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1 

 

Chapter 1      General introduction 

 

1.1. Overview of the role of the neurotrophin receptor p75 (p75
NTR

) in the central 

nervous system    

 

Neurotrophins and their respective receptors including the p75 neurotrophin receptor (p75
NTR

) 

and the tropomyosin related kinase (Trk) receptors (TrkA, TrkB, and TrkC) play fundamental 

roles in the development and maintenance of the nervous system making them important 

targets for the treatment of neurodegenerative diseases (Meeker et al., 2014). p75
NTR

 belongs 

to the tumor necrosis factor receptor superfamily (Cosgaya et al., 2002). Within the central 

nervous system (CNS), p75
NTR

 is widely expressed during development, but decreased in 

adulthood, in which it is only expressed by a selected population of neurons and glia (Dechant 

and Barde, 2002). Moreover, p75
NTR

 reemerges during various pathological conditions of the 

CNS. As a multifunctional receptor, p75
NTR

 exerts its effects via heterodimeric interactions 

with TrkA, TrkB, TrkC, sortilin or the Nogo receptor to set up a wide array of cellular 

functions (Almeida and Duarte, 2014). By interacting with different receptors, p75
NTR

 

regulates binding of mature versus pro-neurotrophins and activation of different signaling 

pathways with ambiguous outcomes ranging from growth and survival to cell death (Yoon et 

al., 1998).  

 

1.1.1. In situ expression of p75
NTR

 in the normal adult nervous system 

 

p75
NTR

 is widely expressed in the developing nervous system in sensory and sympathetic 

neurons, spinal cord and brain stem motor neurons, and neurons of the cerebral cortex, 

cerebellum, hippocampus, basal forebrain, and caudate putamen, respectively (Ernfors et al., 

1988; Buck et al., 1988; Friedman et al., 1991; Underwood et al., 2008). Subpopulations of 

central and peripheral glial cells including radial glial in the CNS, and neural crest precursor 

cells, Schwann cell precursors and immature Schwann cells in the peripheral nervous system 

(PNS) similarly express p75
NTR

 (Underwood et al., 2008; Cragnolini et al., 2009). In most of 

these cells, p75
NTR

 expression is down-regulated at adult stages. In the PNS, however, mature 

non-myelinating Schwann cells retain expression of p75
NTR

 in the post-natal life (Jessen et al., 
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1990; Jessen and Mirsky, 2005; Woohdo et al., 2008). In the adult CNS, its expression is 

limited to cholinergic neurons of the basal forebrain and in a specific type of glial cells, 

collectively referred to as aldynoglia (Gudino-Cabrera and Nieto-Sampedro, 1999, 2000). The 

term aldynoglia was introduced by Nieto-Sampedro and colleagues to describe a group of 

growth-promoting macroglia present in the rodent adult CNS, including olfactory ensheathing 

cells (OECs), tanycytes, pituicytes, and pineal interstitial cells (Nieto-Sampedro, 2002). 

Aldynoglia share in vitro properties with astrocytes and non-myelinating Schwann cells, 

therefore representing most likely intermediate glial cells with characteristics of both the PNS 

and CNS (Gudino-Cabrera and Nieto-Sampedro, 1999, 2000; Nieto-Sampedro, 2002; 

Wewetzer et al., 2002). Aldynoglia are thought to promote continuous axon renewal 

throughout lifetime, making them attractive target cells for pharmacological stimulation of 

neural repair in the injured CNS (Gudino-Cabrera and Nieto-Sampedro, 1999, 2000; Nieto-

Sampedro, 2002). 

 

p75
NTR 

immunopositive cells have been occasionally demonstrated within the subventricular 

zone (SVZ) in humans (Petratos et al., 2004). These cells displayed a spindle-shaped to 

elongated morphology. A subset of this cellular population also stained positive for NG2, a 

sulfated chondroitin proteoglycan that has been reported to identify oligodendroglial 

progenitors (OPs; Nishiyama et al., 1999; Chang et al., 2000, 2002; Watanabe et al., 2002). In 

the normal adult mouse brain, however, a small population of p75
NTR

-positive spherical cells 

within the SVZ did not express the OPs marker platelet-derived growth factor receptor alpha 

(PDGFR-α; Petratos et al., 2004). In adult canine healthy brains p75
NTR

-positive cells are 

restricted to the periphery of leptomeningeal blood vessels, choroid plexus capillaries and the 

trigeminal nucleus and tract (Imbschweiler et al., 2012). The collective data on the occurrence 

of p75
NTR

 suggest that there is a species-specific expression of p75
NTR

 in the adult CNS 

restricted to a specific population of cells.  

