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Abstract 

 

Remyelination, the ability of oligodendrocytes to extend myelin sheaths to wrap 

demyelinated axons, becomes progressively inefficient and can fail in multiple sclerosis 

(MS) leading to axonal degeneration and permanent functional deficits. Promoting 

remyelination and preventing axonal degeneration may improve neurological function and 

delay or prevent the secondary progressive phase of MS. 

 

Many signaling pathways that regulate developmental myelination are recapitulated during 

remyelination. We tested whether modulation of the Akt/mTOR pathway and Wnt pathway, 

pathways that regulate developmental myelination, could enhance remyelination after 

demyelinating injury. Myelin sheaths that are formed after remyelination are thinner than 

myelin sheaths formed during development, and thin myelin sheaths may make axons more 

prone to degeneration. We tested whether activation of the Akt/mTOR pathway in 

oligodendrocytes, which results in developmental hypermyelination, results in thicker myelin 

sheaths after remyelination. We found no enhancement of myelin sheath thickness in 

remyelinated lesions with Akt/mTOR pathway activation and prolonged developmental 

hypermyelination resulted in dysmyelination and axonal degeneration of long axonal tracts.  

 

The canonical Wnt pathway is activated in oligodendrocyte progenitors during 

developmental myelination and remyelination both in animal models and human neonatal 

white matter injury and MS. Prolonged activation of the Wnt pathway impairs 

oligodendrocyte differentiation and remyelination in animal models of demyelination. We 
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wanted to determine whether inhibition of the Wnt pathway could promote remyelination and 

the mechanism by which the Wnt pathway inhibits differentiation. We tested whether Wnt 

inhibitor XAV939 could accelerate oligodendrocyte differentiation and remyelination. We 

found that XAV939 promoted oligodendrocyte differentiation in vitro and co-injection of 

XAV939 with demyelinating agent lysolecithin accelerated oligodendrocyte differentiation 

and remyelination in vivo. To explore the mechanism of Wnt pathway inhibition of 

differentiation we identified transcription factor Sp5 as a Wnt pathway target candidate that 

may repress mature myelin genes and inhibit differentiation. We confirmed that Sp5 is 

directly regulated by TCF/LEF transcription factors in oligodendrocyte progenitors. We 

found that Sp5 is bound to mature myelin gene promoters in oligodendrocyte progenitors but 

not in differentiated oligodendrocytes and Sp5 represses target gene transcription. These 

findings suggest that inhibiting Wnt pathway activity in demyelinated MS lesions may 

promote oligodendrocyte differentiation and enhance remyelination. 
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Chapter 1: Promoting oligodendrocyte differentiation and remyelination in MS 

 

Introduction 

Oligodendrocytes are highly specialized cells in the central nervous system (CNS) that wrap 

neuronal axons with multi-laminar extensions of their plasma membrane forming a 

remarkably complex myelin structure. Myelin facilitates rapid saltatory (jumping) conduction 

of action potentials through formation of Nodes of Ranvier, reduces the energy required for 

maintaining axonal ion gradients, and supports axonal transport and axonal integrity (Duncan 

et al., 2009; Irvine and Blakemore, 2008; Nave, 2010a; Nave and Trapp, 2008). Myelination 

is thought to have evolved in vertebrates about 400 million years ago in placoderms, or jawed 

fish. Myelin increased the speed of impulse propagation, allowed for the development of fast 

escape and predatory behaviors, and became an important driver of vertebrate evolution. 

 

Loss of the myelin sheath, or demyelination, occurs in CNS diseases caused by (1) intrinsic 

defects in the oligodendrocytes (e.g., leukodystrophies), (2) damage to oligodendrocytes 

(e.g., periventricular leukomalacia, progressive multifocal leukoencephalopathy), and (3) 

autoimmune-mediated damage to myelin and oligodendrocytes (e.g., multiple sclerosis). 

Demyelination results in impaired action potential propagation, which is acutely resolved by 

insertion of ion channels along the denuded axon to allow for non-saltatory conduction (Felts 

et al., 1997). Oligodendrocytes respond to demyelinating insults by attempting to restore 

myelin sheaths to demyelinated axons, a process called remyelination. This regenerative 

response is critical for long-term axonal survival and the prevention of permanent 

neurological deficits.  
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Disease mechanisms of multiple sclerosis 

Multiple sclerosis is a demyelinating disease in which a chronic autoimmune inflammatory 

response results in destruction of the myelin sheath and axonopathy. The classic mechanism 

of autoreactive Th1 cells driving an inflammatory response that results in macrophage-

mediated destruction of myelin may be oversimplified and the pathogenesis of MS may be 

more heterogeneous than previously appreciated (Lassmann et al., 2001). A detailed 

pathological study of human biopsy tissue found heterogeneous patterns of demyelination 

between individuals but similar patterns of demyelination in lesions from the same 

individual. These patterns could be classified as I) macrophage mediated demyelination II) 

antibody mediated demyelination III) distal oligodendrogliopathy and IV) primary 

oligodendrocyte degeneration with secondary demyelination (Lucchinetti et al., 1999, 2000). 

All of these lesion patterns have a T cell mediated inflammatory component however the 

secondary response that mediates demyelination varies; (I) macrophage activation, (II) 

macrophage activation with complement-mediated lysis of myelin, (III) vasculitis and white 

matter ischemia with oligodendrocyte apoptosis, (IV) macrophage activation with 

oligodendrocyte degeneration. In lesion types I and II there is preservation of 

oligodendrocytes and relatively extensive remyelination whereas type III and IV display 

extensive loss of oligodendrocytes with minimal remyelination. Type IV lesions have only 

been found in a small subset of patients with primary progressive MS. This study raises 

several questions about disease mechanisms that can result in direct loss of oligodendrocytes 

such as T-cell-mediated cytotoxicity and white matter ischemia. As discussed later, 

experimental models have shown that remyelination is mediated not by surviving mature 

oligodendrocytes within the lesion but by oligodendrocyte precursors within and surrounding 
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the lesion that proliferate and differentiate into mature oligodendrocytes. Damage to resident 

oligodendrocytes within the lesion may not reflect the ability of a lesion to remyelinate. This 

study did not assess the numbers of oligodendrocyte precursors within the different lesion 

types and it is unclear whether oligodendrocyte precursors are absent from type III and IV 

lesions.  

 

MS lesions can also be generally classified as active remyelinating, active rim with an 

inactive center, or inactive chronically demyelinated (Figure 1). Active lesions are 

characterized by a large number of inflammatory cells within the lesion in contrast to inactive 

lesions that have very few inflammatory cells. While the immune system clearly triggers 

myelin destruction and tissue damage in MS, findings from non-immune-mediated toxin 

models and pathological studies of acute active lesions indicate that remyelination is most 

efficient when coupled to an active immune response. In MS lesions remyelination correlates 

with early active lesions that are characterized by a strong inflammatory response (Prineas et 

al., 1993a; Prineas et al., 1989; Raine and Wu, 1993; Wolswijk, 2002). Studies in toxin-

induced animal models of demyelination have also shown a beneficial role for the immune 

response in promoting remyelination. Depletion of macrophages (Kotter et al., 2001; Kotter 

et al., 2005; Li et al., 2005) or T cells (Bieber et al., 2003) following demyelination results in 

impaired remyelination. Knockout mice that lack pro-inflammatory cytokines interleukin-1β 

(IL-1β) (Mason et al., 2001) and tumor-necrosis factor-α (TNF-α) (Arnett et al., 2001), as 

well as lymphotoxin-β receptor (LTβR) (Plant et al., 2007) and major histocompatibility 

complex class II (MHC-II) (Arnett et al., 2003) have impaired remyelination following 

cuprizone-induced demyelination. While there is no doubt that macrophages can mediate 
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demyelination in MS, there may be underappreciated beneficial roles of macrophage 

activation. Phagocytic macrophages play a critical role in removing myelin debris because 

myelin proteins have been shown to inhibit oligodendrocyte differentiation (Kotter et al., 

2006; Robinson and Miller, 1999; Syed et al., 2008) and remyelination (Kotter et al., 2006). 

Aside from their phagocytotic role, macrophages also release undefined factors that promote 

myelination. Oligodendrocyte progenitors transplanted into a myelin-free environment of the 

retina have more extensive myelination when macrophages are activated with retinal 
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Figure 1  MS lesions with variable degrees of remyelination. (A) Human MS brain section stained

with myelin stain luxol fast blue (LFB), light blue, and inflammatory marker HLA-DR, dark blue. 

(B) Active lesions are charaterized by high numbers of inflammatory cells while inactive lesions and 

normal-appearing white matter (NAWM) have a paucity of inflammatory cells. (C) Neurofilament 

staining reveals intact axons in both active and inactive lesions. (D) Diagrams of four MS patient 

brains, red shading indicates areas of demyelination and blue shading indicates areas of 

remyelination. (E) LFB stained MS brain with chronic lesions (red arrows) and remyelinated lesions 

or “shadow plaques” (blue arrows) which are characterized by thinner myelin sheaths. Images are

reproduced with permission from Franklin RJM (references Franklin 2002, 2008).
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injection of Toll-like receptor 2 (TLR2) ligand zymosan (Setzu et al., 2006). These findings 

demonstrating a beneficial role of inflammation in remyelination need to be considered when 

devising MS therapeutic strategies where all current treatments suppress the inflammatory 

response. 

 

Shadow plaques and regulation of myelin sheath thickness 

Lesions that are able to achieve remyelination can be identified histologically by lighter luxol 

fast blue staining for myelin and are referred to as “shadow plaques” (Figure 1E). 

Remyelinated axons have thinner and shorter myelin sheaths that never achieve the thickness 

that is expected for a given axon diameter in normal white matter, where myelin sheath 

thickness increases linearly with axon diameter. This relationship can be expressed as the 

ratio of the circumference of the axon divided by the circumference of the myelin sheath, and 

is termed the g-ratio. In the PNS axonally expressed neuregulin-1 type III (NRG1-III)  

regulates myelin sheath thickness and a threshold level of NRG1-III expression determines 

whether sensory neurons are myelinated or unmyelinated (Michailov et al., 2004; Nave and 

Salzer, 2006; Taveggia et al., 2005). Epidermal growth factor receptors (ErbB) on Schwann 

cells interact with NRG1-III, leading to graded activation of phosphatidylinositol-3-kinase 

(PI3K) signaling (Taveggia et al., 2005) and activation of Akt/mTOR signaling pathways 

which upregulate genes involved in myelin synthesis (Tyler et al., 2011). Synthesis of 

phosphatidylinositol-(3,4,5)-triphosphate (PIP3) by PI3K polarizes the Schwann cell 

membrane and stimulates process extension which may be important for the wrapping 

process (Goebbels J Neurosci 2010). The formation of PIP3 is antagonized by phosphatase 

and tensin homologue (PTEN) which converts PIP3 into phosphatidylinositol-(4,5)-
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bisphosphate (PIP2). In Schwann cells PTEN associates with scaffolding protein DLG-1 that 

act to limit myelination sheath thickness and loss of function of DLG-1 results in myelin 

outfoldings and demyelination (Cotter et al., 2010). 

 

Unlike Schwann cells, oligodendrocytes can differentiate in vitro in the absence of axons and 

differentiated oligodendrocytes form membrane sheets that resemble non-compact and 

compact myelin (Aggarwal et al., 2011). In axon co-cultures oligodendrocyte differentiation 

is dependent on biophysical constraints and the amount of available axonal space (Rosenberg 

et al., 2008). Oligodendrocytes can also wrap chemically fixed axons in vitro (Rosenberg et 

al., 2008) suggesting that dynamic signaling between the axon and the oligodendrocyte is not 

required for the initiation of myelination, however this result does not rule out the presence 

of factors on the surface of the axon that are necessary for triggering myelination and 

downstream signaling pathways that regulate myelin sheath thickness.  

 

In the CNS, there are conflicting reports regarding the role of NRG1 and ErbB in regulating 

myelination. Although, transgenic over-expression of neuronal NRG1 type I and type III 

stimulates CNS hypermyelination, mice with conditional loss of all NRG1 isoforms in CNS 

neurons and conditional loss of ErbB3, ErbB4 receptors in oligodendrocytes have no deficits 

in CNS myelination (Brinkmann et al., 2008). There are several caveats however to these 

loss-of-function studies, CaMKII-cre was used to conditionally remove Nrg1 from forebrain 

projection neurons however CaMKII-cre recombination does not occur until P5 and although 

this is several days prior to cortical myelination, early expression of NRG1 may be sufficient 

to trigger downstream signaling cascades in oligodendrocytes that regulate myelination. Cnp-
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cre, a late marker of oligodendrocytes, was also used to drive recombination of ErbB3 and 

early expression of ErbB3 in the oligodendrocyte progenitor may be sufficient to initiate 

signaling cascades regulating myelination.  

 

Although the upstream mediators of CNS myelin sheath thickness are unclear, constitutive 

activation of Akt in oligodendrocytes results in hypermyelination of the CNS (Flores et al., 

2008), which is dependent on mammalian target of rapamycin (mTOR) activation 

(Narayanan et al., 2009). Activation of mTOR induces the formation mTORC1 and 

mTORC2 complexes, which regulate the differentiation of oligodendrocytes and expression 

of myelin proteins (Tyler et al., 2009). Expression levels of axonal NRG1 or an unidentified 

upstream membrane-bound factor and the resultant levels of downstream P13K/Akt/mTOR 

signaling may establish a threshold required for the initiation of myelination and graded 

P13K/Akt/mTOR signaling may regulate the number of wraps and thickness of the myelin 

sheath.  Whether activation of PI3K/Akt pathways in oligodendrocytes could increase myelin 

sheath thickness in remyelinating lesions and restore myelin sheath thickness to levels found 

in non-lesioned white matter was not investigated in these studies.  

 

Axonal degeneration in MS 

Destruction of the myelin sheath results in a regenerative response in which oligodendrocytes 

remyelinate denuded axons. This regenerative process is highly efficient in early adult animal 

models of demyelination. In MS the regenerative response is variable and can occur to 

completion in some lesions while other lesions remain permanently demyelinated. 

Demyelinated axons are prone to degeneration (Ferguson et al., 1997; Lovas et al., 2000). 
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Axonal degeneration occurs in acute demyelinating lesions (Trapp et al., 1998) as well as 

chronically demyelinated lesions (Bjartmar et al., 2000; Dutta et al., 2006; Ganter et al., 

1999; Lovas et al., 2000). In acutely demyelinating lesions axonal injury correlates with the 

degree of inflammation within the lesion (Ferguson et al., 1997; Trapp et al., 1998) and 

axonal injury is thought to occur as a result of the vulnerability of demyelinated axons to the 

inflammatory environment. While some axons degenerate in acute inflammatory lesions, 

most survive. Low levels of axonal degeneration also occur in chronically demyelinated 

lesions and ongoing axonal loss may contribute to clinical progression (Kornek et al., 2000). 

Brain imaging studies have also revealed that the brains of MS patients undergo continuous 

atrophy and the degree of atrophy is one of the strongest predictors of disease progression 

(Rudick et al., 1999). The lack of an inflammatory response in chronic lesions and the 

presence of continued axonal degeneration suggest that remyelination and trophic support 

from oligodendrocytes play an important role in promoting axonal survival. 

 

Oligodendrocytes support axon integrity 

Evidence for the role of oligodendrocytes supporting axonal integrity comes from studies of 

mice with mutations in myelin proteins. Mutations in proteolipid protein (PLP), a major 

component of CNS myelin, cause human dysmyelinating disorders Pelizaeus-Merzbacher 

disease (PMD) and spastic paraplegia type 2 (SPG-2). Jimpy and rumpshaker mice that have 

missense mutations in PLP1 model early-severe (aka, “conatal”) PMD and mild SPG-2 and 

exhibit severe developmental dysmyelination (Kobayashi et al., 1994; Komaki et al., 1999) 

however this was later found to be a gain-of-function phenotype that is a result of toxicity of 

misfolded PLP mutant protein (Gow and Lazzarini, 1996; Gow et al., 1998; Jung et al., 1996; 
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Southwood et al., 2002). Complete loss of PLP results in the formation of compact myelin 

and normal motor development with only minor myelin ultrastructural abnormities in mice 

(Rosenbluth et al., 2006) (Klugmann et al., 1997), but causes PMD in humans. At three 

months of age Plp1-null mutants begin to develop axonal swellings, impaired axonal 

transport, and eventual late-onset (>12 months) distal Wallerian degeneration of long axonal 

tracts (Anderson et al., 1998; Edgar et al., 2004; Griffiths et al., 1998). The mice die within a 

few months from progressive ataxia due to severe neurodegeneration in the absence of 

myelin loss.  

 

2’,3’-cyclic nucleotide phosphodiesterase (CNP) is another myelin protein that is not 

essential for developmental myelination but is required for axonal integrity. Cnp1-null mice 

are more severely affected than Plp1-null mice and exhibit widespread axonal swellings and 

neurodegeneration despite normal myelin compaction and ultrastructure (Lappe-Siefke et al., 

2003). Axonal degeneration in Plp1-null and Cnp1-null mice could be a result of improperly 

assembled myelin that impairs the axon from receiving supportive functions from the 

oligodendrocyte. Oligodendrocytes may provide trophic support to axons by supporting 

axonal mitochondrial energy production and normal myelin ultrastructure may be necessary 

for this support (Nave, 2010b). 

 

Preventing axonal degeneration in MS by promoting remyelination 

The clinical disease course of MS is variable but usually begins with a disease phase of 

recurrent reversible neurological deficits termed relapsing-remitting MS. After one or two 

decades the majority of patients enter a second disease phase termed secondary progressive 
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MS that is characterized by irreversible neurological decline. Most current MS therapeutics 

are designed to suppress the immune system such as glucocorticoids or the 

immunosuppressive cytokine interferon β, immunomodulator glatiramer acetate, and 

antibodies that block immune cell entry into the CNS natalizumab and alemtuzumab. While 

most of these therapies decrease the frequency and duration of episodes during early 

relapsing-remitting MS, they have little effect on the progression of MS and are ineffective in 

secondary progressive MS. Prevention of secondary progressive MS is a major therapeutic 

goal of MS research. 

 

Increasing evidence indicates that restoration of myelin sheaths to denuded axons prevents 

axonal degeneration (Duncan et al., 2009; Irvine and Blakemore, 2008). Because axonal 

degeneration is the major cause of permanent neurological disability in MS (De Stefano et 

al., 1998; Trapp and Nave, 2008) therapies promoting remyelination and preventing axonal 

loss may be able to slow or prevent neurological disability and progression to secondary 

progressive MS. There are currently no therapies that promote remyelination in clinical use. 

Indeed, it is possible that currently employed therapies, such as glucocorticoids, might have 

direct adverse effects on remyelinating oligodendrocyte precursors. Understanding the 

mechanism of endogenous remyelination will be crucial in designing therapies that enhance 

remyelination and prevent neurodegeneration. 

 

Experimental models of remyelination 

Many different types of animal models have been used to study demyelination and 

remyelination. Demyelination can be induced by stimulation of an autoimmune response, 
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viral infection, toxins or physical injury. Experimental allergic encephalomyelitis (EAE) is 

one of the most commonly used autoimmunity models that shares many characteristics with 

human MS and has been useful in understanding its pathogenesis. In the EAE model animals 

are stimulated to form an autoimmune response to myelin antigens by either injection of 

MOG-peptide or adoptive transfer of T cells leading to widespread inflammation and 

demyelination throughout the CNS. Acute and chronic forms of EAE can be induced by 

either single or repeated sensitization to myelin antigens. There are several widely 

acknowledged drawbacks for EAE as a faithful model of MS. First, lesions tend to occur in 

spinal cord, not brain. Second, there is evidence of primary axon damage. Third, because 

active demyelination and remyelination can occur concurrently and it is challenging to 

discern which lesions are undergoing demyelination or remyelination. Other models have 

relative advantages in these respects (but are also imperfect models of MS). Viral and toxin 

induced white matter injury are also widely used to study remyelination. Injection of 

Theiler’s virus and hepatitis virus induce multifocal demyelination and remyelination. In 

toxin models demyelinating agents are systemically administered (cuprizone) or directly 

injected into the white matter (ethidium bromide, lysolecithin). These models create acute 

focal demyelinating lesions that subsequently undergo remyelination with a defined time-

course that allows for precise assessment of the kinetics and efficiency of remyelination. 

