. The cell pellet was resuspended with OPC proliferation medium. The cells were then 

counted, and concentration was adjusted to 5x107 cells per ml.  
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A rat oligodendrocyte nucleofectorTM kit (Lonza) was used for nucleofection. Briefly, a 

mixture of 100μl OPCs (5x107 cells/ml) and 1ul miR RNAi plasmid (≥1μg/μl) was 

transferred to the amaxa-certified cuvette provided in the kit. The cuvette was then placed in 

the NuecleofectorTM 2b Device (Lonza), and program O-17 was selected for nucleofection. 

The OPCs were then transferred into the fresh OPC proliferation medium, counted, and 

plated onto poly-D-lysine (5μg/ml) coated plates for experiments at the required density.   

 

2.5.2  Lentivirus Transduction of OPC or Mixed glia Culture 

 

For lentivirus transduction of OPC, miR RNAi lentiviruses were diluted in OPC proliferation 

medium to 10MOI (multiplicity of infection, 10 lentivirus particles per cell), and added onto 

OPC culture of 1DIV. Lentivirus medium should not exceed half of the culture medium, 

therefore lentivirus with low titers could not be used at 10MOI. 24 hrs after lentivirus 

transduction, lentivirus-containing medium was removed, and fresh OPC proliferation 

medium was added in culture.  

 

For lentivirus transduction of mouse mixed glia culture for western blot, culture media was 

removed from a 6 well plate mouse mixed glia culture of 7DIV. 0.5ml miR RNAi 

lentiviruses in addition to 1ml DMEM and 10%HS medium were added in mixed glia culture 

per well. Lentivirus-containing medium was removed 24 hrs after transduction, and fresh 

DMEM and 10%HS medium was replaced in culture. Protein extraction was performed 3 

days after lentivirus transduction.   

 

2.5.3 Flow Cytometry Analysis  

 

Flow cytometry was used to analyze lentivirus transduction efficiency. The cytometer 

measures up to five parameters for each cell: forward light scatter intensity (FSC: 
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approximately proportional to cell diameter), side light scatter (SSC: approximately 

proportional to the quantity of granular structures within the cell), fluorescence intensities at 

several wavelengths (i.e. FL1: emission wavelength 515-545 nm), and the pulse height and 

width of each fluorescence parameter. Forward size and side scatter plots were used to 

exclude dead cells and debris from the fluorescence data. At least 10,000 “live” cells were 

acquired from each sample. Flow cytometry was performed on a 488 nm laser FACScanTM 

(Becton Dickinson). A 530/30nm band pass filter was used to measure GFP fluorescent 

intensity.  

 

Cultured OPCs were washed with PBS twice and detached with Accutase (Sigma) at 37°C 

for 5min. The cells were collected and centrifuged at 1000rpm for 5min. The cells were then 

resuspended in 500μl 2% PFA and transferred to appropriately labeled FACS tubes. For 

GFP+ cells percentage analysis, cells without lentivirus transduction were prepared for 

cytometer gating controls. Fluorescein was measured on the FL1 channel with the FACScan 

cytometer (Laser 488nm) and analyzed with Flowjo software. Resulting data was displayed 

as flow cytometry histograms.  

 

2.5.4 OPC Proliferation Assay (EdU Assay) 

 

Lentiviruses transduced OPCs were replated on poly-D-lysine (5μg/ml) coated 8-well 

chamber slides (Lab-Tek 8-well Permanox slides, Nunc), and maintained in OPC 

proliferation medium at 37°C in 7.5% CO2. Three days after lentiviruses transduction, OPCs 

were ready for proliferation assay. Proliferative cells were visualized by detection of EdU 

incorporated cells by the Click-iT® EdU Imaging Kits (Invitrogen). EdU solution (10mM) 

were diluted in OPC proliferation medium to get a final concentration of 5μM, and added to 

culture for 4 hrs at 37°C in 7.5% CO2. Cells were then fixed in 4% PFA, washed twice with 

3%BSA in PBS, and permeabilized with 0.5% Triton X-100 in PBS at RT for 20 min. 

Following two washes with 3%BSA, a reaction cocktail (1x Click-iT® reaction buffer, 
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CuSO4, Alexa® Fluor 647, 1x Reaction buffer additive) was added to the cells and incubated 

at RT for 30 min. The cells were then washed with 3%BSA before the normal 

immunocytochemistry (ICC) process and confocal microscopy analysis.   

 

2.5.5 OPC Survival Assay (Tunel Assay) 

 

Lentiviruses transduced OPCs were replated on poly-D-lysine (5μg/ml) coated 8-well 

chamber slides (Lab-Tek 8-well Permanox slides, Nunc), and maintained in OPC 

proliferation medium at 37°C in 7.5% CO2. Three days after lentivirus transduction, OPCs 

were ready for apoptosis assay. Apoptotic cells were visualized by detection of fragmented 

DNA by the In Situ Cell Death Detection Kit (TMR red, Roche). Cells were fixed with 

4%PFA for 15 min at RT, rinsed with PBS three times, and went through normal 

immunocytochemistry process before Tunel assay. After secondary antibody incubation and 

PBS washes, cells were incubated with freshly prepared permeabilization solution (0.1% 

Triton X-100 in 0.1% sodium citrate) for 2min on ice. For positive control, cells were 

incubated with DNase1 recombinant (50U/ml in 50mM Tris-HCl, pH 7.5, 1mg/ml BSA) at 

RT for 10min. The cells were rinsed with PBS twice before addition of 50μl Tunel reaction 

mixture (90% Label solution and 10% Enzyme Solution) in each well. The cells were 

covered in foil to avoid light and incubated at 37°C for 60min. For negative control, cells 

were added with Label solution without Enzyme solution. After incubation, the cells were 

rinsed with PBS three times, incubated with Hoechst (Sigma, 5μg/ml) for 10min. The cells 

were then rinsed with PBS three times and mounted with fluoromout-G (Southern 

Biotechnology).  

 

2.5.6 OPC Differentiation Assay 

 

Lentivirus transduced OPCs were replated on poly-D-lysine (5μg/ml) coated 8-well chamber 

slides (Lab-Tek 8-well Permanox slides, Nunc), and maintained in OPC proliferation 
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medium at 37°C in 7.5% CO2. Three days after lentivirus transduction, OPCs were ready for 

differentiation assay. In order to visualize and assess OPC differentiation, culture medium 

was changed to OPC differentiation medium (SATO medium with 0.5% FCS) and the cells 

were stained 3 days or 5 days later. The cultures were fixed with 4% PFA for 15min, rinsed 

three times with PBS, and then went through the immunocytochemistry process and confocal 

microscopy analysis.  

 

2.5.7 Immunocytochemistry (ICC) and Imaging 

 

The cells in culture were fixed with 4% PFA and rinsed in PBS for 15 min before ICC. The 

cells were blocked in blocking solution (0.2% Triton X-100, 10% normal goat serum, 10% 

horse serum) for 30min, and then incubated in primary antibodies diluted in blocking 

solution at RT for 1hr or 4°C overnight. The cells were then rinsed three times with PBS, 

incubated in secondary antibodies diluted in blocking solution at RT for 1hr. After incubation, 

the cells were rinsed with PBS, incubated with Hoechst (Sigma, 5μg/ml) for 10min to stain 

cell nuclei, mounted in Fluoromount-G (Southern Biotechnology) to prevent fluorescence 

fading, and were overlaid with a glass coverslip. Primary antibodies used include: rat 

monoclonal anti-myelin basic protein (MBP, Serotec, 1:500), mouse IgM anti-O4 

(ImmunoSolv, 1:2000), mouse monoclonal anti-NG2 (Chemicon, 1:200), rabbit polyclonal 

anti-NG2 (Chemicon, 1:200), rabbit polyclonal anti-Olig2 (Millipore, 1:500), rabbit 

polyclonal anti-GFAP (DAKO, 1:500), chicken polyclonal anti-GFAP (Covance, 1:2000), 

rabbit monoclonal anti-GFP (Invitrogen, 1:2000), mouse monoclonal anti-GFP (Invitrogen, 

1:200), chicken polyclonal anti-GFP (Abcam, 1:500). Appropriate fluorescent secondary 

antibodies were used (Alexa Fluor, Invitrogen, 1:1000). Confocal z-stacks were acquired at 

x20 magnification using a Leica SPE confocal microscope and software. Obtained images 

were processed and analyzed with ImageJ program.  

 

2.5.8 Boyden Chamber Migration Assay (Transwell Migration Assay) 
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OPC-enriched cell suspensions were plated at a density of 1.25x105 cells/ml on 

poly-D-lysine-coated Polycarbonate Membrane Insert (6.5mm Transwell® with 5.0µm or 8.0 

µm Pore size, Corning) (Fig.2.2). 100µl of cell suspension were used per insert, and the 

inserts were placed in the wells of a 24 well tissue culture plate over 600µl culture medium 

containing SATO medium and 0.5%HS (for mouse) or 0.5%FCS (for rat). rSEMA3A 

(500ng/ml, R&D Systems) or rSEMA3F (500ng/ml, R&D Systems) were added in the 

culture medium to observe their chemotactic effects on OPC migration. Culture medium 

without addition of any factor was control, while addition of PDGF (20ng/ml, PeproTech 

Inc.) was positive control. 3-4 inserts were used for each condition.    

 

Cells were allowed to migrate for 16hrs at 37°C, then cells on the upper side of the insert 

were then scraped off, and the cells attached to the lower side of the filter were fixed with 

4%PFA with 0.1% glutaraldehyde at RT for 30 min. The inserts were then rinsed with PBS, 

and cell nuclei were stained with Hoechst (Sigma, 5μg/ml) for 10min. Cell nuclei were 

imaged using an Axio Obsever Z1 inverted microscope equipped with AxioVision V4.8.2.0 

software (Carl Zeiss) microscope. For each transwell assay 6-9 images of the inserts were 

captured using a 20x objective, and nuclei were counted using image pro plus software 

(Media Cybernetics, UK).   

 

2.6 DRG-OPC Myelinating Co-cultures  

 

The DRG-OPC co-cultures have been widely used to assess myelination (Laursen et al, 2009; 

Wang et al, 2007). Briefly, dorsal root ganglia (DRGs) were dissected from E15 rat embryos 

and then dissociated with Papain solution, containing 1ml MEM, 40μl papain (30U/ml, 

Worthington), 25μl L-cystein (24mg/ml), 25μl DNase I (4mg/ml), at 37°C for 1hr. DMEM 

and 10%FCS medium (DMEM supplemented with Pen-Strep, 10% fetal calf serum 

(Invitrogen) and Glutamax II) was added to stop digestion, and the cells were centrifuged at  
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1000rpm for 5 min. The cell pellet was resuspended, counted, and diluted in DRG culture 

medium (DMEM and 10%FCS medium in the presence of nerve growth factor (NGF, 

100ng/ml, Serotec)) to a final concentration of 1 million cells/ml. 150ul cell suspension 

(150,000 cells) was plated on each 18mm coverslip, which were pre-coated with 

poly-D-lysine (5μg/ml) at 37°C for 1hr, followed by growth factor reduced Matrigel (1:40, 

BD Siosciences) coating at 37°C for 4hr.  

 

A day after plating, the wells were flooded with DRG culture medium with addition of 

fluorodeoxyuridine (FdU, 10μM, Sigma). DRG culture medium was changed every 2-3 days 

with and without FdU pulse regularly, in order to remove contaminating fibroblasts and glial 

cells. After 21 days in culture, culture medium was changed to myelination medium (BME 

(Basal Medium Eagle) medium supplemented with Pen-Strep (Invitrogen), ITS supplement 

(100x), Glutamax II, 4mg/ml glucose, 0.5%FCS, NGF (100ng/ml, Serotec)). 200ul of 

lentiviruses transduced OPC suspension at 375,000 cells/ml was added onto DRG culture per 

well. Myelination medium was changed every 3 days. At 15 days after co-culture, the cells 

were fixed with 4% PFA at RT for 15min. The co-cultures then went through the 

immunocytochemistry process and confocal microscopy analysis. Primary antibodies used 

for co-culture include: rat monoclonal anti-myelin basic protein (MBP, Serotec, 1:500), 

chicken polyclonal anti-neurofilament 200kDa (NFH, EnCor Biotech, 1:50,000), rabbit 

monoclonal anti-GFP (Invitrogen, 1:2000), mouse monoclonal anti-GFP (Invitrogen, 1:200). 
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3.1 Introduction 

 

To better understand mechanisms of MS and its repair at a molecular level, a relatively 

simple and reproducible demyelination/remyelination model is essential. The most common 

demyelination/remyelination models so far are different in vivo animal models, including 

experimental autoimmune encephalitis (EAE), cuprizone ingestion, and injection of focal 

myelin toxin, i.e. Ethidium Bromide (EB) or lysophosphatidyl choline (LPC) (Blakemore & 

Franklin, 2008; Furlan et al, 2009). These models each reflect different aspects of the 

pathology of inflammation, demyelination and remyelination, which occur in MS. The major 

drawback of animal models is that they are time consuming and animal consuming as only 

one condition can be tested per animal and systemic effects need to be considered (thus also 

expensive). In addition, it is difficult to manipulate experimental conditions in vivo as the 

cells are less accessible. A more complete discussion of MS models is discussed in Chapter 

1. 

 

In vitro or ex vivo culture models of remyelination can help to circumvent limitations of in 

vivo models. Aggregate cultures, an in vitro whole brain cell culture, treated with anti-MOG 

antibody (Duvanel et al, 2004; Honegger et al, 1989), IFN-gamma cytokine (Diemel et al, 

2004), or LPC (Vereyken et al, 2009), have been reported to induce demyelination and can 

be used for study of remyelination. A disadvantage of in vitro cell culture is that the true 

three-dimensional structure of the tissue is absent, and the cells are asked to behave 

‘normally’ in very contrived environments. An alternative is to use an ex vivo slice culture 

model, where the three dimensional structure of the brain is retained within the slice. 

Demyelination can be induced by antibody/complement (Harrer et al, 2009) or LPC 

(Birgbauer et al, 2004; Cho et al, 2009; Miron et al, 2010). Although slice culture has been 

used for study of remyelination, this system has not previously been further characterized or 

validated for demyelination/remyelination research, and it was not proved that the returned 

myelin sheaths were compact myelin sheaths and the result of remyelination.  
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The goal of this chapter was to fully characterize the mouse slice culture model through 

myelination, demyelination and remyelination at a cellular level, and validate slice culture as 

a remyelination model that can faithfully represent the in vivo situation. To do so, I first 

characterized the different cell types in slice culture by confocal microscopy with antibodies 

to different stages of oligodendroglial cells, to neurons, axons, astrocytes and microglia. I 

then investigated the cell response, i.e. apoptosis and proliferation, after LPC treatment. To 

investigate whether the returned myelin sheaths are indeed compact myelin sheaths, and are 

the results of remyelination, but not continued myelination, I used electron microscopy and 

measured the g-ratio and internodal lengths of myelin sheaths. I also set up and validated an 

automated quantification system with image pro plus software, to measure the 

myelination/remyelination rate (myelination index) in slice culture, which makes it possible 

for relatively fast screen of drugs to enhance remyelination. I then validated this system by 

testing factors known from in vivo studies to have or have not an effect on remyelination, to 

see whether their effect in the slice system was faithful to the in vivo situation. 
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3.2 Experimental strategy 

 

Further details of the materials and methods used in these experiments are given in Chapter 

2. 

 

3.2.1 Slice culture 

 

Slices of cerebellum, brainstem and spinal cord between 200 and 300μm in thickness are 

taken from postnatal day 1-2 mice and placed in culture. Different LPC concentrations and 

treatment times for demyelination were tested to get the optimal result for demyelination and 

cell survival with minimal axonal damage. Normally, one animal per membrane and three 

separate membranes of slices were plated for each experimental condition. In addition, at 

least two separate isolations (from different litters) were performed in order to control for 

any variation among litters and animals (n≥2 per condition).  

 

3.2.2 g-ratio and internode length measurement 

 

Myelin sheaths generated by remyelination in vivo are thinner and have shorter internodal 

lengths, comparing to that of myelination. To prove that the returned myelin sheaths in the 

slice system are the result of remyelination, but not continued myelination, the g-ratio and 

internodal length were measured.  

 

The g-ratio is the ratio between the circumference of the axon and that of the outer aspect of 

the myelin sheath. Hence the bigger the g-ratio, the thinner the myelin sheath. To measure 

the g-ratio, slices attached to the membrane were fixed and processed for TEM either at 10 

DIV (representing myelinated fibres) and at 25 DIV with LPC treatment on day 10 

(representing remyelinated fibres). The g-ratio was counted from 6 cerebellar slices per 

condition, with 87 and 56 axons measured respectively. The maximum likelihood test was 
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used to compare the two g-ratios.  

 

Internodal length measurement was performed in both cerebellum and spinal cord, by 

measuring the distance between paranodes, labelled with anti-Caspr antibodies. A minimum 

of 80 internodes was counted per condition with 4 different experiments (N=4). The 

Kolmogorov-Smirnov test was used to compare the frequency distribution of internodal 

length.  

 

3.2.3 Cell apoptosis and proliferation in slice culture 

 

In order to assess the cell response in slice culture, I examined cell proliferation and 

apoptosis in slice cultures comparing those treated with LPC (states of demyelination or 

remyelination) or without LPC treatment (myelination), or with PDGF, an OPC mitogen, as a 

positive control for proliferation. Cell proliferation was examined at 10 DIV, 12 DIV (one 

day after LPC treatment), and 25 DIV (remyelination, 2w after LPC treatment), by BrdU 

incorporation or PCNA staining. Anti-cleaved caspase-3 antibody was used to detect 

apoptotic cells in culture. Slices stained with PCNA or cleaved caspase-3 were co-stained 

with Olig2, to identify proliferating or apoptotic OPC.  

 

3.2.4 Quantification of myelination and remyelination 

 

Confocal microscopy was used to obtain stacks of photographs of MBP (green) and NFH 

(red) immunolabelling at 1 μm intervals in white matter areas at ×40 magnification. As MBP 

also stains oligodendrocyte cell bodies and non-myelinating processes, myelination or 

remyelination was quantified by measuring the ‘Myelination Index’ - as a measure of the 

amount of myelin sheath (overlapping of MBP staining and NFH staining) per axon area 

(NFH staining). Slices thinned after culture for 25 days to approximately 30 μm thickness. 

Myelinated fibres are best observed between a depth of 5 μm to 20 μm from the upper 



 106

surface and all our results were taken from this level. In addition, only pictures in areas of 

good density of axons were taken to keep thresholds the same.   

 

A macro was written with Image Pro Plus software (Media Cybernetics) to automate 

quantification of the myelination index. The photographs were merged at each level in the 

stack and the pixels where there was overlap of red and green within a predefined intensity 

were highlighted forming a mask of colocalization. Very small areas of pixels positive for 

overlap were excluded automatically to avoid artefact (area under 30 pixels, area of 1 

pixel=72264 nm2). Then, the area covered by positive (overlapping) pixels was measured. A 

similar procedure was performed for NFH staining and the two measurements divided to 

form the “Myelination Index”. The macro written within the program platform performs all 

these steps automatically, in around 10 s per image stack. 

 

In order to prove that this quantification method is sensitive enough to detect changes in 

amount of myelin sheath, cerebellar slices were fixed at 4DIV, 8DIV and 12DIV. A minimum 

of 7 slices counted per condition, N=2 experiments. The myelination index was measured 

using the method described above.  

 

3.2.5 Factors tested on remyelination 

 

The addition of various factors to in vitro co-culture models of developmental myelination 

have been shown to alter myelination. However, several of these factors fail to affect 

remyelination in in vivo models (summarised and referenced in Table 3.1). 

 

To prove that slice culture can faithfully represent the in vivo system, I tested these factors in 

slice culture. Factors used were Platelet Derived Growth Factor (PDGF, 10 ng/ml), 

Fibroblast growth factor (FGF, 10 ng/ml), Neuregulin 1 (NRG1, 10 ng/ml), NRG1-III (10 

ng/ml), DAPT (gamma secretase inhibitor, 5 μM), 9-cis retinoic acid (9cRA, 50 nM), 9cRA 
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agonists HX630 (1 μM) and PA024 (500 nM), and 9cRA antagonist PA452 (5 μM). The dose 

of the factors used is based on the literature. All factors were added 12 hrs after LPC 

treatment. A minimum of 7 slices was counted per condition, N=3 experiments. To determine 

the statistical significance among different conditions, a one-way ANOVA with Dunnett’s 

multiple comparison test was run (GraphPad Prism). Data comparing multiple factors on the 

Myelination Index is presented normalised to the control group (no additive).  

                             

                              Table 3.1:  

Comparison of effect of factors on myelination and remyelination.  