 

1.1.2. In vitro characteristics of CNS-derived p75
NTR

-expressing glia  

 

The fact that aldynoglial cells are considered as intermediate cells of the CNS and PNS is 

based on their isolation and characterization from healthy brains of rats. Due to their in vitro 
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expression of glial fibrillary acidic protein (GFAP), vimentin, and O4, these cells were 

proposed to share phenotypical characteristics with astrocytes and OPs, respectively 

(Blakemore, 2005; Gudiño-Cabrera and Nieto-Sampedro, 2000; Nieto-Sampedro, 2002; Liu 

and Rao, 2004). However, considering their bipolar morphology, their proliferation response 

in vitro, their growth-promoting properties, interactions with neurons, and the conjoint 

expression of markers such as p75
NTR

, aldynoglia additionally share remarkable similarities 

with Schwann cells of the PNS (Gudiño-Cabrera and Nieto-Sampedro, 2000; Nieto-

Sampedro, 2002; Wewetzer et al., 2002, 2011). Indeed, OECs and Schwann cells express 

p75
NTR

, S100, GFAP, and cell adhesion molecules such as L1 and neural cell adhesion 

molecule (NCAM). They also express extracellular matrix proteins such as laminin and 

fibronectin (Wewetzer et al. 2002; 2011) and secrete neurotrophins including nerve growth 

factor (NGF), brain-derived nerve factor (BDNF), fibroblast growth factor (FGF), and 

vascular endothelial growth factor (VEGF) (Sasaki et al. 2011).  

   

A similar glial cell population as the ones identified by the term aldynoglia, but isolated from 

the adult canine brain was characterized and termed Schwann cell-like brain glia (SCBG: 

synonyms: Schwann cell brain glia, CNS Schwann cells;  Orlando et al., 2008; Imbschweiler 

et al., 2012). SCBG did not only resemble PNS Schwann cells from the periphery regarding 

morphology and expression of cell type-specific marker molecules, but they also proliferated 

in response to typical Schwann cell mitogens such as FGF-2 and heregulin-1ß (Orlando et al., 

2008). Strikingly, CNS Schwann cells have shown to co-express p75
NTR

 and the ganglioside 

GQ (A2B5), the last considered to be a specific marker for glial progenitor cells of the 

subcortical white matter of the rodent and human brain (Raff et al., 1983; Louis et al. 1992). 

Moreover, A2B5 expression was promoted by serum deprivation in a way similar to what has 

been observed for OPs in culture (Raff et al., 1983; Louis et al. 1992; Pringproa et al. 2008; 

Orlando et al., 2008). Taken together, these data suggest that canine SCBG also possess 

considerable in vitro similarities with precursor cells of the adult CNS. In order to ensure 

clarity, in the following text, Schwann cells isolated from brain and sciatic nerve will be 

referred as CNS and PNS Schwann cells, respectively. 
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1.1.3. p75
NTR

-expressing glia in response to CNS and PNS injury  

 

Increased glial expression of p75
NTR

 has been detected in response to injury in several species 

such as rats, mice, dogs and humans in pathogenetically different models including 

experimental autoimmune encephalomyelitis, excitotoxic damage, transient global ischemia, 

middle cerebral artery occlusion, canine distemper virus-induced lesions (CDV) and multiple 

sclerosis (MS) (Nataf et al., 1998; Oderfeld-Nowak et al., 2001, 2003; Hanbury et al., 2002; 

Soltys et al., 2003; Petratos et al., 2004; Lambertsen et al., 2007; Imbschweiler et al., 2012). 

Moreover, increased expression of p75
NTR

 has been reported in response to axotomy and 

nerve trauma in the PNS (Ernfors et al.1989; Zhou et al., 1996). In the last, Schwann cells are 

believed to increase p75
NTR 

to support axonal growth and regeneration (Hall et al., 1997; 

Ibanez and Sami, 2012; Kobayashi et al., 2012). In the injured CNS, p75
NTR

 has been 

described to be up-regulated in OPs and neural progenitors (Chang et al., 2000, 2002; Petratos 

et al. 2004), astrocytes (Cragnolini and Friedman 2008; Cragnolini et al. 2009), and 

microglia/ macrophages (Heese et al., 1998; Dowling et al. 1999; Aronica et al. 2004). 