 

Oligodendrocyte progenitor cells 

An endogenous population of adult CNS stem cells called oligodendrocyte progenitor cells 

(OPCs) (Dawson et al., 2003; Ffrench-Constant and Raff, 1986) mediate remyelination 

(Carroll et al., 1998; Gensert and Goldman, 1997; Groves et al., 1993; Warrington et al., 
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1993). Mature oligodendrocytes that survive the demyelinating insult are unable to form new 

myelin sheaths and contribute to remyelination (Carroll et al., 1998; Gensert and Goldman, 

1997) and in animal models transplanted intermediate pre-oligodendrocytes and mature 

oligodendrocytes are incapable of myelinating a myelin deficient host (Warrington et al., 

1993) or remyelinating a demyelinated lesion (Keirstead and Blakemore, 1997; Targett et al., 

1996). 

 

About 85% of spinal cord OPCs are generated from the ventral neural tube precursors of the 

pMN domain starting around embryonic day 12.5 (E12.5) (for review, Rowitch, 2004). This 

ventral OPC population migrates both laterally and tangentially to extensively populate the 

spinal cord and brainstem (Figure 2A,B). At E15 a second round of oligodendrogenesis 

occurs in the dorsal spinal cord domains dP3-dP5 by conversion of radial glia to OPCs that 

migrate radially to populate dorsal regions of the spinal cord (Cai et al., 2005; Fogarty et al., 

2005; Vallstedt et al., 2005) and myelinate dorsal tracts (Tripathi et al., 2011) (Figure 2A,B).  

 

Several waves of oligodendrogenesis also occur in the forebrain. The first wave of cortical 

OPCs are derived from the medial ganglionic eminence (MGE) and anterior entopeduncular 

area (AEP) at E12.5, followed by a second wave of OPCs from the lateral and caudal 

ganglion eminences (LGE/CGE) at E15 (Fuccillo et al., 2004; Pringle and Richardson, 1993; 

Tekki-Kessaris et al., 2001) (Figure 2C,D). Before E18 all OPCs in the cortex are generated 

from these two ventral migrations. After E18 a third post-natal wave of OPCs are generated  
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from the neuroepithelium of the cortex (Gorski et al., 2002; Kessaris et al., 2006; Levison 

and Goldman, 1993; Luskin and McDermott, 1994), and this cortex-derived population out-

competes the earlier ventral derived OPCs to the point where almost no ventral derived OPCs 

can be found in the adult brain (Kessaris et al., 2006; Tripathi et al., 2011). When one of 

these cortical populations is eliminated with targeted expression of diptheria toxin, the other 

remaining populations compensate without showing defects in white matter development 

(Kessaris et al., 2006). Dorsal and ventrally-derived populations of spinal cord and cortical 

oligodendrocytes show no differences in their electrical properties (Tripathi et al., 2011). 

Rather than the embryonic origin of the oligodendrocyte progenitor cell, competition created 

by the expression of local inhibitors seems to play a more important role in regulating spatial 

BA

Nkx2.2 

Nkx6.1 Olig2 

Pax6 

BMP
Wnt

Shh

BMP
Wnt

RP

FP

dP1
dP2
dP3
dP4
dP5
dP6

pMN

dP6
p0
p1
p2
pMN

OPC

Embryonic (E12.5)

Shh
Wnt
BMP

Fetal (E15.5)

FGF
BMP

Postnatal

FGF
Others?

?    ?    

OPC
p3

Shh

DC
Pyramidal
    neurons
Pyramidal
    neurons

LGE

MGE

AEP/POa

GABA neurons
OLs
GABA neurons
OLs

GABA neurons
OLs
GABA neurons
OLs

OLsOLs

2 1

3

Figure 2  Oligodendrocyte progenitor cell development  (A) Sonic hedgehog (Shh) secreted from the 

floorplate and BMPs and Wnts from the roofplate setup restricted progenitor domains and discrete 

expression patterns of transcription factors. OPCs are generated from the Olig2 expressing ventral 

pMN domain and dorsal dP6 domain. (B) Early ventral derived OPCs are Shh-dependent while later 

dorsal derived OPCs require FGF. (C) Forebrain OPCs are derived from the AEP/POa, MGE, LGE, 

and cortex neuroepithelium. (D) Forebrain oligodendrogenesis from these domains occurs in 

three temporal waves. Later cortical-derived OPCs out-compete earlier ventral derived OPCs. 



	   14	  

segregation and the myelinogenic potential of individual oligodendrocytes (Chong et al., 

2012). 

 

OPC response to demyelination 

OPCs are widespread throughout the adult CNS white and grey matter (Horner et al., 2000; 

Levine et al., 2001) as well as in demyelinated lesions (Scolding et al., 1998). The first step 

in the remyelination process is an activation and recruitment phase in which quiescent OPCs 

within demyelinated areas or in areas surrounding the lesion are stimulated to proliferate and 

migrate into the demyelinated area (Figure 3A). OPCs are also generated by the adult 

subventricular zone (SVZ) in response to demyelination and can contribute to remyelination 

in the corpus callosum (Aguirre et al., 2007; Menn et al., 2006; Nait-Oumesmar et al., 1999; 

Picard-Riera et al., 2002) and in MS lesions near the SVZ (Nait-Oumesmar et al., 2007). 

During the activation stage OPCs undergo changes in morphology as well as up-regulation of 

genes expressed during development myelination (Arnett et al., 2004; Capello et al., 1997; 

Fancy et al., 2009; Fancy et al., 2004; Morell et al., 1998; Sim et al., 2000; Watanabe et al., 

2004). Growth factors PDGF and FGF promote both OPC proliferation and migration during 

remyelination (Murtie et al., 2005; Woodruff et al., 2004; Zhou et al., 2006) 

 

After the recruitment and proliferation phase OPCs undergo a differentiation process in 

which they differentiate into pre-myelinating oligodendrocytes (pre-OLs) that engage 

demyelinated axons and express mature myelin genes, followed by differentiation into 

mature oligodendrocytes (OLs) that are capable of wrapping denuded axons with compact 

myelin sheaths (Figure 3A). This differentiation process is highly complex and dependent on 
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not only appropriate cell intrinsic gene regulation but also upon factors encountered in the 

environment that can promote or inhibit differentiation as well as influence the ability of the 

oligodendrocyte to contact axons and wrap them with compact myelin.  

 

Why might remyelination fail in MS? 

Remyelination failure could occur as a result of inadequate numbers of progenitors, failure of 

OPC recruitment into lesions, or failure of OPCs to differentiate into mature 

oligodendrocytes. In order for remyelination to occur, complex temporal patterns of signaling 

molecules must be appropriately expressed in the demyelinated environment so that initially 

a pro-proliferative and recruitment environment is provided followed by a switch to a pro-

differentiation environment. The dysregulation hypothesis proposes that remyelination 

 failure occurs when there is inappropriate regulation of this signaling environment (Franklin, 

2002; Franklin and Ffrench-Constant, 2008) (Figure 3B). If the pro-recruitment and 
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proliferative environment is not maintained for a sufficient period of time, inadequate 

numbers of OPCs will be present within a lesion. Inappropriate temporal control of the 

differentiation environment could result in a deficiency of signals that promote 

differentiation and expression of differentiation inhibitors, both contributing to differentiation 

failure.  

 

An example of a dysregulated environment that results in inefficient remyelination is aging. 

Remyelination progressively declines with age in MS (Rist and Franklin, 2008; Shields et al., 

1999) and aging is associated with more severe axonal loss after demyelination (Irvine and 

Blakemore, 2006). There are both oligodendrocyte intrinsic causes as well as changes in the 

extrinsic environment that mediate this age-associate defect in remyelination. In toxin 

remyelination models there are changes in the temporal expression patterns of remyelination-

associated growth factors (Hinks and Franklin, 2000) and inflammatory factors (Zhao et al., 

2006) that correlate with delays in OPC recruitment and OPC differentiation (Sim et al., 

2002). Aged OPCs have cell intrinsic differences in the epigenetic modification of genes 

regulating differentiation (Shen et al., 2008). Age-related declines in remyelination efficiency 

can be reversed when aged mice share the same circulatory system with young mice in 

parabiosis experiments (Ruckh et al., 2012). This restoration of remyelination efficiency is 

dependent on monocytes from the young partner that are recruited into the lesion of the old 

partner where they differentiate into macrophages that more efficiently clear myelin debris to 

promote enhanced remyelination. 
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Remyelination failure in MS could be a result of either OPC proliferation and recruitment 

failure or differentiation failure. Post-mortem studies of MS lesions indicate that there are 

both types of non-remyelinating lesions - lesions where there are insufficient numbers of 

OPCs (Chang et al., 2000; Lucchinetti et al., 1999) as well as lesions with abundant numbers 

of OPCs and pre-myelinating OLs (Chang et al., 2000; Chang et al., 2002; Kuhlmann et al., 

2008; Scolding et al., 1998; Wolswijk, 1998). Several studies have found that some MS 

patients produce antibodies against OPC surface antigens (Archelos et al., 1998; Niehaus et 

al., 2000), suggesting that OPCs may be a direct target of the demyelinating process, which 

could lead to a deficiency in progenitors.  Repeated rounds of demyelination and 

remyelination could also lead to progenitor exhaustion resulting in depletion of the OPC pool 

(Johnson and Ludwin, 1981; Prineas et al., 1993b). However demyelinating animal models 

have shown that OPCs can very efficiently repopulate areas of demyelination (Chari and 

Blakemore, 2002) and repeated episodes of focal demyelination does not result in deficits in 

OPC numbers or remyelination efficiency (Penderis et al., 2003). Transgenic over-expression 

of platelet-derived growth factor-A (PDGF-A) in astrocytes results in increased recruitment 

and proliferation of OPCs in demyelinated lesions but does not enhance remyelination 

(Woodruff et al., 2004), suggesting that the rate-limiting step in remyelination is not OPC 

proliferation or recruitment. 

 

Evidence for a failure in differentiation and maturation of oligodendrocytes in MS lesions 

comes from the finding that many chronically demyelinated MS lesions are filled with OPCs 

and pre-myelinating oligodendrocytes (Chang et al., 2000; Chang et al., 2002; Kuhlmann et 

al., 2008; Scolding et al., 1998; Wolswijk, 1998). While the density of OPCs is on average 
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lower than the density found in normal white matter, some lesions have as many OPCs as 

normal white matter and remyelinated lesions (Kuhlmann et al., 2008). The OPCs and pre-

oligodendrocytes present in chronic lesions appear to be blocked in their terminal 

differentiation. This differentiation failure could be a result of both the presence of 

differentiation inhibitors and/or the absence of pro-differentiation factors.  

 

Parallels in the cellular mechanisms that control the remyelinating response of OPCs may 

exist in other demyelinating white matter injuries such as neonatal hypoxic-ischemic 

encephalopathy (HIE) in term infants and periventricular leukomalacia (PVL) in preterm 

infants, which is strongly associated with development of cerebral palsy and IQ deficits 

(Northam et al., 2011; Woodward et al., 2006). Human tissue studies of neonatal white 

matter injury (WMI) indicate that OPCs and pre-OLs are present in acute and chronic WMI 

lesions (Billiards et al., 2008; Buser et al., 2012) suggesting that a block in oligodendrocyte 

differentiation contributes to the failure of myelin regeneration in these disorders. Promoting 

the differentiation of “stalled” oligodendrocytes could enhance remyelination efficiency and 

promote functional recovery in MS and neonatal white matter injury. 

 

Extrinsic factors that regulate oligodendrocyte differentiation 

Electrical activity from demyelinated axons may play a positive role in remyelination. 

Demyelinated axons form functional glutamatergic synapses onto NG2-positive 

oligodendrocyte progenitors migrating from the SVZ after focal demyelination of the corpus 

callosum (Etxeberria et al., 2010). This oligodendrocyte-axonal signaling may provide cues 

that stimulate remyelination by oligodendrocytes.  
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Several extrinsic factors that inhibit oligodendrocyte differentiation have been found in 

chronically demyelinated lesions. The Notch-jagged pathway is a negative regulator of OPC 

differentiation (Wang et al., 1998). Notch1 receptor is expressed on OPCs and Jagged1 a 

membrane bound Notch ligand is expressed by hypertrophic astrocytes in chronic MS lesions 

(John et al., 2002) and in remyelinating models (Seifert et al., 2007). Conditional deletion of 

Notch1 in oligodendrocytes has presented mixed results. Mice with conditional deletion of 

Notch1 in pre-myelinating oligodendrocytes with Plp1-creER do not have differences in 

remyelination of the corpus callosum in the cuprizone demyelinating model (Stidworthy et 

al., 2004). Conditional deletion of Notch1 in oligodendrocyte progenitors with Olig1-cre 

results in precocious oligodendrocyte differentiation and increased numbers of remyelinated 

axons after lysolecithin demyelination (Zhang et al., 2009). The differences between these 

two studies may be a result of earlier ablation of Notch1 in OPCs with Olig1-cre and may 

reflect difficulty in clinical scoring of the cuprizone model. In addition to Jagged1 ligand, 

Contactin/F3 ligand can activate Notch1 signaling in oligodendrocytes (Zhang et al., 2009) 

and Contactin/F3 is also expressed on demyelinated axons in MS lesions (Nakahara et al., 

2009). 

 

The glycosaminoglycan hyaluronan is another differentiation inhibitor that is present in MS 

lesions and demyelinating models. Several groups have found a function role for hyaluronan 

during remyelination. Injection of hyaluronan inhibits OPC differentiation and impairs 

remyelination in the lysolecithin demyelination model (Back et al., 2005). Hyaluronon-

mediated inhibition of OPC differentiation requires TLR2 expression on OPCs and ablation 
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of TLR2 expression accelerates differentiation and remyelination in the lysolecithin model 

(Sloane et al., 2010).  

 

Polysialylated neural cell adhesion molecule (PSA-NCAM) is expressed on axons during 

development and is down regulated during myelination so that myelination only occurs on 

PSA-NCAM negative axons. In myelinating cultures inhibition of axonal PSA-NCAM 

promotes myelination (Charles et al., 2000). PSA-NCAM is re-expressed in demyelinated 

axons in MS lesions and axons within remyelinated lesions are PSA-NCAM negative 

(Charles et al., 2002). PSA-NCAM expression on demyelinated axons could act as an 

inhibitor of remyelination. 

 

Cell intrinsic regulation of oligodendrocyte differentiation- the activators 

Many pathways involved in oligodendrocyte differentiation during development also regulate 

differentiation during remyelination (Capello et al., 1997; Fancy et al., 2009; Morell et al., 

1998; Sim et al., 2000). Basic helix-loop-helix (bHLH) transcription factors OLIG2 and 

OLIG1 have critical roles in embryonic oligodendrogenesis (Lu et al., 2002; Zhou and 

Anderson, 2002) and are expressed in adult OPCs during remyelination (for review, Ligon et 

al., 2006). Following demyelination the expression of both OLIG2 and NKX2.2 are up-

regulated in activated OPCs that repopulate the demyelinated lesion (Fancy et al., 2004; 

Watanabe et al., 2004) and this up-regulation may be involved in activating OPCs or 

regulating the differentiation of OPCs into mature OLs. NKX2.2 is a homeodomain 

transcription factor that is expressed in early oligodendrocyte progenitors. Nkx2.2-null mice 

have reduced expression of PLP and MBP (Qi et al., 2001), however in vitro studies indicate 
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that NKX2.2 activates transcription of PLP (Qi et al., 2001) and represses transcription of 

MBP (Wei et al., 2005). OLIG1 appears to have functionally redundant role during 

development but has a critical role in remyelination (Arnett et al., 2004). During 

remyelination Olig1-null mice have normal recruitment of OPCs but OPCs are unable to 

differentiate in mature oligodendrocytes and remyelination fails. During differentiation 

OLIG1 protein translocates from the nucleus in OPCs to the cytoplasm in differentiating 

oligodendrocytes. The functional significance of this subcellular translocation is unknown 

but it could be a mechanism for repressing OLIG1 by sequestrating OLIG1 protein in the 

cytoplasm away from transcriptional targets. 

 

High mobility group (HMG) transcription factor SOX10 is expressed in oligodendrocytes 

and is required for the differentiation of OPCs into mature oligodendrocytes (Stolt et al., 

2002). Sox10-null mice have normal numbers of oligodendrocyte progenitors but these 

progenitors fail to express mature myelin genes. Transplanted Sox10-null OPCs fail to 

differentiate and myelinate demonstrating a cell autonomous defect in differentiation. SOX10 

activates MBP transcription in vitro (Stolt et al., 2002) and over-expression of SOX10 can 

induce ectopic oligodendrocyte differentiation (Liu et al., 2007). Over-expression of OLIG2 

induces ectopic SOX10 and NKX2.2 expression and precocious oligodendrocyte 

differentiation and SOX10 appears to be downstream of OLIG2 in mediating myelin gene 

activation (Liu et al., 2007). 

 

Myelin-gene regulatory factor (MRF) is a NDT80 domain transcription factor expressed in 

pre-oligodendrocytes. Over-expression of MRF trigger ectopic differentiation, an effect that 



	   22	  

is enhanced with co-electroporation of SOX10 (Emery et al., 2009). Conditional deletion of 

MRF in oligodendrocyte progenitors with Olig2-cre results in failure of oligodendrocytes to 

differentiate and subsequent apoptosis of pre-myelinating OLs and hypomyelination. Mrf-

null OLs do not express mature myelin genes and apoptosis is presumably a result of failure 

of the pre-oligodendrocyte to fully differentiate and myelinate. Whether MRF acts directly or 

indirectly to regulate myelin gene transcription remains to be determined.  

 

Nuclear hormone receptors- retinoic acid receptors (RARs and RXRs) and thyroid hormone 

receptors (THRs) are required for oligodendrocyte differentiation in vitro (Barres et al., 

1994). Increases in thyroid hormone receptor β (TRβ1) levels trigger exit from the cell cycle 

and the onset of differentiation (Gao et al., 1998). Thyroid hormone administration enhances 

remyelination in EAE (Fernandez et al., 2004) and cuprizone (Franco et al., 2008) 

demyelinating models. THRβ is up-regulated in remyelinating models (Fancy et al., 2009) 

and THRα/THRβ double knock-out mice have delayed optic nerve myelination. Retinoic 

acid receptor RXRγ is expressed in oligodendrocytes during remyelination and promotes 

oligodendrocyte differentiation (Huang et al., 2011). RXR agonist administration enhances 

remyelination in both in vitro demyelinating cerebellar slice cultures and in vivo aged 

lysolecithin-injected mice. 

 

Oligodendrocyte cell intrinsic regulation of differentiation involves both transcriptional 

regulation of myelin genes and epigenetic repression of differentiation inhibitors. Histone 

deacetylation is the first step in chromatin condensation, which represses gene transcription 

by preventing transcription factors from binding to DNA regulatory elements. In 
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oligodendrocytes the removal of acetyl groups by histone deacetylases (HDACs) occurs 

when oligodendrocyte progenitors exit the cell cycle and begin to differentiate (Marin-

Husstege et al., 2002). Inhibition of HDAC activity with valproic acid prevents 

oligodendrocyte differentiation without affecting cell cycle exit in vitro (Marin-Husstege et 

al., 2002) and results in delayed expression of differentiation markers and hypomyelination 

in vivo (Shen et al., 2005). HDACs are thought to repress differentiation inhibitors and 

histone modification and chromatin condensation of differentiation inhibitors allows for a 

stable system to maintain oligodendrocytes in a differentiated state. Ying yang-1 (YY1), a 

zinc-finger transcription factor, recruits HDAC1 to ID4 and TCF4 promoter regions resulting 

in repression of these differentiation inhibitors (He et al., 2007). Conditional deletion of YY1 

in pre-oligodendrocytes with CNP1-cre results in increased levels of differentiation 

inhibitors, impaired differentiation, and severe hypomyelination. During remyelination 

administration of HDAC inhibitor valproic acid impairs the recruitment of HDACs to HES5 

and SOX2 promoters and prevents oligodendrocyte differentiation and remyelination (Shen 

et al., 2008). Aged mice that have inefficient remyelination also have reduced recruitment of 

HDACs to differentiation inhibitors. 