Factor 
Action on 

OPCs 

Myelination  

in vitro 

co-cultures 

Remyelination 

in slices 

Remyelination in vivo 

(myelin toxin model) 

PDGF ↑ proliferation 
↓ myelination 

(Wang et al, 2007)  
↔ 

↑ OPC numbers but 

remyelination ↔ 

(Woodruff et al, 2004) 

FGF2 ↑ proliferation 
↓ myelination 

(Wang et al, 2007)  
↔ Not known 

NRG1 
↑ proliferation 

and survival 

↑ myelination 

(Wang et al, 2007) 
↔ 

remyelination ↔ 

(Penderis et al, 2003) 

Inhibition of 

γ-secretase/ 

Notch-1 ablation 

↑differentiation 
↑ myelination 

(Watkins et al, 2008) 
↔ 

remyelination ↔ with 

Notch-1 ablation 

(Stidworthy et al, 2004) 

9-cis retinoic 

acid 
↑differentiation 

↔ myelination 

(Huang et al, 2011) 
↑ 

↑ remyelination (Huang 

et al, 2011) 
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3.3 Results 

 

3.3.1 Myelination, demyelination and remyelination occurs in slice cultures 

 

Slices of cerebellum, brainstem and spinal cord between 200 and 300μm thickness are taken 

from postnatal day 1–2 mice and placed in culture (Fig.3.1). Myelination occurs readily, and 

is extensive by 10 days in vitro (DIV). The gliotoxin lysophosphatidyl choline (LPC) is 

added at 10 DIV for 15–20 h which leads to almost complete demyelination 24 h after LPC 

is removed. After 14 additional days in culture (25 DIV), myelin sheaths reappear in 

conjunction with contactin-associated protein (Caspr) localised at the paranodes around a 

node, suggestive of a mature myelin internode (Fig.3.3E).  

 

The angle of cutting the sections is critical, and requires sagittal sections to minimize nerve 

fibre damage. Cerebellar slices are much more successful if not detached from the brainstem 

(Fig.3.2A), possibly related to both the maintained connectivity of Purkinje cells and the 

higher concentration of OPCs in brainstem than cerebellum. Only slices with a maintained 

neural architecture should be used, for reasons of consistency, which in my hands amounts to 

about four cerebellar slices attached to brainstem, and three spinal cord slices per mouse.  

 

Using these criteria for selection of the slices, the results are consistent between multiple 

experiments. The concentration and time of LPC addition is also critical as too high a 

concentration or too long an application also causes axon degeneration. Spinal cord, with its 

densely packed myelin sheaths (Fig.3.2B), requires a longer application of LPC before 

complete demyelination, probably due to slower LPC penetration. 

 

3.3.2 Characterization of the cells in slice culture demyelinating model 

 

In MS, cells at the heart of the demyelinating lesion die, activated microglia/macrophages  
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migrate to the lesion to clear this debris, OPCs migrate to the lesions, proliferate and then 

differentiate to successfully remyelinate the lesion. OPCs are present in slice cultures as 

shown by antibody staining to NG2 (Fig.3.3A), Nkx2.2 (Fig.3.4A) and Olig2 (Fig.3.4D), and 

are retained after LPC treatment (Fig.3.4B, C, E and F). Interestingly, Nkx2.2+ cells were 

unevenly distributed in the brain stem, with most of cells forming clusters in a specific area 

under the cerebellum (Fig.3.4A-C). These might be the source of cells for myelination or 

remyelination in cerebellum in slice culture later. Reynolds et al. found that oligodendrocytes 

of the cerebellum arise postnatally from the SVZ of the fourth ventricle, which then migrate 

through the SMV (superior medullary velum) to their final position in the cerebellum and to 

some extent the peduncles (Reynolds & Wilkin, 1988). 

 

At 25 DIV, I saw mature oligodendrocytes myelinating axons (MBP positive, Fig.3.3B) with 

clear internodes, heminodes and nodes of Ranvier, flanked by paranodes, identified by 

tightly localised Caspr expression (Fig.3.3E). This is suggestive immunohistochemical 

evidence that maturation of the myelin sheath occurs, with the formation of specialised nodal 

and paranodal structures (Eisenbach et al, 2009). Cells with a Schwann cell phenotype, the 

effectors of myelination in the peripheral nervous system, do not myelinate axons in this 

system as seen by the absence of staining with a periaxin antibody (kindly donated from Prof 

Peter Brophy).  

 

Activated microglia/macrophages are seen in these cultures, as shown by antibodies to CD68 

(Fig.3.3C). In MS lesions, macrophages are also recruited from the blood, which is absent in 

our model, but there are sufficient resident microglia/macrophages to clear most debris. 

Axonal bulbs, indicative of axonal damage, are sometimes seen after demyelination in our 

slice model. These are reminiscent of those seen in MS lesions (Dutta and Trapp, 2007) 

(Fig.3.3D). Neurons and astrocytes were also abundant in slice culture, as shown by 

antibodies to GFAP and NeuN (Fig.3.3G and H).  
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3.3.3 OPCs undergo proliferation but little apoptosis in response to 

demyelination in slice culture 

 

Using antibodies against the marker of proliferation PCNA (proliferating cell nuclear 

antigen), I showed that treatment with LPC causing demyelination provoked a proliferative 

response (Fig.3.5B). The number of proliferating cells in cerebellar/brainstem slices 

increased 3.2 fold the day after demyelination (DM) (12 DIV) compared to at 10 DIV in 

control myelinated (M) slices. Some of these proliferating cells are oligodendroglial cells as 

shown by using antibodies to Olig2. The number of cells double positive for Olig2 and 

PCNA increased 2.4-fold the day after demyelination (DM) (12 DIV) compared to at 10 DIV 

in control myelinated (M) slices. At 25 DIV (remyelination), the number of proliferating 

cells had returned to levels indistinguishable from control myelinated slices (M), while 

proliferated Olig2+ cells was reduced compared to the control myelinated slices (Fig.3.5B). 

Therefore, demyelination stimulates oligodendroglial proliferation in slice cultures as well as 

in MS brain. This increase in cell proliferation was also seen by using BrdU incorporation, 

with a 3.7-fold increase in BrdU-positive cells the day after demyelination (DM) (12 DIV), 

compared to at 10 DIV in control myelinated (M) slices, returning to basal rates at 25 DIV 

(remyelination) (Fig.3.6A and B). Addition of PDGF, a known stimulus of OPC proliferation 

in vitro (Noble et al, 1988) and in vivo (Woodruff et al., 2004), further promotes proliferation 

in slice cultures, both at 10 DIV, with a 2.4-fold increase in the basal rate of proliferation, 

and after demyelination (12 DIV), with a 1.2-fold increase in numbers of proliferating cells 

compared to slices in the absence of PDGF (Fig.3.6A and B). All cultures are grown in 25% 

horse serum, which may contain PDGF and other growth factors, but even so, addition of 

exogenous PDGF caused an increase in proliferation over and above that of control cultures. 

 

Cleaved Caspase-3 antibody was used to test apoptosis level in slice culture (Fig.3.5A). 

Apoptotic cells were observed at different stages of slice culture, however, the apoptosis rate 

is generally very low irrespective of LPC treatment, indicating LPC treatment did not cause  
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massive cell death, and cells were healthy in slice culture up to 25 DIV.  

 

3.3.4 Remyelinated fibres have thinner myelin sheaths 

 

I considered the possibility that the apparent return of myelin sheaths in our slice system 

represents myelination of previously unmyelinated nerve fibres. Remyelinated myelin 

sheaths are thinner and have shorter internodal lengths compared to myelin sheaths formed 

in development (Franklin & Hinks, 1999; Hinks & Franklin, 1999). To investigate whether 

the return of myelin sheaths after LPC treatment represents genuinely remyelinated fibres, I 

performed electron microscopy on cerebellar slices, to measure g-ratios (Fig.3.7A–C). 

Myelinated fibres were measured after 10 DIV and “remyelinated” fibres at 25 DIV, with 

demyelination on day 10. The g-ratio represents the ratio of the diameter of the axon to the 

diameter of the myelinated fibre and allows comparison of myelin thickness for different 

axon sizes. There was a marked difference between the groups, with “remyelinated” fibres 

having higher g-ratios and thus thinner myelin sheaths. The curves of best fit through the 

points are shown in Fig.3.7D, and these are statistically significantly different using the 

maximum likelihood ratio test (p<0.05). 

 

3.3.5 Remyelinated fibres have shorter internodes 

 

The lengths of the myelin sheaths in both cerebellum and spinal cord were quantified, by 

measuring the distance between paranodes, labelled with anti-Caspr antibodies (Fig.3.8A). 

The frequency of short myelin sheaths at 25 DIV (with demyelination on day 10) was much 

higher than in initial myelination (10 DIV) (Fig.3.8B). The Caspr staining of paranodes, 

which reappears in remyelination, plus the compaction of the myelin sheaths seen by 

electron microscopy, suggests that these remyelinated fibres are mature. Fully formed nodes 

of Ranvier were also identified (Fig.3.7C). Thus, myelin sheaths that reappear after LPC 

treatment are thinner and shorter than before, pathognomonic of remyelination. 
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3.3.6 Automatic quantification of (re)myelination after immunohistochemistry 

 

To determine the amount of myelin per axon, I used immunohistochemistry to stain the 

structural myelin protein, MBP, in green and the axonal protein NFH in red (Fig.3.9A). As 

MBP also stains oligodendrocyte cell bodies and non-myelinating processes, I measured the 

overlap between red and green staining at ×40 objective, to quantify only MBP staining 

overlying axons - the myelin sheaths. I have capitalized on the fact that at this resolution, 

MBP staining appears to overlie NFH staining, which is lost at higher resolution. I used 

Image Pro Plus software to write a macro to count pixels which are both red and green above 

a defined intensity overlap (Fig.3.9B) for each layer within a confocal stack, producing a 

“mask” (Fig.3.9C). I exclude extremely small areas of overlap to exclude artefact, forming 

an “enhanced mask” representing myelinated internodes (Fig.3.9D). The number of pixels in 

the “enhanced mask” is divided by the number of red pixels in the photograph of 

neurofilament staining only (Fig.3.9E and F), obtaining the “Myelination Index”. With this 

macro, analysis of a stack of images takes around 10 s. This method is fast, objective (not 

influenced by user preconceptions) and avoids counting most cell bodies. 

 

To test whether this quantification system is sensitive enough to detect changes in 

myelination, I used it to measure myelination in the cerebellar slice system at 4 DIV, 8 DIV 

and 12 DIV. The myelination index increases in a linear way with time, with significant 

differences between each time point (Fig.3.10A) (ANOVA plus Dunnett's multiple 

comparison test *p<0.01). 

 

3.3.7 Validation of the slice model for in vivo remyelination 

 

I tested known factors in our cerebellar slice model for their influence on remyelination, in 

order to test the fidelity of our slice system to the in vivo situation. I tested two factors which 

promote the proliferation of OPCs and decrease myelination in vitro but do not affect  
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(re)myelination in vivo: Platelet Derived Growth Factor (PDGF) and Fibroblast Growth 

Factor (FGF). I used NRG1, NRG1 type 3 and DAPT (which inhibits γ-secretase), as these 

promote myelination in culture, though are not effective in remyelination in vivo. 9-cis 

retinoic acid (9cRA) which promotes remyelination in vivo, and the Retinoic acid receptor X 

(RXR) antagonist PA452, which reduces myelination in vitro (Karnezis et al, 2004) were 

also tested. In addition, two specific RXR agonists (HX630 and PA025) were also used to 

show that the effect was specific to the RXR receptor. Each of these factors was added 24 h 

after the removal of LPC from the culture, and replenished every second day. The 

myelination index for each factor tested in the slice model is shown in Fig.3.10B. As 

summarized in Table 3.1, I found that only factors influencing remyelination in vivo 

influenced remyelination in our slice model. Of note, I found that although PDGF addition 

promoted OPC proliferation (Fig.3.6A and B), as found in vitro (Noble et al, 1988; Wang et 

al, 2007), it did not change the rate of remyelination in our slice model, which is reflected in 

its failure to improve remyelination in vivo (Woodruff et al, 2004). This suggests that use of 

our slice model of remyelination, using the myelination index for quantification, is predictive 

of the in vivo effect, both in positively predicting those that have an in vivo effect and 

negatively predicting those that do not. 

 

3.3.8 Exogenous OPCs added to slice cultures can integrate and form 

myelin sheaths  

 

Therapies to enhance remyelination aim to either stimulate remyelination by endogenous 

oligodendroglial cells, or aim to add exogenous cells to fulfill this role. Purified rat OPCs 

added to mouse cerebellar slices treated with cytosine arabinoside to prevent endogenous 

myelination, previously achieved some successful myelination presumed to be myelination 

of mouse axons by rat oligodendroglial cells (Nishimura et al, 1985). We tested whether 

manipulated exogenous OPCs added to slices can incorporate into the structure, mature and 

myelinate. We transduced mouse OPCs with lentivirus expressing cytoplasmic GFP and 



 124

pipetted these directly onto cerebellar slices. After 14 days, some GFP-positive OPCs were 

attached only to the culture membrane, or the edge of the slice, but others penetrated into the 

slice tissue and myelinated axons. Cytoplasmic GFP was excluded from the compact myelin 

sheath, however GFP staining could be seen in the cytoplasmic channels and paranodal loops 

along the MBP-positive myelin sheath (Fig.3.3F). I performed this experiment once with 

four replicons. However, these results were also acquired by other members of the lab. In 

addition, myelination by adding GFP-positive neurospheres to the slices was also achieved 

by other members of the lab. Thus endogenous and exogenous OPCs form myelin sheaths in 

our slice model, allowing testing of therapies enhancing both strategies for improving 

remyelination. 
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3.4 Discussion 

 

Efforts have been made to set up an in vitro system for remyelination study by different 

research groups, such as whole brain spheroid culture and slice culture, due to the 

shortcomings of in vivo demyelinating animal models. Slice culture was used to culture CNS 

tissues since 1941, however long-term culture was always problematic due to the 

underdeveloped techniques (detailed discussion in chapter 1). Currently, slices are grown on 

semiporous membranes (e.g. Millipore organotypic inserts), which cause less tissue thinning 

and allow for much simpler maintenance and processing (Stoppini et al, 1991). When 

cultured in this manner, slices of mouse cerebellum, brainstem, cerebral hemisphere, and 

spinal cord can all be maintained in culture for at least 4 weeks (Zhang et al, 2011), though 

cerebellar cultures can be viable for significantly longer (Jarjour et al, 2008). The change to 

the routine use of mouse slices has enabled study of myelination in transgenic mice and 

those with naturally occurring mutations.  

 

Demyelinating slice culture was tried by different research groups since 1959, with serum or 

antibodies against myelin sheath protein (Bornstein & Appel, 1959), which makes study of 

remyelination with slice culture possible. In 2004, Birgbauer et al. used LPC to successfully 

induce demyelination in a rat cerebellar slice culture (Birgbauer et al, 2004), which makes 

demyelination in slice culture much simpler and consistent. However, they did not show that 

the returned myelin sheaths in slice culture are the result of remyelination. Here, I show 

definitively that the return of myelin sheaths truly represents remyelination as these sheaths 

are thinner (larger g-ratios on EM) and have shorter internodal lengths, both of which are 

pathognomonic of remyelination (Zhang et al, 2011).  

 

In this chapter, I characterize and validate the slice culture system enabling us to test the 

effect of therapies on endogenous remyelination. I show that in the slice culture system the 

three-dimensional structure of the cerebellum, brain stem and spinal cord is maintained, that 
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OPCs survive demyelination, and that as in demyelinating lesions in vivo, OPCs proliferate 

in response to demyelination, macrophages are present to clear myelin debris, and the return 

of myelin sheaths after demyelination represents compact myelin with characteristics of 

remyelination. I have automated quantification of myelination, making it objective and 

reducing analysis time significantly. Although truly high throughput screening would be 

impossible in this system, it allows us to test tens of compounds over a period of a month, in 

comparison to several years for testing the same number of compounds in vivo. Only the 

most promising strategies could then be tested in vivo, saving much in terms of time and 

resources. 

 

3.4.1 The three-dimensional structure is maintained in slice culture 

 

One of the disadvantages of in vitro myelination/remyelination model is that the true 

three-dimensional structure of the tissue is lost, and the cells are asked to behave ‘normally’ 

in very contrived environments. That may be one of the reasons why some compounds have 

an effect on myelination in vitro but had no effect when tested in vivo - real cell-cell contacts 

and cell-ECM (extracellular matrix) contacts are absent under the circumstance of in vitro 

culture. However, in the slice culture system, the three-dimensional structure is better 

preserved (Fig.3.2A). Reynolds et al. found that oligodendrocytes of the cerebellum arise 

postnatally from OPCs, marked by GD3 staining, in the SVZ of the fourth ventricle, and then 

migrate through the SMV (superior medullary velum) to their final position in the 

cerebellum and to some extent the peduncles (Reynolds & Wilkin, 1988). These GD3+ cells 

were found in most of the SVZ lining the fourth ventricle and scattered over the developing 

inferior colliculus, with the highest density at SMV. This distinct cell distribution is 

maintained in slice culture throughout the whole process (Fig.3.4A-C), which suggests that it 

better represents the in vivo system comparing to the in vitro culture system, and might be 

the source of cells for myelination or remyelination in cerebellum in slice culture. 
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Different cell types in CNS are also maintained in slice culture, from different types of 

neurons and axons, to OPCs and mature oligodendrocytes, to astrocytes and microglial cells 

(Fig.3.3). Cerebellar slice cultures have the advantage that most myelinated axons are of one 

type - Purkinje cell axons. However, brain stem and spinal cord slices myelinate more 

robustly than cerebellum in culture and contain a mixture of fibre types and diameters. This 

is perhaps more reflective of the situation in MS, which is not nerve fibre type specific. 

Spinal cord contains a pool of OPCs from different developmental sources compared to brain 

(Vallstedt et al, 2005) and is linear, and may be able to be used for OPC migration 

experiments using local sources of chemotactic molecules, which is more close to the in vivo 

situation.  

 

3.4.2 The slice culture system mimics active demyelinating MS plaques 

 

Active MS plaques, comparing to chronic MS plaques, are characterized by acute 

inflammatory demyelination, which to some extent can remyelinate later. The gliotoxin LPC 

has been widely used to induce demyelination in vivo after focal injection in white matter 

tracts (Blakemore et al, 1977; Hall, 1972; Jeffery & Blakemore, 1995; Woodruff & Franklin, 

1999) and also in vitro cultures (Birgbauer et al, 2004; Vereyken et al, 2009). 

Oligodendrocytes are especially sensitive to LPC-induced toxicity due to the high affinity of 

LPC to myelin basic protein (MBP) (Smith, 1982). In our slice culture, demyelination is 

apparent one day after LPC treatment (Fig.3.1).  

 

LPC-induced demyelination has previously been associated with relative sparing of neurons 

and little astrogliosis (Vereyken et al, 2009; Woodruff & Franklin, 1999), which is similar to 

that of the active MS plaques. In our slice culture, mainly mature oligodendrocytes die, most 

of which might not by apoptosis, as there are very few apoptotic cells after LPC treatment 

suggesting healthy and functional cells in culture and a relatively selective effect on myelin. 

Oligodendroglial cell proliferation is observed at the edge of many acute MS plaques 
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(Karjalainen et al, 2011) and also in response to demyelination in animal models (Levine & 

Reynolds, 1999; Richeri et al, 2011), and this was also seen in our slice culture.  

 

Active MS plaques have some tendency to remyelinate. In in vivo demyelinating models, at 

14 days after LPC injection in the spinal cord, remyelination of the affected area is clearly 

visible (Woodruff & Franklin, 1999), and is complete within 5-6 weeks. In our slice culture 

system, remyelination also happens 14 days after LPC treatment, and was characterized with 

thinner myelin sheaths and shorter internode lengths. This is the first time, in the published 

literature, that it is proved that the returning myelin sheaths in slice culture after 

demyelination is the result of remyelination, and not continued myelination.  

 

The pathology of MS is complex and exclusively human, so no model of the disease is 

perfect. I aimed to model active demyelinating MS plaques, which often have some 

propensity to remyelinate, rather than chronic MS plaques which do not. Our system does 

not model the inflammatory pathology of MS, as although microglia are present, there is no 

blood supply, and so T and B cell infiltrates are not present. Thus, its use is similar to that of 

the in vivo MS models using myelin toxins to cause demyelination and study remyelination, 

rather than EAE. The advantage of these systems is that remyelination can be studied 

without the complexity of ongoing inflammation. In addition, our system does not model 

focal demyelination of MS, but model global demyelination. To address this problem, focal 

demyelination with spinal cord slice culture is now under the investigation in our lab.  

 

3.4.3 Slice culture is a reliable and relatively fast way for a 

remyelination-promoting drug screen  

 

Slice culture system faithfully models remyelination and its regulation, a key therapeutic 

target in MS for prevention of axonal degeneration. On testing the system with factors 

known to alter myelination in vitro, some of which also alter remyelination in vivo, the slice 
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model results were consistent with in vivo remyelination models (Fig.3.10B). This is in spite 

of using early postnatal mouse brain grown for 10 days in culture, which may be more 

plastic than adult brain. This concordance of the effect on remyelination in the slice system 

ex vivo and in vivo is an obvious advantage of this model. In contrast to DRG-OPC in vitro 

co-culture systems, slice culture represents in vivo remyelination, which shares similarities 

with myelination, but also has significant differences as remyelination occurs on axons that 

are demyelinated (which may change their properties) in the presence of inflammatory debris 

and tissue injury.  

 

Although remyelination (or at least return of myelin segments) was seen in slice cultures 

after cerebellar slice demyelination as early as 1969 (Bornstein & Raine, 1969), it is only 

more recently drug or genetic manipulations have been used to alter the rate of remyelination. 

Fingolimod, a drug now used in multiple sclerosis, has a positive effect on the return of 

myelin sheaths in mouse cerebellar slices (Miron et al, 2010). Inhibition of Lingo-1 has been 

shown to promote remyelination in newborn rat cerebellar slice cultures, and Lingo-1 

antagonism was also found to promote remyelination in vivo in rat spinal cord after LPC 

injection, suggesting that the behavior of slices reflects in vivo behavior (Mi et al, 2009). 