 

The expression of p75
NTR

 in microglia/macrophages was suggested to provide autocrine 

feedback in these cells, taking into account that activated microglia/macrophages have been 

shown to release neurotrophins (Heese et al., 1998; Srinivasan et al., 2004). Thus, the up-

regulation of p75
NTR

 in these cells raises the possibility of neuro-immune interactions that 

have been poorly investigated so far. Similarly, the role of p75
NTR

-positive astrocytes within 

the injured CNS remains controversial and to some extent unexplored (Cragnolini and 

Friedman 2008; Cragnolini et al. 2009). The function of p75
NTR

 in neural progenitors and in 

OPs remains still controversial. On the one hand, the expression of p75
NTR

 by progenitor cells 

was shown to be linked to cell death rather than regeneration (Dowling et al. 1999; Casha et 

al. 2001; Beattie et al. 2002). On the other hand, however, adult neural progenitors p75
NTR

 

may be particularly important for neurogenesis in vivo, as only neurospheres generated from 

p75
NTR

-positive cells were neurogenic in vitro (Young et al. 2007). Moreover, NG2/p75
NTR

 

co-labeled cells were not found to express TUNEL, a marker for apoptosis, and thus arguing 

for a possible regenerative function of p75
NTR

 in MS lesions (Petratos et al., 2004). Thus, 
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understanding the expression of p75
NTR

 in glial cells with regenerative and growth-promoting 

properties is fundamental to elucidate regenerative strategies for CNS repair.  

 

1.2. Regeneration in the nervous system 

 

Contrary to axon in the PNS, axons do not regenerate in the CNS, a fact that might be 

attributed to differences in intrinsic properties of neurons and glial cells and their specific 

microenvironments (Lutz and Barres, 2014). Different results of in vitro and in vivo studies 

suggest that glial cells from the PNS as well as aldynoglial cells contribute to the regenerative 

process in the CNS (Dusart et al., 1992; Franklin and Blakemore, 1993; Wewetzer et al., 

2002). The discovery of such phenomena provided clues for the investigation of endogenous 

regeneration and remyelination, which comprises the proliferation and differentiation of 

resident cells into growth-promoting and remyelinating cell lines (Franklin and Blakemore, 

1993; Franklin et al., 2013; Flanklin and Gallo, 2014). Additionally, it opened a window for 

cellular-based transplantation therapies, which is mostly referred to as exogenous regeneration 

and remyelination (Duncan and Kondo, 2013; Zujovic and Van Evercooren, 2013; Flanklin 

and Gallo, 2014; Boulanger and Messier, 2014). Understanding both, endogenous and 

exogenous regeneration and remyelination in the CNS and PNS, with their similarities and 

differences will help to elucidate therapeutic strategies to enhance complete nervous system 

functional recovery.     

 

 

1.2.1. PNS endogenous regeneration/remyelination 

 

1.2.1.1. Schwann cells and endogenous PNS regeneration/remyelination 

 

Schwann cells derive from the neural crest and constitute the main myelinating glial cells of 

the PNS (Joseph et al., 2004; Jessen and Mirsky, 2005; Woohdo et al., 2008). They play a 

crucial role in maintaining normal nerve function and mediate nerve repair following injury 

(Geuna et al., 2010). Schwann cells are found as two types of cells in the adult PNS, the non-

myelinating and the myelinating type (Jessen and Mirsky, 2005; Woohdo et al., 2008). Non-
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myelinating Schwann cells form cytoplasmic processes surrounding and segregating groups 

of several small-diameter axons (fibers with diameters of 0.15–2 μm) forming the so called 

Remak bundles. Contrary, myelinating Schwann cells form a multi-layered membranous 

myelin sheath around a segment of a single large-caliber axon by spirally wrapping its plasma 

membrane around the axon. Myelin covers the axon at intervals of 150– 1,500 μm, forming 

the nodes of Ranvier. Schwann cells produce a basal lamina that surrounds the Schwann cell 

itself and the associated axon (Geuna et al., 2009; Richner et al., 2014).  