 

Cell intrinsic regulation of oligodendrocyte differentiation- the inhibitors 

HES5 is a HLH transcription factor that represses myelin basic protein (MBP) transcription 

and HES5 also binds to activator SOX10 to sequester it away from transcriptional targets 

(Liu et al., 2006). In progenitors with higher levels of SOX10 expression SOX10 is able to 

out-compete HES5 repressive complexes for DNA binding and activate MBP transcription. 
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Oligodendrocyte progenitors express HLH transcription factors inhibitor of differentiation 2 

and 4 (ID2, ID4) and ID4 directly represses MBP transcription (Marin-Husstege et al., 2006). 

Later expression of OLIG1 in combination with SOX10 are presumably able to out-compete 

ID proteins and activate myelin gene transcription (Gokhan et al., 2005). 

 

TCF4 (also known as TCF7L2) a HMG transcription factor that mediates Wnt signaling is 

expressed in oligodendrocytes progenitors during developmental myelination (Fancy et al., 

2009; Fu et al., 2009; Ye et al., 2009) and remyelination (Fancy et al., 2009). TCF4 is down-

regulated upon the transition of OPC to pre-OL and TCF4 expression does not overlap with 

PLP mRNA. The Wnt pathway is activated in oligodendrocyte progenitors both during 

development and remyelination as indicated by expression of β-galactosidase in TCF4 β-

galactosidase reporter mice and expression of Wnt pathway target Axin2 mRNA (Fancy et 

al., 2009). Over-activation of the canonical Wnt pathway in oligodendrocytes can be 

accomplished by crossing the dominant active β-catenin (DA-Cat) mouse that has floxed 

exon 3, which contains phosphorylation sites necessary for degradation of β-catenin, to pan-

oligodendrocyte Cre- Olig2-cre, DA-Catfl/fl. These mice have normal numbers of 

oligodendrocyte progenitors but delayed differentiation and hypomyelination (Fancy et al., 

2009). Oligodendrocyte differentiation and remyelination is also impaired in Olig2-cre, DA-

Catfl/fl mice after lysolecithin demyelination. Expression of TCF4 is found in active 

remyelinating plaques but not in chronic demyelinated plaques. Canonical Wnt pathway 

activity may be necessary in oligodendrocyte progenitors for delaying differentiation or 

expanding the progenitor pool, however levels of Wnt pathway activity must be 

downregulated for oligodendrocytes to progress to pre-oligodendrocytes and fully 
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differentiate and myelinate. Adenomatosis polyposis coli (APC), also known as CC1, is 

expressed in pre-oligodendrocytes and mature myelinating oligodendrocytes. APC is a 

component of the β-catenin destruction complex along with Axin, glycogen synthase kinase 

3b (GSK3β) and casein kinase 1 (CK1) that sequester and phosphorylate β-catenin targeting 

it for degradation by the proteasome. Expression of APC in pre-oligodendrocytes and 

myelinating oligodendrocytes may act to titrate Wnt signaling levels so that Wnt targets are 

not activated in mature oligodendrocytes. 

 

Wnt pathway  

Wnt proteins are comprised of a large family of secreted lipid-modified signaling molecules 

that have fundamental roles in embryonic patterning, cell proliferation, differentiation and 

adult stem cell maintenance (Logan and Nusse, 2004). Wnt genes are highly conserved 

across species from sponges to flies to vertebrates and this high degree of conservation likely 

reflects distinct functions for individual Wnt ligands. The mammalian genome encodes 19 

Wnt proteins and 10 Frizzled (Fzd) receptors. Historically Wnt ligands have been divided 

into two classes “canonical” and “non- canonical”, based on their ability to increase 

cytoplasmic β-catenin levels. In the canonical Wnt pathway, Wnt ligand binds to Frizzled 

receptor which forms a co-receptor complex with low-density lipoprotein receptor-related 

protein 5 or 6 (LRP5/6). Formation of the Frizzled/LRP co-receptor complex triggers 

phosphorylation of the cytoplasmic tail of the LRP5/6 receptor by CK1 and GSK3β, and 

phosphorylation of LRP5/6 promotes binding of Axin to LRP. CK1, GSK3β and Axin 

proteins are all members of the β-catenin destruction complex that is responsible for 

phosphorylating cytoplasmic β-catenin targeting it for degradation. Recruitment of Axin to 
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LRP and the plasma membrane destabilizes the degradation complex allowing cytoplasmic 

β-catenin levels to rise and β-catenin enters the nucleus where it complexes with T-cell 

factor/lymphoid enhancer factor (TCF/LEF) transcription factors to regulate transcription of 

target genes. The traditional classification of individual Wnts as either canonical or non-

canonical has recently been questioned because Wnt5a, traditionally thought of as non-

canonical Wnt, can display diverse cellular functions dependent on the receptor context 

(Mikels and Nusse, 2006). Wnt5a inhibits β-catenin transcriptional activity without affecting 

β-catenin levels in the presence of tyrosine kinase receptor Ror2, however in the presence of 

Frizzled4 and LRP5 Wnt5a activates β-catenin transcriptional activity. These and other 

studies have lead to the proposal that Wnts are not intrinsically canonical or non-canonical 

but it is the receptors that are present on the cell surface that dictate Wnt activity (van 

Amerongen et al., 2008). 

 

Transcriptional activity of β-catenin is mediated by TCF/LEF HMG transcription factors. 

TCF/LEFs can activate or repress transcription dependent on the presence of cofactors. β-

catenin binds to the N-terminus of LCF/LEFs which facilitates the assembly of a complex 

composed of CBP/p300, BCL9 and Pygo which activated gene transcription. In the absence 

of β-catenin TCF/LEFs form complexes with transcriptional co-repressors CtBP and 

groucho/TLE. Vertebrates have four TCF/LEF genes (Tcf-1/Tcf7, Lef-1, Tcf-3/Tcf7l1, and 

Tcf-4/Tcfl2). Alternative splicing of mammalian TCFs can give rise to different isoforms that 

lack the N-terminal β-catenin binding domain (dnTCF-1, dnLEF-1) and HMG DNA binding 

domain (TCF-4N) (Arce et al., 2006; Hoppler and Kavanagh, 2007). 
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Oligodendrocyte progenitors express TCF4 and have active canonical Wnt signaling during 

developmental myelination and remyelination (Fancy et al., 2009). In addition to TCF4, other 

TCFs may be expressed in oligodendrocytes and alternative splicing of TCFs to generate 

dominant-negative isoforms could inhibit responsiveness to Wnt signaling. The specific 

Wnts that are present during development and remyelination and the source of these Wnt 

ligands has yet to be fully explored. A variety of Wnt ligands, Wnt receptors, and other Wnt 

pathway genes are differentially expressed in lysolecithin lesioned white matter compared to 

unlesioned white matter (Fancy et al., 2009). Wnt-related genes upregulated in lesions 

include: Wnt5a, Wnt6, Wnt9a, Fzd2, Fzd4, Fzd7, Ror1, Ror2, Dkk2, Wif1, Sost. Wnt-related 

genes down-regulated in lesions: Wnt7a, Wnt7b, Fzd9. Microarray data from P7 spinal cord 

lysates of Olig2-cre, DA-Catfl/fl mice also indicates differential regulation of Wnt-target 

genes that may regulate Wnt pathway activity in oligodendrocytes such as Notum, Naked1, 

Lef1, Axin2, Wif1, and Sp5. Identifying the cellular source of Wnt ligands in the developing 

spinal cord and in the demyelinating environment would be informative evaluating how 

different MS therapeutics may modify Wnt pathway tone and oligodendrocyte 

differentiation. Inflammatory cells, axons, and oligodendrocytes themselves may secrete 

Wnts. In kidney injury models Wnt7b is secreted by macrophages and stimulates Wnt 

pathway activation in kidney epithelial cells, which promotes kidney repair and regeneration 

(Lin et al., 2010). Wnt ligands may also not be the sole mediators of Wnt pathway activity in 

oligodendrocytes. Notch has been known to negatively regulate canonical Wnt signaling but 

the mechanism of this interaction has not been uncovered until recently (Andersen et al., 

2012). In the presence of Wnt signaling membrane-bound Notch, and possibly Notch cleaved 

intracellular domain (NICD), bind to active β-catenin Notch and target it for degradation 
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through an endosomal-lysosomal pathway. Notch may not regulate Wnt signaling in 

oligodendrocytes because deletion of Notch1 receptor in oligodendrocytes promotes 

differentiation, whereas increased active β-catenin would be predicted to inhibit 

differentiation. Understanding the intrinsic and extrinsic factors that regulate Wnt pathway 

activity in oligodendrocytes may help inform therapies targeting Wnt pathway activity for 

demyelinating diseases and white matter injury. 
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Chapter 2: Materials and Methods 

 

Characterization of adult Olig2-cre, Ptenfl/fl mice 

Animals 

All animal procedures were conducted in complete compliance with the National Institute of 

Health Guide for the Care and Use of Laboratory Animals and were approved by the 

Institutional Animal Care and Use Committee at the University of California, San Francisco.  

Olig2-tva-cre mice were generated by insertion of a TVA receptor and IRES-cre cassette into 

the endogenous Olig2 locus as previously described (Schuller et al., 2008) allowing for cre-

mediated recombination in oligodendrocyte lineage cells. Olig2-tva-cre+/- mice were crossed 

for two generations onto Ptenfl/fl mice (gift from Ronald A. DePinho), to generate Olig2-tva-

cre+/- Ptenfl/fl mice that were maintained on a C57BL/6 background. For fate mapping 

experiments Olig2-tva-cre+/-, Ptenfl/fl mice were crossed to conditional reporter ROSA26-

YFPfl/fl  (Gt(ROSA)26Sortml(EYFP)Cos/J, Jackson laboratory Bar Harbour, ME) mice and 

maintained on a C57BL/6 background.  

 

Immunohistochemistry 

Mice were deeply anesthetized with isoflurane and perfused transcardially with phosphate 

buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Dissected brain and spinal 

cord samples were fixed in 4% paraformaldehyde in PBS overnight at 4°C, equilibrated in 

20% sucrose v/w for 1 day, embedded in OCT (Tissue-Tek), frozen on dry ice and stored at -

80°C. 14µm tissue sections were cut on a Leica cryostat and mounted onto slides. Slides 

were rinsed with PBS, and antigen retrieval was performed by incubating slides for 10 
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minutes in 10mM sodium citrate pH 6 at 95°C. For DAB staining, slides were incubated in 

1% H2O2 for 10 minutes. Slides were incubated for 1 hour at room temperature in blocking 

solution 5% normal goat serum, 0.1% TritonX-100 in PBS (PBST). Primary antibody was 

added in blocking solution and incubated overnight at 4°C. Primary antibodies: Olig2 

1:20,000 (generous gift from CD Stiles, Harvard), SMI-32 1:1000 (Covance SMI-32R), 

Caspase-6 1:50 (BD Pharmigen 556581), APP 1:100 (Millipore MAB348), Caspr 1:500 

(Abcam ab34151), pan-sodium channel (Sigma S8809). After primary incubation slides were 

washed in PBST 3x10 minutes. Slides were incubated in biotinylated secondary antibodies 

(Vector) or Alexa Fluor secondary antibodies (Molecular Probes) 1:500 in blocking solution 

for 1 hour at room temperature. Slides were washed 3x10 minutes in PBST. 

Immunofluorescent slides were coversliped in Fluoromount-G DAPI (SouthernBiotech). 

DAB sections were incubated in ABC solution (Vector) for 90 minutes at room temperature, 

washed 3x10 in PBST, and developed in 0.5mg/ml DAB, 0.01% H2O2 in PBS for 1-5 

minutes. Slides were then dehydrated in ascending ethanol concentrations followed by xylene 

and mounting with Permount.  

 

In situ hybridization (ISH) 

The mouse proteolipid protein (PLP/DM20) cDNA in plasmid pGEM (a gift from IR 

Griffiths, Glasgow, UK) was linearized and digoxigenin labeled antisense RNA probes were 

synthesized using the DIG RNA labeling kit (Roche). PLP/DM20 probe was diluted to 

concentration of 20-100ng/ml in hybridization buffer (10mM Tris-HCl pH 7.5, 0.2M NaCl, 

5mM EDTA, 5mM NaH2PO4.2H2O, 50% formamide deionized, 0.1mg/ml yeast tRNA, 10% 

dextran sulfate, 1X Denhardt’s in DEPC treated water), denatured for 10 minutes at 75°C, 
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and added directly to air-dried slides. Slides were coversliped, placed in an incubation 

chamber with 50% formamide and 1X SSC in DEPC treated dH2O, and hybridized overnight 

at 65°C. After hybridization slides were incubated in wash buffer (1X SSC, 50% formamide, 

0.1% Tween-20) at 65°C for 15 minutes. Slides were washed in wash buffer 2x30 minutes at 

65°C and washed 2x10 minutes in MABT (100mM maleic acid, 150mM NaCl, 0.1%Tween-

20 pH 7.5) at room temperature. Slides were then incubated in blocking solution (2% 

blocking reagent (Boehringer) and 10% heat-inactivated sheep serum in MABT) for one hour 

at room temperature. Anti-digoxygenin-AP fragments (Roche) 1:1500 in blocking solution 

was added to slides and slides were incubated overnight at 4°C. After overnight incubation 

slides were washed 3x10 minutes in MABT, 2x10 minutes in staining buffer (100mM Tris-

HCl, 100mM NaCl, 5mM MgCl2 pH 9) followed by incubation in 1:100 BCIP/NBT (Roche) 

in staining buffer at 37°C for 1-2 hours. Slides were coversliped with Aquamount 

(ThermoScientific). 

 

Quantification and statistics for oligodendrocyte counts 

Microscopy was performed on a Zeiss AxioScope 2 and images were taken with AxioCam 

camera. Images were analyzed in ImageJ (NIH). For cell counts in the corpus callosum and 

spinal cord three animals per genotype and three or more non-adjacent sections for each 

animal were quantified (n=9-12 sections per genotype). For corpus callosum counts, a 

0.05mm2 box spanning the midline was drawn in ImageJ and Olig2-positive cells were 

counted within this area. The area of each corpus callosum hemisection was traced and 

calculated in ImageJ. For spinal cord counts, the ventrolateral white matter was traced and 

the area was calculated in Image J. Olig2-positive and PLP-positive cells were counted 
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within this area. All data are presented as mean ± standard deviation. Comparisons of means 

between Olig2-cre, Ptenfl/fl and Ptenfl/fl animals were performed using an unpaired t test. 

Statistical significance was set at p < 0.01. 

 

Western blot of spinal cord 

Mice were anesthetized with isoflurane followed by rapid decapitation. Dissected spinal cord 

tissue was frozen on dry ice and stored at -80°C. Cold RIPA buffer (ThermoScientific) with 

protease inhibitor cocktail (Sigma P8340), phosphate inhibitor (Calbiochem 524629) and 

5mM EDTA were added to thawed tissue. Samples were homogenized by passage through a 

large bore needle then incubated on ice for 15 minutes, centrifuged at 14,000rpm for 15 

minutes at 4°C. Supernatant was collected and protein concentration measured using protein 

assay reagent (Biorad). Samples were stored at -80°C or used immediately for western 

blotting. Samples were diluted in Laemmli buffer with 1mM DTT and heated at 95°C for 5 

minutes. 40µg protein per well was loaded in SDS-PAGE gel and run in running buffer 

(25mM Tris base, 190mM glycine, 0.1% SDS) at 90V for 2 hours. Gels were transferred to 

PVDF membranes in transfer buffer (25mM Tris base, 190mM glycine, 20% methanol) at 

350mA for 1 hour at 4°C. Blots were blocked in 5% milk or 5% BSA in TBST (TBS + 0.1% 

Tween-20) for 1 hour followed by incubating in primary antibody in blocking solution 

overnight at 4°C. Primary antibodies: Phospho-p70 S6K Thr389 1:1000 (Cell Signaling 

9205) Phospho-Akt Ser473 1:1000 (Cell Signaling 4060), Akt 1:1000 (Cell Signaling 4691), 

Pten 1:1000 (Cell Signaling 9559), β-tubulin 1:10,000 (Millipore MAB3408). After primary 

incubation membranes were washed 3x10 minutes in TBST and incubated in HRP-

conjugated secondary antibody (ThermoScientific) 1:10,000 in TBST for 1 hour at room 
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temperature. Membranes were washed again 3x10 minutes in TBST and incubated in ECL 

Plus reagent (Amersham) and developed on Kodak BioMax film. 

 

Electron microscopy and g-ratio analysis 

Mice were deeply anesthetized and perfused transcardially with PBS followed by 4% 

glutaraldehyde 0.008% CaCl2 in PBS. Tissue was post-fixed in glutaraldehyde solution then 

cut transversely into 1.0mm-thick blocks. Blocks were further fixed in osmium tetroxide at 

4˚C overnight, dehydrated through ascending ethanol washes, and embedded in TAAB resin 

(TAAB Laboratories). One-micrometer sections were cut, stained with toluidine blue, and 

examined by light microscopy. Sections in regions of interest were examined by electron 

microscopy (Hitachi, H600). G-ratio calculations of axons in the area of interest were 

calculated by dividing the diameter of an axon by the diameter of axon plus the associated 

myelin sheath. Approximately 100-200 axons each group of 3-4 animals were used. Briefly, 

images of transverse sections in lesioned white matter of the ventral column of the spinal 

cord were taken at 6000x magnification; corpus callosum was sampled above the lateral 

ventricles and transverse images were taken at 10,000x magnification Digitized and 

calibrated images were analyzed using ImageJ (NIH). Linear regression was used for 

indicating the differences between two groups in myelin thickness across the range of axon 

diameters, by comparing the slope and interception on y-axis. Overall g-ratio was compared 

by unpaired t test using Graphpad Prism. Statistical significance was set at p < 0.05. 

 

Focal demyelination 

Animals 
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For Olig2-cre, Ptenfl/fl lysolecithin studies 8-12 weeks old Olig2-cre, Ptenfl/fl and Ptenfl/fl 

littermates were used for lysolecithin lesioning. For XAV939 lysolecithin studies 8-12 weeks 

old wild-type C57BL/6 and Axin2lacZ/lacZ were used for lesioning. Axin2lacZ/lacZ mice were 

generated by insertion of β-galactosidase gene into the Axin2 locus (Lustig et al., 2002), and 

in the homozygous state Axin2lacZ/lacZ effectively acts as an Axin2-/- animal. 

 

Lysolecithin injection 

Anesthesia was induced and maintained with inhaled isoflurane/oxygen, supplemented with 

0.05 ml of buprenorphine (Vetergesic 0.05 mg/ml) given subcutaneously. Dorsal 

laminectomy was performed at the T12/T13 level, and the dura was pierced with a dental 

needle just lateral to the central vein. A Hamilton needle was advanced through the pierced 

dura at a 45° angle, and 0.5µl of 1% lysolecithin (Lα-lysophosphatidylcholine, Sigma) was 

injected into the ventrolateral white matter followed by a second injection of 0.5µl of 1% 

lysolecithin into the dorsal funiculus white matter. For XAV939 studies XAV939 (Tocris) 

was dissolved in DMSO to a concentration of 10mM and diluted in dH2O to a concentration 

of 10µM. This stock was added to 1% lysolecithin (wt/wol) at a final concentration of 0.1µM 

XAV939. For controls DMSO alone was diluted in an identical manner and added to 1% 

lysolecithin. The XAV939/lysolecithin and DMSO/lysolecithin mixtures were injected into 

ventrolateral white matter and dorsal funiculus as described above. 