Similarly, addition of 9-cis retinoic acid enhances remyelination in this system, and its 

antagonists reduce remyelination, also seen in vivo (Huang et al, 2011).  

 

With the development of high throughput techniques to identify possible genes or drugs that 

enhance remyelination, the clinical importance of a validated, robust, high content and 

moderately-high-throughput system to test putative pro-remyelinating compounds is 

potentially large. This automated slice system is an appropriate model of in vivo 

remyelination in the rodent CNS, and is a model of pathology in MS. It can be used as an 

intermediate step between in vitro experiments and undertaking lengthy in vivo studies, to 

select the most promising compounds, though clearly not replacing the latter. Using the slice 

system in this way will reduce live animal usage and has a large potential for studying 
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therapeutics and biology of remyelination, accelerating the translation of compounds from 

mouse to man. 

 

3.4.4 A new automated quantification method for myelination/remyelination  

 

Ideally, to quantify myelination, I would identify and measure the amount of a molecule only 

present in compact myelin, and absent from the myelinating oligodendrocyte cell body and 

processes. Furthermore, a molecule present in compact myelin of remyelinated sheaths but 

absent in normally myelinated sheaths would aid distinguishing the two processes. 

Unfortunately, neither such specific molecules have yet been identified, thus alternative 

techniques are required.  

 

There is no previously published automated quantification of myelination/remyelination. The 

amount of myelination has been measured by measuring CNPase activity (Birgbauer et al, 

2004; Walz et al, 2002), but this is a marker of differentiation of oligodendrocytes, rather 

than the presence of myelin sheaths. Similarly, an approach using a beta-galactosidase 

luminometric assay in a transgenic mouse expressing LacZ under the MBP promoter only 

measures MBP expression rather than the formation of myelin sheaths (Stankoff et al, 1996). 

The amount of immunofluorescence staining for MBP has also been used (Ghoumari et al, 

2003; Mi et al, 2009; Miron et al, 2010) but this does not allow for the number of axons 

present (a prerequisite for remyelination), and MBP is present in oligodendrocyte processes 

and cell bodies as well as myelin sheaths. Recently, it was also described that retinoic acid 

increased MBP mRNA and protein expression in Schwann cell bodies in the peripheral 

nervous system, but reduced myelinated internodes (Latasa et al, 2010), indicating that MBP 

protein alone is not an ideal measure of myelination. Up until now, either manual counting 

has been performed or electron microscopy used to avoid the above drawbacks, which is 

time-consuming, expensive, and not suitable for high-throughput analysis. A fast, accurate, 

objective and automatic quantification of the amount of myelin is essential in order to use 
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our model to study factors influencing myelination or remyelination in a relatively 

high-throughput manner. 

 

To address these problems, I developed a method by measuring colocalization of MBP 

immunofluorescence with that of the high-molecular weight neurofilament subunit (NFH), 

markers of myelin and axons, respectively. By doing this, only myelin sheaths around the 

axons and axons themselves were taken into account, and exclude the non-myelinating 

mature oligodendrocytes and cell debris stained by MBP. These measurements were 

automated so that a confocal stack can take less than 10 s to analyze, making it a fast and 

objective method for quantifying myelination and remyelination; one with the possibility to 

be used effectively as a screening tool. 

 

One question that is not addressed by this automated method of quantification is how 

effectively myelination has occurred in terms of thickness and compaction of the myelin 

sheath. Immunolabeling for axons surrounded by myelin shows only that oligodendrocytes 

have wrapped axons, but does not distinguish between initial wrapping and mature compact 

myelin. The gold standard for conclusively demonstrating that myelination is complete and 

compact at internodes flanked by formed paranodal loops is to use electron microscopy. 

However, a surrogate marker may be to observe the distribution of oligodendroglial protein 

neurofascin (NFC)-155 or its axonal binding partner Caspr, which mirrors it, by 

immunofluorescence. Early in myelination, these proteins are present at regions of axo-glial 

contact throughout the nascent internode. As myelination progresses, their distribution 

patterns coalesce into a spiral and later a compact band at each paranode (Eisenbach et al, 

2009; Pedraza et al, 2009). Thus to avoid this predicament, this automated quantification 

method should be used only at the beginning of a thorough and large-scale myelination/ 

remyelination screening, followed by next stage Caspr staining or even electron microscopy 

with those of promising drugs to confirm compact myelin sheath formation.  

 



 132

3.4.5 Concluding remarks 

 

In this chapter, I characterize slice culture system of demyelination and remyelination 

specifying the different cell types presented in the culture, the amount of cell proliferation 

and apoptosis, and the characteristics of the myelin sheath before and after LPC treatment. I 

also developed an automated quantification method for fast measurement of 

myelination/remyelination, and validated that this method is reliable to test molecules for 

remyelination with similar results to previous in vivo studies. This technique, and others, will 

be used to explore the relation between semaphorin 3a and 3f signaling pathway and 

myelination/remyelination in the central nervous system.  
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4.1  Introduction 

 

In the previous chapter, I set up an ex vivo slice culture and an automated quantification 

system to study myelination and remyelination, which was validated to test different 

molecules and faithfully represents the in vivo situation. I then used this system to study the 

role of Semaphorin 3A and 3F signaling in CNS remyelination.   

 

In MS, remyelination exists, although it is inefficient and inadequate (Patani et al, 2007; 

Patrikios et al, 2006; Perier & Gregoire, 1965; Prineas et al, 1993; Raine & Wu, 1993), as it 

takes place in a hostile environment, which leads to OPC depletion or failure of OPC 

recruitment to the lesion or failure of OPCs to differentiate (Franklin & ffrench-Constant, 

2008). Current therapies for MS are focused on modulating or suppressing the immune 

response, which reduce the occurrence of clinical relapses of the disease. However, no 

therapy exists shown to promote remyelination, which is a key process for the functional 

recovery of the CNS. Thus, identification of factors that have effects on CNS OPCs and 

remyelination has important therapeutic implications. 

 

The key cellular events during remyelination include OPC activation (proliferation), 

recruitment of OPCs to the lesion sites, OPC differentiation into mature oligodendrocytes, 

and ensheathment of demyelinated axons. Remyelination shares some similarity to 

myelination, both involving the proliferation, migration, and differentiation of OPCs. This 

rerunning of much the same programme during remyelination in MS patients as in 

developmental myelination is termed the ‘recapitulation hypothesis’ (Franklin & Hinks, 

1999). In this theory, if a factor plays a role in oligodendoglial cell proliferation, 

differentiation and myelination, it may have the same effects in remyelination, and be able to 

enhance or inhibit remyelination. So developmental studies on the oligodendrocyte lineage 

and myelination could provide clues to understanding remyelination, which is one of the 

principles in remyelination research, with the caveat that some evidence showed that 



 135

differences occur in regulation of development and regeneration of myelin (Franklin & 

Hinks, 1999; Hinks & Franklin, 1999). Several factors have been identified so far to 

contribute to OPC proliferation, migration, differentiation and myelination during 

development. Two factors controlling developmental migration of OPCs are semaphorin3a 

and 3F.  

 

SEMA3A and 3F are members of the semaphorin protein family, which is one of the largest 

protein families of phylogenetically conserved guidance cues (Yazdani & Terman, 2006). 

SEMA3A and 3F are secreted proteins, expressed broadly throughout different systems, and 

plexins and neuropilins are their high-affinity receptors (Tamagnone & Comoglio, 2000). In 

the CNS, SEMA3A and 3F and their receptors are expressed not only by neurons and 

astrocytes, but also OPCs (Appendix 1.A) and microglia (Williams et al, 2007). SEMA3A 

and 3F play an important role in OPC migration from the brain to the retina during optic 

nerve development (Spassky et al, 2002), which suggested the hypothesis that they also have 

a role in OPC recruitment in remyelination. mRNA expression of Sema3A and 3F and their 

receptors Nrp1 and 2 altered in MS patients and experimental animal models of CNS 

demyelination, which support a possible role in MS pathology and lesion repair (Williams et 

al, 2007). In other systems, SEMA3A and 3F have been shown to affect other processes as 

well as migration. SEMA3A and 3F have been proved to alter cell proliferation, apoptosis 

and differentiation in cancer cells, neuronal cells, microglial cells and epithelial cells (Becker 

et al, 2011; Ben-Zvi et al, 2006; Capparuccia & Tamagnone, 2009; Majed et al, 2006; Reidy 

et al, 2009). However, there are very few studies about whether SEMA3A and 3F have these 

effects on OPCs. In this chapter, I administered recombinant SEMA3A (rSEMA3A) and 

recombinant SEMA3F (rSEMA3F) to slice cultures to examine their effects on 

oligodendroglial cell proliferation, apoptosis, differentiation and myelination.  
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4.2  Experimental strategy 

 

Further details of the materials and methods used in these experiments are given in Chapter 

2. 

 

4.2.1 Addition of rSEMA3A and 3F to slice cultures and their effects on 

oligodendroglial cell proliferation, apoptosis, differentiation and 

myelination 

 

To test the effects of soluble SEMA3A and 3F ligands on OPC proliferation, apoptosis and 

differentiation, I added rSEMA3A or rSEMA3F to mouse myelination slice cultures. As 

SEMA3A at 100pM (≈11ng/ml) causes collapse of neuron growth cones and neuronal 

apoptosis (Ben-Zvi et al, 2006), I first used a concentration of 10ng/ml one day after culture, 

replenished this every day and fixed them 3 days after culture to study the early stages of 

OPC proliferation and differentiation during myelination. 

 

Later, based on the results of the above experiment and the activity levels of the factors 

according to the data sheet, I tried higher concentrations with 25ng/ml, 50ng/ml and 

100ng/ml for rSEMA3A, and 50ng/ml, 100ng/ml, 200ng/ml for rSEMA3F one day after 

culture, and fed the slices every 2 days. For cell apoptosis, differentiation and myelination, 

slices were fixed 7 days after culture. I fixed slices at day 7 instead of day 3, because 

according my previous experiment, myelination in slice culture becomes visible at around 

8DIV (Fig3.10A). This is a good timepoint to investigate their effects on both OPC 

differentiation and initiation of myelination. Anti-Olig2, -NG2, -CC1 and -MBP antibodies 

were used to detect cell differentiation and myelination. Anti-cleaved caspase-3 antibody was 

used to detect apoptosis. For cell proliferation, BrdU was added 4 days after culture, and 

slices were fixed at day 5. I chose day 4 for the proliferation assay as I wanted slices to 

become stable for a couple of days after dissection and also did not want too much OPC 
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differentiation and myelination at the time of experiment, which was also shown from my 

previous data (Fig3.10A). For myelination quantification, the method described in Chapter 3 

was used. For confocal microscopy, only areas within the cerebellum were assessed to keep 

the total cell number consistent. 

 

In some experiments, CNPase-GFP mice were used. We stopped using CNPase-GFP mice 

later as we found that these mice had seizures and we were concerned that myelination was 

not entirely normal. Two to three separate membranes of slices were plated for each factor 

and dose. In addition, for cell differentiation and myelination, two separate isolations (from 

different litters) were performed in order to control for any variation among litters and 

animals. To determine statistical significance among differences seen in myelination, a 

one-way ANOVA with Dunnett’s multiple comparison test was run (GraphPad Prism).  

 

4.2.2 Addition of rSEMA3A and 3F and OPC migration in Boyden Chamber 

assay 

 

To test if OPC migrate differently in response to rSEMA3A and 3F signal in vitro, I 

performed a Boyden Chamber migration assay. Mouse OPCs were purified by shaking-off 

method as described in Chapter 2. As it has been reported that adult mouse OPCs are 

attracted by rSEMA3F at 500ng/ml (Piaton et al, 2011), I used rSEMA3A and 3F at 

500ng/ml in this experiment. I performed this experiment once with four replicates in each 

condition.  

 

4.2.3 Western blot detecting NRP1 or 2 expression after addition of 

rSEMA3A or 3F in mouse OPC primary culture 

 

To test if increased SEMA3A or 3F ligand changes their obligatory receptor NRP1 or NRP2 

expression in OPC, I added rSEMA3A or 3F to mouse primary OPC cultures and carried out 
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western blot to detect NRP1 and NRP2 expression. rSEMA3A or 3F was added at 500ng/ml 

everyday after primary culture, and proteins were extracted for western blot analysis 1 day or 

3 day after culture. GAPDH antibody was used as an internal control.    
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4.3  Results 

 

4.3.1 rSEMA3A and 3F addition to slice culture did not increase OPC 

apoptosis  

 

To examine cell death after rSEMA3A and 3F treatment in slice culture, Cleaved Caspase-3 

was used to identify apoptotic cells. Recombinant SEMA3A at 25ng/ml, 50ng/ml, 100ng/ml 

and recombinant SEMA3F at 50ng/ml, 100ng/ml, 200ng/ml were added to the slice culture 

and slices were fixed 7 days after culture (7DIV). There was no increased cell apoptosis at 

these concentrations, and the few apoptotic cells were mostly not mature oligodendrocytes 

(as identified with CC1 antibody) (Fig.4.1A and B). In addition, there was no significant 

difference of the total cell number, marked by Hoechst staining, between different groups.   

 

4.3.2 rSEMA3A and 3F addition to slice culture did not change cell 

proliferation 

 

To examine cell proliferation after rSEMA3A and 3F treatment in slice culture, BrdU was 

added 4 days after culture to identify proliferative cells. Recombinant SEMA3A at 100ng/ml 

and recombinant SEMA3F at 200ng/ml were added and slices were fixed 16 hours after 

BrdU addition. No significant changes of cell proliferation were seen at this concentration in 

slice cultures (Fig4.2).  

 

In addition to BrdU incorporation assay, OPC proliferation can also be assessed indirectly by 

a change in the number of OPCs (marked by NG2 and Olig2) after rSEMA3A and rSEMA3F 

treatment. If there is no change in apoptosis or OPC differentiation in slice culture in 

response to rSEMA3A or 3F, then a change of OPC proliferation would lead to a change of 

total number of OPCs. No significant changes were seen in the number of NG2+ OPCs, 

CNPase+ OPCs, and Olig2+ OPCs after rSEMA3A and rSEMA3F treatment compared to  
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control (Fig4.3, Fig4.4). As I did not see significant changes in cell apoptosis and OPC 

differentiation (see later), this also indicates that there was no significant change in OPC 

proliferation.     

 

4.3.3 Addition of rSEMA3A and 3F to slice cultures did not change OPC 

differentiation 

 

To examine cell differentiation after rSEMA3A and 3F treatment, I added different 

concentrations of rSEMA3A and 3F to slice culture. If increased SEMA3A or SEMA3F have 

effects on OPC differentiation, there will be a difference in the number of immature OPCs 

(marked by NG2 and Olig2) and mature Oligodendrocyte (marked by MBP and CC1) after 

treatment compared to untreated controls. When 10ng/ml of recombinant protein was added 

and slices were fixed 3 days after culture, there were no significant differences in the number 

of OPCs (NG2+ cells) or mature oligodendroglial cells (MBP+ cells) compared to the 

control (Fig.4.3). When a higher concentration was used (25ng/ml, 50ng/ml, 100ng/ml for 

SEMA3A, 50ng/ml, 100ng/ml, 200ng/ml for SEMA3F) and slices were fixed 7 days after 

culture, there were still no significant differences in the number of OPCs (NG2+ and Olig2+ 

cells) or mature oligodendroglial cells (CC1+ cells) compared to the control (Fig.4.4). 

 

4.3.4 Addition of rSEMA3A and 3F to slice culture did not alter levels of 

myelination 

 

To examine myelination after rSEMA3A and 3F treatment, rSEMA3A at 25ng/ml, 50ng/ml, 

100ng/ml and rSEMA3F at 50ng/ml, 100ng/ml, 200ng/ml were added to slice culture. Slices 

were fixed 7 days after culture and were stained with anti-MBP and NF antibodies. The 

Myelination Index (MI) was calculated with the method described in Chapter 3. There was 

no significant difference of MI compared to the control group (Fig.4.5A), although I saw a 

trend of a lower MI with higher concentrations of SEMA3A. Therefore, I then fixed slice  
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cultures at different time points (4DIV, 8DIV, 12DIV) to have a further detailed look of the 

effect of a higher concentration of rSEMA3A on myelination in slices. However, I did not 

see any significant difference in MI compared to the control group at different time points 

(Fig.4.5B). 

 

4.3.5 Addition of rSEMA3A or 3F to OPC primary culture did not change 

expression of their receptors NRP1 and NRP2 

 

To test whether the lack of effect of rSEMA3A or 3F on OPC proliferation, differentiation 

and myelination is secondary to feedback inhibition  (down-regulation) of NRP1 or NRP2 

receptors in response to rSEMA3A or 3F, I added the recombinant proteins to primary OPC 

cultures at 500ng/ml and did a western blot 1 day and 3 days after culture. I found that 

treatment with rSEMA3A or 3F did not change NRP1 or NRP2 expression (Fig.4.6A). 

 

4.3.6 Addition of rSEMA3A and 3F affected migration of primary mouse OPC 

in Boyden Chamber migration assay 

 

SEMA3A and 3F play an important role in embryonic OPC migration during optic nerve 

development (Spassky et al, 2002) and adult OPC migration of demyelinating animal models 

(Piaton et al, 2011). To test if OPC migration changes in respond to rSEMA3A and 3F signal, 

a Boyden Chamber migration assay was used. Recombinant SEMA3A at 500ng/ml attracted 

OPCs, while SEMA3F at 500ng/ml repelled OPCs in vitro (Fig. 4.6B).  
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4.4  Discussion 

 

Recently, with well-characterized antibodies which have become available for SEMA3A and 

3F and their receptors NRP1 and NRP2, expression of SEMA3A/3F and NRP1/2 was 

examined in the lesions of multiple sclerosis patients and experimental animal models at a 

protein level (Fig.4.7) (Boyd et al, submitted; Piaton et al, 2011). As expected, no 

SEMA3A/3F or NRP1/2 expression is detected in the normal white matter, except in some 

neuronal cells. In active MS plaques, no SEMA3A positive cells were detected in the lesion 

at all, while SEMA3F was widely present mostly in microglia/macrophages and less densely 

in astrocytes. In chronic active lesions, SEMA3A positive microglia/macrophages and 

astrocytes are detectable at the edge of the lesion, while SEMA3F positive cells exist 

throughout the lesion. In chronic MS lesions, very few cells are positive for SEMA3A or 

SEMA3F within and around the lesion. For receptors, NRP1 and 2 positive 

microglia/macrophages, oligodendrocytes and astrocytes were present throughout active 

lesions, but less prevalent in and around chronic active lesions, and were rarely seen around 

or within chronic lesions (Fig.4.7) (Boyd et al, submitted).  

 

These expression changes in MS lesions raise the hypothesis that SEMA3A and 3F play an 

important role in the disease development and recovery. Indeed, the active MS plaques are 

characterized with higher expression of SEMA3F and thought to have higher remyelination 

efficiency; while chronic lesions have higher expression of SEMA3A and lower 

remyelination efficiency, strongly suggesting that the balance of SEMA3A and 3F levels in 

the lesions is important in MS development and myelin repair. Support for this hypothesis is 

that remyelination efficiency changes when manipulating SEMA3A or 3F levels in 

demyelinating animal models. The efficiency of remyelination in mouse spinal cord was 

enhanced by introduction of a lentivirus expressing SEMA3F into a focal demyelinating 

lesion, secondary to the increased number of PDGFRα+ OPCs and CC1+ OLs in the lesion, 

possibly resulting from the attractive effect of SEMA3F (Piaton et al, 2011). However, no  
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alteration of remyelination was seen using SEMA3A-expressing virus, in spite of a transient 

decrease of OPCs numbers in the lesions. When recombinant SEMA3A or SEMA3F was 

added to a focal demyelinating lesion in the mouse corpus callosum, both of them altered 

remyelination efficiency, demonstrating enhanced remyelination efficiency in rSEMA3F 

treated animals, and inhibited remyelination in rSEMA3A treated animals (Boyd et al, 

submitted; Syed et al, 2011). In addition, decreased SEMA3A expression in Sema3a 

knockdown mice leads to enhanced remyelination efficiency in LPC-induced demyelinating 

animal models (Boyd et al., submitted). 

 

Clearly, SEMA3A and SEMA3F levels in the lesions have an impact on oligodendrocyte 

action and thus affect remyelination at different stages of the disease. However, the 

mechanisms that underlie this action are not very clear. The goal of this chapter was to 

analyze the role of Sema3A and 3F signals on OPC action by addition of rSEMA3A or 3F in 

slice culture. Understanding of this would help us manipulating Sema3A or 3F signaling 

pathway to promote remyelination in MS.  

 

In this chapter, I closely examined the action of SEMA3A and 3F in slice cultures on OPC 

apoptosis, proliferation, and differentiation, which are the key steps for myelination in 

development. According to the ‘recapitulation hypothesis’, if SEMA3A and 3F have an 

effect in these steps in myelination, they will have an effect in remyelination.  

 

4.4.1 Increased SEMA3A or 3F in slice culture has no effect on OPC survival 

or proliferation  

 

Changes of OPC numbers in the lesions of demyelinating animal models with altered 

SEMA3A and 3F levels may be due to their role in cell proliferation and apoptosis, as have 

been proved in some cell types such as tumor cells, endothelial cells, neurons and microglia 

(Ben-Zvi et al, 2006; Capparuccia & Tamagnone, 2009; Guttmann-Raviv et al, 2007; Kessler 
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et al, 2004; Majed et al, 2006). This possibility is excluded in oligodendroglial cells as first, 

no apoptotic effects of SEMA3A or SEMA3F in OPC or OLs were found; second, no 

mitogenic effect of SEMA3A was found in OPCs; finally, the mitogenic effect of SEMA3F 

was not seen in purified adult OPCs or in LPC treated lesions of the animal models (Boyd et 

al, submitted; Piaton et al, 2011). My experiments of addition of rSEMA3A or rSEMA3F in 

slice culture further proved that SEMA3A or 3F do not affect OPC proliferation or survival, 

hence would not account for the changes of OPC number during remyelination.  