 

One of the hallmarks of the PNS is the robust regenerative response that takes place after 

injury (Richner et al., 2014). The molecular and morphological changes occurring after 

axotomy or nerve crush are collectively called Wallerian degeneration. It refers to a series of 

slow processes in the distal nerve stump, setting the stage for regeneration of the nerve: distal 

axons and myelin sheaths degenerate, Schwann cells dedifferentiate and macrophages are 

recruited (Gaudet et al., 2011). Schwann cells provide a supportive milieu for axonal repair as 

they possess firstly, the ability to respond to nerve injury by 

dedifferentiating/transdifferentiating into more immature phenotypes (Chen et al., 2007; 

Arthur-Farraj et al., 2012), and secondly, the ability to produce neurotrophic factors and 

proinflammatory mediators, which facilitate successful regeneration (Jessen and Mirsky, 

2005). Following Wallerian degeneration, dedifferentiated Schwann cells, also termed 

Büngner cells, proliferate, migrate, and form unique columnar structures called bands of 

Büngner (Arthur-Farraj et al., 2012). This allows them to form uninterrupted regeneration 

tracks that guide axons back to their targets (Chen et al., 2007). The dedifferentiated Schwann 

cells redifferentiate upon contact with the regenerating axons, ensheath and subsequently 

remyelinate the axons, or restore Remak bundles thereby facilitating functional recovery 

(Richner et al., 2014).  

 

During dedifferentiation, specific intracellular signaling molecules become activated. 

Schwann cells cease to express myelin genes, including myelin protein zero (P0), periaxin, 

and early growth response 2 (Krox20/Egr-2), an essential transcription factor in myelination 

(Jessen and Mirsky, 2008). This switch-off is accompanied by the activation of another group 

of molecules, most of which are normally found on immature cells prior to myelination 
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during development, including L1, NCAM, p75
NTR

, GFAP and the stem cell transcription 

factor Sex determining Region Y-box 2 (Sox2; Jessen and Mirsky, 2008; Salzer, 2008). It has 

been unraveled, however, that dedifferentiated or Büngner cells and immature Schwann cells 

have a different structure, molecular profile, and function, most probably representing two 

distinct differentiation states, one during development and the other related to injury and 

repair in the adult nerve (Jessen and Mirsky, 2005; Jessen and Mirsky, 2008; Woodhoo and 

Sommer, 2008). Moreover, the fact that myelinating Schwann cells, that are specialized to 

support fast conduction of action potentials, transform to Büngner cells that are specialized 

for organizing nerve repair, implies a transdifferentiation mechanism rather than a simple 

dedifferentiation to an immature phenotype (Arthur-Farraj et al., 2012; Richner et al., 2014).  

 

Interestingly, many of the remyelinating Schwann cells that are found in regenerating 

peripheral nerves might also derive from non-myelinating Schwann cells (Jessen and Mirsky, 

2005). Importantly, non-myelinating Schwann cells are known to differ from immature 

Schwann cells.  Mature non-myelinating Schwann cells are P0 mRNA negative, α1β1 and 

α7β1 integrins positive and galactocerebroside positive (Lee et al., 1997; Previtali et al., 

2003). They also differ from Büngner cells, because the latter are P0 mRNA positive and 

galactocerebroside and O4 negative (Jessen and Mirsky, 2005; Woodhoo and Sommer, 2008). 

Thus, peripheral nerve development, maturity and injury include at least three major 

categories of Schwann cells that normally do not produce myelin: the immature Schwann 

cells, the mature non-myelinating cells, and the dedifferentiated/transdifferentiated cells. 

Besides their extensive similarities, these cells are known not to be identical in molecular 

expression (Woodhoo and Sommer, 2008, Richner et al., 2014), a divergence that might 

reflect the plasticity of adult Schwann cells for successful regeneration. 

 

1.2.1.2. Signaling and transcription factors in Schwann cell-mediated PNS regeneration 

 

While many studies have contributed to the understanding of the phenotype of Schwann cells 

during peripheral nerve repair, less is known about the signaling pathways and transcription 

factors that control Schwann cell dedifferentiation/transdifferentiation, and organization of 

new nerve tissue (Arthur-Farraj et al., 2012; Richner et al., 2014). Although a number of 
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signaling pathways have already been described to be activated in Schwann cells following 

peripheral nerve injury, including Notch, JAK-STAT, and mitogen-activated protein kinases 

(MAPKs; Jessen and Mirsky, 2008), recent studies provided compiling evidence that c-Jun is 

a key regulator of Schwann cell transformation (Arthur-Farraj et al., 2012). Moreover, ephrin 