 

Immunohistochemistry and in situ hybridization of lysolecithin lesions 

Animals were euthanized at three time-points: for Olig2-cre, Ptenfl/fl studies- 5, 10, and 14 

dpi (days post-injection) and XAV939 studies- 3, 6, and 10 dpi. Mice were deeply 
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anesthetized with isoflurane and perfused transcardially with phosphate buffered saline 

(PBS) followed by 4% paraformaldehyde in PBS. The approximate lesion area was identified 

by the location of sutures and spinal cord spanning this area was dissected and fixed in 4% 

paraformaldehyde in PBS overnight at 4°C, equilibrated in 20% sucrose v/w for 1 day, 

embedded in OCT (Tissue-Tek), frozen on dry ice and stored at -80°C. 14µm tissue sections 

were cut on a Leica cryostat and the lesion area was identified by DAPI staining indicating a 

hypercellular region in ventrolateral white matter. Lesion sections were collected and 

mounted onto slides. Immunohistochemistry was performed as described above with the 

exception of antigen retrieval, which was not included for lesion slides. Primary antibodies: 

Olig2 1:20,000 (CD Stiles, Harvard), Nkx2.2 1:100 (DSHB 74.5A5), APC 1:500 

(Calbiochem OP80), Ki67 1:000 (Novocastra NCL-Ki67p), CD45 1:00 (Millipore 

CBL1326), CD3 (Dako A0452), IBA1 1:500 (Wako 019-19741), Phospho-S6 Ser235/236 

1:100 (Cell Signaling 2211), GFP 1:500 (Millipore 06-896), Cleaved Caspase-3 1:500 (Cell 

Signaling 9661S), Tankyrase 1:250 (Abcam ab13587), Sp5 1:500 (Abcam ab36593).  For 

Nkx2.2 and APC staining on lesion sections M.O.M. blocking reagents (Vector) were used to 

reduce non-specific background. Digoxigenin labeled antisense RNA probes were generated 

and in situ hybridization was performed as described above. Mouse MAG (MMM1013-

99827229), MAL (MMM4769-99609732), CNP (MMM1013-65107) and FA2H 

(MMM1013-99828655) cDNAs were obtained from Open Biosystems. 

  

Quantification and statistics for lesions 

Microscopy was performed on a Zeiss AxioScope 2 and images were taken with AxioCam 

camera. Images were analyzed in ImageJ (NIH). The area of demyelination was identified by 
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high cellularity on DAPI staining indicative of inflammation and staining adjacent sections 

with solochrome cyanide. The lesion area was outlined and measured in ImageJ. For lesion 

cell counts, at least four animals of each genotype for each time-point were quantified, and 

for each animal three or more non-adjacent lesion sections were quantified (n=12+ sections 

per genotype). All data are presented as mean ± standard deviation. Comparisons of means 

between experimental groups were performed using an unpaired t test. Statistical significance 

was set at p < 0.01. 

 

Electron microscopy and g-ratio analysis 

Animals were euthanized at three time-points: 14, 64 and 90 dpi (days post-injection). Mice 

were deeply anesthetized and perfused transcardially with PBS followed by 4% 

glutaraldehyde 0.008% CaCl2 in PBS. Tissue was post-fixed in glutaraldehyde solution then 

cut transversely into 1.0mm-thick blocks. Blocks were further fixed in osmium tetroxide at 

4˚C overnight, dehydrated through ascending ethanol washes, and embedded in TAAB resin 

(TAAB Laboratories). One-micrometer sections were cut, stained with toluidine blue. 

Toluidine blue stained sections were used to identify remyelinating lesions using standard 

morphological criteria in which remyelinating lesions can be distinguished by the lack of 

myelin sheaths on demyelinated axons and thin myelin sheaths on remyelinated axons 

compared to normally myelinated axons outside the lesion. Lesion areas were examined by 

electron microscopy (Hitachi, H600). G-ratio analysis was performed as described above. 

 

Oligodendrocyte progenitor cell assays 

Immunopanning and culturing oligodendrocyte progenitors 
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Oligodendrocyte progenitor cells were isolated by immunopanning postnatal day 7 (P7) 

mouse cerebral cortices. Mice were rapidly decapitated. Cerebral hemispheres were dissected 

out and dissociated by incubation in papain (Worthington) for 90 minutes at 34°C in 5% CO2 

95% O2. After dissociation ovomucoid (Worthington) was used to quench enzymatic activity. 

Cells were resuspended in panning buffer (0.02% BSA, 5ng/ml insulin in D-PBS) passed 

through 20µm filter and added to pre-coated BSL1 dish. BSL1 dish was prepared by 

incubation of BSL1 1:1000 (Vector L-1100) in D-PBS overnight at 4°C.  Cells were 

incubated on BSL1 dish for 1 hour at room temperature. Non-adherent cell suspension was 

transferred to a PDGFRα dish that was prepared by adding goat anti-rat IgG (H+L) 1:333 

(Jackson 112-005-003) in 50mM Tris pH 9.5 overnight at 4°C followed by incubation with 

rat anti-PDGFRα 1:300 (BD Pharmigen 558774) in 0.2% BSA for 3 hours at room 

temperature. Cells suspension was incubated on PDGFRα dish for 1 hour at room 

temperature. Non-adherent cell suspension was discarded and plate was rinsed with D-PBS 

to remove non-adherent cells. Adherent OPCs were collected by brief trypsinization and 

resuspended in base media. OPCs were plated on 10µg/ml poly-D-lysine coated plates and 

coverslips at the following densities: 5,000 cells/coverslips, 100-200,000 cells/10cm plate, 

350-500,000 cells/15cm plate. OPCs were maintained in proliferation media in a 10% CO2 

37°C incubator with 50% media changes every two days. For differentiation assays, 

differentiation was induced by replacing proliferation media with differentiation media. Base 

media: Proliferation media: 2mM glutamine, 5ng/ml N-acetyl-L-cysteine, 1mM sodium 

pyruvate, 1X Trace Elements B (Cellgro), 10ng/ml d-Biotin, 5ng/ml insulin, B27, 4.1µg/ml 

Forskolin, 1X SATO (100µg/ml transferrin, 100µg/ml BSA, 10µg/ml putrescine, 60ng/ml 

progesterone, 40ng/ml sodium selenite), 100units/ml penicillin, 100µg/ml streptomycin, in 
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high glucose DMEM (Gibco 11960). Proliferation media: Base media, 10ng/ml CNTF 

(Peprotech), 10ng/ml PDGF-AA (Peprotech), 1ng/ml NT-3 (Peprotech). Differentiation 

media: Base media, 10ng/ml CNTF (Peprotech), 40ng/ml 3,3′,5-Triiodo-L-thyronine (T3). 

 

Immunohistochemistry of oligodendrocyte cultures 

Oligodendrocyte coverslips were fixed with 4% paraformaldehyde in PBS for 10 minutes 

followed by two washes in PBS. Coverslips were incubated for 1 hour at room temperature in 

blocking solution 10% normal goat serum, 0.1% TritonX-100 in PBS (PBST). Primary 

antibody was added in blocking solution and incubated overnight at 4°C. Primary antibodies: 

Olig2 1:20,000 (CD Stiles, Harvard), Phospho-S6 Ser235/236 1:100 (Cell Signaling 2211), 

Pten 1:100 (Cell Signaling 9559), MBP 1:200 (Abcam ab7349), PLP 1:100 (Chemicon 

AB15454), PDGFR 1:250 (BD Pharmigen 558774), Tankyrase (Abcam ab13587), Sp5 

(Abcam ab36593). After primary incubation coverslips were washed in PBST 3x5 minutes. 

Coverslips were incubated with Alexa Fluor secondary antibodies (Molecular Probes) 1:1000 

in blocking solution for 1 hour at room temperature. Slides were washed 3x5 minutes in 

PBST, washed 1x PBS and coversliped in Fluoromount-G DAPI (SouthernBiotech). 

 

Western blot of oligodendrocyte cultures 

OPCs were plated at a density of 350-500,000 cells/15cm plate in proliferation media and 

maintained until 50% confluent 4 days. 0.01µM or 0.1µM XAV939 (Tocris) XAV939 or 

DMSO was added to media and protein lysates were collected at the indicated time-points. 

Protein was harvested by washing plates two times in cold PBS followed by addition of 

250µl of cold RIPA buffer with protease inhibitor cocktail (ThermoScientific 87786), 
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phosphate inhibitor (ThermoScientific 78420) and 5mM EDTA. Plates were incubated on ice 

for 5 minutes, plates were scraped and lysates were transferred to an eppendorf tube followed 

by 10 minute incubation on ice. Samples were sonicated for 30 seconds and centrifuged at 

14,000rpm for 15 minutes at 4°C. Supernatant was collected and protein concentration 

measured using protein assay reagent (BioRad). Samples were stored at -80°C or used 

immediately for western blotting. Western blot was performed as described above. The 

following primary antibodies were used: β-actin 1:5000 (Cell Signaling 4970), Axin1 1:250 

(Cell Signaling 2087), Axin2 1:250 (Cell Signaling 2151), Phospho-β-catenin 

Ser33/37/Thr41 1:1000 (Cell Signaling 9561), Tankyrase 1:1000 (Abcam ab13587), MBP 

1:10,000 (Sternberger SMI-94). 

 

XAV treatment and oligodendrocyte differentiation assay 

After immunopanning OPCs were plated at a density of 5,000 cells/coverslip in proliferation 

media and allowed to recover for 24 hours. 0.01µM or 0.1µM XAV939 (Tocris) or DMSO 

was added to proliferation media for 24 hours. Differentiation was induced by replacement of 

proliferation media with differentiation media including XAV939 or DMSO. Coverslips 

were fixed at three time-points: 48, 60, and 72 hours differentiation. Immunohistochemistry 

was performed as described above. Microscopy was performed on Leica Sp5 confocal 

microscope. Images were analyzed in ImageJ (NIH). For differentiation cell counts, at least 

three coverslips from three different experimental trials for each treatment group and time-

point were quantified (n= 9 coverslips). For each coverslip multiple images from different 

fields were taken and 100-300 cells/coverslips were counted as Olig2-positive, MBP-positive 

or PLP-positive. All data are presented as mean ± standard deviation. Comparisons of means 
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between treatment groups were performed using an unpaired t test. Statistical significance 

was set at p < 0.01. 

 

Quantitative real-time PCR of oligodendrocyte progenitors 

OPCs were plated at a density of 100-200,000cells/10cm plate in proliferation media and 

maintained until 50% confluent 4 days. For XAV939-treated cultures, XAV939 was added to 

the media for indicated period before RNA harvest. For transfected oligodendrocytes, 

oligodendrocytes were plated on 10cm plates and RNA was harvested at 48 or 72 hours post-

transfection. RNA was harvested from oligodendrocyte plates by washing 1X warm PBS, 

followed by addition of 1ml of cold Trizol (Invitrogen). Lysate was transferred to eppendorf, 

frozen on dry ice and stored at -80°C. RNA was prepped by thawing Trizol samples on ice 

and performing phenol-chloroform extraction followed by RNA clean up with RNAeasy 

columns (Qiagen) and on-column DNase digestion (Qiagen). cDNA was generated with High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems). Primers were designed with 

NCBI primer-BLAST program with default parameters, PCR product size range 70-150bp, 

and BLAST against mus musculus Refseq mRNA. Primers were generated by Integrated 

Device Technology (IDT) for PCR primer sequences see Supplemental Table 1. Quantitative 

PCR was performed with 2X SYBR Green (Roche) master mix, 100nM primers, and 1µl 

cDNA in a total volume of 10µl per reaction. Roche Light Cycler 480 II was used to analyze 

samples with default SYBR program. 2nd derivative analysis in Roche software was used to 

calculate Ct values. Samples were run in triplicate and Cts were calculated by averaging Ct 

values for triplicate samples. ΔCt, ΔΔCt and fold change were calculated with the following 
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formulas: ΔCt = average Ct (treatment condition) - average Ct (no treatment or control 

condition),  ΔΔCt = 2^(-ΔCt), fold change = ΔΔCt (gene of interest) / ΔΔCt (β-actin).  

 

Chromatin immunoprecipitation of oligodendrocyte progenitors 

OPCs were plated at a density of 350-500,000 cells/15cm plate in proliferation media and 

maintained until 50% confluent 4 days. For differentiated oligodendrocytes, after 4 days 

proliferation media was replaced with differentiation media and oligodendrocytes were 

differentiated for 4 days. OPCs and differentiated OLs were harvested by washing plates 1X 

warm PBS followed by addition of 1% paraformaldehyde (Electron Microscopy Sciences) 

for 10 minutes at 37°C. 0.125M glycine was added to plates for 5 minutes at room 

temperature. Plates were washed 2X cold PBS. Cells were collected by addition of cold PBS 

with 1X complete protease inhibitors (Roche), scraping and transferring to conical tube, 

washing 1X PBS with protease inhibitors, freezing cell pellets on dry ice, and storing at -

80°C. Polystyrene conical tubes were used for sonication and each tube contained cells from 

four plates per pellet. For lysis and sonication, cell pellets were thawed on ice and 500µl lysis 

buffer: 50mM Tris pH 8.1, 1% SDS, 10mM EDTA, 1X complete protease inhibitor (Roche) 

in nuclease-free water (Ambion). Pellets were vortexed several times and incubated on ice 

for 30 minutes. Samples were sonicated in Bioruptor (Diagenode) for 40 minutes with cycles 

of 7 seconds on and 15 seconds off on HI setting with water bath changes and ice 

replacement every 10 minutes. Sonicated samples were centrifuged at 14,000g for 10 minutes 

at 4°C to pellet cell debris. Supernatant was collected and chromatin concentration was 

analyzed on Nanodrop. 250µl ~20-50µg chromatin was aliquoted into DNA LoBind 

(Eppendorf) tubes and 5% of chromatin was frozen and saved for input. Chromatin was 
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diluted 1:8 in dilution buffer (20mM Tris pH 8.1, 1% Triton, 2mM EDTA, 150mM NaCl, 1X 

complete protease inhibitors in nuclease-free water). Diluted chromatin was added to 25µl 

antibody-bound Dynabeads Protein A (Invitrogen), which were prepared by washing beads 

1X in dilution buffer followed by incubation with 5µg of antibody Sp5 (Abcam ab36593), 

Sp1 (Millipore 17-601), TCF4 (Millipore 05-511) for 2 hours at 4°C with rotation. 

Chromatin was incubated with antibody-bound beads overnight at 4°C with rotation. Beads 

were washed 3X 750µl dilution buffer, 1X 750µl wash buffer (10mM Tris pH 8.1, 0.5% 

NP40, 0.5% deoxycholate, 1mM EDTA, 0.25M LiCl, complete protease inhibitors in 

nuclease-free water), 1X 750µl TE (10mM Tris pH 8.1, 1mM EDTA in nuclease-free water) 

with 10 minute incubation at 4°C with rotation between each wash. After final TE wash, 

beads were resuspended in 125µl elution buffer and incubated for 40 minutes at room 

temperature with rotation. Supernatant with eluted DNA and 5% input were transferred to 

DNA LoBind tubes (Eppendorf) and samples were incubated with RNAse (40mM Tris pH 

6.5, 200mM NaCl, 10mM EDTA, 0.2mg/ml RNase A) for 30 minutes at 37°C. Crosslinks 

were reversed by addition of 0.06mg/ml Proteinase K and incubation on Eppendorf 

Thermomixer for 3 hours 1000rpm at 55°C followed by 1000rpm at 65°C overnight. DNA 

was isolated from samples with QIAquick PCR purification kit (Qiagen) and eluted in 50µl 

elution buffer. 1µl DNA was used for qPCR analysis.  

 

Sp CCGCC consensus binding sites were identified in the promoter regions of MBP, MRF, 

MAG, MAL, CNP and FA2H. TCF/LEF consensus sites CTTTG A/T A/T or A/T A/T 

CAAAG were identified in the Sp5 promoter and first intron and two primer sets were 

generated, one spanning the promoter binding sites and one spanning the intronic site. 
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Promoter TATA box region of GAPDH that was amplified in PolII IP was used for a 

negative control non-Sp binding site. Primers were designed flanking the Sp binding site with 

NCBI primer-BLAST program with default parameters, PCR product size range 70-150bp, 

and BLAST against mus musculus genome. For PCR primer sequences see Supplemental 

Table 1. Primers were generated by Integrated Device Technology (IDT). Quantitative PCR 

was performed with 2X SYBR Green (Roche) master mix, 100nM primers, and 1µl DNA in 

a total volume of 10µl per reaction. Roche Light Cycler 480 II was used to analyze samples 

with default SYBR program. 2nd derivative analysis in Roche software was used to calculate 

Ct values. Samples were run in triplicate and Cts were calculated by averaging Ct values for 

triplicate samples. ΔCt, ΔΔCt and fold change were calculated with the following formulas: 

normalized ΔCt = average Ct (IP) – (average Ct (5%input)- DF (log220)),  % input = 2^(-

normalizedΔCt)*100, fold enrichment =2^(-normalizedΔCt (binding site) - normalizedΔCt 

(GAPDH promoter)). 

 

Construction of luciferase reporters  

The MBP promoter element with Sp binding sites was amplified from mouse genomic DNA 

with primers used for chromatin immunoprecipitation. For SP5 promoter cloning, primers 

were used that spanned all four TCF/LEF binding sites. For primer sequences see 

Supplemental Table 1. DNA was purified with QIAquick gel extraction kit (Qiagen). Gel-

purified DNA was cloned into pCRII (Invitrogen) with TOPO TA Cloning Kit and TOP10 

chemically competent cells (Invitrogen) and plated on 100µg/ml ampicillin LB plates with 

40µl of 40mg/ml X-gal for blue-white screening. Five white colonies were selected, grown 

overnight, and DNA was isolated with QIAprep Spin Miniprep kit (Qiagen). DNA was 
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sequenced with M13 forward primer to confirm insertion and orientation of promoter 

sequences. For pCRII clones with correct inserts, 1-3µg of DNA was digested with 

HindIII/XhoI (New England BioLabs), separated by electrophoresis and purified with 

QIAquick gel extraction kit (Qiagen). Insert fragment was excised and ligated into pGL3-

Basic vector (Promega E1751) at a ratio of 3:1 insert to vector with T4 DNA ligase (New 

England BioLabs). TOP10 chemically competent cells were transformed with ligation 

reactions and plated on 100µg/ml ampicillin LB plates. Five colonies were selected, grown 

overnight, and DNA was isolated with QIAprep Spin Miniprep kit (Qiagen). DNA was 

sequenced with RVprimer3 to confirm insertion and orientation of promoter sequences. For 

MBP promoter luciferase construct a Sp binding site mutant construct was generated with 

QuikChange Site-Directed Mutagenesis Kit (Stratagene). Primers flanking the Sp CCGCC 

binding sites were designed with Stratagene’s online primer design program to generate 

deletions of CCGCC sequences. MBP luciferase vector was PCR amplified with mutant 

primers to generate plasmids with mutant strand. The methylated non-mutant parental strand 

was digested with DpnI and mutant plasmid was transformed into XL1-Blue supercompetent 

cells (Stratagene) and plated on 100µg/ml ampicillin LB plates. Five colonies were selected, 

grown overnight, and DNA was isolated with QIAprep Spin Miniprep kit (Qiagen). DNA 

was sequenced with RVprimer3 to confirm deletion of CCGCC binding sites.  

 

Transfection of oligodendrocyte progenitors and luciferase assay 

OPCs were plated at a density of 350-500,000 cells/15cm plate in proliferation media and 

maintained until 50% confluent 4 days. OPCs were briefly trypsinized, washed in EBSS, 

counted and aliquoted into tubes 1-2x106 OPCs per transfection ~1-2 15cm plates, and 
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centrifuged. OPC pellets were resuspended in 100µl rat oligodendrocyte nucleofector reagent 

(Lonza Basic Glial Cell kit VPI-1006) + 0.5µg-2µg cDNA + 0.1µg pRL-TK. OPCs were 

electroporated with Lonza Nucleofector II using O-017 oligodendrocyte program. 

Immediately after electroporation 500µl base media was added to cells and cells were 

transferred to eppendorf tube and placed in 10% CO2 37°C incubator for 15 minutes. 

Proliferation media was added to transfected OPCs, which were then plated in on poly-D-

lysine coated 6 well plates. For TOPflash experiments Wnt3a was added 24 hours post-

transfection and lysates were harvested 48 hours post-transfection. For all other experiments 

lysates were harvested at 24 hours post-transfection. For luciferase assays cells were washed 

with PBS, and lysed with 500µl PLB/well and incubated for 15 minutes at room temperature 

with rocking. Cell lysate was transferred to eppendorf tube, frozen on dry ice, and stored at -

80°C. Samples were thawed and firefly and renilla luciferase activity was measured with 

Dual Luciferase Assay System (Promega) with Veritas Microplate Luminometer. Firefly 

luciferase activity was normalized to renilla luciferase activity to control for cell number, 

viability and transfection efficiency. Triplicate samples for each experimental condition were 

analyzed and each condition was performed on three separate experimental trials. Data are 

presented as relative luciferase (luciferase/renilla) or fold change ± standard deviation. 