 

However, some studies showed that SEMA3F might have effects in embryonic OPC 

proliferation. A significant increase of the number of BrdU+/A2B5+ proliferative cells was 

observed in the presence of SEMA3F in E16.5 optic nerve dissociated cell cultures, 

suggesting that SEMA3F plays a role in OPC proliferation (Spassky et al, 2002). The 

differences observed in different laboratories might be because of the different ages of OPCs 

used in the experiments. In their experiment, optic nerve explants isolated from E16.5 mice 

embryos were used, which is much earlier than that of slice cultures. It is possible that OPCs 

from P0-P2 mouse brain respond differently to embryonic OPCs. Furthermore, A2B5 was 

used as an OPC marker in their experiment, which is a much earlier stem cell marker. It is 

possible that early stages of OPCs marked by A2B5 react differently from later stages of 

OPCs marked by NG2 and Olig2. This was also suggested by no chemo-attractive effect 

after rSEMA3F treatment on adult OPCs, which is in contrast to neonatal OPCs, expressing 

the O4 marker (Piaton et al, 2011). In addition, different cell proliferative markers, ki67 and 

BrdU, were used for proliferating cells in the experiment, which may also account for the 

different results.  

 

4.4.2 Increased SEMA3A or 3F in slice culture does not affect OPC 

differentiation 

 

Another possibility that might alter remyelination efficiency in demyelinating animal models 
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is that increased or decreased levels of SEMA3A or 3F in the lesion changes the OPC 

differentiation rate, which is another crucial stage that affects remyelination efficiency. 

Indeed, SEMA3A had been shown to inhibit oligodendrocytes process outgrowth and 

extension (Ricard et al, 2000), suggesting that SEMA3A might affect OPC differentiation. A 

significant increase of the number of CC1+ mature oligodendrocytes was seen in the 

SEMA3F expressing lentivirus transduced lesion 14 days after LPC injection (Piaton et al, 

2011), which could due to the increased number of OPCs in the lesion or increased OPC 

differentiation in response to the increased levels of SEMA3F. 

 

Although no significant difference in CC1+ cell number was seen in the SEMA3A 

containing lentivirus transduced lesions 14 days after LPC-induced spinal cord 

demyelination (Piaton et al, 2011), significantly decreased density of PLP+ cells and 

CC1+/Olig2+ cells was seen in rSEMA3A treated lesions 28 days after ethidium bromide 

(EB) induced caudal cerebellar peduncle demyelination (Syed et al, 2011), suggesting 

decreased differentiation in the lesion. This difference in two experiments might because 

they counted mature oligodendrocytes at different time point after lesion, with 14 days and 

28 days respectively, and the phenotype of OPC differentiation inhibition by Sema3A may 

occur later in demyelinating animal models. It may also due to the technical differences in 

the two experiments, i.e. the different animal models they used and different delivery method 

of SEMA3A. Piaton et al. transduced lentiviral Sema3A-containing vector 3 days before 

LPC injection, while Syed et al. used a continuous local delivery of rSEMA3A into the 

demyelinated lesions 10 days after EB injection. This delivery difference could lead to 

different increased levels of SEMA3A at different time point in vivo. The inhibition of OPC 

differentiation of SEMA3A was further shown by an in vitro OPC culture experiment (Syed 

et al, 2011). Purified OPCs plated on rSEMA3A substrates displayed a concentration 

dependent reduction of differentiating O4+ OPCs 2 days after changing to differentiation 

media. High concentration of rSEMA3A (at 8nM, ≈904ng/ml) also decreases MBP mRNA 

expression and induces a reduction of the complexity of OPC processes, without causing 
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significant cell apoptosis (Syed et al, 2011).  

 

Although these studies suggested a role of SEMA3A or a possible role of SEMA3F in OPC 

differentiation, no significant differences in OPC differentiation were seen when addition of 

rSEMA3A (<100ng/ml) or rSEMA3F (<200ng/ml) in slice culture (Fig4.3, 4.4). This has 

also been confirmed by another member of the laboratory in primary OPC cultures at an 

even higher concentrations (at 1000ng/ml) (Boyd et al, submitted) (Appendix 1.B). The 

levels of SEMA3A or 3F present in vivo are unknown and therefore not possible to assess 

which concentration should be used in experiments to mostly represent the in vivo situation. 

However, some studies demonstrated that 100pM (≈11ng/ml) SEMA3A can cause almost 40% 

neuronal cell death with over 80% growth cone collapse in DRG neuron growth cone 

collapse experiment in vitro (Ben-Zvi et al, 2006), thus high doses of SEMA3A would be 

expected to be detrimental to neurons and axons in vivo. 

 

Recent studies suggested that different concentrations of SEMA3A trigger distinct signaling 

pathways in growth cone collapse in vitro, which might explain the different results with 

different concentration of SEMA3A (Manns et al, 2012). While the mammalian target of 

rapamycin (mTOR)-dependent pathway operates at lower SEMA3A concentrations 

(<100ng/ml) alongside activation of GSK-3β signaling, GSK-3β signaling is predominant at 

higher concentration of SEMA3A (>625ng/ml). However, if this is also the case in OPC is 

unknown.  

 

4.4.3 Migratory effects of SEMA3A and 3F on OPCs may be responsible to 

remyelination efficiency changes in demyelinating animal models 

 

As SEMA3A and 3F are repellent and attractant to OPCs during development, they may also 

alter OPC migration to MS lesions, which is one of the important stages that affects 

remyelination. Indeed, the number of OPCs in the lesion changes with the altered level of 
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SEMA3A or 3F. In LPC-induced spinal cord demyelinating animal models, the number of 

PDGFRα+ OPCs peak at 7 days post lesion, which correlates with the expression changes of 

SEMA3A or SEMA3F in the lesions in this model, with SEMA3F+ cells peaking at 7 days 

post-lesion (dpl) while SEMA3A+ cells peak at 14 dpl (Piaton et al, 2011).  

 

This is further demonstrated by OPC number changes with increased or decreased SEMA3A 

or 3F levels in demyelinating animal models (Boyd et al, submitted; Piaton et al, 2011). 

Increased SEMA3F levels in the lesion by introduction of a lentivirus expressing SEMA3F 

or by addition of rSEMA3F, leads to increased OPCs in the lesion marked by Nkx2.2 or 

PDGFRα; while increased SEMA3A levels in the lesion by introduction of a lentivirus 

containing SEMA3A or by addition of rSEMA3A, leads to decreased OPCs in the lesion. In 

the Nrp1Sema- transgenic mouse, a mutation introduced in the Nrp1 Sema-binding domain to 

block Sema3A signaling but not VEGF signaling (so the mouse survives), there is increased 

number of PDGFRα+ OPCs in the lesions in LPC induced demyelinating models (Piaton et 

al, 2011). As there are no effects of SEMA3A or 3F in adult OPC proliferation or apoptosis, 

the changes of OPC number in the lesion can only be the result of migration. This migratory 

effects of SEMA3A or 3F may account for the remyelination efficiency changes observed in 

animal demyelinating models or MS patients, where increased SEMA3A or 3F level in the 

lesion leads to decreased or increased remyelination.  

 

To test their migratory effects on OPCs in vitro, I tested rSEMA3A or 3F in Boyden 

Chamber migration assays. I found that rSEMA3A and 3F at 500ng/ml affect OPC migration 

(Fig 4.6B), although the difference is small. This might due to the difference between in vivo 

and in vitro experiments, as multiple signals exist in vivo which could cooperate with 

SEMA3A or 3F to enhance their migratory effects on OPC.  

 

4.4.4 SEMA3A and 3F and CNS myelination 
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Addition of rSEMA3A or 3F to slice culture did not change myelination. This may due to the 

fact that slice culture does not model migration. By adding rSEMA3A or 3F to slice culture 

media, the concentration of SEMA3A and 3F was increased globally, and not as a 

concentration gradient, which is an important cue for OPC migration.  

 

However, Sema3A or Sema3F null mice have not been described to have a developmental 

myelination defect. Sema3A null mice display different phenotypes according to different 

transgenic mice background, however, no obvious abnormalities were found in CNS except 

smaller size of the brain (Behar et al, 1996; Catalano et al, 1998; Taniguchi et al, 1997). In 

contrast to Sema3A null mice, Sema3F null mice exhibit a profound axon guidance defect in 

the CNS, including the anterior commissure and stria terminalis in the forebrain, the 

infrapyramidal tract in the hippocampus and the fasciculus retroflexus in the midbrain 

(Sahay et al, 2003), however, no overt myelin changes were reported. One of the possibilities 

is that there is an efficient correction mechanism in vivo. For example, an inadequate 

exposure to trophic support along the migrating path of OPCs could lead to the apoptosis of 

the misguided OPC, and only those migrating to the axons can survive and myelinate. This is 

supported by the fact that  axon projection abnormalities in Sema3a null mice occurred 

during early stages (E11.5) of development but can be corrected later in development (E25.5) 

(White & Behar, 2000).  

 

Finally, to exclude the possibility that the increased levels of SEMA3A and 3F leads to 

decreased expression of their receptors, NRP1 and NRP2, thus the lack of effect in slice 

culture, which has been described in some pathways as protective feedback inhibition in vivo 

(Chandarlapaty et al, 2011; Hu et al, 2008), I detected NRP1 or 2 expression when 

rSEMA3A or 3F added to OPC culture. This possibility was excluded as no expression 

changes of Nrp1 and Nrp2 were seen (Fig 4.6A).  

 

4.4.5 Concluding remarks 
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SEMA3A and 3F expression changes in MS lesions and animal demyelinating models 

suggest their role in disease development and recovery. Manipulating SEMA3A or 3F levels 

in the lesion in animal models could alter remyelination efficiency, which may due to the 

repellent or attractant effect of SEMA3A or 3F, thus change the recruitment of OPCs to the 

lesions, one of the most important stages in remyelination. Various studies also suggest a 

mitogen effect of SEMA3F and differentiation inhibition effect of SEMA3A in OPC; 

however, different results were observed in different experiments. This is probably due to the 

technical differences, i.e. different markers used and different delivery method of SEMA3A 

or 3F, or different OPCs, i.e. embryonic or adult OPCs, or different time points, in the 

experiments. To confirm their role in OPC action, in this chapter, I used the slice culture 

model to investigate OPC actions in response to rSEMA3A or rSEMA3F. Despite their 

action on OPC migration, I found no effects of SEMA3A and 3F on OPCs behaviour or 

myelination in slice culture. In subsequent chapters, I will knockdown Sema3A and 3F 

obligatory receptors Nrp1 and Nrp2 in OPC to investigate their loss of function effect in 

OPCs.  
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Chapter 5: 

Knockdown of Sema3A and 

Sema3F signaling in OPCs 
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5.1  Introduction 

 

In the previous chapter, I examined the actions of SEMA3A and SEMA3F on OPCs by 

addition of recombinant SEMA3A and SEMA3F to slice cultures to activate this signaling 

pathway, and I found no significant effect of rSEMA3A and rSEMA3F on OPC proliferation, 

apoptosis or differentiation. I next decided to block the Sema3A and Sema3F signaling 

pathway by knockdown of their receptors, and to investigate the effect on OPC behavior, 

which would help understand Sema3A and 3F signals in OPCs function, in addition to the 

increased level of SEMA3A and 3F in vitro or in vivo experiments carried out in our lab. 

 

SEMA3A and 3F exert their effect through a receptor complex that consists of a Neuropilin 

ligand-binding subunit and a Plexin signal-transducing element. SEMA3A and 3F require 

neuropilins as obligatory co-receptors to signal through class A plexins (PlexinAs) (Chen et 

al, 1997; He & Tessier-Lavigne, 1997). More details about receptors of SEMA3A and 

SEMA3F are discussed in chapter 1. 

 

Neuropilin-1 (NRP1) and neuropilin-2 (NRP2) are type 1 transmembrane proteins with 

distinct binding preferences to SEMA3A and 3F. In vitro and in vivo experiments show that 

SEMA3A binds to NRP1 but not to NRP2 (Feiner et al, 1997; He & Tessier-Lavigne, 1997; 

Kolodkin et al, 1997), while SEMA3F preferentially interacts with NRP2 (Chen et al, 1997; 

Giger et al, 2000; Giger et al, 1998). Functional experiments with blocking antibodies and 

genetic ablation of Nrp1 or Nrp2 demonstrated the absolute requirement of NRP1 in 

mediating the collapsing effect on growth cones of SEMA3A and the repulsive response of 

neurons to SEMA3F (Chedotal et al, 1998; Chen et al, 2000; Chen et al, 1998; He & 

Tessier-Lavigne, 1997; Kitsukawa et al, 1997).  

 

PlexinAs (PLXNAs) are type 1 transmembrane proteins and functional signaling receptors 

for SEMA3A and 3F. In vitro experiments demonstrated that class 3 Semaphorins bind with 
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higher affinities to PLXN-NRP complexes than to NRPs alone. Using Plxna3 or Plxna4 

deficient mice, it was demonstrated that SEMA3A preferentially signals through a 

NRP1-PLXNA4 receptor complex but that full activation requires PLXNA3 function (Cheng 

et al, 2001; Okada et al, 2007; Suto et al, 2005; Suto et al, 2003; Yaron et al, 2005), while 

NRP2 preferentially associates with PLXNA3 to propagate SEMA3F signaling (Cheng et al, 

2001; Suto et al, 2005; Yaron et al, 2005).  

 

Although there is no direct evidence, NRPs and PLXNs are thought to be receptors of 

SEMA3A or 3F in OPCs and transduce their downstream signals, as first, NRPs and PLXNs 

are expressed by OPCs, and second, changes of SEMA3A or 3F levels in the lesions of 

demyelinating animal models lead to the changes of the number of NRP1+ or NRP2+ OPCs 

in the lesion, probably due to their repulsive or attractive effects on OPC migration (Piaton et 

al, 2011; Williams et al, 2007). 

  

So far, there are very few studies on loss of function of Sema3A and Sema3F signaling 

pathway and OPC behavior. Transgenic Sema3a or Sema3f null mice show some 

misprojections of axons in the PNS or CNS with no obvious myelination abnormalities 

(Behar et al, 1996; Catalano et al, 1998; Sahay et al, 2003; Taniguchi et al, 1997). Transgenic 

Nrp1 or Nrp2 null mice demonstrated similar axon projection abnormalities to Sema3a or 

Sema3f null mice, but more drastic abnormalities in both the nervous system and 

cardiovascular system (Chen et al, 2000; Giger et al, 2000; Kawasaki et al, 1999; Kitsukawa 

et al, 1997; Yuan et al, 2002a). This correlates with the fact that NRP1 or NRP2 is a receptor 

for a variety of ligands. Both NRP1 and NRP2 can also bind the vascular endothelial growth 

factor (VEGF) family through their VEGF-binding domain (Soker et al, 1998), which play 

an important role in embryonic vasculogenesis and angiogenesis (Staton et al, 2007).  

  

The goal of this chapter is to knockdown the Sema3A and 3F signaling in OPC, which will 

then be used to study loss of function of Sema3A or 3F signaling in OPC and 
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myelination/remyelination. To do this, I made miR RNAi expression plasmids that 

potentially can knockdown genes of interest in the pathway in mouse OPCs. These plasmids 

were then used to generate miR RNAi lentiviruses to knockdown genes when added to 

primary mouse OPCs. Although I tried to optimize primary mouse OPC culture by using 

MACS sorting and the traditional “shaking off” method, I found it still not ideal for large 

production of pure OPCs for functional experiments. I finally changed the strategies by 

focusing on knockdown of Nrp1 and Nrp2, obligatory binding receptors of Sema3A and 3F, 

and by using rat OPCs instead of mouse OPCs. Successful knockdown of Nrp1 or Nrp2 in 

rat OPCs was confirmed by both RT-qPCR and western blot.  
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5.2  Experimental strategy 

 

A detailed description of the materials and methods used in these experiments is given in 

Chapter 2. The lentiviruses were made by Dr Pamela Brown in the Biomolecular Core 

facility of the University of Edinburgh. 

 

The aim of this part of the thesis was to generate miR RNAi lentiviruses to infect 

oligodendroglial cells and knockdown genes of the Sema3A and 3F signaling pathway, in 

order to analyze their loss of function on OPC apoptosis, proliferation, differentiation, and 

migration. 

 

 

 

 



 162

  



 163

5.3  Results 

 

5.3.1 Knockdown of the Sema3A and 3F signaling pathway by micro RNA 

(miRNA) interference 

 

In the previous chapter, I showed that addition of recombinant SEMA3A or 3F to mouse 

slice cultures had no effect in OPC apoptosis, proliferation, differentiation and myelination. 

Therefore, my next plan was to knockdown elements of the Sema3A and 3F signaling 

pathway to investigate their loss of function on OPC behavior. Initially, the genes I chose to 

knockdown included the ligands Sema3a and Sema3f, obligatory receptors Nrp1 and Nrp2, 

and signal transducing receptors PlxnA3 and PlxnA4. The reason I decided to knockdown 

ligands in OPC in addition to receptors is that OPCs themselves express Sema3A and 3F, 

thus possibly regulating  their own behaviour in a paracrine manner. Micro RNA (miRNA) 

was chosen to achieve gene silencing and Block-it Pol II miR RNAi expression vector from 

Invitrogen was used to express miR RNA to knockdown target genes in mammalian cells. 

 

Pre-designed single-stranded DNA oligos were acquired from Invitrogen’s website to 

generate the engineered pre-miRNA (BLOCK-iT RNAi Designer: 

http://rnaidesigner.invitrogen.com/rnaiexpress/setOption.do?designOption=mirna&pid=-648

0696232013685294). The structure of the engineered pre-miRNA is based on the murine 

miR-155 sequence. The stem-loop structure and a 2 nucleotide internal loop is optimized 

resulting in higher knockdown rate than the 5 nucleotide / 3 nucleotide internal loop found in 

native miR-155 molecule (Fig.5.1A). To make sure at least one miR RNA sequence for each 

gene had a good knockdown effect, I picked three from the four pre-designed DNA oligos 

provided in Invitrogen website, among which Invitrogen claimed that at least two out of four 

result in over 70% knockdown of the target RNA provided that 80% transfection efficiency 

was achieved. For Nrp1 knock down, I picked two pre-designed DNA oligos according to a 

published paper, which showed a good knockdown effect in keratinocytes (Lichtenberger et 
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al, 2010). 

 

The engineered pre-miRNA sequence was cloned into the cloning site of the Block-it Pol II 

miR RNAi expression vector that is flanked on either side with sequences from murine 

miR-155 to allow proper processing of the engineered pre-miRNA sequence (Fig.5.1B). The 

expression clones were sent for sequencing with the primers provided by Invitrogen to 

ensure the integrity of the pre-miRNA expression cassette in the plasmid (Fig.5.2A). These 

plasmids allow expression of the pre-miRNA in most mammalian cells at a high, constitutive 

level with the human cytomegalovirus (CMV) immediate early promoter. The coding 

sequence of EmGFP (Emerald Green Fluorescent Protein) in the expression cassette allows 

tracking of the pre-miRNA expression and provides strong correlation of EmGFP expression 

with the knockdown of the target gene by miR RNA. The plasmid containing scrambled miR 

RNA sequence, which does not target any genes, was also generated as a non-target control.  

 

miR RNAi expression plasmids to knockdown Sema3A and 3F signaling pathways were 

generated as shown in Table 5.1.  

                                               Table 5.1 

 

                              

5.3.2 Transfection of miR RNAi expression plasmids into Oli-Neu cell line to 

detect their knockdown effect 

 

Initially, I planned to transfect the expression plasmids into Oli-Neu cells, an immortalized 

mouse oligodendroglial cell line generated through forced expression of the t-neu oncogene 

in mouse primary oligodendroglial cells (Jung et al, 1995), to test the gene silencing effect  
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before making lentiviruses, as Oli-Neu cells are easy to acquire and propagate well. However, 

Oli-Neu cells did not express Nrp2 and Plxna4 (Fig. 5.2B), so cannot be used to test 

knockdown of these genes. Secondly, the transfection rate by lipofectamine 2000 in this cell 

line was very low (15-25%) and therefore the knockdown effect was not detectable by 

western blot in unsorted cells (data not shown). I decided to proceed directly to lentiviral 

expression of these miR RNAs to achieve a higher transfection efficiency. 

 

5.3.3 Making lentiviruses to silence genes in mouse primary OPC culture 

 

To achieve higher transfection efficiency and a stable long-term knockdown effect in OPC 

primary culture, I picked two plasmids out of three for each gene to make lentiviruses (Table 

5.1). Lentiviurses were made by Dr Pam Brown in MRC Centre for Reproductive Health at 

the University of Edinburgh in Queens Medical Research Institute.  