(Eph)B signaling directs peripheral nerve regeneration through Sox2-dependent Schwann cell 

sorting (Parrinello et al., 2010). The transcription factor c-Jun is expressed in immature 

Schwann cells during development and is down-regulated in mature myelinating cells 

(Fontana et al., 2012). After injury, c-Jun is required for the down-regulation of Krox20/Egr2, 

myelin structural genes such as myelin basic protein (MBP), P0 and periaxin, and for the up-

regulation of trophic factors associated with regeneration such as BDNF, glial derived nerve 

factor (GDNF) and artemin, as well as markers of immature Schwann cells such as p75
NTR 

(Arthur-Farraj et al., 2012). Notably, mutant mice lacking c-Jun in Schwann cells undergo 

normal PNS myelination during development, indicating that c-Jun function appears to be 

specific to the injury response in the adulthood (Arthur-Farraj et al., 2012).  

 

Ephrin are a large family of receptor tyrosine kinases that function to convey positional 

information to cells, part of a process known as cell sorting (Pasquale, 2008). It has been 

recently demonstrated that EphB signaling directs the early stages of peripheral nerve repair 

after transection. As Schwann cells emerge from both nerve stumps, they come into direct 

contact with fibroblasts accumulating at the injury site. In this region, EphB2-mediated cell 

sorting orchestrates the collective cell migration of Schwann cells to form bands of Büngner. 

The Schwann cell sorting downstream of EphB2 activation is mediated by the transcription 

factor Sox2 (Parrinello et al., 2010). Consistent with this function, it was shown that Sox2 is 

expressed in progenitor Schwann cells in developing nerves, is maintained in mature non-

myelinating Schwann cells in the adult nerve, and is re-expressed in dedifferentiated Schwann 

cells, where it is thought to promote proliferation and suppress differentiation (Le et al., 

2005). The proliferation and migration of Schwann cells in groups have been proposed to be a 

key factor in providing a favorable substrate for axonal regrowth and successful nerve 

regeneration (Scherer and Salzer, 2001). 
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1.2.1.3. Inflammation and PNS regeneration/remyelination 

 

Importantly, another essential process during Wallerian degeneration is the clearance of 

axonal and myelin debris by phagocytosis. There is evidence that the contribution of 

macrophages to myelin clearance is modest during the first week after injury (Perry et al., 

1995). Dedifferentiated Schwann cells have been shown to phagocyte myelin and axonal 

debris by their own (Richner et al., 2014). Moreover, it has been demonstrated that activation 

of Toll-like receptors on Schwann cells is needed upon nerve injury to stimulate Schwann 

cells to produce pro-inflammatory mediators such as tumor necrosis factor (TNF), interleukin 

1-betha (IL-1β) and interleukin 6 (IL-6), which are important for the recruitment of 

macrophages at later stages (Koeppen, 2004; Jessen and Mirsky, 2008). This implies that 

myelinating and/or non-myelinating Schwann cells pass through a state that is remarkably 

effective in phagocytosing and degrading proteins and lipids as they revert back, thus 

substantiating the hypothesis of a transdifferentiation process (Arthur-Farraj et al., 2012).    

 

1.2.2. CNS endogenous regeneration/remyelination  

 

While axons in the PNS completely regenerate after injury, loss of axons constitutes an 

irreversible process in the CNS (Franklin and Ffrench-Constant 2008; Lutz and Barres, 2014). 

Thus, enabling axon regeneration after CNS injury remains a major challenge in CNS 

neurobiology. However, the CNS possess the capability of a highly effective spontaneous 

remyelinating process in response to myelin loss (Franklin and Ffrench-Constant 2008; 

Crawford et al., 2013; Franklin and Gallo, 2014). The restoration of myelin is followed by the 

return of saltatory conduction and the maintenance of axonal integrity, which at least prevents 

the complete degeneration of the axon (Duncan et al., 2009; Franklin et al., 2013). Successful 

endogenous remyelination requires the understanding of the biology of adult cells capable of 

inducing such regenerative responses. Oligodendrocytes and CNS Schwann cells are the only 

cell types described to date with the ability to remyelinate demyelinated axons in CNS 

(Crawford et al., 2013; Franklin et al., 2013; Franklin and Gallo, 2014).  
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1.2.2.1. Oligodendrocytes 

 

Oligodendrocytes are glial cells derive from the neuroepithelium and constitute the primary 

cellular source of myelin in the CNS (Boulanger and Messier, 2014). Oligodendrocytes are 

known to differentiate from OPs during development. While the highest density of 

oligodendrocytes and myelin is in white matter axon tracts, there is also substantial 

oligodendrocyte myelination in the gray matter (Kang et al., 2010; Fancy et al., 2011). 