Comparisons of means between treatment groups were performed using an unpaired t test. 

Statistical significance was set at p < 0.01. 

 

The following plasmids were used for transfection experiments: pCMV6-Entry (Origene 

PS1000001), Sp5 ORF pCMV6-Entry (Origene RC222663), Sp1 ORF pCMV6-Entry 

(Origene RC209154), pRL-TK (Promega E2241), M50 Super 8XTOPFlash (Addgene 
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12456), M51 Super 8XFOPFlash (Addgene 12457), delta-N TCF4 pcDNA3 (Addgene 

32739), pcDNA3 S33Y β-catenin (Addgene 19286), pSP5GL3, pMBPGL3 and 

pMBPmutGL3.  
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Chapter 3: Activation of PI3K pathway in oligodendrocytes does not restore 

myelin sheath thickness in remyelinated lesions 

 

Introduction and Experimental Strategy 

In remyelinated MS lesions or shadow plaques, remyelinated axons do not have the expected 

number of myelin wraps for a given axon diameter. Although the axons have been 

“successfully” remyelinated, thinner myelin sheaths may not provide the same level of 

trophic support to the axon and the axons with thinner myelin sheaths may be more 

susceptible to degeneration and damaging factors present in the demyelinating environment. 

Efficient saltatory neuronal conduction may also be impaired in axons with thin myelin 

sheaths. In experimental demyelinating models no factors have been identified that can 

restore myelin sheath thickness in remyelinated lesions. Recent reports have demonstrated 

that constitutive activation of Akt signaling in oligodendrocytes results in hypermyelination 

of the CNS (Flores et al., 2008) through an mTOR dependent mechanism (Narayanan et al., 

2009). We wanted to test whether activation of the PI3K/AKT pathway in oligodendrocyte 

progenitors could restore myelin sheath thickness during remyelination. If activation of the 

PI3K/Akt signaling pathway during remyelination increases myelin sheath thickness, 

therapeutics targeting the PI3K/AKT/mTOR pathway may be beneficial in promoting 

efficient remyelination and preventing axonal degeneration. 

 

To test whether activation of the PI3K/AKT pathway oligodendrocyte progenitors can 

increase myelin sheath thickness in remyelinated lesions we generated Olig2-cre, Ptenfl/fl 

mice in which conditional deletion of Pten occurs in all oligodendrocytes and their 



	   48	  

progenitors. We will first confirm that Olig2-cre, Ptenfl/fl mice display activation of 

PI3K/AKT pathway in oligodendrocytes we will then characterize the myelination phenotype 

as well as total oligodendrocyte numbers and proportion of differentiated oligodendrocytes. 

To test whether myelin sheath thickness can be enhanced during remyelination we will 

perform focal lysolecithin lesioning on adult Olig2-cre, Ptenfl/fl mice and assess total 

oligodendrocyte numbers, proliferation, differentiation, inflammatory markers, and myelin 

sheath thickness in remyelinated lesions. 

 

Results 

PI3K/AKT pathway is activated in oligodendrocytes in Olig2-cre, Ptenfl/fl mice 

The PI3K/AKT pathway is activated by growth factor stimulation of receptor tyrosine 

kinases (RTKs), which in turn activates PI3K (Figure 4A). PI3K phosphorylates PIP2 

converting it into PIP3. PTEN antagonizes the PI3K pathway by removing the phosphate 

from PIP3 to generate PIP2. PIP3 functions as a second messenger by recruiting AKT and 

phosphoinositide-dependent protein kinase 1 (PDK1) to the plasma membrane, resulting in 

phosphorylation of AKT on Thr308. Phosphorylated AKT activates downstream targets that 

regulate cell survival, proliferation, cell growth, and protein translation. AKT inhibits 

tuberous sclerosis complex 1 and 2 (TSC1/2) and inhibitor of mTOR. mTOR regulates cell 

growth and mRNA translation by phosphorylating the p70 subunit of S6 Kinase (p70 S6K) 

on Thr389, which in turn phosphorylates and activates S6 ribosomal protein. mTOR exerts 

positive feedback on AKT by phosphorylating and activating AKT on Ser473. To confirm 

reduction in PTEN and activation of the PI3K/AKT pathway in oligodendrocytes we 

examined protein levels of PTEN, phospho-AKT Thr308, phospho-AKT Ser473, total AKT, 
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and phospho-p70 S6K protein levels in 6-month-old Olig2-cre, Ptenfl/fl whole spinal cord 

lysates. We observed reduced PTEN protein levels, increased phospho-AKT Thr308 and 

Ser473, and increased phospho-p70 S6K Thr389 protein levels (Figure 4B). To further 
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Figure 4  The PI3K/Akt pathway is activated in Olig2-cre, Ptenfl/fl spinal cord, cultured 

oligodendrocyte progenitors, and lysolecithin lesions. (A) Signaling diagram of the PI3K/Akt 

signaling pathway. (B) Western blot of 6 month old mutant (MUT) and wild-type (WT) spinal cord 

lysates demonstrating activation of PI3K targets in Olig2-cre, Ptenfl/fl spinal cord lysates. 

(C) Immunostaining for phospho-S6 (green) and Olig2 (red) indicating expression of phospho-S6 

in oligodendrocytes in spinal cord white matter of Olig2-cre, Ptenfl/fl but not Ptenfl/fl controls. 

(D) Immunostaining for Pten (red), phospho-S6 (red), and Olig2 (green) in oligodendrocyte 

progenitor cultures. Pten expression is reduced, and phospho-S6 expression is increased in 

Olig2-cre, Ptenfl/fl OPCs. (E) Immunostaining for phospho-S6 (green) and oligodendrocyte marker 

CC1 (red) in 37 days post-injection lysolecithin lesions of Olig2-cre, Ptenfl/fl and Ptenfl/fl mice. 

Phospho-S6 is expressed in oligodendrocytes in Olig2-cre, Ptenfl/fl lysolecithin lesions (notated 

by arrows). Scale bars: C, 100µm; D, E, 50µm.  
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confirm that oligodendrocytes have activation of the PI3K/AKT/mTOR pathway we 

performed immunohistochemistry for phosphorylated ribosomal protein S6 Ser235/236. 

Olig2-positive oligodendrocytes in Olig2-cre, Ptenfl/fl spinal cord expressed phospho-S6 

Ser235/236, and no expression of phospho-S6 was detected in oligodendrocytes in Ptenfl/fl 

littermates (Figure 4C). In immunopanned oligodendrocyte progenitors isolated from Olig2-

cre, Ptenfl/fl P7 cerebral cortex we observed dramatically reduced PTEN expression and 

markedly increased phospho-S6 expression compared to control Ptenfl/fl progenitors (Figure 

4D). Together, these data confirm the expected deletion of Pten and activation of the 

PI3K/Akt in oligodendrocytes in Olig2-cre, Ptenfl/fl mice. 

 

Olig2-cre, Ptenfl/fl mice have CNS hypermyelination and increased myelin sheath 

thickness 

Constitutive activation of AKT in oligodendrocytes under control of the oligodendrocyte Plp 

promoter (Plp-AktDD) results in CNS hypermyelination (Flores et al., 2008). This phenotype 

may only occur with supra-physiologic expression levels of constitutive AKT and may not be 

possible in a more physiologically relevant context. Mutations in PTEN are commonly found 

in human glioblastoma and inactivation of PTEN represents a more physiologically relevant 

elevation of PI3K/AKT pathway activity. Activation of the PI3K/AKT pathway in 

oligodendrocytes results in enlarges white matter tracts and increased myelin sheath 

thickness in the corpus callosum and spinal cord. Olig2-cre, Ptenfl/fl display enlarged white 

matter tracts in the brain and spinal cord that stain intensely for the myelin stain solochrome 

cyanide (Figure 5A). Olig2-cre, Ptenfl/fl mice also exhibited macrocephaly and increased 

brain weights as early as 2 weeks of age and continue to increase beyond 10 weeks of age 
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(Figure 5B). Electron microscopy of the corpus callosum and ventrolateral spinal cord white 

matter revealed increased myelin sheath thickness in Olig2-cre, Ptenfl/fl mice (Figure 5C). In 

Figure 5D, the myelin sheath thickness was quantified with g-ratio analysis in which g-ratios 

are calculated by dividing the diameter of an axon by the diameter of the axon plus the 

associated myelin sheath. An increase in myelin sheath thickness would therefore correlate 
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Figure 5  Activation of the PI3K/Akt pathway in oligodendrocytes results in enlarged white matter

tracts and increased myelin sheath thickness in the corpus callosum and spinal cord. (A) White 

matter tracts in the brain and spinal cord of Olig2-cre, Ptenfl/fl mice are enlarged and stain intensely 

for myelin stain solochrome cyanide. (B) Brain weights of Olig2-cre, Ptenfl/fl mice are increased 

compared to control Ptenfl/fl mice and continue to increase past 10 weeks. (C) Electron microscopy

of myelinated axons indicates increased myelin sheath thickness in the corpus callosum and spinal

cord of Olig2-cre, Ptenfl/fl mice. (D) Quantification of myelin sheath thickness by g-ratio analysis. 

G-ratios are significantly reduced across all axon diameters in both the corpus callosum and spinal 

cord of Olig2-cre, Ptenfl/fl (blue dots) compared to Ptenfl/fl controls (red dots). Scale bars: A, 1mm; 

C, 5 µm.
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with a smaller g-ratio. In the corpus callosum, g-ratios were significantly smaller across all 

axon diameters in Olig2-cre, Ptenfl/fl mice compared to control Ptenfl/fl mice (p < 0.0001, 

unpaired t test; Ptenfl/fl, n=105; Olig2-cre, Ptenfl/fl n=135). In the ventral spinal cord white 

matter, g-ratios were also significantly smaller across all axon diameters and had the greatest 

reduction in g-ratios in small diameter axons in Olig2-cre, Ptenfl/fl mice (p < 0.0001, unpaired 

t test; Ptenfl/fl, n=147 and Olig2-cre, Ptenfl/fl n=67). 

 

Total number of oligodendrocytes and mature OLs are unchanged in Olig2-cre, Ptenfl/fl 

mice 

To quantify the total number of oligodendrocytes we performed immunohistochemistry for 

pan-oligodendrocyte marker Olig2 on brain and spinal cord sections from adult Olig2-cre 

Ptenfl/fl mice. For oligodendrocyte counts in the corpus callosum Olig2-positive cells were 

counted in a 0.05mm2 area of the corpus callosum spanning the midline indicated by the 

boxed region in Fig 6A. The total number of oligodendrocytes was calculated by multiplying 

the density of Olig2-positive cells in this region by the area of the corpus callosum 

hemisection. Quantification of the corpus callosum area, oligodendrocyte density, and the 

total number of oligodendrocytes in the corpus callosum of Olig2-cre, Ptenfl/fl compared to 

control Ptenfl/fl are indicated in Figure 6B. Olig2-cre, Ptenfl/fl mice had a significant increase 

in corpus callosum hemisection area (Olig2-cre, Ptenfl/fl, 1.188mm2 ± 0.161; Ptenfl/fl, 

0.733mm2 ± 0.116; p < 0.001) and a significant decrease in Olig2-positive oligodendrocyte 

cell density (Olig2-cre, Ptenfl/fl, 82 ± 16; Ptenfl/fl, 120 ± 7; p < 0.001). There was no 

significant difference in the total number of Olig2-positive oligodendrocytes in the corpus 

callosum (Olig2-cre, Ptenfl/fl, 1873 ± 356; Ptenfl/fl, 1780 ± 166; p > 0.5). These results 
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Figure 6  Oligodendrocyte density is decreased, total number of oligodendrocytes and percentage 

of mature oligodendrocytes is unchanged in Olig2-cre, Ptenfl/fl mice. (A) Olig2-positive 

oligodendrocytes (green) in the corpus callosum of Ptenfl/fl and Olig2-cre, Ptenfl/fl mice. Boxed region

indicates high power magnification on right. (B) Corpus callosum area is significantly increased, 

Olig2-positive cell density is significantly decreased, and the total number of oligodendrocytes is not

significantly different in Olig2-cre, Ptenfl/fl mice compared to Ptenfl/fl controls.(C) Pan-oligodendrocyte 

marker Olig2 staining and PLP in situ of thorasic spinal cord. Bloxed region indicates high power 

magnification on right. Outlined region indicates area of cell quantification.(D) Olig2-positive and 

PLP-positive oligodendrocyte cell densities were significantly reduced in Olig2-cre, Ptenfl/fl spinal 

cord but total oligodendrocytes were unchanged. Scale bars: A, 100µm; C, 250µm. ** p < 0.001.
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indicate that hypermyelination in Olig2-cre, Ptenfl/fl mice is not due to an increase in the 

number of total oligodendrocytes. 

 

While a change in the total number of oligodendrocytes or the proportion of mature 

oligodendrocytes is unlikely to result in hypermyelination we wanted to rule out both of these 

possibilities. To quantify mature oligodendrocytes we performed in situ hybridization for 

PLP mRNA, a mature marker of pre-oligodendrocytes and myelinating oligodendrocytes. 

The number of total oligodendrocytes was quantified by counting Olig2-positive cells in the 

white matter of the spinal cord indicated by the outlined region in Figure 6C on adjacent 

immunostained sections. The percentage of mature oligodendrocytes was calculated by 

dividing the number of PLP-positive cells divided by the number of Olig2-positive cells for 

adjacent sections. Quantification of total number of oligodendrocytes and proportion of 

mature oligodendrocytes is indicated in Figure 6D.  

 

Similar to results found in the corpus callosum Olig2-cre, Ptenfl/fl mice had a significant 

reduction the density of Olig2-positive oligodendrocytes (Olig2-cre, Ptenfl/fl, 433 ± 63; 

Ptenfl/fl, 584 ± 83; p < 0.001) and no significant difference in the total number of 

oligodendrocytes (Olig2-cre, Ptenfl/fl, 274 ± 34; Ptenfl/fl, 274 ± 45; p > 0.5). The density of 

mature PLP-positive oligodendrocytes was also significantly reduced in Olig2-cre, Ptenfl/fl 

spinal cord (Olig2-cre, Ptenfl/fl, 379 ± 76; Ptenfl/fl, 580 ± 33; p < 0.001) and there was no 

significant difference in the total number of mature PLP-positive oligodendrocytes (Olig2-

cre, Ptenfl/fl, 243 ± 46; Ptenfl/fl, 282 ± 21; p > 0.01). These results indicate that the 

hypermyelination phenotype of Olig2Cre Ptenfl/fl mice is a result of increased myelin 
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production by oligodendrocytes, rather than an increase in oligodendrocyte number or 

differentiated oligodendrocytes. 

 

Reduced density and reduced proliferation of OLs in Olig2-cre, Ptenfl/fl lysolecithin 

lesions 

Because many of the signaling pathways that regulate developmental myelination also 

regulate remyelination (Fancy et al., 2011a) and we have shown that activation of the 

PI3K/AKT pathway in oligodendrocyte progenitors results in developmental 

hypermyelination and an increase in the number of myelin wraps an oligodendrocyte can 

extend around an axon, we wanted to test whether these enhanced Pten-null oligodendrocytes 

are able to hypermyelinate a demyelinated lesion. 

 

To investigate the remyelination phenotype of Pten-null oligodendrocytes we used the 

lysolecithin toxin demyelination model. Lysolecithin injection into the spinal cord white 

matter is a commonly used model of CNS demyelination with a predictable time-course of 

remyelination and an inflammatory response that is the consequence of myelin damage rather 

than the cause of demyelination, as is the case in EAE. Together, these features make the 

lysolecithin demyelination model ideal for studying the kinetics of remyelination (Blakemore 

and Franklin, 2008). After focal injection of lysolecithin into white matter, demyelination 

and death of oligodendrocytes within the lesion occurs rapidly. Oligodendrocyte progenitors 

from the surrounding white matter are activated by the demyelinating injury and progenitors 

migrate to the lesion site, proliferate, and repopulate the lesion between 3-5 days post-

injection (dpi). Oligodendrocytes within the lesion begin to differentiate into mature 
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oligodendrocytes capable of forming of new myelin sheaths at 10 dpi. Remyelination of 

denuded axons within the lesion is complete by 14-21 dpi.  

 

We injected lysolecithin into the ventrolateral spinal cord white matter of adult 8-12 week-

old Olig2-cre, Ptenfl/fl and Ptenfl/fl controls. Animals were sacrificed at 5, 10, and 14 dpi. First 

we confirmed that the PI3K/AKT pathway is activated in oligodendrocytes in remyelinating 

lesions of Olig2-cre, Ptenfl/fl animals by performing immunohistochemistry for mature 

oligodendrocyte marker CC1 and phospho-S6 Ser235/236. Phospho-S6 was expressed in 

oligodendrocytes in 37 dpi Olig2-cre, Ptenfl/fl lesions (Figure 4E), indicating that floxing of 

the Pten allele is highly efficient even at later time-points and oligodendrocytes that do not 

experience Cre recombination do not take over the lesion.  

 

To determine whether oligodendrocyte differentiation was altered in Pten-null 

oligodendrocytes during remyelination we stained lesions for immature (Nkx2.2), mature 

(CC1, PLP) and pan-oligodendrocyte (Olig2) lineage markers. The percentage of 

oligodendrocyte progenitors within the lesion was calculated by dividing the number of 

Nkx2.2/Olig2-double-positive cells by the total number of Olig2-positive cells. The 

percentage of mature oligodendrocytes within the lesion was calculated by dividing the 

number of PLP/Olig2-double-positive cells by the total Olig2-positive cells. As shown in 

Figure 7A-B, Olig2-cre, Ptenfl/fl lesions exhibited slightly delayed differentiation with a 

significant reduction in the percentage of mature PLP-positive oligodendrocytes at 5 dpi 

(Olig2-cre, Ptenfl/fl, 23% ± 6; Ptenfl/fl, 5% ± 6; p < 0.001). At later time-points, however, the 

percentage of mature PLP-positive oligodendrocytes was not significantly different between  
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Figure 7  Delayed maturation, reduced density, and reduced proliferation of oligodendrocytes in 

Olig2-cre, Ptenfl/fl lysolecithin lesions. (A) Immunostaining for Nkx2.2 (red) and Olig2 (green), and 

in situ for PLP in Olig2-cre, Ptenfl/fl and Ptenfl/fl  5 dpi and 14 dpi lysolecithin lesions. Outlines denote 

boundaries of demyelinating lesion. (B) Quantification of percentage of immature oligodendrocytes

(Nkx2.2+Olig2+) and mature oligodendrocytes (PLP+Olig2+) in 5, 10 and 14 dpi lesions. 

Differentiation is slightly delayed in Olig2-cre, Ptenfl/fl animals at 5 dpi with significant reduction in 

mature oligodendrocytes. (C) Oligodendrocyte cell densities are reduced in Olig2-cre, Ptenfl/fl lesions.

(D) Quantification of the percentage of proliferating OPCs in 5 dpi lesions. Proliferation is 

significantly reduced in Olig2-cre, Ptenfl/fl lesions. (D) Immunostaining for Ki67 (red) and Nkx2.2 

(green). Arrows indicate double-positive proliferating OPCs. (F)  Immunostaining for 

macrophage/microglial marker IBA1 (green), astrocyte marker GFAP(red), and lymphocyte T-cell 

marker CD3 in 5 dpi lesions. Scale bars: A-F, 100µm. ** p < 0.001.
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Olig2-cre, Ptenfl/fl and Ptenfl/fl 10 dpi (Olig2-cre, Ptenfl/fl, 41% ± 15; Ptenfl/fl, 46% ± 14; p > 

0.1) and 14 dpi lesions (Olig2-cre, Ptenfl/fl, 71% ± 19; Ptenfl/fl, 71% ± 12; p > 0.5). Similar 

percentages were obtained with another mature oligodendrocyte marker CC1 (data not 

shown). There was no significant difference in the percentage of immature Nkx2.2/Olig2-

double-positive oligodendrocytes at all time-points: 5 dpi (Olig2-cre, Ptenfl/fl, 51% ± 10; 

Ptenfl/fl, 42% ± 8; p > 0.01), 10 dpi (Olig2-cre, Ptenfl/fl, 27% ± 8; Ptenfl/fl, 26% ± 6; p > 0.5) 

and 14 dpi (Olig2-cre, Ptenfl/fl, 29% ± 7; Ptenfl/fl, 35% ± 5; p > 0.05). These data indicate that 

differentiation of Pten-null oligodendrocytes in a remyelinating setting is slightly delayed. 