 

Briefly, the pre-miRNA expression cassette was transferred to the destination vector pLent6 

V5 DEST-cppt by Gateway Technology, which is a universal cloning method that takes 

advantage of the site-specific recombination properties of bacteriophage lambda (Landy, 

1989). To transfer the pre-miRNA expression cassette into the destination vector, first an 

entry clone was generated by performing a BP recombination reaction between our plasmids 

and a donor vector pDONAR 221 (Fig 5.3A), and then an LR recombination reaction was 

performed between the resulting entry clone and the destination vector pLent6 V5 

DEST-cppt (Fig.5.3B). The pLent6 V5 DEST-cppt containing the pre-miRNA expression 

cassette was used to make lentiviruses to infect primary mouse OPCs and knockdown target 

genes. A virus containing scrambled miR RNA sequence was also made as non-targeting 

control (Neg-ctrl). The lentiviruses generated and their titers are shown in Table 5.2.  

 

5.3.4 Optimizing mouse primary OPC cultures with MACS and “shaking off” 

method 
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Using the mixed glial “shaking off” method, fewer OPCs can be obtained from mouse 

primary OPC cultures (<50,000 cells/brain) than from rat primary OPC cultures 

(>650,000/brain). To acquire a high quantity of pure mouse OPCs, the auto MACS® 

(magnetic-activated cell sorting) Pro Separator was tried, which is an instrument for 

high-speed magnetic cell sorting. The mixed glial cells obtained from P0-P2 mouse brain are 

labeled with A2B5 antibody coupled to superparamagnetic particles (MACS microbeads), 

and then passed through a MACS column placed within the magnetic field of the MACS 

 

                                          Table 5.2 

 

 

separator, a strong permanent magnet. Cells are separated as non-magnetic A2B5- cells and 

magnetically labeled A2B5+ cells. MACS sorting can acquire 650,000 A2B5+ cells per 

mouse brain. However, the OPC survival rate was low after MACS sorting, with only around 

50% of cells surviving. In addition, lentivirus transduction also caused a reduced survival of 
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mouse OPCs (34.6%), which was problematic for future experiments (Fig5.4A). To address 

this problem, I cultured MACS sorted cells for 5 to 7 days before lentivirus transduction in 

an attempt to expand their number. However, most surviving cells tended to differentiate into 

astrocytes instead of remaining as OPCs 3 days after virus transduction (Fig 5.4B). Due to 

these shortcomings of MACS sorting, I reverted to the mixed glial culture “shaking off” 

method. 

 

To attempt to get more mouse OPCs from mixed glial cultures for experiments, I increased 

the shaking off speed from 200rpm for 18hrs to 250rpm and 300 rpm for 18 hrs, by which I 

could obtain 125,000 to 300,000 cells per mouse brain. To check the purity of the OPCs 

acquired from high speed shaking, “shaken off” cells with or without lentivirus transduction 

were stained with GFAP and Olig2 antibody to detect the percentage of astrocytes and OPCs 

in culture. About 80% of the cells were Olig2+ OPCs (Fig.5.5B), while around 15% of the 

cells were GFAP+ astrocytes (Fig.5.5A) in both cases. However, when 300rpm was used to 

shake the cultures, there was lots of cell debris in the culture. Therefore, a speed of 250rpm 

for 18hrs was chosen for the experiments. 

 

5.3.5 Transduction of miR RNAi lentiviruses into mouse primary OPC 

cultures or mouse mixed glial cultures to detect of their knockdown 

effect 

 

According to the titer of the lentiviruses, a concentration of 3-5 MOI was applied to mouse 

primary OPC cultures, so that lentivirus media occupied no more than 50% of the total 

culture media. OPC with lentiviurses were cultured for 24 hrs. Three days after transduction, 

proteins were extracted for western blot. Significant knockdown was detected using 

lentivirus for Nrp2 (7 and 8), with 78% and 56% expression comparing to that of scrambled 

non-targeting virus transduction (Fig.5.6). No significant knockdown was seen using 

lentiviruses designed against Sema3a/3f/Nrp1. I felt that this was due to the low transduction  
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rate in mouse primary OPC cultures at 3-5 MOI (see later) and the low sensitivity of western 

blots to detect minor changes. 

 

One of the problems of using lentiviruses with a low titre to transduce primary mouse OPCs 

is massive cell death, probably due to large amount of virus medium contained in the culture, 

and this made it difficult to get enough cells for western blot. In addition, OPCs were more 

vulnerable to death and astrocytes were more likely to survive and previous data showed that 

all these proteins are also expressed in mouse primary astrocytes (Fig 5.2B). To address this 

problem, I added lentivirus to mixed glial cultures with 0.5ml/well in a 6 well plate for 24 

hrs, as mixed glial cultures shares the same culture medium as virus medium (DMEM with 

10%FCS), so cells are more likely to survive after transduction. Proteins were then extracted 

three days after transduction for western blot. Western blot results showed that lentivirus 3 

and 4 transduction led to knockdown of Nrp1 in mouse mixed glial culture (81.3% and 69.4% 

expression comparing to that of scrambled lentivirus transduction) (Fig.5.7). Lentivirus 7 

and 8 transduction led to a very slight knockdown effect of Nrp2 in mouse mixed glial 

culture (84.5% and 91.6% expression comparing to that of scrambled lentivirus transduction) 

(Fig.5.7). Virus 11 and 12 led to 85.4% and 60.2% expression of Plxna4 comparing to that of 

scrambled lentivirus transduction (Fig.5.7). No significant knockdown effects were detected 

using other lentiviruses (data not shown). The knockdown effect on Nrp2 using virus 7 and 8 

transduction in mixed glial culture was very low compared to in primary OPC culture 

(Fig5.6). This may be because multiple cell types exist in mixed glial cultures, and protein 

expression levels are different in different cell types. The lentiviruses may also differentially 

transduce cells causing knockdown in some and not in others, and masking the results. As I 

am interested in the effect on OPCs, I tried to optimize the system further. 

 

5.3.6 Optimizing the efficiency of low titer lentivirus transduction of mouse 

primary OPCs  
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The transduction rate greatly depends on lentivirus titer, and MOI of around 10 is normally 

required for good transduction in OPC (80-90% transduction rate, Fig. 5.8) (Laursen et al, 

2011). Most of my lentiviruses were quite low in titer, ranging from 105-106 TU/ml (Table 

5.2), so only 3-5 MOI can be reached, leading to a 40-50% transduction efficiency (Fig. 5.8). 

In addition, due to the low virus titer, a large quantity of the lentivirus medium was added, 

which is detrimental to mouse OPC and lead to massive cell death after transduction.  

 

To increase the transduction efficiency without increasing the MOI, I tried some different 

methods, including increasing the OPC culture density during transduction, using less culture 

medium to increase virus density and adding polybrene (hexadimethrine bromide) during 

transduction. A high density of mouse OPCs during transduction can greatly enhance OPC 

survival and increase transduction efficiency, however, there was still lots of cell death 

during enzymatic detachment from the culture dish after transduction. Polybrene is a cationic 

polymer, which was reported to enhance retroviral transduction by neutralizing the negative 

electrostatic repulsion between the cell surface and the virus particles (Davis et al, 2002). 

This allows the virus to be adsorbed onto the cell surface independent of the cell receptor 

and viral envelope. As polybrene can increase lentivirus transduction rate and is non-toxic at 

low concentrations in many cell types (Pamela Brown, personal communication), I tried 

different concentrations of polybrene combined with different lentivirus MOI in mouse OPC 

cultures. However, my results showed that polybrene over 6ug/ml is toxic to primary mouse 

OPCs, and it did not increase but reduced the transduction efficiency from 42% to 30% at 

4ug/ml and 24% at 6ug/ml at 3 MOI and from 54% to 41% at 4ug/ml and 44% at 6ug/ml at 6 

MOI (Fig.5.9). This decreased transduction efficiency with polybrene may due to its toxicity 

to mouse OPCs. 

 

5.3.7 Transduction of miR RNAi lentivirus into rat primary OPCs to 

knockdown Nrp1 and Nrp2 
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All the data above shows that mouse primary OPC are susceptible to death in response to 

treatment with low titer lentivirus transduction when a large amount of lentivirus medium is 

contained, as well as detachment from the bottom of the culture dish. As this made the 

project difficult to move forwards, I decided to change the strategy of the experiment. First, I 

focused on knockdown of two genes, the obligatory receptors Nrp1 and Nrp2, instead of the 

six genes of the proposed Sema3A and Sema3F signaling pathway. Secondly, I switched to 

rat primary OPCs. Thirdly, I used RT-qPCR, a more sensitive technique, to detect gene 

knockdown effect in mRNA level, before confirming it by western blot in protein level. 

 

Although initially these miR RNAs were designed specifically to knockdown Nrp1 and Nrp2 

in mouse OPCs, I investigated whether they may also knockdown Nrp1 and Nrp2 in rat 

OPCs. This is supported by the evidence that rat Nrp1 and Nrp2 cDNA sequence share a 

high homology with mouse, 96% and 95% respectively. I compared the sequence of the miR 

RNA sequences to rat Nrp1 and Nrp2 cDNA and found 96-100% identities (identical or one 

base difference) between them (Fig5.10). Local alignment algorithms BLAST (Basic Local 

Alignment Search Tool) was run with these miR RNA sequences and no significant similar 

mRNA sequences (e.g. >14/21 bp) were found in rat, and no similar mRNA sequence was 

found using the seed region of miR RNA (position 2-8), which was believed to associate 

with RNAi off-target effects (Birmingham et al, 2006). This greatly reduces the possibility of 

the off-target effects of these miR RNA sequences in rat.  

 

Itransduced rat primary OPCs with miR RNAi lentiviruses to knockdown Nrp1 or Nrp2, 

extracted RNA 2, 3 and 4 days after transduction, and ran RT-qPCR reactions to detect any 

Nrp1 and Nrp2 knock down. Lentivirus 4 led to Nrp1 knockdown 2 days after transduction 

(65.4% expression comparing to scrambled lentivirus transduction), and the knockdown 

effect was more obvious 3 days (53.9%) and 4 days later (48.2%) (Fig5.11). Lentivirus 3 

caused Nrp1 knockdown 3 days after transduction (72.2% expression comparing to 

scrambled lentivirus transduction), and this effect was increased 4 days after transduction  
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(59.3%) (Fig5.11). Lentivirus 8 caused Nrp2 knockdown 2 days after transduction (67% 

expression comparing to scrambled lentivirus transduction), and knockdown was increased 3 

days (42.9%) and 4 days (21.7%) after transduction. Lentivirus 7 did not cause Nrp2 

knockdown in rat OPC (Fig5.11), although previous data shows that it can knockdown Nrp2 

in mouse OPCs (Fig5.6). This may be because the seed region of Nrp2A-1 miR RNA 

(position 2-8) does not match rat Nrp2 mRNA sequence - the third nucleotide of Nrp2 A-1 is 

different from the corresponding rat Nrp2 mRNA sequence (Fig5.10). 

 

5.3.8 Testing the effect of miR RNAi expression plasmid Nrp2C to 

knockdown Nrp2 in rat OPC 

 

So far, I have shown that lentivirus 3 and 4 can knockdown Nrp1 in rat OPCs, and lentivirus 

8 but not lentivirus 7 can knockdown Nrp2 in rat OPCs. To exclude RNAi off-target effects 

(Birmingham et al, 2006), it is suggested that at least two different miR RNA sequences are 

designed to knockdown each gene, both of which would expect the similar phenotype in 

future functional investigation. So I tested plasmid Nrp2C-3, which was not originally sent to 

make lentivirus, and its knockdown effect in rat OPCs. The Nrp2C-3 miR RNA sequence 

shares 95% similarity to that of rat Nrp2 mRNA (20/21 bases) and the seed region is 

identical (position 2-8) (Fig5.12A). Rat OPCs were transfected with plasmid Nrp2C-3 with 

an AmaxaTM NucelofectorTM. RNA was extracted 2 days later, with or without FACS sorting 

for GFP-positive cells. The proportion of GFP+ cells transfected with scrambled plasmid 

was 32.1% before FACS sorting and 67.1% after FACS sorting, and 48.9% and 76.4% 

respectively with Nrp2C-3 plasmid transfection (Fig5.12B). The reason that only about 70% 

of cells were GFP+ even after FACS sorting for GFP may be because I tried to eliminate 

dead cells by gating to exclude small fragments of cells instead of using DAPI staining, so 

that some dead cells may have remained in the GFP+ cell population (Fig.5.4A). RT-qPCR 

results showed that Nrp2C-3 produced no significant knockdown of Nrp2 in rat OPC 

(Fig5.13). I designed two more double stranded oligonucleotides to knock Nrp2 in rat OPC,  
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which are currently being tested by other members of the laboratory.  

 

5.3.9 New high titer miR RNAi lentiviruses produce more efficient knockdown 

Nrp1 and Nrp2 in rat OPC  

 

A second batch of lentiviruses expressing miR RNA sequence against Nrp1 and 2 (Table 5.3) 

had much higher titers giving good transduction efficiencies at 8-10 MOI (Fig. 5.14), with  

 

                                                Table 5.3 

 

   

90% transduction rate of lentivirus 3 (Nrp1), 86.5% transduction rat of lentivirus 4 (Nrp1), 

and 88.9% transduction rate of lentivirus 8 (Nrp2). Very little cell death occurred after 

transduction, suggesting that knockdown of these genes itself would not greatly affect rat 

OPC survival, and toxicity of large amount of the virus medium and fragility of mouse OPCs 

might be the reasons for the massive OPCs death in previous experiments. To confirm the 

knockdown effect of Nrp1 or Nrp2 in rat OPCs using the new batch of lentiviruses, I 

extracted proteins 3 days after transduction, and ran western blots to detect Nrp1 and Nrp2 

expression. Western blot results showed that both lentivirus 3 and 4 transduction caused 

decreased Nrp1 expression in rat OPC (52.2% and 23.8% expression comparing to 

scrambled lentivirus transduction respectively), while lentivirus 8 transduction led to 28.2% 

expression of Nrp2 in rat OPC comparing to scrambled virus transduction (Fig5.15). 

Interestingly, lentivirus 8 transduction, which is designed to knockdown Nrp2 expression, 

also leads to decreased expression of Nrp1 (26.3% expression comparing to scrambled  
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lentivirus transduction); and lentivirus 4 transduction, which is designed to knockdown Nrp1 

expression, led to increased expression of Nrp2 (181.7% expression comparing to scrambled 

lentivirus transduction) (Fig5.15). This is possible in the context of the crosstalk between 

Sema3A/Nrp1 and Sema3F/Nrp2 signaling pathway (see discussion) (Guttmann-Raviv et al, 

2007; Nasarre et al, 2009).  
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5.4  Discussion 

 

In this chapter, I successfully knocked down Nrp1and Nrp2, obligatory receptors of Sema3A 

and 3F signaling pathway, in rat OPC with miR RNA interference technology, delivered 

using lentiviruses. The knockdown effect in rat primary OPC cultures was confirmed by both 

RT-qPCR at 2, 3 and 4 days after transduction and western blot at 3 days after transduction. 

The new batch of lentivirus has a high titer and a good transduction efficiency was achieved. 

These miR RNAi lentiviruses will be used to study the loss of function of Sema3A and 3F 

signaling pathway on OPC behavior. 

 

5.4.1 Gene Silencing by miR RNAi technology 

 

RNA interference (RNAi), a process by which short, homologous RNA sequences induce 

potent and specific inhibition of eukaryotic gene expression via the degradation of 

complementary mRNA or mRNA translation block, has been widely used for gene silencing 

in biomedical research (Dykxhoorn et al, 2003). There are several RNAi techniques available, 

including transfection of RNA duplexes (siRNA) and introduction of vector expressed short 

hairpin RNA (shRNA) or miRNA (Behm-Ansmant et al, 2006; Sandy et al, 2005). miRNA 

are endogenously expressed small single stranded RNA sequences which naturally direct 

gene silencing through components shared with the RNAi pathway (Behm-Ansmant et al, 

2006).  

 

I chose miRNA to knockdown our genes because, first, this vector-based system from 

Invitrogen allows long-term knockdown effect in mammalian cells. siRNAs were therefore 

excluded as their transient nature means that they can only be used for short term knockdown 

of target genes. Second, pre-miRNA sequences in the expression vector can be easily 

transferred into a destination vector using Gateway Technology, allowing miRNA expression 

in multiple systems, such as viral expression systems, tissue-specific or regulated expression. 
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This is extremely useful, as primary OPC culture is difficult to efficiently transfect and viral 

transduction greatly increases transduction efficiency and thus the knockdown effect. In 

addition, the expression vector supports chaining of pre-miRNAs to express them in one 

primary transcript driven by RNA Pol II, the polymerase that also responsible for mRNA 

expression, thus ensuring co-cistronic expression of multiple pre-miRNAs. This is also an 

extremely useful technique in biomedical research - different pre-miRNAs chained together 

targeting the same gene or repeating one pre-miRNA can greatly enhance the knockdown 

effect, while pre-miRNAs targeting different genes chained together results in multiple gene 

knockdown. The use of Pol III promoters in shRNA vectors limits these applications, i.e. 

tissue-specific expression and inducible expression, due to their ubiquitous expression. 

Furthermore, the engineered pre-miRNA sequence and the expression vector are designed to 

greatly mimic the endogenous miRNA process. The engineered pre-miRNA sequence 

structure is based on the murine miR-155 sequence (Fig.5.1A) and the 5’ and 3’ flanking 

regions derived from the miR-155 transcript are maintained in the expression vector to 

preserve as much as possible of the miR-155 structure (Fig.5.1B). This allows proper 

processing, efficient and stable expression of mature miRNA, and may reduce immune 

stimulation produced by other exogenous miRNAs in vivo, such as non-specific stimulation 

of the interferon response, which is mediated in part by signaling through Toll-like receptors 

(TLRs) (Kariko et al, 2004; Sioud, 2005). Finally, Invitrogen has pre-designed miR RNAi 

sequences, which avoid the screening of large number of sequences to identify effective 

knockdown sequences. Invitrogen also guarantee that at least two out of the four predesigned 

miR RNAi selects will result in >70% knockdown of the target gene, provided that the 

transfection efficiency is at least 80%.   

 

Despite the efficient target gene knockdown effect by RNAi, some concern has been raised 

regarding the adverse effects of the technique, i.e. the potential of “off-target” activity, which 

can lead to unanticipated phenotypes and false conclusions in RNAi experiments. The 

off-target effects fall into three broad categories (Jackson & Linsley, 2010).  
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1) Unintended gene silencing may occur through partial sequence complementarity to their 

3’UTRs. Researcher has found that 3’UTR seed matches, but not overall identity, are 

associated with RNAi off-target effects (Birmingham et al, 2006). In my experiment, no 

similar rat mRNA sequence was found comparing to the seed region of Nrp1 and Nrp2 miR 

RNA sequence (position 2-8) by a BLAST similarity search, which is likely to greatly reduce 

the chance of unintended gene silencing effects. However, studies have indicated that 

off-target RNAi effects can remain even without sequence similarity, with an off-target error 

rate of approximately 10% (Qiu et al, 2005). Another useful strategy is to use multiple 

effective siRNAs/miRNAs to knockdown the same gene, and similar phenotypic effects with 

multiple siRNAs/miRNAs lead to confidence in separation of target-dependent effects from 

non-specific effects. In my experiment, I confirmed knockdown effect of two Nrp1 miR 

RNA sequences in rat, with which I would expect similar phenotype. Only one sequence was 

confirmed the knockdown of Nrp2. I therefore designed and produced two more miR RNA 

sequences to knockdown Nrp2 in rat, and their effect is now being studied by other members 

of the laboratory.  

 

2) Saturation of the endogenous RNAi pathway may occur (Grimm et al, 2006). Exogenous 

and endogenous miRNA share the same RNAi machinery, e.g. nucleo-cytoplasmic shuttle 

protein Exportin-5, RNase III enzyme Drosha and Dicer, and RNA induced silencing 

complex (RISC). Researchers have found that over-expression of shRNAs inhibited 

endogenous miRNA activity by saturating the activity of Exportin-5 (Yi et al, 2005). 

shRNAs designed to knockdown Nrp1 and Nrp2 triggered an adverse tissue response leading 

to CNS neuronal degradation (Ehlert et al, 2010), possibly because exportin-5 expression is 

relatively low in brain (Yi et al, 2005) as compared to other tissues, which makes the brain 

cells particularly sensitive to Exportin-5 function saturation. In my experiments, there was 

massive OPC death after transduction with a low titer of lentivirus; one of the possibilities is 

saturation of a component of the miRNA pathway, such as Exportin-5. However, use of a 
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new batch of high titer lentivirus gave a high, transduction efficiency with little OPC death. 

Therefore, I infer that the initial high OPC death rate was due to the low titer of lentivirus 

and large amount of virus medium used.  

 

3) An inflammatory response can be activated through activation of Toll-like receptors 

triggered by siRNAs/shRNAs and/or their delivery vehicles such as cationic lipids (Kariko et 

al, 2004; Sioud, 2005). This immune activation often happens in exogenous 

shRNAs/siRNAs delivery in vivo, and has not been seen using miRNAs, which may be an 

advantage of miRNA over siRNA/shRNA. 

 

5.4.2 From mouse to rat primary OPC culture 

  

To be consistent with our slice culture model and in vivo animal and transgenic animal 

models, initially I chose to knockdown Sema3A and 3F signaling pathway in mouse OPCs. 