Independent of their location, each oligodendrocyte extends processes that wrap numerous 

neighboring axons, with some forming a myelin internode on up to 50 axons. Although 

myelinating oligodendrocytes are post-mitotic cells, OPs persist in the adult brain and 

differentiate into mature oligodendrocytes through life and, importantly, extensively 

contribute to generate newly remyelinating oligodendrocytes after CNS demyelination (Kang 

et al., 2010; Fancy et al., 2011; Franklin et al., 2013; Franklin and Gallo, 2014).  

 

1.2.2.2. OPs and CNS endogenous remyelination 

 

OPs, also known as polydendrocytes, oligodendrocyte precursor cells, NG2-glia or O–2A 

progenitors, persist in the white and grey matter as one of the major cycling cell in the adult 

brain, constituting around 5% of the total cell population (Dawson et al., 2003). Importantly, 

OPs are implied in CNS lesion regeneration. Cre-lox fate mapping in transgenic mice 

following experimental demyelination has shown that OPs give rise to the majority of 

remyelinating oligodendrocytes (Zawadzka et al. 2010). Remyelinating oligodendrocytes 

might also come from stem and precursor cells of the adult subventricular zone (SVZ; (Nait-

Oumesmar et al. 1999; Menn et al. 2006). The contribution of SVZ-derived oligodendrocytes, 

however, has been shown to be relatively small compared to local OPs (Franklin et al., 2013; 

Franklin and Gallo, 2014).  

 

Developmental and adult OPs are believed to respond similarly to unmyelinated axons (Fancy 

et al., 2011). Prenatal and adult OPs are characterized by the expression of the PDGFR-α and 

NG2 (Kang et al., 2010; Zhu et al., 2008). As they mature along the oligodendroglial lineage, 

they down-regulate PDGFR-α and NG2 in favor of the oligodendrocyte marker O4, which 
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characterizes the immature, premyelinating state (Nishiyama, 2007; Taupin, 2010). Once 

immature oligodendrocytes down-regulate O4, myelin-specific proteins such as proteolipid 

protein (PLP), MBP, cyclic nucleotide 3-phosphohydrolase (CNPase), glutathione S-

tranferase pi (GSTp), and galactocerebroside are up-regulated to finally reach the state of 

mature oligodendrocytes (Deloulme et al., 2004; Polito and Reynolds, 2005; Nishiyama, 

2007; Labombarda et al., 2009; Taupin, 2010).  

 

Despite the fact that developmental and adult OPs share some common features, the mature 

environment in which they evolve make myelination occurring in adulthood different to what 

is observed during development, implying that some differences exist between the 

developmental and adult stages (Fancy et al., 2011; Mitew et al., 2013). In this context, adult 

OPs must be properly activated, recruited to the demyelinated area, and differentiate into 

remyelinating oligodendrocytes to fully restore axonal myelin (Boulanger et al., 2014; 

Franklin and Gallo, 2014). The activation phase implies that OPs switch from a quiescent 

state to a regenerative phenotype. Activation of OPs is a complex process triggered not only 

by demyelination per se, but also by the activation of astrocytes and microglia, and cellular 

elements not present during development such as blood-derived macrophages and 

lymphocytes (Prineas and Graham, 1981; Sririam and Rodriguez, 1997; Glezer et al., 2006; 

Rhodes et al., 2006). Activation of OPs also involves morphological changes such as an 

increase in size and gaining more processes (Nishiyama et al., 1997; Levine and Reynolds, 

1999; Reynolds et al., 2002). The proliferation and migration of OPs into areas of 

demyelination is known as the recruitment phase (Redwine and Armstrong, 1998; Hinks and 

Franklin, 1999; Levine and Reynolds, 1999; Sim et al., 2002). Finally, the differentiation 

phase encompasses three distinct steps: establishing contact with the axon; expression of 

myelin genes and generation of myelin membrane; and wrapping to form the sheath which 

enables proper saltatory conduction and restores the functional integrity of the axon (Mitew et 

al., 2013; Boulanger et al., 2014; Franklin and Gallo, 2014).  
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1.2.2.3. Signaling and transcription factors in OPs in CNS remyelination 