   

Similar to the developmental phenotype, Olig2-cre, Ptenfl/fl lysolecithin lesions compared to 

Ptenfl/fl control lesions had significant reductions in the density of oligodendrocytes (Figure 

7C). Oligodendrocyte density was quantified by dividing the total number of Olig2-positive 

cells by the lesion area as determined by solochrome cyanide staining of adjacent sections. 

Oligodendrocyte density was significantly decreased in Olig2-cre, Ptenfl/fl lesions at 5 dpi 

(Olig2-cre, Ptenfl/fl, 361 ± 128; Ptenfl/fl, 772 ± 122; p  <0.001), 10 dpi (Olig2-cre, Ptenfl/fl, 582  

± 85; Ptenfl/fl, 1112 ± 181; p < 0.001) and 14 dpi (Olig2-cre, Ptenfl/fl, 362 ± 94; Ptenfl/fl, 1238 

± 185; p < 0.001). 

	  

To determine if this reduction in oligodendrocytes could be due to a reduction in proliferation 

or increase in apoptosis of Pten-null oligodendrocyte progenitors we performed double 

labeling for immature marker Nkx2.2 combined with proliferation marker Ki67 or apoptotic 

marker cleaved Caspase3 at 5 dpi. We observed a significant reduction the percentage of 

proliferating oligodendrocyte progenitors, Nkx2.2/Ki67-double-positive cells divided by the 
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total number of Nkx2.2-positive cells in Olig2-cre, Ptenfl/fl lesions (Olig2-cre, Ptenfl/fl, 15% ± 

3; Ptenfl/fl, 32% ± 8; p < 0.001) (Figure 7D-E). The percentage of apoptotic oligodendrocyte 

progenitors, Caspase3/Nkx2.2-double-positive cells divided by total Nkx2.2-positive cells, 

was not significantly different between Olig2-cre, Ptenfl/fl lesions and Ptenfl/fl lesions (Olig2-

cre, Ptenfl/fl, 0.02% ± 0.04; Ptenfl/fl, 0.01% ± 0.01; p > 0.5). 

 

Because the innate immune response to demyelination has been shown to be an important 

trigger for oligodendrocyte activation, recruitment (Ghasemlou et al., 2007) and 

differentiation (Kotter et al., 2006) we stained Olig2-cre, Ptenfl/fl lesions for macrophage 

marker IBA1, T-cell marker CD3, and astrocyte marker GFAP. We found no difference in 

macrophages, microglia, reactive astrocytes or T-cells between lesioned Olig2-cre, Ptenfl/fl 

and control lesions at all time-points (Figure 7F). We also observed no difference in the 

expression of SMI-32, a marker of non-phosphorylated neurofilaments expressed on 

damaged axons, between mutant and control lesions (data not shown).  

 

Myelin sheath thickness of remyelinated axons is not increased in Olig2-cre, Ptenfl/fl 

lesions 

One characteristic of remyelination in humans and rodents is that myelin sheath thickness 

post-repair is significantly reduced compared to unaffected white matter. Given that Olig2-

cre, Ptenfl/fl animals showed dramatic developmental hypermyelination with markedly 

decreased g-ratios we therefore asked whether myelin thickness in Olig2-cre, Ptenfl/fl animals 

might be increased after remyelination compared with controls. We performed electron 

microscopy and measured g-ratios in 14, 64, and 90 dpi lysolecithin lesions (Figure 8).  
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Contrary to expectation, we found that remyelinating myelin sheath thickness and g-ratios of 

Olig2-cre, Ptenfl/fl lesions were comparable to remyelinated myelin sheath thickness in 

 control lesions in both short-term 14 dpi and long-term 64 and 90 dpi lesions (p > 0.05, t 

test; number of axons quantified for Ptenfl/fl and Olig2-cre, Ptenfl/fl groups respectively: 14 

dpi n=101 and 113, 64 dpi n=86 and 103, 90 dpi n=93 and 99). We observed no detectable 

benefit of activation of PI3K/AKT pathway during remyelination. 
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Figure 8  No difference in myelin sheath thickness and g-ratios in short and long-term 

Olig2-cre, Ptenfl/fl and Ptenfl/fl lysolecithin lesions. (A) Electron microscopy of remyelinating axons in 

short-term (14 dpi) and long-term (64 and 90 dpi) lysolecithin lesions. Remyelination and myelin 

sheath thickness is comparable between Olig2-cre, Ptenfl/fl and Ptenfl/fl lesions. (B) Myelin sheath 

thickness in remyelinating lesions measured by g-ratio calculations is not significantly different 

between Olig2-cre, Ptenfl/fl and Ptenfl/fl lesions at 14, 64 and 90 dpi. Scale bars: A, 5µm.
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Aged Olig2-cre, Ptenfl/fl mice display myelin sheath abnormalities and axonal 

degeneration  

Because PTEN deletion is a common oncogenic mutation in human glioma we screened all 

animals histologically for neoplasia but could find no evidence of tumor formation. However, 

we did observe progressive neurological symptoms, including ataxia, in aged Olig2-cre, 

Ptenfl/fl mice suggestive of progressive neuropathy. As early as 14 weeks of age, toluidine 

blue staining of the ventrolateral spinal cord revealed abnormalities in the myelin sheaths of 

Olig2-cre, Ptenfl/fl mice (Figure 9A). Electron microscopy of 20 week-old ventrolateral spinal 

cord confirmed myelin damage and demonstrated splitting of myelin lamellae and loss of 

compaction which was not observed in the white matter of control Ptenfl/fl mice (Figure 9B). 

At one year of age, axonal degeneration was observed in the cervical spinal cord fasciculus 

gracilis, indicated by strong expression of SMI-32 a marker of non-phosphorylated 

neurofilaments and dystrophic axons (Figure 9C).  

 

Another measure of abnormal myelination leading to neurological dysfunction involves the 

organization of the nodes of Ranvier. Sodium channels form characteristic clusters at 

internodes between myelin segments at defined lengths along the axon. As shown in Figure 

9D, 8 week-old Olig2-cre, Ptenfl/fl mice have normal expression of contactin-associated 

protein-like 1 (Caspr) and sodium channels restricted to internodes. At one year of age, 

however, Olig2-cre, Ptenfl/fl mice exhibited disorganized nodes of Ranvier and loss of Caspr 

and sodium channels in the degenerating fasciculus gracilis (Figure 9D). These findings 

indicate that prolonged hypermyelination in Olig2-cre, Ptenfl/fl mice leads to progressive  
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ventrolateral spinal cord white matter in 14 week-old Olig2-cre, Ptenfl/fl mice indicates early myelin
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in 20 week-old Olig2-cre, Ptenfl/fl spinal cord. (C) 62 week-old Olig2-cre, Ptenfl/fl show strong 

expression of axonal damage marker SMI-32 in the fasciculus gracilis (indicated by outlined region).

(D) 62 week-old Olig2-cre, Ptenfl/fl have disorganization and loss of expression of Caspr (green)

and sodium channels (red) in the fasciculus gracilis. (E) 62 week-old Olig2-cre, Ptenfl/fl exhibit strong
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dysmyelination, and loss of normal myelin domain structure and axonal degeneration in long 

axonal tracts. 

 

The fasciculus gracilis is one of the longest projection tracts in the spinal cord and is 

composed of peripheral dorsal root ganglion cells axons that project to the brainstem. The 

cervical spinal cord fasciculus gracilis, the most distal end of these projection neurons, has 

been previously shown to be susceptible to damage as a result of myelin abnormalities 

(Anderson et al., 1998; Edgar et al., 2004; Griffiths et al., 1998). To rule out the possibility 

that the axonal degeneration phenotype in Olig2-cre, Ptenfl/fl mice was attributable to loss-of 

Pten function in dorsal root ganglion neurons that project through the fasciculus we 

performed fate-mapping experiments with Olig2-cre, Ptenfl/fl,Rosa26-YFPfl/fl mice. We did 

not detect YFP reporter expression in any neurons that send ascending fibers through the 

fasciculus gracilis, specifically dorsal root ganglion neurons and dorsal horn spinal cord 

neurons (Supplemental Figure 1). These findings indicate that axon degeneration in the 

fasciculus gracilis of Olig2-cre, Ptenfl/fl mice is due to the loss-of-Pten function in 

oligodendrocytes and resulting hypermyelination. 

 

Amyloid precursor protein (APP), death receptor-6 (DR6), and Caspase-6 have been recently 

implicated in a signaling cascade specific for axonal degeneration. N-terminal APP (N-APP) 

has been shown to bind to DR6 and p75NTR receptors, which in turn activate neuronal 

destruction pathways through BAX activation of Caspase-3 in neuronal cell bodies and 

Caspase-6 in axons (Nikolaev et al., 2009). To investigate whether an APP/Caspase-6 

mechanism is involved in axonal degeneration in Olig2-cre, Ptenfl/fl mice we stained cervical 
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spinal cord sections for APP and Caspase-6 expression. We observed strong labeling of N-

APP and Caspase-6 restricted to the cervical fasciculus gracilis of Olig2-cre, Ptenfl/fl mice 

(Figure 9E). These data suggest that axon degeneration of the fasciculus gracilis in Olig2-cre, 

Ptenfl/fl mice involves APP signaling. 

 

Discussion 

Regulation of myelination is complex, involving appropriate oligodendrocyte responses to 

differentiate and extend multi-laminar sheaths of plasma membrane around axons in precise 

relation to their diameter. Information about the diameter of a given axon appears to be 

conveyed to the oligodendrocyte by graded levels of activation of the PI3K/AKT pathway 

which may function to increase protein translation and ribosomal biosynthesis to an 

appropriate level of a given axon diameter. Because increasing activation of the PI3K/AKT 

pathway in oligodendrocytes, either through constitutive activation of AKT (Flores et al., 

2008) or loss-of-function of Pten, increases myelin sheath thickness we hypothesized that 

modulation of the PI3K/AKT pathway in oligodendrocytes during remyelination could 

restore myelin sheath thickness in demyelinated axons to the level of myelin found in 

neighboring undamaged white matter. 

 

Here we established the effects of loss of Pten and increased activation of the PI3K/AKT 

pathway in oligodendrocytes on developmental myelination and remyelination. In contrast to 

expectations we found no benefit in normalizing myelin sheath thickness during 

remyelination and a number of adverse consequences with prolonged activation of the 

PI3K/Akt pathway including dysmyelination and axonal degeneration. 
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We demonstrated that Pten function in oligodendrocytes is essential for regulation of myelin 

thickness during development. Loss of Pten function in oligodendrocyte progenitors resulted 

in hypermyelination of CNS axons, an effect that was not due to differences in the total 

number of oligodendrocytes or percentage of mature myelinating oligodendrocytes. While 

Pten regulates myelin sheath thickness during development, loss of Pten in oligodendrocytes 

during remyelination did not result in hypermyelinated axons in remyelinated lesions. In this 

study we used the lysolecithin model to study oligodendrocyte response to demyelination 

because the consistent time-course of remyelination in the lysolecithin model makes it an 

ideal model for studying the recruitment of oligodendrocyte progenitors, their differentiation 

into mature myelinating oligodendrocytes, and remyelination efficiency. We found that loss 

of Pten in oligodendrocyte progenitors during remyelination did not enhance recruitment or 

proliferation of OPCs in lesions and had relatively little effect on the time-course of 

oligodendrocyte differentiation. We also found reduced numbers of oligodendrocytes in the 

lesions of Olig2-cre, Ptenfl/fl mice, an effect that could be explained by the finding of reduced 

proliferation of OPCs and did not appear to be the result of increased inflammation that could 

inhibit oligodendrocyte recruitment into lesions (Kotter et al., 2001) or increased apoptosis of 

OPCs. Myelin sheath thickness in short and long-term Olig2-cre, Ptenfl/fl lesions neither was 

restored to levels of hypermyelination found in the contralateral non-lesioned white matter 

nor increased to levels found in unlesioned white matter of wild-type mice. This result 

suggests that there are extrinsic factors present in the lesion environment that inhibit the 

oligodendrocyte from extending additional myelin sheaths. The finding that short-term 

remyelination was equivalent in Olig2-cre, Ptenfl/fl lesions compared to control lesions 

despite a large reduction in the number of oligodendrocytes in Olig2-cre, Ptenfl/fl lesions 
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suggests that Pten-null oligodendrocytes may have the ability to myelinate more axons 

compared to wild-type oligodendrocytes.  

 

Prolonged activation of the PI3K/AKT pathway in Pten-null oligodendrocytes and resulting 

hypermyelination clearly has a negative impact on axon integrity. We demonstrated myelin 

sheath abnormalities as early as four months of age and severe axonal degeneration in the 

fasciculus gracilis in one year-old Olig2-cre, Ptenfl/fl mice. This phenotype is reminiscent of 

the late axonal degeneration phenotypes observed in PLP1-null (Anderson et al., 1998; Edgar 

et al., 2004; Griffiths et al., 1998) and CNP1-null (Lappe-Siefke et al., 2003) mice. Due to 

the restriction of axonal degeneration to the longest and most metabolically demanding 

axonal tract and the late onset of axonal degeneration found in Olig2-cre, Ptenfl/fl mice we 

favor the hypothesis that axonal degeneration is a consequence of dysmyelination and 

impaired oligodendrocyte trophic support, similar to what has been hypothesized for PLP1-

null and CNP1-null mutants.  

 

Therapies aimed at promoting axon regeneration or myelin repair in MS are by definition 

chronic in nature given the long time course for biological recovery and ongoing damage of 

autoimmune damage. Here, we show that chronic activation of the PI3K/AKT pathway in 

oligodendrocytes can have negative consequences for axonal integrity and we detected no 

benefit of Pten loss-of-function in oligodendrocytes during remyelination. Our findings do 

not rule out potential beneficial effects of Pten loss in rodent models of ongoing 

demyelination, such as the EAE model. However, Pten loss-of-function in T-cells has been 

shown to increase inflammation and exacerbate disease course in EAE (Johnson et al., 2008), 
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which is a significant concern for proposed systemic therapies aimed at inactivation of Pten 

or activation of its downstream pathways in MS patients. With no apparent benefit to 

activation of the PI3K/AKT pathway in oligodendrocytes in a demyelinating repair setting, 

resulting myelination sheath abnormalities and axonal degeneration - therapeutic modulation 

of the PI3K/AKT pathway would need to be approached with caution, and long-term therapy 

required for chronic diseases such as multiple sclerosis or pediatric conditions would most 

likely have negative consequences for myelination and axonal integrity.  
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Chapter 4: Inhibition of the Wnt pathway promotes oligodendrocyte 

differentiation and remyelination 

 

Introduction and Experimental Strategy 

The canonical Wnt pathway is activated in oligodendrocyte progenitors during 

developmental myelination and remyelination (Fancy et al., 2009). Over-activation of the 

Wnt pathway in oligodendrocytes results in delayed developmental myelination and delayed 

remyelination and appears to inhibit the transition from pre-oligodendrocyte to mature 

myelination oligodendrocyte (Fancy et al., 2009). Because several recent studies 

investigating human MS tissue have found the oligodendrocyte progenitors are present in 

chronic MS lesions (Chang et al., 2000; Chang et al., 2002; Kuhlmann et al., 2008; Scolding 

et al., 1998; Wolswijk, 1998) and these progenitors appear to be blocked in their ability to 

differentiate into mature myelinating oligodendrocytes, we hypothesized whether decreasing 

Wnt pathway activity in oligodendrocyte progenitors would promote oligodendrocyte 

differentiation and remyelination. 

 

To investigate this hypothesis we used a recently identified small-molecule Wnt inhibitor 

XAV939 which has been shown to directly inhibit the ADP-ribosylating enzymes 

Tankyrase1 and Tankyrase 2 (TNKS1 and TNKS2) (Huang et al., 2009). TNKS1/2 enzymes 

add several ADP-ribose units to their substrates, a process referred to as poly-ADP-

ribosylation (PARsylation). TNKS1/2 PARsylates Axin proteins targeting them for 

ubiquitination and degradation. Axin proteins are members of the β-catenin destruction 

complex that recruit GSK3β and CK1 which phosphorylate β-catenin targeting it for 
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degradation by the proteasome. XAV939 inhibits Tankyrase-mediated ADP-ribosylation of 

Axin proteins, resulting in increased Axin proteins levels, increased degradation of β-catenin, 

and decreased Wnt pathway tone (Huang et al., 2009).  

 

We first investigated whether oligodendrocyte progenitors express Tankyrase in vitro and in 

vivo during developmental myelination and remyelination. We then determined whether 

XAV939 treatment in oligodendrocyte progenitors results in increased Axin protein levels 

and decreased Wnt pathway activity. We investigated if XAV939 treatment can accelerate 

oligodendrocyte differentiation in vitro and if co-injection of XAV939 and lysolecithin can 

promotes oligodendrocyte differentiation and remyelination in vivo. 

 

Results 

Tankyrase is expressed in oligodendrocytes during development and remyelination 

To investigate whether oligodendrocytes would be responsive to Tankyrase inhibitor 

XAV939 we performed immunohistochemistry for Tankyrase (TNKS) and oligodendrocyte 

markers, Olig2 and PDGFR on immunopanning oligodendrocyte progenitor cultures and 

developing spinal cord and remyelinating lysolecithin lesioned adult spinal cord. We found 

strong expression of Tankyrase protein in Olig2-positive and PDGFR-positive 

oligodendrocyte progenitors in vitro as well as in Olig2-positive oligodendrocytes during 

developmental spinal cord myelination at P9 and during remyelination in 10 dpi lysolecithin-

injected spinal cord lesions (Figure 10A).  
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and accelerates oligodendrocyte differentiation in vitro. (A) Oligodendrocyte progenitors express 

Tankyrase in vitro and in developing and lysolecithin lesioned spinal cord. (B) XAV939 treatment of 

oligodendrocyte progenitors increases Axin1, Axin2 and phospho-β-catenin protein levels. 

(C) XAV939 accelerates oligodendrocyte differentiation in vitro. (D) 0.01µM and 0.1µM XAV939

treatment significantly increases the percentage of MBP-positive oligodendrocytes and (E) MBP 

protein levels at 48 and 60 hours differentiation. (F) Wnt pathway target Axin2 mRNA is decreased

in OPCs treated with 0.01µM XAV939. Scale bars: A, 50µm; C, 200µm. ** p < 0.001, *p < 0.01. 
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XAV939 increases Axin protein levels and decreases Wnt pathway activity in OPCs in 

vitro 

Because Tankyrase was expressed at high levels in immunopanned oligodendrocyte 

progenitors we investigated whether XAV939 can inhibit Tankyrase activity and stabilize 

Axin proteins levels in vitro. Similar to results found in the study identifying XAV939 as an 

inhibitor of the Wnt pathway in a colorectal cancer cell line SW40 (Huang et al., 2009), we 

also found that 0.01µM and 0.1µM XAV939 treatment of oligodendrocyte progenitors for 24 

hours resulted in markedly increased Tankyrase, Axin1, Axin2, and phospho-β-catenin 

Ser33/37/Thr41 protein levels (Figure 10B). In addition to ADP-ribosylating Axin proteins 

and targeting them for degradation, Tankyrase also ADP-ribosylates itself forming an 

inhibitory feedback loop. XAV939 treatment therefore increases Tankyrase protein levels 

due to an inhibition of ADP-ribosylation and degradation of Tankyrase. Higher doses of 

XAV939, 1µM and 5µM, also strongly increased Tankyrase, Axin1, Axin2, and phospho-β-

catenin protein levels but these doses of XAV939 inhibited proliferation of oligodendrocyte 

progenitors (data not shown), possibly through inhibiting Tankyrase-mediated maintenance 

of telomeres (Cook et al., 2002; Smith and de Lange, 1999, 2000; Smith et al., 1998) or 

impairing chromosomal segregation resulting in mitotic arrest (Chang et al., 2005; Dynek 

and Smith, 2004). Lower doses of XAV939, 0.01µM and 0.1µM, did not adversely effect 

oligodendrocyte proliferation in vitro (data not shown). 