However, I met several difficult problems with mouse OPCs. First of all, very few mouse 

OPCs can be acquired by the “shaking off” method. After I optimized the protocol by 

increasing the shaking off speed, I managed to get a higher number of mouse OPCs per brain 

(125,000 cells/brain) with good purity (80%), however, in comparison to rat OPC numbers 

(650,000 cells/brain), it is still not satisfactory and greatly restricted the progress of the 

project. I also tried a new MACS (magnetic-activated cell sorting) technology from Miltenyi 

Biotec, which has been widely used in cell isolation, such as blood cells (Stanciu & 

Djukanovic, 2000) and stem cells (Fong et al, 2009; Lorz et al, 2010). With this technology, 

a large number of A2B5+ cells can be acquired per mouse brain (650,000 cells/brain), 

however, 50% of MACS sorted OPCs died in culture, perhaps secondary to harmful 

components in the sorting reagents such as sodium azide, or the superparamagnetic particles 

(MACS microbeads) labels on the cells.  

 

The low titer of the first batch of lentiviruses was also problematic. To achieve good 
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transduction efficiency, 8-10 MOI is required for transduction. However, this MOI was hard 

to achieve by the low titer of the lentivirus and led to the low transduction efficiency. This 

made it difficult to detect a knockdown effect without GFP+ cell FACS sorting, during 

which more OPCs died. In addition, the large volume of lentivirus medium added appeared 

detrimental to mouse OPCs, and very few cells survived for later experiments. This problem 

was resolved by obtaining high titer virus, however, still mouse OPCs are hard to obtain in 

sufficient numbers and are susceptible to death after enzymatic detachment from the culture 

dish which hindered subsequent functional experiments. 

 

Due to these drawbacks of mouse OPCs, I decided to switch to rat OPCs for my experiments. 

Comparing to mouse OPCs, large numbers of high purity, healthy rat OPCs are easy to 

acquire (650,000 cells/brain), which can survive enzymatic detachment for subsequent 

replating.  

 

5.4.3 Knockdown of Nrp1 and Nrp2 in primary OPC culture 

 

In this chapter, I confirmed the knockdown effect of Nrp1 and Nrp2, obligatory receptors in 

Sema3A and 3F signaling pathway, in rat and mouse with miR RNAi lentivirus. Lentivirus 3 

and 4, which were designed to knockdown Nrp1, knocked down Nrp1 in both mouse mixed 

glial culture (Fig.5.7) and in rat OPC (Fig.5.11, 5.15). Lentivirus 7 and 8, which were 

designed to knockdown Nrp2, caused significant Nrp2 knockdown in mouse OPC (Fig.5.6). 

However, only lentivirus 8 caused significant Nrp2 knockdown in rat OPCs (Fig.5.11, 5.15).  

 

In adult mouse CNS in vivo, there appears to be a differential expression of NRPs by OPCs, 

with only a minority of OPCs found to express both NRP1 and NRP2 (6% in uninjured 

mouse spinal cord, 25% 7 days after a demyelinated lesion) (Piaton et al, 2011). Therefore in 

vivo, there are distinct subpopulations of OPCs, NRP1+, NRP2+, NRP1+NRP2+ and 

NRP1-NRP2- OPCs, reacting differently to SEMA3A and SEMA3F signals, thus playing 
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different roles in development and pathology. This hypothesis mimics the situation in 

neuropilin studies in neurons - the spatio-temporal distribution pattern of NRP1 and NRP2 is 

highly dynamic and often restricted to distinct subpopulations of neurons, eliciting 

differential responses to Semaphorins signaling in vivo. For example, NRP1 is widely 

expressed in the medial and lateral parts of the lateral motor column (LMCm and LMCl), 

while NRP2 is expressed by subsets of motor nerves in the LMCm but not in the LMCl at 

the brachial level of the spinal cord (Huber et al, 2005).  

 

Differential expression of neuropilins in distinct subpopulations of OPCs might play a 

different role in demyelination and remyelination as suggested in an adult mouse CNS 

demyelination model - there is an increased number of OPCs expressing NRP1 or NRP2 

within the demyelinated lesion, with mostly NRP2+ OPCs increased early at 7 day post 

lesion and NRP1+ OPCs were mainly detected later at 14 days after lesion (Piaton et al, 

2011). It is hypothesized that this is secondary to an increased expression of SEMA3F and 

SEMA3A by cells within demyelinated lesions, which exert a chemotactic response on OPCs 

expressing appropriate receptors. Thus those expressing NRP2 are attracted into the lesion, 

and those expressing NRP1 are repelled (Boyd et al, submitted; Piaton et al, 2011).  

 

However, all OPCs from neonatal rodents (P0-P2) in vitro express NRP1 and NRP2 (Boyd et 

al, submitted) (Appendix 1.A). This may be due to differences between different ages of 

OPCs, i.e. adult OPC and neonatal OPC, or the difference between in vivo and in vitro, i.e. 

the culture of OPCs activates them to express NRPs. The universal expression of both NRPs 

in neonatal OPC culture allows knockdown of Nrp1 or Nrp2 in vitro occurring in a relatively 

uniform population of NRP1+NRP2+ OPCs.  

 

One interesting finding is that Nrp2 knockdown also reduced NRP1 expression and Nrp1 

knockdown increased NRP2 expression (Fig.5.15). Evidence suggests that there is crosstalk 

between Sema3A/Nrp1 and Sema3F/Nrp2 signaling pathways. When HEK293 cells 
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co-expressed Sema3a and Sema3f, the pro-apoptotic and cell repellant effects of SEMA3A 

and SEMA3F on HUVEC cells were synergistically enhanced rather than being just additive 

(Guttmann-Raviv et al, 2007). Nasarre et al. has reported that inactivation of Nrp1 in glioma 

cell lines not only suppressed the inhibitory effect of SEMA3A, but also converted it into a 

chemoattractive one, which is NRP2 dependent (Nasarre et al, 2009). This would be 

consistent with my finding that Nrp1 knockdown with lentivirus 4 in rat OPCs led to 

increased expression of NRP2, thus potentially increasing NRP2 dependent chemoattractive 

signalling in OPCs (Piaton et al, 2011). Blocking Nrp2 in glioma cell lines abolished the 

chemorepulsive effect of SEMA3A (Nasarre et al, 2009), consistent with my observation that 

Nrp2 knockdown with lentivirus 8 also led to decreased expression of NRP1, thus potentially 

abolishing the NRP1 dependent chemorepulsive effect. However, lentivirus 3, which was 

also designed to knockdown Nrp1, did not increase NRP2 expression. This may because the 

lentivirus 3 Nrp1 knockdown effect was delayed compared to lentivirus 4, only showing a 

significant knockdown effect in mRNA expression 3 days after transduction, while lentivirus 

4 had a significant knockdown effect as early as 2 days after transduction (Fig5.11). 

Therefore it may take lentivirus 3 longer to have an effect on NRP2 expression, if it is 

secondary effect to Nrp1 knockdown. This apparent crosstalk between Sema3A/Nrp1 and 

Sema3F/Nrp2 signaling pathways complicates the distinction of the phenotype obtained by 

direct knockdown of one receptor.   

 

5.4.4 Concluding remarks 

 

In this Chapter, I successfully knocked down Nrp1 and Nrp2, the obligatory co-receptors of 

Sema3A and 3F, in both mouse and rat OPC with miR RNAi lentiviruses. Despite what is 

known about NRP1 and NRP2, very little is known about their effects on OPCs or 

myelination/ remyelination in particular. In the next chapter, I will examine the effects of 

loss of function of Nrp1 and Nrp2 on OPC apoptosis, migration, proliferation, differentiation, 

and myelination, in order to fully understand Sema3A or 3F signaling pathway in OPCs and 
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remyelination.  
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Chapter 6: 

Loss of function of Nrp1 and 

Nrp2 in OPCs in vitro 
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6.1  Introduction 

 

In previous chapter, I successfully knocked down obligatory receptors of Sema3A and 3F, 

Nrp1 and Nrp2, in rat OPCs, which was confirmed by both RT-qPCR and western blot. 

OPCs are viable and express GFP after transduction of miR RNAi lentiviruses against Nrp1 

or Nrp2. In this chapter, I will investigate the phenotypes of loss of function of Nrp1 or Nrp2 

in primary OPCs in culture.   

 

As described in Chapter 1, NRP1 and NRP2, the obligatory receptors of SEMA3A or 3F, are 

single span transmembrane glycoproteins widely expressed in different systems during 

development. SEMA3A and 3F have different affinities for NRP1 and NRP2 and require 

distinct Plexins to transduce their signal. Using Nrp1, Nrp2, Plxna3 and Plxna4-null mice, it 

was demonstrated that NRP1/PLXN4 complex serves as a preferential functional receptor for 

SEMA3A, while the NRP2/PLXN3 complex forms a principal functional holoreceptor for 

SEMA3F (Chen et al, 2000; Cheng et al, 2001; Giger et al, 2000; Kawasaki et al, 2002; 

Kitsukawa et al, 1997; Suto et al, 2005; Taniguchi et al, 1997; Yaron et al, 2005) (Fig.1.3). 

Once the holoreceptor binds SEMA3A or 3F, the intrinsic GAP activity of PLXN4 or 

PLXN3 can be activated, which then transduces downstream signals, and regulates 

cytoskeletal dynamics, and thus cell migration and morphology (Capparuccia & Tamagnone, 

2009; Rohm et al, 2000b; Takahashi et al, 1999; Tamagnone et al, 1999).  

 

Nrp1 or Nrp2-null mice demonstrate axon projection abnormalities similar to that of Sema3a 

or Sema3f deficient mice, while no myelination defects were reported (Chen et al, 2000; 

Giger et al, 2000; Kawasaki et al, 1999; Kitsukawa et al, 1997; Yuan et al, 2002a). However, 

several lines of evidence suggest that Nrp1 and Nrp2 may play a role in myelination and 

remyelination. Nrp1 and Nrp2 are dynamically expressed in OPCs during CNS development, 

and these OPCs are repelled or attracted by SEMA3A or SEMA3F in the migration from the 

brain to the retina during optic nerve development (Le Bras et al, 2005; Spassky et al, 2002). 
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In addition to its role in OPC migration, it was also reported that SEMA3A inhibits the 

extension of mature rat oligodendrocyte processes in vitro (Ricard et al, 2000), thus the 

Sema3A signaling pathway may be involved in myelination where oligodendrocytes must 

develop processes and choose axonal targets. Nrp1 and Nrp2 expression decreases with 

maturity in vivo, however, their expression alters in both demyelinating animal models and 

MS lesions (Boyd et al, submitted; Piaton et al, 2011; Williams et al, 2007). While not 

present or present in only a small number in NAWM, Nrp1 and 2-positive oligodendrocytes 

were present throughout active lesions, but less prevalent in and around chronic active 

lesions, and were rarely seen around or within chronic lesions. This high expression during 

development and in active MS lesions raises the hypothesis that Nrp1 and Nrp2 play an 

important role in regulating OPC performance during myelination, demyelination and 

remyelination. 

 

In order to test this hypothesis, in this chapter, I used miR RNAi lentiviruses against rat Nrp1 

and Nrp2 established in chapter 5, and examined loss of function of Nrp1 and Nrp2 on OPCs, 

including survival, proliferation, differentiation, and migration. 
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6.2  Experimental strategy 

 

Further details of the materials and methods used in these experiments are given in Chapter 

2. 

 

6.2.1 Isolation of OPCs and lentivirus transduction 

 

OPCs were shaken off from primary mixed glial cultures obtained from P0-P2 rat cortices 

and plated in PDL-coated 8-well chamber slides or 18mm coverslips in 12 well plate using 

techniques described in chapter 2. This technique generates a population of high purity OPCs 

(>90%) and approximately 95% of cells will differentiate into OLs (Milner & 

Ffrench-Constant, 1994). Purified OPCs were transduced with miR RNAi lentiviruses 

against Nrp1 or Nrp2, developed and verified in chapter 5, at 8-10 MOI, one day after 

plating, and kept in culture for 24hrs before changing to fresh OPC medium. This method 

generates a high transduction rate in OPCs in vitro (around 90%, Fig.5.14). All the functional 

test experiments were performed 3 days after lentivirus transduction, when there is 

significant decreased Nrp1 or Nrp2 expression as confirmed by RT-qPCR and western blot 

(Fig.5.11, 5.15). Lentivirus containing scrambled non-targeting miR RNAi sequence was 

used as negative control.  

 

6.2.2 Knockdown of Nrp1 or Nrp2 on OPC proliferation, apoptosis, and 

differentiation  

 

Effects on OPC proliferation, survival and differentiation in vitro were examined as 

described in chapter 2. For each assay, at least three separate chambers were plated for each 

lentivirus transduced OPCs. In addition, at least two separate isolations were conducted to 

control for differences among litters.  
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EdU incorporation assays were used to detect OPC proliferation, and the results were 

reported as a ratio of EdU+ cells (dividing cells) to Hoechst+ cells (total cells), and a ratio of 

EdU+GFP+ cells to GFP+ cells. TUNEL assay was used to detect OPC apoptosis when 

cultured in proliferation medium (with growth factors PDGF and FGF) or differentiation 

medium (without growth factors PDGF and FGF), and the effects were quantified by a ratio 

of TUNEL+GFP+ cells to GFP+ cells. Anti-MBP, -O4 and -NG2 antibodies were used to 

identify differentiated mature or undifferentiated immature OPCs, and OPC differentiation 

was quantified by the ratio of MBP+GFP+, O4+GFP+, or NG2+GFP+ cells to GFP+ cells. 

To determine statistical significance among conditions and controls, a one-way ANOVA with 

Dunnett’s multiple comparison test was run (GraphPad Prism).  

 

6.2.3 Knockdown of Nrp1 or Nrp2 on OPC migration 

 

So far, most of the evidence indicates that Sema3A and 3F signals act as guidance cues in 

OPC migration, in both optic nerve development and demyelinating lesions of animal 

models (Boyd et al, submitted; Piaton et al, 2011; Spassky et al, 2002). Thus, if rSEMA3A or 

3F has effect in OPC migration, OPCs transduced with lentiviruses against Nrp1 or Nrp2, 

obligatory receptors of Sema3A or Sema3F, should lose response to rSEMA3A or 3F. To test 

this hypothesis, Boyden Chamber migration assays were performed, as described in chapter 

2. To confirm the directional migrating effect of rSEMA3A or 3F on rat OPCs in Boyden 

Chamber assay, I plated freshly purified rat neonatal OPCs or purified OPCs 3DIV without 

lentivirus transduction on the upper chamber, and added rSEMA3A or 3F in the bottom 

chamber. For each assay, three to four separate chambers were plated with OPCs for each 

condition, and PDGF was used as positive control. In addition, at least three separate 

isolations were conducted to control for differences among animals, for an n≥3. 

 

6.2.4 Knockdown of Nrp1 or Nrp2 on OPC myelination 

 



 201

Rat OPC and DRG co-culture, as described in chapter 2, was used to test loss of function of 

Nrp1 or Nrp2 on myelination in vitro. Rat DRGs were isolated from E15 embryos and plated 

on matrigel coated 18mm coverslips in 12 well plates. Purified lentiviruses transduced rat 

OPCs were added 21 days later, and after 15 days in co-culture, cells were fixed and 

immunostained with anti-GFP, MBP and NFH antibodies.  
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6.3  Results 

 

6.3.1 Characterization of lentivirus-transduced rat OPC culture by IHC  

 

To confirm the purity of rat OPCs and lentivirus transduction efficiency in culture, I stained 

OPCs with anti-Olig2 and -GFP antibodies to mark OPCs and lentivirus transduced cells. 

High-purified OPCs were obtained (the number of Olig2+ cells against total Hoechst+ cells, 

control: 98.26±0.5522; Scrambled: 94.67±0.6035; Nrp1KD3: 93.49±1.056; Nrp1KD4: 

97.42±1.099; Nrp2KD8: 97.52±0.4489) (Fig.6.1A), and high transduction efficiency was 

achieved (the number of GFP+ cells against total Hoechst+ cells, Scrambled: 62.03±1.809; 

Nrp1KD3: 69.62±2.494; Nrp1KD4: 73.97±3.858; Nrp2KD8: 84.70±2.311) (Fig.6.1B). 

Reduced GFP expression was consistently observed in some lentivirus transduced cells, such 

as scrambled miR RNAi lentivirus, probably due to the processing of the transcripts. The 

EmGFP coding sequence is transcribed on the same mRNA as the miR RNA, which means 

that EmGFP signal is lost when the miR RNA is processed. Thus one of the drawbacks of 

this expression system is that cells whose miR RNAs are most efficiently processed also lose 

GFP expression. 

 

6.3.2 Nrp1 or Nrp2 knockdown do not affect OPC survival in normal culture 

conditions 

 

To determine whether knockdown of Nrp1 or Nrp2 alters OPC survival, which could 

potentially affect following experiments, I assessed cell death by quantifying lentivirus 

transduced cells that were positive for TUNEL staining, which stains cells that undergo 

apoptosis. No significant differences in cell apoptosis were observed when OPCs with Nrp1 

or Nrp2 knockdown were cultured in proliferation media containing growth factors PDGF 

and FGF, which are important survival factors for OPC (the number of TUNEL+GFP+ cells 

against total GFP+ cells, n=8 wells, 2 experiments, Scrambled: 0.9892%±0.06388%;  
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Nrp1KD3: 0.9585%±0.1093%; Nrp1KD4: 0.8706%±0.03848%; Nrp2KD8: 

1.132%±0.2440%) (Fig.6.1C). Significantly increased cell apoptosis was seen in Nrp1 

knockdown OPCs, but not Nrp2 knockdown OPCs, when cells were maintained in 

differentiation media without PDGF and FGF (the number of TUNEL+GFP+ cells against 

total GFP+ cells, Scrambled: 0.02±0.0058; Nrp1KD3: 0.07±0.0116; Nrp1KD4: 

0.067±0.0067; Nrp2KD8: 0.017±0.0067) (Fig.6.1D). However, the apoptosis rate was 

generally low in all conditions (less than 8%), and differences were small. The increased 

apoptosis of Nrp1 knockdown OPCs in differentiation medium but not in proliferation 

medium suggests that Nrp1 may play a role in OPC tolerance to tough environments, i.e. 

withdrawal of growth factors. Preliminary experiments showed that 3 days after cells were 

cultured in DMEM only medium (extremely harsh environment), Nrp1 knockdown OPCs 

barely survived, while non-targeting and Nrp2 knockdown OPCs were still abundant 

(Appendix 2).  

 

6.3.3 Nrp2 knockdown increases OPC proliferation 

 

To determine whether knockdown of Nrp1 or Nrp2 has an effect on OPC proliferation, 

Click-iT® EdU Imaging Kit from Invitrogen was used, in which EdU incorporates into DNA 

during active DNA synthesis, thus detection of EdU identifies proliferative cells. The 

advantages of EdU labeling over BrdU labeling is that the small size of the dye (azide) 

allows for efficient detection of the incorporated EdU in mild conditions, while BrdU assays 

require DNA denaturation with HCl or heat or DNase to expose the BrdU so that it is 

detectable with an anti-BrdU antibody. After DNA denaturation, subsequent IHC for other 

cell markers such as GFP is very difficult. Significant increased cell proliferation was seen in 

Nrp2-knockdown OPCs but not Nrp1-knockdown OPCs 4 hrs after EdU incubation (the 

number of EdU+GFP+ cells against total GFP+ cells, n=8 wells, 2 experiments, Scrambled: 

22.64%±1.492%; Nrp1KD3: 25.29%±1.802%; Nrp1KD4: 22.33%±1.415%; Nrp2KD8: 

32.75% ±1.798%) (Fig.6.2A). This significant change was also seen in the number of total  
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EdU+ cells against total Hoechst+ cells (Fig.6.2B).  

 

6.3.4 Knockdown of Nrp1 or Nrp2 has different effects on OPC differentiation 

 

In order to assess OPC differentiation, cells were stained with mature oligodendrocyte 

marker anti-MBP antibody and MBP+GFP+ cells were quantified against total GFP+ cells. 

Significant differences were seen in OPC differentiation three days after changing to 

differentiation medium (3DIV), with increased OPC differentiation in Nrp1 knockdown 

while decreased OPC differentiation in Nrp2 knockdown (the number of MBP+GFP+ cells 

against total GFP+ cells, n=12 wells, 3 experiments, Scrambled: 24%±1.637%; Nrp1KD3: 

38.48%±2.609%; Nrp1KD4: 36.61%±2.249%; Nrp2KD8: 8.748% ±1.009%) (Fig.6.3A, 

Fig.6.5 and 6.6). This significant difference was maintained at 5DIV, with increased OPC 

differentiation in Nrp1-knockdown cells and decreased OPC differentiation in 

Nrp2-knockdown cells (the number of MBP+GFP+ cells against total GFP+ cells, Scrambled: 

34.55%±5.006%; Nrp1KD3: 51.47%±4.77%; Nrp1KD4: 56.56%±3.401%; Nrp2KD8: 19.86% 

±2.918%) (Fig.6.4A, Fig.6.7). 

 

Cells were also stained with the early-differentiated oligodendrocyte (pro-oligodendroblast) 

marker anti-O4 antibody and O4+GFP+ cells were quantified against total GFP+ cells. A 

significant increase in O4+GFP+ cells was seen in lentivirus 4 transduced OPCs (Nrp1 

knockdown) and significant decrease in lentivirus 8 transduced OPCs (Nrp2 knockdown), 3 

days after changing to differentiation medium (3DIV), indicating increased differentiation 

and decreased differentiation of early oligodendrocytes respectively. Although slightly higher 

than control, no significant difference was seen in lentivirus 3 transduced OPCs (Nrp1 

knockdown) (the number of O4+GFP+ cells against total GFP+ cells, n=6 wells, 2 

experiments, Scrambled: 36.88%±2.204%; Nrp1KD3: 40.48%±3.235%; Nrp1KD4: 

55.61%±4.668%; Nrp2KD8: 17.31% ±1.306%) (Fig.6.3B, Fig.6.5 and 6.6). At 5DIV, over 

80% of the GFP+ cells were O4+, and no differences were seen in different conditions (the  
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number of O4+GFP+ cells against total GFP+ cells, Scrambled: 85.67%±2.041%; Nrp1KD3: 

80.80%±3.451%; Nrp1KD4: 91.21%±1.267%; Nrp2KD8: 83.10% ±2.168%) (Fig.6.4B, 

Fig.6.7). 