 

Besides a change in morphology, activation of adult OPs involves the increased expression of 

transcription factor genes, some of which are also associated with developmental myelination 

(Sim et al., 2002; Boulanger et al., 2014). Adult OPs up-regulate genes involved in their 

differentiation into remyelinating oligodendrocytes including NG2 during the activation phase 

(Nishiyama et al., 1997; Levine and Reynolds, 1999), the basic helix–loop–helix (bHLH) 

transcription factors Olig1 and Olig2 (Fancy et al., 2004; Talbott et al., 2005; Glezer et al., 

2006), the homeodomain transcription factor Nkx2.2 (Fancy et al., 2004; Watanabe et al., 

2004; Talbott et al., 2005), and Sox2 (Episkopou, 2005; Lee et al., 2013). Strikingly, adult 

NG2- and PDGFR-α-positive OPs express detectable Olig1 and very low levels of Olig2 and 

Nkx2.2 in the normal adult white matter (Boulanger et al., 2014). The expression of the last 

two dramatically increases within an acutely induced demyelinating lesion (Fancy et al., 

2004; Watanabe et al., 2004; Talbott et al., 2005). Up-regulation of Sox2 has been 

demonstrated to occur in preexisting OPs in the first week after spinal cord injury. By the end 

of that first week, Sox2 expression in NG2-positive cells decreases as new oligodendrocytes 

begin to differentiate (Lee et al., 2013), mimicking Sox2 functions during development (Ellis 

et al., 2004; Episkopou, 2005; Fong et al., 2008).  

 

The re-expression of Sox2 precedes and partially overlaps with recruitment phase of OPs. In 

addition to Sox2, proliferation of OPs has been shown to be modulated by levels of the cell 

cycle regulatory proteins cyclin-dependent kinase inhibitor 1B (p27Kip-1) and cyclin-

dependent kinase 2 (Cdk2; Caillava et al. 2011; Boulanger and Messier, 2014). Platelet-

derived growth factor (PDGF), which is a neonatal mitogen and survival factor responsible 

for regulating the number of OPs in the developing white matter, increases following 

demyelination, similar to FGF, which constitutes another important mitogen (Murtie et al. 

2005; Woodruff et al. 2004). PDGF and its receptor, PDGFR-α, are thought to regulate OPs 

by forming a complex with NG2. While OPs continue to express PDGFR-α as they 

differentiate, they are no longer sensitive to the trophic effects of its ligand because the 

absence of NG2 blocks PDGF signaling (Murtie et al. 2005; Woodruff et al. 2004; Boulanger 

and Messier, 2014). Expression of PDGFR-α and NG2 by OPs is increased in the presence of 
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FGF (Mckinnon et al., 1990). Thus, in addition to direct trophic effects on OPCs, FGF may 

promote the proliferation and motility of OPs by increasing their sensitivity to PDGF 

(Messersmith et al., 2000).  

 

The neurotrophin BDNF and insulin growth factor 1 (IGF-1) have been shown to be up-

regulated in response to experimentally induced demyelination, and this increase coincides 

with the recruitment of OPs within areas of demyelination (Mason et al., 2000; Ye et al., 

2002). In addition, the pro-inflammatory cytokine TNF-α, the major histocompatibility 

complex II (MHCII), the IL-6 superfamily including leukemia inhibitory factor (LIF) and 

ciliary neurotrophic factor (CNTF), the chemokine C-X-C motif ligand 1 (CXCL1) and the 

chemokine receptor type 2 (CXCR2) signaling are also thought to be responsible for the 

mobilization of OPs within demyelinated lesions (Mason et al. 2001; Glezer et al., 2006). On 

the other hand, matrix metalloproteinases (MMPs) might create an environment favorable to 

remyelination facilitating the migration not only of OPs, but also phagocytic macrophages, 

which in fact constitute a key cell population for CNS remyelination (Larsen et al., 2003; 

Skuljec et al., 2011). Finally, the polysialylated-neural cell adhesion molecule (PSA-NCAM) 

and the coordinated activity between semaphoring 3F and semaphorin 3A are thought to 

positively contribute to the migration of OPs (Piaton et al., 2011).  