 

XAV939 accelerates oligodendrocyte differentiation in vitro 

Over-activation of the Wnt pathway in oligodendrocyte progenitors has been shown to delay 

oligodendrocyte differentiation and impair remyelination (Fancy et al., 2009). We used 
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XAV939 to test the hypothesis that decreasing Wnt pathway tone will accelerate 

oligodendrocyte differentiation. We pre-treated oligodendrocyte progenitor cultures with 

0.01µM, 0.1µM XAV939, or DMSO in proliferation media for 24 hours before inducing 

differentiation and XAV939 or DMSO was added to the differentiation media at the same 

pre-treatment concentration. Oligodendrocyte differentiation is induced by removal of 

growth factor PDGF-AA and mitogen NT-3 and addition of thyroid hormone 3,3′,5-Triiodo-

L-thyronine (T3). Oligodendrocyte differentiation is rapid in the absence of PDGF and 

presence of T3, and at 48 hours ~80% of oligodendrocytes express pre-oligodendrocyte 

marker PLP and at 72 hours ~80% of oligodendrocytes express mature marker MBP. To 

determine whether treatment with XAV939 accelerates oligodendrocyte differentiation we 

analyzed 48 and 60 hours post-differentiation induction time-points for expression of mature 

oligodendrocyte markers PLP and MBP. At 48 hours differentiation the percentage of 

MBP/Olig2-double positive oligodendrocytes divided by the total number of Olig2-positive 

oligodendrocytes was significantly increased in 0.01µM XAV939 and (0.01µM, 15% ± 2; 

DMSO, 4% ± 2; p < 0.001) and 0.1µM XAV939 (0.1µM, 26% ± 4; DMSO, 4% ± 2; p < 

0.001) treated oligodendrocytes compared to DMSO treated control (Figure 10C,D). At 48 

hours we observed a significant dose-dependent effect of increasing XAV939 levels on the 

percentage of MBP-positive oligodendrocytes with the higher percentages of MBP-positive 

cells in 0.1µM XAV939 compared to 0.01µM XAV939 (0.1µM XAV939, 26% ± 4; 0.01µM 

XAV939, 15% ± 2; p < 0.01). The percentage of PLP-positive oligodendrocytes was also 

significantly increased in 0.1µM and 0.01µM XAV treated oligodendrocytes compared to 

DMSO treated control at 48 hours differentiation (0.01µM XAV939, 100% ± 0; 0.1µM 

XAV939, 100% ± 0; DMSO, 81% ± 7; p < 0.01) (data not shown). At 60 hours the 
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percentage of MBP-positive oligodendrocytes was also significantly increased in 0.01µM 

XAV939 (0.01µM XAV939, 63% ± 7; DMSO, 42% ± 5; p < 0.001) and 0.1µM XAV939 

(0.1µM XAV939, 60% ± 3; DMSO, 42% ± 5; p < 0.001) treated oligodendrocytes compared 

to DMSO treated control. Treatment with 0.01µM and 0.1µM XAV939 also markedly 

increased MBP protein levels in 48 and 60 hour differentiation lysates (Figure 10E).  

 

To confirm that XAV939 treatment decreased Wnt pathway activity we performed 

quantitative PCR for Wnt pathway target Axin2 (Jho et al., 2002) and Wnt reporter TOP-

Flash assays in the presence of XAV939 and Wnt3a. Axin2 mRNA levels were markedly 

decreased in RNA isolated from oligodendrocyte progenitors treated with 0.01µM XAV939 

for 96 hours compared to DMSO treated control (Figure 10F) indicating repression of Wnt 

pathway activity. TOPFlash is a luciferase reporter with seven TCF/LEF binding sites 

upstream of a firefly luciferase reporter. FOPFlash is a negative control construct with 

mutated TCF/LEF binding sites upstream of luciferase. Stimulation with recombinant Wnt 

ligands induces transcription in many cell lines and reporter activity can be analyzed to 

determine the level of Wnt pathway activation or repression. Oligodendrocyte progenitors 

were co-transfected with TOPFlash or FOPFlash firefly luciferase vector and pRL-TK renilla 

luciferase vector to normalize for transfection efficiency and cell viability. After transfection 

oligodendrocytes were treated with recombinant murine Wnt3a for 48 hours before analysis 

of luciferase activity. We found that oligodendrocyte progenitors are responsive to Wnt3a in 

a dose-dependent manner (Supplemental Figure 2). TOPFlash activity was significantly 

increased in 50ng/ml Wnt3a (TOP 50ng/ml Wnt3a, 2.53 ± 0.46; TOP no Wnt3a, 0.41 ± 0.3; p 

< 0.001) and 100ng/ml Wnt3a (TOP 100ng/ml Wnt3a, 8.75 ± 2.95; TOP no Wnt3a, 0.41 ± 
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0.3; p < 0.001) compared to no Wnt3a control. Treatment of oligodendrocyte progenitors 

with 5µM XAV939 in the presence of 100ng/ml Wnt3a significantly decreased TOPFlash 

activity and Wnt pathway activation (TOP 100ng/ml Wnt3a, 8.75 ± 2.95; TOP 100ng/ml 

Wnt3a 5µM XAV939, 0.39 ± 0.02; p < 0.001).  

 

XAV939 treatment accelerates oligodendrocyte differentiation and remyelination in 

vivo 

Because XAV939 accelerated oligodendrocyte differentiation in vitro we tested whether 

XAV939 would accelerate oligodendrocyte differentiation and remyelination in the 

lysolecithin demyelination model. The lysolecithin model is ideal for studying the kinetics of 

remyelination because the focal lesion undergoes distinct phases of OPC recruitment, 

proliferation, differentiation and remyelination. 0.1µM XAV939 or DMSO was co-injected 

with lysolecithin into the ventral funiculus and dorsal spinal cord white matter and three 

time-points were analyzed: 3 dpi for oligodendrocyte recruitment and proliferation, 6 dpi for 

oligodendrocyte differentiation and 10 dpi for remyelination. 

 

We found that XAV939 accelerated oligodendrocyte differentiation as shown by increased 

numbers of PLP-positive mature oligodendrocytes in 6 dpi dorsal (Figure 11A) and ventral 

lesions (data not shown). 6 dpi is a relatively early time-point for oligodendrocyte 

differentiation and in wild-type lesions very little PLP-positive cells are present. Co-injection 

of 0.1µM XAV939 with lysolecithin significantly increased the number of PLP-positive 

oligodendrocytes (WT XAV939/Lyso, 1400 ± 206; WT Lyso 733, ± 92; p < 0.01) and this  

 



	   75	  

 

A

Figure 8 

DMSO + Lyso

XAV+ Lyso  

0.1µM XAV + LysoDMSO + Lyso

 Olig2 PLP

PLP Olig2

Olig2

DAPI

Olig2

DAPI

Olig2

Ki67

Olig2

Ki67

Nkx2.2

Nkx2.2

PLP

PLP

0.1µM XAV + Lyso  6 dpi

DMSO + Lyso  6 dpi

B

C D

PLPPLP

0.1µM XAV + LysoDMSO + LysoF G DMSO + Lyso 0.1µM XAV + Lyso

IBA1

DAP!

IBA1

DAP!

axon diameter (µm) 

g
-r

a
ti
o

G-ratios 10 dpi H

Figure 11  XAV939 accelerates oligodendrocyte differentiation and remyelination in vivo in 
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result was not observed in Axin2-null animals (Axin2-/- XAV939, 242 ± 96; WT Lyso, 733 ± 

92; p > 0.5) (Figure 11A-B) indicating that XAV939 mechanism of action is dependent on 

increased Axin2 levels that inhibit Wnt pathway activity. 

 

To investigate whether XAV939 treatment affected total oligodendrocyte numbers, the 

percentage of immature oligodendrocytes and oligodendrocyte proliferation within lesions 

we performed immunohistochemistry for Olig2 (pan oligodendrocyte marker), Nkx2.2 

(immature oligodendrocyte marker) and double labeling with Olig2 and Ki67. We did not 

observe a significant difference in the total number of oligodendrocyte between XAV939 and 

DMSO injection lesions at 6 dpi (XAV939/Lyso, 2641 ± 342; Lyso, 2643 ± 390; p > 0.5) 

(Figure 6C,E). The number of immature Nkx2.2 oligodendrocytes trended towards a decrease 

but was not statistically significant in XAV939-treated lesions compared to DMSO controls 

(XAV939/Lyso, 867 ± 171; Lyso, 1268 ± 212; p < 0.1) (Figure 11C,E) indicating that the 

proportion of differentiated oligodendrocytes may be shifted, with an increase in PLP-

positive mature oligodendrocytes and corresponding decrease in immature Nkx2.2-positive 

oligodendrocytes. To determine whether oligodendrocyte proliferation and recruitment was 

affected by XAV939 treatment we analyzed 3 dpi lesions for expression of Olig2 and Ki67. 

We found no difference in the total number of Olig2-positive cells (XAV939/Lyso, 1151 ± 

60; Lyso, 1226 ± 145; p > 0.5) and no difference in the percentage of Olig2/Ki67 double-

positive cells in XAV939-treated lesions compared to DMSO control (XAV939/Lyso, 66% ± 

5; Lyso, 74% ± 6; p > 0.5) (Figure 11D-E) demonstrating that XAV939 does not affect 

oligodendrocyte progenitor recruitment or proliferation in lysolecithin lesions. 
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Because the level of inflammatory response could alter the oligodendrocyte differentiation 

and remyelination phenotype in lysolecithin lesions we performed immunohistochemistry for 

astrocyte marker, GFAP, and macrophage and microglial marker, IBA1. We did not observe 

a difference in the expression of GFAP (data not shown) and IBA1 between XAV939-treated 

and DMSO control 6 dpi lesions (Figure 11F). 

 

To determine whether the increased proportion of mature oligodendrocytes present in 

XAV939-treated lesions accelerated remyelination of denuded axons we performed electron 

microscopy on 10 dpi lesions and quantified the myelin sheath thickness by g-ratio analysis. 

10 dpi is an early time-point for remyelination and myelin sheaths are normally thin or absent 

at this time-point. XAV939 treatment increased the thickness of myelin sheaths at 10 dpi 

(Figure 11G) and significantly decreased the g-ratio of remyelinated axons (XAV939/Lyso, 

0.9 ± 0.004; Lyso, 0.94 ± 0.003; p < 0.0001) (Figure 11H) demonstrating that XAV939 

accelerated remyelination in lysolecithin lesions.  

 

Discussion 

During developmental myelination and animal models of remyelination the canonical Wnt 

pathway is activated in oligodendrocyte progenitors and must be down regulated for 

oligodendrocytes to fully differentiate from pre-oligodendrocytes to mature oligodendrocytes 

capable of myelination (Fancy et al., 2009). Oligodendrocyte progenitors in human MS 

active lesions but not in normal white matter express TCF4 and Wnt pathway targets Axin2 

and Naked1 (Fancy et al., 2011b). Wnt pathway targets are also expressed in 

oligodendrocytes in neonatal human white matter injury (WMI) cases of periventricular 
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leukomalacia (PVL) and hypoxic ischemic encephalopathy (HIE) but not in age-matched 

controls (Fancy et al., 2011b). As demonstrated in animal models prolonged activation of the 

Wnt pathway in oligodendrocytes can have detrimental effects on maturation preventing 

oligodendrocytes from progressing past pre-OL stage. Many recent human MS (Chang et al., 

2000; Chang et al., 2002; Kuhlmann et al., 2008; Scolding et al., 1998; Wolswijk, 1998) and 

neonatal WMI studies (Billiards et al., 2008; Buser et al., 2012) have found a paucity of 

mature oligodendrocytes but quantities of oligodendrocyte progenitors and pre-

oligodendrocytes that are comparable to normal white matter suggesting that there is a 

differentiation block in areas of white matter injury. Dysregulation and prolonged activation 

of the Wnt pathway could contribute to this differentiation block preventing 

oligodendrocytes from expressing mature myelin genes and remyelinating denuded axons. 

Therapeutic manipulation of the Wnt pathway could promote oligodendrocyte differentiation 

and remyelination in MS and neonatal WMI. 

 

We have demonstrated that inhibition of the Wnt pathway in oligodendrocyte progenitors 

with small molecule XAV939 accelerates oligodendrocyte differentiation in vitro and local 

administration into demyelinating spinal cord lesions both accelerates oligodendrocyte 

differentiation and the formation of new myelin sheaths in vivo. Further work needs to be 

done to investigate the efficacy of XAV939 in promoting remyelination in other 

demyelinating models. While we found no difference in inflammatory markers in XAV939 

injected lesions, the lysolecithin toxin model has a relatively small inflammatory component 

to the demyelinating injury. Whether XAV939 would improve clinical scores and promote 

remyelination in immune-mediated demyelinating models such as EAE remains to be 
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determined. For these animal studies and pre-clinical studies for future use of XAV939 and 

other Wnt inhibitors in human MS and neonatal WMI, the systemic toxicity and efficacy of 

in promoting remyelination would need to be thoroughly evaluated. 
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Chapter 5: Wnt target Sp5 represses myelin genes inhibiting  

oligodendrocyte differentiation 

 

Introduction and Experimental Strategy 

Sp/Kruppel-like factor (KLF) transcription factor family members bind to GC boxes in 

promoter elements through three conserved Cys2His2-type zinc fingers in the C-terminal 

domain. Eight Sp factors have been identified and Sp1-Sp4 form a subgroup based on their 

similar structures including N-terminal transactivation domains that are essential for 

transcriptional activation. Sp5-Sp8 proteins have a truncated N-terminus and lack the 

transactivation domains (for review, Bouwman and Philipsen, 2002). 

 

Sp1 binds to adjacent conserved GC boxes in the mature myelin gene MBP promoter and 

activates MBP transcription (Guo et al., 2010; Wei et al., 2003). Sp1 transcriptional 

activation of the MBP promoter is enhanced by increased expression levels of p27 (Wei et 

al., 2003), coordinate binding of Sox10 (Wei et al., 2004), and phosphorylation of Sp1 by 

PKC (Guo et al., 2010). In between the two Sp consensus sites is a Nkx2.2 binding site, and 

Nkx2.2 represses transcription of MBP in oligodendrocyte progenitors and this repression 

can be relieved by increasing levels of Sp1 which out-competes Nkx2.2 for binding to the 

MBP promoter (Wei et al., 2005). 

 

Sp5 was identified in a screen for genes differentially expressed during gastrulation (Harrison 

et al., 2000). The zinc-finger DNA binding domain of Sp5 is highly homologous to Sp1 and 

Sp5 binds to Sp1 consensus sites with the same affinity (Harrison et al., 2000). Sp5 lacks the 
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N-terminal transactivation domains of Sp1-4 and Sp5 has been shown to act as a repressor of 

Sp1 target p21 (Fujimura et al., 2007).  

 

Sp5 is upregulated with in mice with canonical Wnt pathway activation, Nes11-cre, DA-

Catfl/fl, and the SP5 promoter has five evolutionary conserved TCF/LEF binding sites 

(Fujimura et al., 2007). SP5 promoter regulatory regions are bound by Tcf4 (Hatzis et al., 

2008) and β-catenin (Bottomly et al., 2010) in colon cancer cells lines. TCF/LEF 

transcription factors have also been shown to bind and directly regulate transcription of Sp1 

targets (Fujimura et al., 2007).  

 

Sp5 is also upregulated in oligodendrocyte progenitors with Wnt pathway activation in both 

microarray from white matter of Olig2-cre, DA-Catfl/fl mice and in vitro oligodendrocyte 

progenitor cultures treated with Wnt3a (Supplemental Figure 3). While Sp1 has been shown 

to regulate MBP transcription, Sp5 has not previously been implicated in regulation of 

myelin genes. Because Sp5 is upregulated in response to Wnt pathway activation in 

oligodendrocyte progenitors and Sp5 has been shown to repress Sp1 target genes we 

hypothesized that Sp5 may compete with Sp1 to repress mature myelin genes and mediate 

Wnt pathway inhibition of oligodendrocyte differentiation.  

 

To investigate this hypothesis we examined Sp5 expression in oligodendrocytes in vitro, in 

vivo and in remyelinating lysolecithin lesions. We analyzed the promoters of mature myelin 

genes down-regulated in response to Wnt pathway activation (Supplemental Figure 3) and 

identified CCGCC Sp consensus binding sites. To determine whether Sp5 and Sp1 bind to 
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these GC promoter elements we performed chromatin immunoprecipitation of 

oligodendrocyte progenitors and differentiated oligodendrocytes. Because Sp1 has been 

previously shown to bind to GC boxes in the MBP promoter and repress transcription we 

generated a MBP promoter luciferase construct and transfected oligodendrocyte progenitors 

with the luciferase construct and varying levels of Sp5 and Sp1 over-expression constructs to 

determine how different levels of Sp5 and Sp1 influenced gene transcription. 

 

Results 

Sp5 is a target of the Wnt pathway in oligodendrocyte progenitors 

We were unable to detect Sp5 expression in wild-type developing spinal cord, however Sp5 

was strongly expressed in mice with over-activation of the Wnt pathway, Olig2-cre, APCfl/fl 

(Figure 12A) and co-localized with Nkx2.2.  In vitro oligodendrocyte progenitor cultures 

have strong nuclear expression of Sp5 and Sp5 was not expressed in MBP-positive 

differentiated oligodendrocytes (Figure 12B).  

 

The SP5 gene has three TCF/LEF consensus binding sites (CTTTG A/T A/T or A/T A/T 

CAAAG) in the promoter and one consensus site in the first intron. To determine if Sp5 is a 

direct target of the Wnt pathway we performed chromatin immunoprecipitation of 

oligodendrocyte progenitor cultures with TCF4 antibody. We detected TCF4 bound to the 

SP5 promoter in both promoter and the intronic consensus site oligodendrocyte progenitor 

cultures (Figure 12C).  
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To determine if activation of the canonical Wnt pathway increases SP5 transcription we 
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vector (pSP5GL3). Canonical Wnt pathway activation significantly increased luciferase 

activity in oligodendrocyte progenitors transfected with pSP5GL3 and dominant active S33Y 

β-catenin (fold change pSP5GL3+S33Y β-catenin/pSP5GL3, 2.32 ± 0.26; p = 0.022) (Figure 

12D). Transfection with dominant-negative TCF4 (dnTCF4) blocked dominant active β-

catenin-mediated luciferase activation (fold change pSP5GL3+S33Y β-catenin+dnTCF4/ 

pSP5GL3+S33Y β-catenin, 0.3 ± 0.01; p = 0.013) confirming that TCF/LEF mediate 

transcriptional activation of SP5. 

 

Sp5 is bound to myelin gene promoters in oligodendrocyte progenitors 

We analyzed promoter sequences of myelin genes that were down-regulated in the Olig2-cre, 

DA-Catfl/fl for Sp CCGCC consensus binding sites and identified Sp binding sites in the 

promoters of myelin basic protein (MBP), myelin-associated glycoprotein (MAG), myelin 

and lymphocyte protein (MAL), fatty acid 2-hydroxylase (FA2H), 2’,3’-cyclic nucleotide 3’ 

phosphodiesterase (CNP), and myelin gene regulatory factor (MRF). We identified two Sp 

consensus sites in the MBP promoter -120/135bp upstream of the translation start site (TSS), 

one consensus sites in MAG -1064bp TSS, two consensus sites in MAL -140/612bp TSS,	  

three consensus sites in FA2H -332/438/873bp TSS, two consensus sites in CNP -129/147bp 

TSS, and two consensus sites in MRF -203/271bp upstream TSS (Figure 13A). Primers were 

generated spanning the binding sites for quantitative PCR (Supplemental Table 1).	  

 

We performed chromatin immunoprecipitation on primary oligodendrocyte progenitor 

cultures and differentiated oligodendrocyte cultures with Sp5 and Sp1 antibodies. Chromatin 

immunoprecipitation followed by quantitative PCR revealed that Sp5 was bound to the GC 
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promoter elements in MBP, MAG, MAL, CNP, and FA2H in oligodendrocyte progenitors  

(Figure 13B). No binding of Sp5 was detected in MRF and GAPDH promoter control. 