 

As both lentivirus 3 and 4 are designed to knockdown Nrp1 expression, I would expect the 

same phenotype of both lentivirus-transduced OPC cultures. Although both have increased 

number of mature oligodendrocytes assessed by MBP staining (Fig.6.3A and 6.4A), only 

lentivirus 4 transduced OPC culture has an increased number of early differentiated 

oligodendrocytes marked by O4 staining (Fig.6.3B), indicating they may have some different 

effects. This may possibly due to their difference in Nrp1 knockdown efficiency in OPCs. 

RT-qPCR and western blot demonstrated that Nrp1 is less efficiently knocked down in OPCs 

transduced with lentivirus 3 comparing to OPCs transduced by lentivirus 4 (Fig.5.11 and 

5.15), thus Nrp1 knockdown by lentivirus 3 is less efficient in promoting OPC differentiation. 

However, it is also possible that some early differentiated O4+ oligodendrocytes quickly 

further differentiate into mature oligodendrocytes and can no longer be recognized by the O4 

antibody. In addition, the difference may because of technical problems, as O4 staining in 

OLs is more difficult to count due to patchy signal on the cells. 

 

Consistent with my finding that Nrp2 knockdown inhibits OPC differentiation using MBP 

and O4 markers, the percentage of undifferentiated NG2+GFP+ OPCs was also significantly 

increased in lentivirus 8 transduced OPC culture (Nrp2 knockdown) 3 days after changing to 

differentiation medium (the number of NG2+GFP+ cells against total GFP+ cells, Scrambled: 

30%±3.214%; Nrp2KD8: 43.86% ±4.234%) (Fig.6.3C). No significant changes were seen in 

lentivirus 3 and 4 transduced OPC culture. The increased NG2+ OPCs in lentivirus 8 

transduced OPC culture may be partly due to the increased proliferation (Fig.6.2A-B) and 

thus increased total number of OPCs in culture. Total cells in culture were quantified by 

Hoechst staining and more cells were seen in the lentivirus 8 transduced OPC cultures (the 

number of total cells stained by Hoechst, Scrambled: 50±2.684; Nrp1KD3: 47.01±3.126; 
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Nrp1KD4: 40.09±3.101; Nrp2KD8: 60.55±3.669) (Fig.6.3D). 

 

6.3.5 rSEMA3A or rSEMA3F and rat OPC migration 

 

I failed to see an effect of rSEMA3A or rSEMA3F on rat OPC migration, with either freshly 

isolated neonatal rat OPCs or OPCs cultured for 3DIV, although there was significant 

increased cell migration with the PDGF positive control (Fig.6.8A and B). However, OPCs 

cultured for 3 days were less significantly attracted by the PDGF signal, compared to the 

freshly isolated OPCs, suggesting that these cells are less sensitive or less migratory to 

guidance cues. The drawback of lentivirus-induced knockdown is that it takes 3 days to 

achieve efficient knockdown in cells, therefore OPCs used to test Nrp1 or Nrp2 knockdown 

on migration are normally cultured for 3 days before a further 16 hrs migration assay. Due to 

the reasons above, I did not perform migration assays with lentivirus transduced OPCs. 

 

6.3.6 The effect of knockdown of Nrp1 or Nrp2 on OPC myelination 

 

Previous experiments demonstrated that Nrp1 or Nrp2 knockdown could enhance or inhibit 

OPC differentiation respectively. It would be interesting and important to investigate if 

changes of Nrp1 or Nrp2 expression in OPCs affect myelination. To do this, I need an 

efficient and robust in vitro myelination system to test these genetically engineered OPCs. 

One of methods in our lab is to use a DRG-OPC co-culture to assess myelination in vitro 

(Laursen et al, 2009; Wang et al, 2007). However, I found it very difficult to identify GFP 

positive mature OLs or myelin sheaths in this system. The brightest GFP+ cells were 

undifferentiated OPCs or astrocytes (Fig.6.9). Mature MBP+ OLs were much less bright in 

GFP staining. In fully myelinating cells, GFP was barely seen in myelin sheath while MBP 

signal was often obscured in the cell body. The loss of GFP signal in compact myelin sheath 

may be because EmGFP is a cytoplasmic protein, and is excluded from the myelin sheath 

when compact myelin sheath forms (Aggarwal et al, 2011). Aggarwal et al. found that MBP  
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could assemble into a protein meshwork and act as a molecular sieve that filters proteins of 

cytoplasmic domains with more than 20-30 amino acids in vitro. In addition, a few large 

contaminating astrocytes transduced by the lentiviruses expressed GFP very brightly and 

formed processes running along axons, making it difficult to identify weaker GFP-expressing 

myelinating oligodendrocytes. Thus, although DRG-OPC co-culture experiments were done 

to test the potential of Nrp1 or Nrp2 knockdown OPCs in myelination (Fig.6.9), it proved to 

be exceptionally difficult to accurately quantify the number of MBP+GFP+ myelinating cells. 

A more practical method is needed to quantify myelinating GFP+ cells. In addition, other 

antibodies such as MAG or MOG could be used to detect myelinating oligodendrocytes.  
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6.4  Discussion 

 

Sema3A and 3F expression levels have been shown to be important in successful 

remyelination in both animal models and MS patients (Boyd et al, submitted; Piaton et al, 

2011). Studies so far suggest that OPC recruitment to the demyelinating lesion is responsible 

for the remyelination changes by SEMA3A or SEMA3F, which is one of the important 

stages in remyelination. However, several studies have hypothesized that OPC differentiation 

is the main rate-limiting step in remyelination (Fancy et al, 2010; Kuhlmann et al, 2008). 

Thus, the OPCs recruited to the lesion may still face the predicament of how to overcome 

obstacles in OPC differentiation. Several studies on SEMA3A and OPC differentiation have 

given rise to different results (Boyd et al, submitted; Syed et al, 2011). To further understand 

the role of Sema3A and 3F signal in OPC function, I knocked down obligatory co-receptors 

of Sema3A and 3F, Nrp1 and Nrp2. This loss of function study of Nrp1 or Nrp2 aims to help 

understand Sema3A and 3F signaling in OPC function, in addition to the experiments using 

addition of recombinant SEMA3A and 3F in vitro or in vivo carried out in our lab. 

 

In this chapter, I closely examined OPC performance in vitro after Nrp1 and Nrp2 

knockdown, induced by miR RNAi lentivirus transduction, which was developed in chapter 

5. I examined their roles on OPC differentiation as well as apoptosis, proliferation, and 

migration, which are the key steps for myelination in development and remyelination in MS. 

I found that Nrp1 knockdown promoted differentiation of OPCs, while Nrp2 knockdown 

inhibited OPC differentiation. In addition, I also found that Nrp1 or Nrp2 knockdown did not 

affect OPC survival in normal culture conditions, and Nrp2 knockdown promoted OPC 

proliferation. 

 

6.4.1 Nrp1 or Nrp2 knockdown does not affect OPC survival in normal 

culture conditions 

OPC survival is needed to maintain sufficient OPCs in the CNS during myelination and 
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remyelination. To investigate Nrp1 or Nrp2 knockdown and their effects on myelination and 

remyelination, it is important to know if decreased Nrp1 or Nrp2 expression changes OPC 

survival. As a result, I examined the amount of apoptosis of lentivirus transduced OPCs in 

culture. I found that, OPCs with Nrp1 or Nrp2 knockdown generally have a very low 

apoptosis rate (less than 8%, Fig.6.1C and D), in both proliferation medium (with PDGF and 

FGF) and differentiation medium (without PDGF and FGF), suggesting that Nrp1 or Nrp2 

knockdown has very little effect on OPC survival in these conditions. These results are 

consistent with experiments when rSEMA3A or 3F were added to primary OPC culture 

(performed by another member of the laboratory) or in slice culture (chapter 4), in which no 

changes in OPC apoptosis were seen.  

 

Although the overall cell apoptosis was low, there was significant increased cell apoptosis in 

Nrp1 knockdown OPCs, but not in Nrp2 knockdown OPCs when cultured in differentiation 

medium (Fig.6.1D), suggesting that Nrp1 may promote cell apoptosis in some difficult 

culture environments. To test this hypothesis, I cultured OPCs in a deprivation environment, 

with DMEM medium only for 3 days, and I observed that Nrp1 knockdown OPCs barely 

survived, while non-targeting control and Nrp2 knockdown OPCs were still abundant in 

culture (Appendix 2). This may be because Sema3F has been shown in many studies to be a 

tumor suppressor, therefore knockdown of its receptor Nrp2 would lead to cell expansion by 

either increased cell proliferation or decreased cell apoptosis. This result is also consistent 

with another siRNA Nrp1 knockdown experiment in a human colon adenocarcinoma cell 

line WiDR, in which inhibition of Nrp1 in WiDR cells promoted apoptosis, but did not alter 

cell proliferation (Ochiumi et al, 2006). This is contrary to the role of its ligand Sema3A in 

some cell types. Sema3A has been shown to promote cell apoptosis in cancer cells, microglia 

and neurons (Ben-Zvi et al, 2006; Capparuccia & Tamagnone, 2009; Majed et al, 2006). 

However, these differences may be explained as different cell types may react differently to 

the same signal due to different downstream signaling pathways, and as Nrp1 is also the 

receptor of other ligands in addition to Sema3A, such as VEGF-A and FGF (West et al, 
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2005).  

 

6.4.2 Nrp2 knockdown promotes OPC proliferation 

 

The proliferation of OPCs is thought to be an early event in myelination and remyelination, 

increasing the pool of OPCs to differentiate into OLs and form myelin sheaths. Proliferation 

failure may play an important role in the failure of remyelination, especially in chronic 

stages of MS, where a population of relatively quiescent OPCs was found in the lesions 

(Wolswijk, 1998), though this may also reflect a failure of differentiation. In fact, both 

increased numbers of OPCs, their proliferation and differentiation, induced by neural 

precursor cells transplantation, may facilitate host brain-derived remyelination in a chronic 

cuprizone-induced demyelination model in aged mice (Einstein et al, 2009). As a result, I 

examined proliferation of Nrp1 or Nrp2 knockdown OPCs. I found that Nrp1 knockdown 

has no significant effect on OPC proliferation, while Nrp2 knockdown significantly 

promotes OPC proliferation, as assessed by EdU+ staining.     

 

So far, there is no published data describing Nrp2 expression levels and OPC proliferation. 

However, Spassky et al. found that its ligand, Sema3F, promotes embryonic OPC 

proliferation in E16.5 optic nerve dissociated cell cultures (Spassky et al, 2002). However, 

this increased proliferation in response to Sema3F was not seen in primary neonatal OPCs 

(Boyd et al, submitted) (Appendix 1.B) or purified adult OPCs (Piaton et al, 2011). The 

different results observed in these experiments may be due to the different ages of OPCs or 

different techniques used. Conversely, several studies have demonstrated the 

anti-proliferative effect of Sema3F on several cancer cell lines, such as melanoma, 

fibrosarcoma, colorectal carcinoma, ovarian and breast cancer (Chabbert-de Ponnat et al, 

2006; Wu et al, 2011). It was reported that Sema3F knockdown in the colorectal carcinoma 

cell line SW480 leads to increased cell proliferation; while overexpressing Sema3F reduces 

cell proliferation (Wu et al, 2011). My experiment is consistent with these observations, 
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showing that inhibition of Nrp2, as an obligatory receptor of Sema3F, promotes OPC 

proliferation.  

 

6.4.3 Older OPCs migrate less actively in response to guidance cues 

 

OPC migration is another essential event during the myelination and remyelination process, 

guiding OPCs to their destinations, where they differentiate into OLs and form myelin 

sheaths. In MS, migration of adult OPCs from adjacent tissue or the SVZ to the lesion plaque 

is critical for the repair of demyelinated axons. Failure of OPC migration to the demyelinated 

plaque is a significant reason for poor remyelination, especially late in the course of the 

disease (Bruck et al, 1994; Lucchinetti et al, 1999; Ozawa et al, 1994; Wolswijk, 1998). 

SEMA3A and SEMA3F, ligands of Nrp1 and Nrp2, have been shown to be guidance cues of 

OPCs from the brain to the retina during optic nerve development (Spassky et al, 2002). 

Their roles in recruiting OPCs to demyelinating lesions were also investigated in 

demyelinating animal models, where increased OPCs were observed after increased 

SEMA3F in the lesion and decreased OPCs after increased SEMA3A in the lesion (Boyd et 

al, submitted; Piaton et al, 2011). It was also indicated that this migratory effect in vivo was 

induced through their obligatory receptors Nrp1 or Nrp2 (Piaton et al, 2011). Piaton et al. 

found that adult mouse OPCs rarely co-express Nrp1 and Nrp2 in vivo, thus forming 

different subpopulations, including Nrp1+, Nrp2+, Nrp1+Nrp2+ and Nrp1-Nrp2- OPCs.  

The number of Nrp2+ OPCs exceeds Nrp1+ OPCs. In LPC induced demyelinating lesions, 

Nrp2+ OPCs peaked at 7 days post lesion (dpl) corresponding to the peaked SEMA3F 

signals at 3-7dpl in the lesion, whereas Nrp1+ OPCs peaked at 14 dpl corresponding to the 

peaked SEMA3A signals in the lesion. In addition, there was significantly increased number 

of OPCs in the lesion when Nrp1Sema- mice, where Nrp1 gene carries a mutation in the 

binding site of semaphorin, preventing Sema3A binding, were used as the demyelinating 

model. Therefore, I planned to examine the migratory effects of SEMA3A or SEMA3F on 

Nrp1 or Nrp2 knockdown OPCs in vitro.  
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However, although I could identify a small but significant migratory effect of rSEMA3A or 

rSEMA3F on normal mouse OPC migration in Boyden Chamber migration assays (Fig.4.6B), 

I could not detect an effect in normal rat OPCs in vitro (Fig.6.8), which hindered my 

following experiments on Nrp1 or Nrp2 knockdown OPCs. This might be because this 

method is not sensitive enough to detect differences of cell migration in response to 

rSEMA3A or rSEMA3F signal, or because different species and ages of OPCs respond 

differently to the signals. In addition, the significant migration observed in vivo but not in 

vitro might simply be because of the different environment in vivo and in vitro. Multiple 

signals coexist in vivo, which may cooperate with SEMA3F or 3A and enhance its attractive 

or repulsive effect on OPC migration (synergistic effect).  

 

Different ages and species of OPCs might react differently to guidance cues. Sema3A repels 

A2B5+ OPCs migrating from explants of E16.5 embryonic mouse optic nerve (Spassky et al, 

2002). However, the repulsive effect of rSEMA3A was not seen in adult mouse OPCs in a 

Boyden Chamber assay (Piaton et al, 2011), and NG2+ OPCs were observed to ignore the 

SEMA3A signal and migrate randomly in a co-culture experiment with explants of neonatal 

rat optic nerve and SEMA3A expressing BHK cell clusters (Sugimoto et al, 2001). Piaton et 

al. suggested that it might be because there are less Nrp1+ OPCs than Nrp2+ OPCs, thus a 

lack of response to SEMA3A could be attributed to the low percentage of Nrp1+ adult OPCs. 

However, although not able to be proved by co-staining, Nrp1 and Nrp2 are expressed by all 

neonatal OPCs for at least at day 1 in vitro (Boyd et al, submitted), which refutes this 

possibility for the latter co-culture experiment.   

 

I tested OPCs cultured for 3DIV for their ability to migrate as it takes 3 days to knockdown 

Nrp1 or Nrp2 after lentivirus transduction. However, at this time, OPCs, in spite of being 

kept in FGF and PDGF, may be too differentiated to actively migrate in response to guidance 

cues. Although there is a significant increased migration of OPCs cultured for 3DIV in 
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PDGF as a positive control, the increase is much more significant when freshly made OPCs 

were used (Fig.6.8A and B), indicating the slower migration activity in OPCs cultured for 

longer. This is a problem which needs to be resolved in testing lentivirus transduced OPCs in 

migration assays in the future. In addition, the shortcoming of using PDGF as positive 

control is that PDGF also play an important role in OPC survival and proliferation, thus the 

increased OPC migration in response to PDGF signal may because there are more total 

OPCs due to the less cell death and more cell proliferation.  

 

6.4.4 Nrp1 and Nrp2 knockdown in OPCs affects their differentiation 

 

Recently, several studies have implicated OPC differentiation as the main rate-limiting step 

in remyelination (Fancy et al, 2010; Kuhlmann et al, 2008). In this hypothesis, it is suggested 

that chronically demyelinated lesions in MS often fail to repair because of a failure of 

differentiation of the OPCs responsible for remyelination rather than a failure of their 

recruitment. In this case, how to promote OPC differentiation in the lesion is a key issue. 

Therefore, it is important to investigate the effect of Nrp1 or Nrp2 knockdown on OPC 

differentiation. I found that Nrp1 knockdown significantly increases OPC differentiation, 

while Nrp2 knockdown inhibits OPC differentiation. This finding suggests that, in addition 

to the recruitment of OPCs to the lesion, Nrp1 and Nrp2 signals in OPCs may play a role in 

remyelination by affecting OPC differentiation.  

 

To my knowledge, the effect of Nrp1 or Nrp2 expression on OPC differentiation has not 

been examined before. However, the role of their ligands, Sema3A or 3F, on OPC 

differentiation has been investigated. Ricard et al. reported that SEMA3A inhibits 

oligodendrocyte process outgrowth and extension, which suggests that SEMA3A might 

affect OPC differentiation (Ricard et al, 2000). Recently, Syed et al. reported that increased 

SEMA3A inhibits OPC differentiation in both primary rat OPC cultures and ethidium 

bromide induced demyelinating rat models, thus inhibiting remyelination (Syed et al, 2011). 
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In contrast, rSEMA3F in primary OPC culture did not affect OPC differentiation in vitro 

(Boyd et al, submitted; Piaton et al, 2011). Although Piaton et al. found that increased 

expression of SEMA3F in demyelinated lesions led to increased CC1+ cells 14 days after 

lesion and increased remyelination in mouse spinal cord (Piaton et al, 2011), they attribute 

this to the increased number of OPCs seen in the lesion, but not increased differentiation, as 

rSEMA3F in primary OPC culture did not increase differentiation. However, it is possible 

that there is also an effect on differentiation, different from the effect in vitro. Different 

timings of expression, multiple ligands using the same receptor and the influence of other 

signals may exist in vivo, perhaps enhancing the Sema3F signal and affecting OPC 

performance. Thus, I investigated the role of the neuropilin receptors in OPC differentiation.  

 

Studies have shown that Nrp1 and Nrp2 expression in OPCs differs between adult OPCs in 

vivo and neonatal OPCs cultured in vitro (Boyd et al, submitted; Piaton et al, 2011). In 

NAWM in adult mouse spinal cord, Nrp1 and Nrp2 are rarely co-expressed in OPC (only 

about 6% of PDGFRα+ OPCs), thus forming different subpopulations of Nrp1 or Nrp2 

expressing OPCs. There are more Nrp2+ OPCs (about 26% of PDGFRα+ OPCs) than Nrp1+ 

OPCs (about 6% of PDGFRα+ OPCs), and most of OPCs are Nrp1-Nrp2- (around 62% of 

PDGFRα+ OPCs) in NAWM (Piaton et al, 2011). Unlike adult OPCs in vivo, neonatal OPCs 

in vitro express both Nrp1 and Nrp2, thus forming a uniform population of Nrp1+Nrp2+ 

OPCs in culture (Boyd et al, submitted; Syed et al, 2011). This expression difference may 

partly account for the different results observed in neonatal OPC in vitro and adult OPC in 

vivo. However, with knockdown of Nrp1 or Nrp2 in neonatal OPC in vitro, different 

subpopulations of OPCs form, whose performance may be more similar to that of the adult 

OPCs in vivo.  

 

6.4.5 The role of Sema3A/Nrp1 and Sema3F/Nrp2 signals in CNS 

remyelination 
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In order to reconcile these in vitro and in vivo findings, I propose a model of a possible 

mechanism of Sema3A/Nrp1 and Sema3F/Nrp2 in CNS remyelination in demyelinating 

animal models and MS patients (Fig.6.11B). This model is on the basis of an assumption that 

knockdown of Nrp1 or Nrp2 in neonatal OPCs in vitro produces similar subpopulations of 

Nrp1 or Nrp2-expressing OPCs to those identified in vivo with similar behavior (Fig.6.10A). 

The premise is that neonatal OPCs with Nrp1 knockdown act similarly to Nrp2+ OPCs in 

vivo, while OPCs with Nrp2 knockdown act similarly to the subset of Nrp1+ OPCs in vivo 

(Fig.6.10A). Thus my prediction is that Nrp2+ OPCs in vivo behave like Nrp1 knockdown 

OPCs in vitro showing increased differentiation comparing to Nrp1+ OPCs and Nrp1+Nrp2+ 

OPCs, while Nrp1+ OPCs in vivo behave like Nrp2 knockdown OPCs in vitro with 

decreased differentiation and increased proliferation comparing to Nrp2+ OPCs and 

Nrp1+Nrp2+ OPCs (Fig.6.2-6.4). 