Promoter sites that were occupied by Sp5 in oligodendrocyte progenitors did not have Sp5 

bound in differentiated oligodendrocytes. Additionally we found that Sp1 was bound to 

MBP-120bp, MAG-1064bp, MAL-612bp, FA2H-332bp, CNP-100bp sites in differentiated 

oligodendrocytes. Sp1 binding was detected at the MBP site in oligodendrocyte progenitors 

at about two-fold less than in differentiated oligodendrocytes. Aside from the MBP promoter 

Sp1 was not bound to other Sp5 bound sites in oligodendrocyte progenitors. 

 

These results indicate that Sp1 and Sp5 may compete for binding at the MBP, MAG, MAL, 

CNP and FA2H promoters and there may be a fine balance between the levels of Sp5 and 

Sp1 and resulting Sp5-mediated repression or Sp1-mediated activation of myelin target 

genes.  

 

Sp5 represses MBP transcription  

To determine how Sp5 and Sp1 regulate gene transcription we generated a MBP luciferase 

construct with the MBP promoter element containing the Sp binding sites upstream of the 

pGL3 luciferase reporter. We transfected oligodendrocyte progenitors with the MBP 

luciferase construct pMBPGL3 and different levels of pCMV SP5, pCMV SP1 or pCMV 

vector. Oligodendrocyte progenitors transfected with pMBPGL3 and pCMV vector displayed 

baseline activation of luciferase (Figure 13C) that may be due to Sp1 binding and activation 

at this site in oligodendrocyte progenitors. Transfection of a mutated binding site construct 

pMBPmutGL3 in which the 19bp GC box sequence was deleted had no baseline luciferase 
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activity (fold change pMBPmutGL3/pMBPGL3, 0.02 ± 0.0; p = 0.001) further indicating that 

endogenous Sp1 protein is promoting baseline transcription of pMBPGL3. Sp5 over-

expression resulted in significant repression of luciferase activity compared to pCMV empty 

vector with both 0.5µg pCMV SP5 (fold change 0.5µg pCMV SP5/ 0.5µg pCMV, 0.76 ± 0.2; 

p = 0.016) and 1µg pCMV SP5 (fold change 1µg pCMV SP5/ 1µg pCMV, 0.77± 0.5; p = 

0.042). 

 

Sp5 competes with Sp1 for binding to MBP promoter 

Over-expression of Sp1 significantly reversed the Sp5-mediated repression of luciferase 

activity (fold change 1µg pCMV SP5 + 2µg pCMV SP1/ 1µg pCMV SP5+2µg pCMV, 1.27 

± 0.12; p = 0.048). Over-expression of Sp1 alone significantly increased MBP transcription 

compared to empty vector (2µg pCMV SP1/ 2µg pCMV, 1.42 ± 0.48; p = 0.0001). These 

results indicate that Sp1 can out-compete Sp5 for binding to MBP promoter and Sp5 and Sp1 

expression levels determine the level of MBP transcription. 

 

Loss of Sp5 function accelerates myelin gene mRNA expression during remyelination 

To determine if loss of Sp5 function results in enhanced or accelerated Sp5 target gene 

expression we performed lysolecithin lesioning experiments on Sp5-null animals and 

analyzed 7 and 14 days post-injection (dpi) time-points. Sp5-null animals had increased 

numbers of PLP-positive oligodendrocytes in 7 dpi (Sp5-null, 891 ± 76; WT, 393 ± 99; p = 

0.0002) and 14 dpi lysolecithin lesions (Sp5-null, 1210 ± 214; WT, 925 ± 60; p = 0.041)  

(Figure 13D). Sp5 targets in oligodendrocyte progenitors that demonstrated binding on 



	   88	  

chromatin immunoprecipitation, MBP, MAG, CNP, and FA2H, also demonstrated 

accelerated mRNA expression in Sp5-null 7dpi lesions (Figure 13E). 

 

Discussion 

The level of Wnt pathway activity in oligodendrocyte progenitors is a critical determinant of 

whether oligodendrocyte progenitors can progress in their differentiation program and fully 

differentiate into mature oligodendrocytes capable of myelination and remyelination in the 

setting of WMI. Perturbations in the level of Wnt pathway activity can either promote or 

inhibit oligodendrocyte differentiation and accelerate or delay remyelination.  

 

Because Sp5 is upregulated in response to Wnt pathway activation and represses Sp1 target 

genes (Fujimura et al., 2007) and Sp5 is upregulated in oligodendrocyte progenitors with 

enhanced canonical Wnt pathway tone (Supplemental Figure 3), we hypothesized that Sp5 

mediates Wnt pathway inhibition of differentiation by binding to Sp consensus sites in the 

promoters of mature myelin genes and repressing transcription.  

 

We demonstrated that SP5 is a direct target of the canonical Wnt pathway in oligodendrocyte 

progenitors. TCF4 and LEF1 are bound to the Sp5 promoter in oligodendrocytes. SP5 

promoter luciferase reporter assays also revealed that the canonical Wnt pathway directly 

activates SP5 transcription in oligodendrocyte progenitors. 

 

We found that Sp5 is bound to the promoters of MBP, MAG, MAL, CNP and FA2H in 

oligodendrocyte progenitors but not in mature oligodendrocytes. Sp1 is bound to the same 
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consensus sites in mature oligodendrocytes. We demonstrated that the levels of Sp1 and Sp5 

proteins determine the transcriptional activity of the proximal promoter of MBP, with 

overexpression of Sp5 resulting in repression and increasing Sp1 protein levels relieves Sp5-

mediated repression. This Sp5/Sp1 competition data matches Sp5 and Sp1 protein expression 

in oligodendrocytes in which we found that Sp5 has strong nuclear expression in 

oligodendrocyte progenitors and Sp5 protein is downregulated upon differentiation. 

Conversely Sp1 protein levels increase with differentiation. 

 

Regulation of the MBP promoter is complex. Nkx2.2 and Sp5, transcription factors that are 

strongly expressed in oligodendrocyte progenitors, repress MBP transcription presumably to 

delay or prevent premature differentiation. Increased levels of Sp1 expression, Sp1 

phosphorylation, coordinate binding of Sox10, and decreased levels of Sp5 result in 

transcriptional activation of MBP. We demonstrated that Sp5 occupies the promoters of a 

wide range of mature myelin genes and it would be interesting to known what other factors 

influence transcription at these sites. 

 

The canonical Wnt pathway is dysregulated in oligodendrocytes in chronic multiple sclerosis 

lesions and neonatal white matter injury. We propose that Sp5 mediates Wnt pathway 

inhibition of oligodendrocyte differentiation by binding to mature myelin genes and 

repressing transcription.  
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Chapter 6: Concluding Remarks 

 

In the past decade a large amount of progress has been made in understanding how 

oligodendrocytes are specified, intrinsic and extrinsic factors that regulate oligodendrocyte 

differentiation and remyelination, alternate roles for oligodendrocytes in promoting axonal 

survival and making synaptic contacts with axons, and the mechanisms by which 

remyelination fails in multiple sclerosis. However a considerable amount to research still 

needs to be done. There are currently no therapies for secondary progressive MS and no 

clinically available therapies that promote remyelination. Treatments to prevent or mitigate 

forms of pediatric white matter injury (WMI), aside from recently developed hypothermia 

protocols, are virtually non-existent. The failure of oligodendrocytes to differentiate and 

remyelinate in these white matter injury environments sets up a vicious cycle of 

demyelination followed by axonal degeneration and eventual permanent loss of white matter, 

neurons, and long-term cognitive deficits. 

 

Several different types of therapies could be explored to promote remyelination in MS and 

pediatric WMI. Stem cell transplants of human oligodendrocyte progenitor cells into myelin 

deficient mice have demonstrated that oligodendrocyte precursors have the capacity to 

migrate extensively, myelinate host axons, and prolong survival of these animals (Windrem 

et al., 2008). Oligodendrocyte transplant therapies may hold promise for human genetic 

disorders in which patients have mutations in myelin proteins, such as Pelizaeus-Merzbacher 

disease (PMD) (Goldman, 2011; Goldman et al., 2008). Transplanted oligodendrocyte 

precursors may be able to repopulate the brain and spinal cord of these children, form 
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myelin, and promote functional improvement and prolong survival. Understanding cell 

intrinsic pathways that regulate oligodendrogenesis and the capacity of oligodendrocytes to 

form myelin may prove to be useful in selecting for or generating “super” oligodendrocyte 

precursor cells for transplant therapies that more efficiently populate the host and form 

myelin (Sim et al., 2011).  

 

Oligodendrocyte precursor transplantation therapies for disorders like multiple sclerosis 

however are not as straightforward. Any one MS patient may have a multitude of 

demyelinating lesions throughout the brain and spinal cord and these lesions can resolve or 

become permanent. Imaging would be necessary to determine the location of lesions and 

transplantation of progenitor cells into multiple lesion sites within the brain and spinal cord 

may be technically challenging. Despite the logistical and technical challenges, findings from 

animal models of demyelination suggest that oligodendrocyte progenitor cell recruitment and 

proliferation are not the rate-limiting step in remyelination (Chari and Blakemore, 2002; 

Penderis et al., 2003; Woodruff et al., 2004) and human MS tissue studies suggest that it is 

the inability of oligodendrocyte progenitors to differentiate, engage axons, and remyelinate 

that results in remyelination failure (Chang et al., 2000; Chang et al., 2002; Kuhlmann et al., 

2008; Scolding et al., 1998; Wolswijk, 1998). Even if exogenously transplanted cells are able 

to migrate into demyelinated lesions they will still encounter a dysregulated cellular 

environment that has been shown to contribute to remyelination failure.  

 

For disorders like multiple sclerosis in which the extrinsic cellular environment hinders the 

ability of oligodendrocytes to differentiate and remyelinate, it is crucial to explore therapies 
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that alter the cellular environment to make it more hospitable for remyelination or target the 

endogenous oligodendrocyte progenitors and promote differentiation, axonal engagement 

and remyelination. A deeper understanding of the factors that contribute to remyelination 

failure in MS will be critical for the development of these types of therapies.  

 

In multiple sclerosis the immune system clearly mediates the primary insult on myelin and 

oligodendrocytes and current therapies for primary relapsing-remitting MS are 

immunosuppressants. While immunosuppressant therapies may decrease the frequency and 

duration of clinical episodes in primary relapsing-remitting MS, findings from animal models 

have demonstrated a beneficial role of the immune response in promoting remyelination. 

When therapies that promote remyelination become available it may be critical to test 

combination therapies in which a lower immunosuppressant dose is used in combination with 

a remyelination-promoting drug.  

 

There are many exciting and relatively unexplored avenues in oligodendrocyte and myelin 

basic science research that are just starting to be investigated. How oligodendrocytes engage 

and wrap axons and the factors that regulate this process are largely unknown. It would be 

interesting to identify factors expressed on axons that regulate myelination and to determine 

if these factors are differentially regulated in MS lesions and potentially modifiable in animal 

models of demyelination.  

 

The finding that oligodendrocyte progenitors form transient synapses with axons during 

remyelination in animal models (Etxeberria et al., 2010) raises the question as to whether 
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these synapses serve a function and provide cues to the oligodendrocyte progenitor to 

remyelinate. It would be interesting to determine if blocking these transient synapses or 

preventing electrical activity between oligodendrocytes and axons impairs the 

oligodendrocyte progenitor cell response to demyelination and subsequent remyelination.  

 

Oligodendrocytes promote the integrity of axons and prevent axonal degeneration (Nave, 

2010a). This oligodendrocyte support of axon integrity may be independent of the myelin 

itself, as recent evidence demonstrates a role for Schwann cell peroxisomes in supporting 

axonal function (Kassmann et al., 2011). It would be interesting to know whether 

oligodendrocytes have similar roles in supporting axon integrity. 

 

There are several unexplored questions relating to my thesis project exploring Wnt pathway 

regulation of oligodendrocyte differentiation and remyelination. The source of Wnt ligands in 

the demyelinated environment is unknown. Many Wnt ligands and antagonists are 

differentially regulated in lysolecithin remyelinating lesions (Supplemental Figure 4A). 

Results from experiments using a Wnt secretion porcupine inhibitor IWP-2 in 

oligodendrocyte progenitor cultures suggest that oligodendrocytes secrete Wnt ligands and 

this response may be an inhibitory feedback mechanism to dampen Wnt pathway activity 

(Supplemental Figure 4B). It would be interesting to known whether other cell types in 

demyelinated lesion environment secrete Wnt ligands or antagonists, and how secretion of 

Wnt ligands by various cell types may contribute to the differentiation block in chronic MS 

lesions. 
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There are also some unresolved questions in human tissue studies relating to Wnt tone in 

oligodendrocytes. Why oligodendrocytes in active MS lesions express Wnt pathway markers 

and oligodendrocytes in inactive chronic MS lesions do not express Wnt pathway markers 

seems to contradict the demonstrated role for the Wnt pathway in the inhibition of 

oligodendrocyte differentiation. One would expect high Wnt pathway activity in chronic MS 

lesions if the Wnt pathway is contributing to the oligodendrocyte differentiation block in 

these lesions. Several explanations could account for this discrepancy. Wnt pathway activity 

may be high in lesions that are progressing to more permanent chronic lesions and once the 

lesion become chronic the Wnt pathway has been silenced. Unfortunately it is difficult to 

study temporal progression of human MS lesions and at this time it is impossible to 

determine which active lesions will progressive to chronic inactive lesions. High Wnt 

pathway activity could also lead to oligodendrocyte cell death. APC a member of the β-

catenin degradation complex and a marker of mature oligodendrocytes may function to keep 

Wnt pathway low in oligodendrocytes. Excessive Wnt pathway activity in pre-

oligodendrocytes could impair the expression of mature myelin genes and result in cell death. 

It would be interesting to further explore the role of APC in mature oligodendrocytes and 

whether excessive Wnt pathway tone in pre-oligodendrocyte or differentiated 

oligodendrocytes has deleterious effects on myelination or oligodendrocyte survival. 
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Supplemental Figure 1 Olig2-cre does not fate map to dorsal root ganglion (DRG) or dorsal

horn neurons that project axons in the fasciculus gracilis. (A) DRG neurons do not fate map with 

Olig2-cre indicated by the lack of expression of GFP in the DRG. (B) Dorsal horn neurons that are 

NeuN-positive do not express GFP and do not fate map to Olig2-cre. Box indicates region of 

higher magnification on right. Scale bars: A, B, 100µm.
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Supplemental Figure 2 Wnt pathway is activated in oligodendrocyte progenitors with Wnt3a

and XAV939 inhibits Wnt pathway activation. (A) Wnt3a activates TCF/LEF-mediated transcription

of luciferase in a does-dependent manner in oligodendrocyte progenitors. (B) Activation of the 

TCF/LEF-mediated transcription is abolished with application of 5µM XAV939. ** p < 0.01, p < 0.1.  

A

    

R
e
la

ti
v
e
 l
u
c
if
e
ra

s
e

(f
ir
e
fl
y
/r

e
n
ill

a
)

R
e
la

ti
v
e
 l
u
c
if
e
ra

s
e

(f
ir
e
fl
y
/r

e
n
ill

a
)

Wnt3a

XAV939

Wnt3a0 ng/ml 50 ng/ml 100 ng/ml 0 ng/ml 100 ng/ml 100 ng/ml

5 µM - -

B

0

2

4

6

8

10

12

14

0

2

4

6

8

10

12

14

FOPFlash

TOPFlash

FOPFlash

TOPFlash

**

*

**

** **



	   127	  

 
 

Supplemental Figure 3  SP5 is upregulated in oligodendrocyte progenitors with Wnt pathway

activation. (A) Genes that were differentially regulated in mice with activation of canonical Wnt 

signaling in oligodendrocytes Olig2-cre, DA-Catfl/fl. Transcription factor Sp5 is upregulated along with

known Wnt targets Axin2, Naked1, Notum. Mature oligodendrocyte genes MOG, MAG, PLP, MAL, 

FA2H, MRF, CNP and MBP are downregulated. (B) Sp5 is significantly upregulated in 

oligodendrocyte progenitors treated with 50ng/ml Wnt3a (fold change 3.25 ± 1.46) and 100ng/ml 

Wnt3a (fold change 8.31 ± 5.5) for 24 hours. Wnt target genes Axin2 and Notum are also 

upregulated in Wnt3a treated oligodendrocytes.
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Supplemental Figure 4  Wnt ligand and antagonist expression in lysolecithin lesions and Wnt

ligand secretion by oligodendrocyte progenitors. (A) Microarray results indicate that Wnt ligands

(Wnt7b, Wnt7a, Wnt6, Wnt9a, Wnt5a) and Wnt antagonists (Wif1, Sost, Dkk, Sfrp4) 

are differentially regulated in 14 dpi lysolecithin lesions compared to non-lesioned white matter.

(B) TOPFlash transfected OPCs have an increase in Wnt reporter activity when treated with

Wnt secretion inhibitor IWP-2.
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Supplemental Table 1- Primer Sequences

ChIP primers

Primer name 5'-3' Sequence Start Stop

GAPDH-350bp F GCGGCCGTCTCTGGAACAGG 125115590 125115609

GAPDH-350bp R TCAGGCCTCTGCGCCCTTGA 125115741 125115722

SP5-222/248/285bp F TTGCTTTCGCTTCTGAAAGAGCCG 70474983 70475006

SP5-222/248/285bp R TGATAAGGGCTTTGCTGGGCCG 70475092 70475071

SP5+518bp F CGACTCCGGTCCCTCTGCCT 70475731 70475750

SP5+518bp R CGTGGCCGCTTCCCGCTAAA 70475819 70475800

SP5-222/248/285 +518bp F TCTCCTCCCTTCCCATCCCCC 70474897 70474917

SP5-222/248/285 +518bp R CCTGAACCCCTGCTGCGTGG 70475834 70475815

MBP-120/135bp F CCAGCTGACCCAGGGAACCG 82723816 82723835

MBP-120/135bp R GAAGGTGTTGTCCTCCCTTCCCG 82723893 82723871

MAG-1064bp F TGAAAGCCCACCACCCTGCTCT 31697930 31697951

MAG-1064bb R AGCATCCTGGGTATCCACGGGTA 31698029 31698007

MAL-612bp F CTGAGAGGCTGTCTGGCGGC 127482472 127482491

MAL-612bp R ACGGGATGGGGGAGAACTGCC 127482586 127482566

MAL-150bp F TGACCACTCGCTCCCTCCGG 127481925 127481944

MAL-150bp R TAGGGCAGTAGACCCGGGCG 127482051 127482032

FA2H-332/438bp F TCGGCGGGCACGCAACTTC 113917985 113918003

FA2H-332/438bp R TGGGACTAGACCAGACCTCCGC 113918115 113918094

FA2H-873bp F CACTGGGTGCATTGGGTGAGTGAAC 113918430 113918454

FA2H-873bp R CCAGAGGGATGGCATGCGCATATG 113918529 113918506

CNP-129/147bp F CAGACCGCTGCTTCCTGGCA 100436158 100436177

CNP-129/147bp R GTGAGGGACACGGGCGTCTC 100436315 100436296

MRF-203/271bp F CCAGAGCCGCAACCTCGGGTA 10315325 10315343

MRF-203/271bp R AGGCAAGGCAGTACCCAGGACA 10315395 10315374

qRT-PCR primers

Primer name 5'-3' Sequence Start Stop Accession#

Axin2 F GCAGGCTGGCAGAGGTGTCG 2445 2464 NM_015732.4

Axin2 R GGGTTGGCGAAGGGTGAGGC 2559 2540

Notum F TTCGATGAGGCCCAGCTTAC 1112 1131 NM_175263.4

Notum R GTCCGTCCAATAGCTCCGTA 1294 1275

SP5 F GCTTTCGCTTCTGAAAGAGCCGC 63 85 NM_022435.2

SP5 R TAAGGGCTTTGCTGGGCCGC 167 148

Bactin F TGGATCGGTGGCTCCATCCTGG 1097 1118 NM_007393.3

Bactin R GCAGCTCAGTAACAGTCCGCCTAGA 1227 1203



 