 

In the LPC-induced spinal cord demyelinating mice model, there are significantly increased 

numbers of Nrp2+, Nrp1+ and Nrp1+Nrp2+ OPCs in the lesion, within which Nrp2+ OPCs 

are the mostly abundant population 7 dpl (about 60% of PDGFRα+ OPCs comparing to 26% 

in NAWM) (Piaton et al, 2011), likely due to the increased expression of attractive signal 

SEMA3F in the lesion (Fig.6.10B) increasing their migration and their Nrp2 expression may 

allow them to quickly mature into OLs in the lesion. Although increased SEMA3A 

expression in the lesion repels Nrp1+ OPCs away from the lesion, there is a slight increase of 

Nrp1+ OPCs in the lesion (about 10% of PDGFRα+ OPCs comparing to 6% in NAWM), 

which I hypothesize is secondary to an increased proliferation of Nrp1+ OPCs (Fig.6.10B). 

However, my prediction is that these Nrp1+ OPCs have a decreased differentiation ability to 

form mature OLs. In order to test these hypotheses, co-staining with Nrp1 or Nrp2 and 

differentiation markers such as CC1 could be performed in vivo, although in vitro, Nrp1 or 

Nrp2 expression decreases markedly in differentiated mature OLs (results of other members 

in the lab). In addition, the percentage of different subpopulation of Nrp1 or Nrp2 expressing 

OPCs could be investigated around demyelinating lesions in animal models treated with  
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rSEMA3A or rSEMA3F or in transgenic Sema3a/3f null mice. Finally, Nrp1 or Nrp2 null 

mice, or more ideally conditional knockout Nrp1 or Nrp2 in OPCs or Nrp1Sema- or Nrp2Sema- 

transgenic mice (where the sema binding site is mutated), would be useful models to 

investigate their role in remyelination. 

 

Whether different subpopulations of Nrp1 or Nrp2 expressing OPCs exist in MS plaques, 

and what the percentage of different populations of OPCs is in different MS plaques, have 

not been determined yet, due to difficulties with immunohistochemistry with these antibodies 

in post mortem tissue. If different populations of Nrp1 or Nrp2 expressing OPCs exist in MS 

plaques, the increased SEMA3F expression found in active demyelinated plaques would 

attract Nrp2+ OPCs increasing their number, which would then differentiate into mature OLs, 

allowing remyelination (Fig.6.11A). In chronic inactive plaques, there is very little SEMA3F 

and 3A present in the lesion, and both Nrp1+ or Nrp2+ OPCs are rarely seen within the 

lesion, thus remyelination is likely to rarely occur (Boyd et al, submitted) (Fig.6.11A).  

 

In summary, the expression changes of SEMA3A or SEMA3F in both demyelinating animal 

models and MS plaques lead to both migration and differentiation of different subpopulation 

of Nrp1 or Nrp2 expressing OPCs in the lesion (Fig.6.11B). Significantly increased numbers 

of Nrp2+ OPCs in the lesion with increased differentiation ability, attracted by the increased 

SEMA3F in the lesion, may be responsible for the increased remyelination in the lesion. 

Increased SEMA3A in the lesion, however, may lead to decreased remyelination due to the 

decreased migration to the lesion, increase in Nrp1+ OPCs proliferation and inhibition of 

differentiation in the lesion.  

 

6.4.6 Concluding remarks 

 

In this chapter, I investigated the functional changes of OPCs with Nrp1 or Nrp2 knockdown 

in vitro. I found that Nrp1 or Nrp2 knockdown has no significant effect on OPC apoptosis in 
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normal culture conditions. Nrp2 knockdown promoted OPC proliferation and inhibited OPC 

differentiation, while Nrp1 knockdown promoted OPC differentiation but had no effect on 

proliferation. As a result of these findings, a model is proposed for possible mechanisms of 

Sema3A/Nrp1 and Sema3F/Nrp2 in CNS remyelination in demyelinating animal models and 

MS patients.   
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Chapter 7: 

Concluding Remarks  
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I began this thesis by describing myelination and remyelination in the CNS, and how 

important remyelination is in MS, yet it is frequently insufficient due to the hostile 

environment in MS lesions. To study and thus find a therapeutic method to enhance 

remyelination in MS, different in vivo models have been developed, which are slow, 

expensive and complicated. In the first part of my thesis (chapter 3), I characterized and 

validated an ex vivo slice culture model that is simple and fast, yet faithfully represents in 

vivo remyelination. I first examined the myelin sheath and different cell types at different 

stages of slice culture. I found that demyelination occurs after LPC treatment with little 

apoptosis, and myelin sheaths are replaced in 2 weeks; that OPCs, axons, neurons, astrocytes 

and microglia cells are well preserved in slices before and after LPC treatment; that the three 

dimensional cytoarchitecture as well as OPC positional information are preserved even after 

4 weeks of culture; that OPCs have significantly increased proliferation after demyelination; 

that the myelin sheaths forming in both myelination and remyelination slices are compact. 

These findings suggest that slice culture greatly imitates the in vivo CNS.  

 

To prove that the myelin sheaths in remyelination slices are the results of remyelination, but 

not continued myelination, electron microscopy and paranode immunostaining were used. 

This is important, as evidence has shown that despite similarities between myelination and 

remyelination, there are differences in the regulation of development and regeneration of 

myelin. The thinner myelin sheath, indicated by g-ratio quantification, and the shorter 

internode length, measured by Caspr immunostaining, indicates that the returning myelin 

sheaths in slice culture are the result of remyelination. To further prove that this system 

recapitulates in vivo remyelination and can be used to test molecules that affect 

remyelination, some known factors that have been proved to have or have no effects in 

remyelination in vivo were tested in the system. I found that factors that have no effects in 

remyelination in vivo, i.e. PDGF, FGF, NRG1 and DAPT, do not have effects in slice culture; 

while factors that have been proved to have effects in remyelination in vivo, i.e. 9cRA and its 

antagonist, have the same effects in slice culture. Taken together with the automated method 
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I developed for myelin quantification, this slice system could be a reliable and relatively fast 

tool for screening of pro-remyelinating compounds before lengthy in vivo testing.  

 

This system can be used to screen tens of candidate drugs in 4 weeks. The restricted steps, 

however, are immunohistochemistry and confocal microscopy. It takes at least three days for 

IHC and needs to take over 50 confocal photos for analysis, which takes about 3-4 hrs, for 

each molecule tested. To resolve this problem, our lab together with engineering department 

in the University of Edinburgh, is going to apply coherent anti-Stokes Raman (CARS) 

microscopy in this system, which uses specific visible light to stimulate CH2 bonds to image 

myelin sheaths (Belanger et al, 2009). With this technique, myelin sheath in slice culture 

may be detected without immunostaining and confocal microscopy, and this would greatly 

speed up compound screening.  

 

Identifying candidate molecules to test in the slice system is another important issue. This 

could be done by detection of gene expression changes in the tissues from demyelinating 

animal models or MS patients comparing with controls. RNA microarrays have been 

performed in some labs and have successfully identified some genes (Huang et al, 2011). 

New technology such as RNA-Seq could be useful which provides more accurate 

measurements and high resolution of the data, and is more widely used in reliably 

quantifying alternative splicing, allele-specific or isoform-specific gene expression, and 

non-coding RNAs (Malone & Oliver, 2011). In addition, RNA-seq is also useful in 

discovering novel genes without prior assumptions of which sequences are expressed (van 

der Brug et al, 2010; Wang et al, 2009). 

 

In addition to testing candidate molecules, exogenous cells could be added to slice cultures. 

For example, different genetically modified OPCs could be added to demyelinating slice 

cultures to see if their behavior changes in remyelination. Neuronal stem cells (NSC), 

different subtypes of microglia or T cells could also be added to slice cultures to observe 
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their effects on OPC differentiation, myelination and remyelination. It would be interesting 

to add human OPCs to demyelinated slice culture. OPCs from normal human as well as 

different phenotypes of MS patients could be applied to see if these OPCs have a different 

ability to differentiate and remyelinate denuded axons. These human OPCs could be 

acquired by surgical resections e.g. during epilepsy surgery, or by induced differentiation 

from embryonic stem (ES) cells or by iPSC (induced pluripotent stem cells). Protocols have 

been developed to differentiate oligodendroglial cells from ES and iPS cells first into NSCs, 

then to olig2+ precursors and then to fully mature oligodendrocytes (Hu et al, 2009; Jang et 

al, 2011).  

 

Lentiviruses can also be added to manipulate the biology of the slices. Lentiviral 

transduction of slices is highly efficient and can be used to add genes under cell specific 

promoters, or reduce protein expression using mi/si/shRNA technology. In the case of 

conditional and inducible transgenic mice, viruses could be used to induce Cre expression 

and excise the gene of interest, or the system could be induced with tamoxifen/doxycycline 

to investigate the biology ex vivo, before deciding to invest much effort, time and money in 

breeding mice for lengthy in vivo experiments. Semliki Forest viruses have successfully been 

used to transduce oligodendrocytes in mouse hippocampal slice cultures, enabling them to be 

tracked by live imaging (Haber et al, 2009). Addition of Cre expressing lentivirus to 

transduce slice cultures from transgenic mice with floxed Sema3a or Sema3f has been tried 

in our lab, and was proved to successfully knockdown Sema3a or 3f in slice cultures.  

 

Despite the demonstrated fidelity to the in vivo remyelination situation, the slice culture 

system could be further optimized to more closely model features of MS. Repeated 

demyelination by repeated LPC treatment could be tried to model the relapses of the disease. 

LPC added to slice cultures in our system results in global demyelination. However, in MS, 

demyelinated lesions are distributed throughout the CNS adjacent to apparently healthy 

tissue. Slice cultures with a focal region of demyelination would more closely imitate MS, 
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and would be useful to study chemotactic signals within the lesion that attract or repel OPCs 

and influence subsequent repair. Other members of the lab are working on methods to 

successfully induce focal lesions in spinal cord slices, with local application of LPC.  

 

A potential drawback of using slice cultures for study of remyelination is that the tissue is 

neonatal, and therefore may be more plastic than adult tissue. Adult or old animal slice 

cultures would resolve this problem. However, long-term culture of adult brain slices has 

proved challenging. Adult slice culture has been attempted, with successful culture of adult 

rat hippocampal slices for 6 days using media supplemented with ATP and vitamins 

(Wilhelmi et al, 2002). Whole brain slices from adult rats aged up to postnatal day 40 also 

showed viable neurons after culture for 2 weeks by adding connexin-specific anti-sense 

oligodeoxynucleotides with the aim of reducing gap-junction mediated bystander cell death, 

but myelination was not assessed (Yoon et al, 2010). It may be that this difference in 

viability of adult and neonatal slices relates to the presence of myelin debris. Neonatal slices 

are not myelinated initially, and so there is little myelin debris after cutting and laying in 

culture. However, cutting of myelinated adult slices produces much myelin debris, which we 

know is inhibitory to axonal outgrowth (Cafferty et al, 2010) as well as myelin repair (Kotter 

et al, 2006). 

 

Success of remyelination in this slice system (as well as in vivo) clearly depends on the 

presence of viable neurons, though it is not yet clear what markers of neurodegeneration 

preclude successful remyelination. Axonal ovoids, a marker for axonal transection, are 

observed in slice cultures (Fig.3.3D), indicating that slices may be able to be used for axonal 

degeneration research. Ravikumar and colleagues have successfully induced axonal 

degeneration in slice culture of P8 rat pups, using a spinal cord slice culture co-cultured with 

BV-2 cells (an immortalized murine microglia cell line), which mediated neurotoxicity when 

addition of lipopolysaccharide (LPS) or microspheres (Ravikumar et al, 2012). In addition, 

the drawbacks for adult brain slice culture may actually make it a good model for 
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neurodegeneration and neuroprotection research. Different neuroprotective drugs could be 

tested in adult brain slice cultures or slice-microglia co-cultures to test if they can prolong 

neuronal and axonal survival. Measurement of neurodegeneration in slice cultures could be 

quantified using FluoroJadeC intensity and axon length measurement (Ravikumar et al, 

2012), HPLC detection of NAA (N-acetyl aspartate) as well as detection of APP (amyloid 

precursor protein) and axonal ovoids. Development of the model to identify 

neurodegeneration/neuroprotection may be useful in studying other neurodegenerative 

diseases such as Parkinson’s disease or Alzheimer’s disease (using cerebral hemisphere slices) 

as well as MS. 

 

Neural networks are likely to be maintained at the synaptic level within slice cultures, and it 

would be very interesting to prove this using neurophysiology, and then manipulate this to 

identify whether changes in demyelination/remyelination or 

neurodegeneration/neuroprotection can be measured using electrical recordings, or if 

changes in electrical activity alter regeneration. Low frequency impulse activity has been 

shown to inhibit myelination of mouse dorsal root ganglia axons by Schwann cells in vitro, 

through reduced expression of the cell adhesion molecule L1, while high frequency impulse 

activity has no effect (Stevens et al, 1998). A neurotoxin, tetrodotoxin, that blocks action 

potential activity has been shown to inhibit myelination in culture as well as myelination of 

the optic nerve in vivo, while a toxin, α-scorpion toxin (α-ScTX), that increases impulse 

activity stimulates myelination in culture (Demerens et al, 1996). These studies suggest that 

impulse activity influence myelination. Slice cultures equipped with stimulating electrodes 

could be used and different frequencies of stimulation could be applied to see whether these 

also have an effect on remyelination. Neurotoxins that block impulse activity, i.e. 

tetrodotoxin and botulinum, or increase impulse activity, i.e. α-ScTX, could also be applied 

in slice culture to see their effects on remyelination.   

 

Ultimately, it would be useful to develop a three-dimensional model of human brain using 

iPS cell derived cells. It is now possible to generate neurons, oligodendrocytes, and 
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astrocytes from human iPS cells and blood derived cells could be added taken from 

peripheral blood. It would be interesting to see whether these could be grown together in a 

three-dimensional construction to produce appropriate cell-cell interactions.  

 

In the second part of my thesis, I first described previous work examining the Sema3A and 

3F signaling pathway, and how expression of SEMA3A/3F and their receptors changes in 

different types of MS plaques and different animal models with different remyelination 

efficiency. However, the mechanisms underlying the effect of Sema3A or 3F signaling on 

remyelination are unclear. Therefore, in chapters 4-6, I investigated the role of Sema3A and 

3F signaling on OPC function and myelination, by addition of rSEMA3A or 3F to cerebellar 

slice cultures (chapter 4) and knockdown of obligatory receptors Nrp1 or Nrp2 by miR 

RNAi lentivirus transduction of primary OPC culture (chapter 5-6). I found there were no 

effects of OPC proliferation, apoptosis, differentiation and myelination when I added 

rSEMA3A or 3F to slice cultures; that rSEMA3A repelled while rSEMA3F attracted mouse 

OPCs, but not rat OPCs, in Boyden Chamber migration assays; that Nrp1 and Nrp2 

knockdown did not affect OPC survival in normal culture conditions; and that Nrp1 

knockdown promoted OPC differentiation but had no effect on OPC proliferation, while 

Nrp2 knockdown inhibited OPC differentiation and enhanced OPC proliferation.  

 

As a result of these in vitro findings, I propose a model for the possible mechanisms of 

Sema3A/Nrp1 and Sema3F/Nrp2 in CNS remyelination in demyelinating animals and MS 

patients. In this model, I suggest that an increased level of SEMA3F in the lesion attracts 

NRP2+ OPCs (with no or low NRP1 expression) while SEMA3A repels NRP1+ OPCs (with 

no or low NRP2 expression) in vivo. The significant increased number of NRP2+ OPCs in 

the lesion, with increased ability to quickly differentiate into mature OLs and form myelin 

sheath, may be responsible for the efficient remyelination in the lesion in rodents and active 

lesions of MS. Although OPCs are repelled by SEMA3A in the lesion, this also increases 

OPC proliferation leading to a slightly increased number of NRP1+ OPCs in the lesion, 
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which do not differentiate efficiently and do not aid efficient remyelination in the lesion.   

 

This model, however, needs to be further tested with ex vivo or in vivo models. For example, 

the percentage of Nrp1 and Nrp2 expressing OPCs needs to be characterized in different 

animal models with different remyelination efficiency, i.e. with increased level of SEMA3A 

or 3F, or Sema3a or 3f knockout mice; Nrp1-LacZ or Nrp2-LacZ heterozygotes would be 

useful in demonstrating spatio-temporal distribution of different subpopulations of OPCs in 

vivo; Nrp1 or Nrp2 knockdown OPCs could be added into demyelinating slice culture to see 

if remyelination efficiency changes; and increased OPC differentiation in a transgenic mouse 

where Nrp1 is conditionally knocked out in oligodendroglial cells and decreased OPC 

differentiation in a similar oligodendroglial conditional Nrp2 knockout mouse would be 

convincing evidence for this model.  

 

To better understand Nrp1 and Nrp2 and their function in development and MS, tissue 

specific or inducible knockdown vectors and lentiviruses can be made. The expression 

vectors I used to express Nrp1 or Nrp2 miR RNAs contain the human CMV promoter, which 

is a RNA Polymerase II (Pol II) promoter expressed in most mammalian cell types. However, 

this vector allows easy recombination with other suitable destination vectors using Gateway 

technology, i.e. a destination vector with a tissue-specific or cell type specific Pol II promoter, 

or a destination vector with a tetracycline-regulated inducible Pol II promoter. Therefore, 

lentivirus selective knockdown of Nrp1 or Nrp2 in OPCs can be produced and injected into 

the lesions of animal models to investigate their behavior in vivo. In addition, as Nrp1 

knockdown in OPCs could increase NRP2 levels, therefore skewing OPC populations into 

Nrp2 expressing OPCs, selective knockdown of Nrp1 in OPCs would be a possible future 

therapeutic to MS patients.  

 

Furthermore, enhanced Nrp1 or Nrp2 knockdown effect or double knockdown of Nrp1 and 

Nrp2 can be achieved by chaining pre-miRNAs. One of the advantages using miR RNAs is 
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that they can be expressed in clusters in long primary transcripts driven by RNA Pol II (Lee 

et al, 2004). The expression vectors in my experiments support chaining of pre-miRNAs to 

express them in one primary transcript, thus enabling co-cistronic expression of multiple 

miR RNAs in one cell. Chaining of repeated Nrp1 or Nrp2 pre-miRNAs can achieve stable 

enhanced knockdown effects or produce different expression level of Nrp1 or Nrp2 in cells. 

Chaining of both Nrp1 and Nrp2 pre-miRNAs into the expression cassette can double 

knockdown Nrp1 and Nrp2 in the same cells. This manipulating of Nrp1 or Nrp2 levels in 

OPCs could help us to understand the expression levels of Nrp1 and Nrp2 and their function 

in OPC behavior.  

 

In addition to OPCs, knockdown Nrp1 or Nrp2 in other types of cells such as microglia 

would be helpful in understanding their role in myelin repair in MS. Nrp1 expressing 

microglia appeared to be smaller and express low level osteopontin (OPN), comparing to 

that of Nrp1 negative microglia (Syed et al, 2011). My preliminary experiments showed that 

NRP2 expression levels are different in different subtypes of microglia cells (Appendix 3), 

with increased NRP2 expression in pro-inflammatory microglia (m1), and decreased NRP2 

levels in anti-inflammatory microglia (m2a), compared to that of resting microglia. This 

differential expression of NRP2 in different subtypes of microglia cells may be important for 

their migration to the lesions, or, although there is no evidence yet, for their functions. 

Therefore, knockdown Nrp2 in microglia could possibly change the proportions of different 

subtypes of microglia cells in the lesion, or even switch microglia cells from 

pro-inflammatory to anti-inflammatory.  

 

In-depth study of the signaling pathway of Sema3A/Nrp1 and Sema3F/Nrp2 in OPC is also 

important to fully understand the role of Sema3A/3F in remyelination. Very little is known 

about their downstream signals in OPC, however, studies in neurons have found that 

SEMA3A triggers the mammalian target of Rapamycin (mTOR) dependent signaling 

pathway and/or GSK-3β signaling pathway in growth cone collapse (Manns et al, 2012). Fyn, 
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quaking I (QKI), and Gpr17, which are components in mTOR dependent signaling pathway, 

as well as GSK-3β have been proved to play an important role in OPC differentiation and 

myelination (Azim & Butt, 2011; Chen et al, 2007; Chen et al, 2009; Fumagalli et al, 2011; 

Sperber et al, 2001; Umemori et al, 1994). It would be interesting to investigate the 

expression of these molecules in Nrp1 or Nrp2 knockdown OPCs. In addition, the GSK-3β 

signaling pathway is involved in the canonical β-catenin/Wnt signaling pathway, which has 

been demonstrated to play an essential role in OPC differentiation, myelination and 

remyelination (Fancy et al, 2009; Feigenson et al, 2009). Therefore, investigation of 

β-catenin/Wnt signaling pathway in Nrp1 or Nrp2 knockdown OPCs would also be 

interesting.  

 

Taken together, in my thesis, I have shown that slice culture is a reliable ex vivo model for 

studying remyelination and could be used for drug screening to detect drugs promoting 

remyelination before testing on expensive and laborious animal models. Secondly, I have 

shown that the neuropilin receptors are important in controlling OPC differentiation and 

proliferation in vitro, suggesting that the Sema-Nrp pathways may play a significant role in 

controlling the processes needed for efficient myelination and potentially in remyelination in 

the CNS.  
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