 

The proper interactions of the many factors listed above triggers the final phase, in which OPs 

become mature, myelinating oligodendrocytes. Differentiation of OPs is controlled by closely 

regulated extrinsic and intrinsic programs (Mitew et al., 2013; Boulanger et al., 2014; 

Franklin and Gallo, 2014). Extrinsic factors such as the thyroid hormone triiodothyronine 

(T3) and the withdrawal of PDGF trigger cell-cycle exit and initiate differentiation (Dugas et 

al., 2012). In addition, the Kip family of cyclin-dependent kinase inhibitors, along with 

p18/INK, most likely triggers cell-cycle exit and differentiation by inhibiting the activity of 

Cdk2, which keeps OPs in a proliferative state (Sherr and Roberts, 1999). The differential 

activity of cytokines is also thought to be involved in triggering and accelerating the 

differentiation process (Hinks and Franklin, 2000; Kotter et al., 2011). In addition to its 

prominent role in the recruitment phase of remyelination, CXCL1 also participates in the 

differentiation process by stimulating the synthesis of MBP (Kadi et al., 2006). Finally, the 
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down-regulation of transcription factors that act as differentiation inhibitors such as bHLH 

transcription factors hairy and enhancer of split-1 (Hes1) and hairy and enhancer of split-5 

(Hes5), the inhibitors of DNA binding (Id) Id2 and Id4, and Sox2, and the switch-on of the 

ones implied in myelination becomes crucial to properly restore the loss of myelin in the CNS 

(Boulanger et al., 2014; Franklin and Gallo, 2014).  

 

1.2.2.4. Astrocytes and their role in endogenous CNS remyelination 

 

Astrocytes are dynamic CNS glial cells extending processes to neuronal synapses, nodes of 

Ranvier, and to the blood–brain barrier (BBB) which confers them great communication 

abilities between cellular and structural elements of the CNS (Venance et al., 1995; Rash et 

al., 2001). Thus, astrocytes are involved in physiological tasks including the physical 

structuring of the brain, metabolism, and synaptic functioning, also playing a major role in 

scarring and repair processes of the brain and spinal cord (Williams et al., 2007).  

 

Astrocytes are activated after CNS injury in a process known as reactive gliosis (Faulkner et 

al., 2004; Pekny and Nilsson, 2005). In this context, astrocytes increase the size of their 

cellular processes, up-regulate (GFAP) and vimentin and re-express nestin adopting a 

multipotent stem cell-like phenotype (Pekny and Nilsson, 2005; Seehusen et al., 2007; Buffo 

et al., 2008). Accordingly, the vast majority of astrocytes have been shown to be derived from 

pre-existing adult astrocytes within the inured CNS, and only a small minority of newly 

generated astrocytes differentiates from adult OPs (Zawadzka et al., 2010).  

 

Beside their role in scar formation and consecutive deleterious effects in CNS repair, 

astrocytes appear to be beneficial in remyelination, as they release various mitogens, 

cytokines, chemokines, and MMPs involved in activation, recruitment and differentiation of 

adult OPs (Franklin et al., 2013; Crawford et al., 2013; Franklin and Gallo, 2014). PDGF has 

been shown to be secreted by reactive astrocytes following demyelination (Hinks and 

Franklin, 1999; Kotter et al., 2005). Moreover, the increase in CXCL1-positive astrocytes at 

the lesion margin leads to the accumulation and recruitment of CXCR2-positive OPs toward 

MS lesions by chemoattraction (Omari et al., 2006). Astrocytes have also been demonstrated 
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to secret osteopontin, an extracellular matrix glycoprotein that may promote migration of OPs 

into demyelinated areas (Zhao et al., 2008). Thus, astrocytes play a vital role in remyelination, 

however, this process is complex and no single molecule or cell is critical to the control of 

remyelination, but instead many different interactions at various time points.  

 

1.2.2.5. Schwann cell-mediated CNS remyelination 

 

Although CNS remyelination is mostly achieved by oligodendrocytes directly differentiating 

from OPs, Schwann cells, which are not a normal component of the undamaged CNS, have 

been shown to significantly contribute to CNS repair (Blakemore, 1975; Snyder et al., 1975; 

Franklin and Blakemore, 1993; Zawadzka et al. 2010; Powers et al., 2013). The triggering of 

Schwann cells in CNS demyelinated areas is largely described in experimental animal models 

such as X-irradiation of the neonatal spinal cord, trauma, and demyelination induced by 

injection of toxic substance such as kainite, ethidium bromide, 6-aminonicotinamide, and 

lysolecithin (Dusart et al., 1992; Blakemore, 1975; Zawadzka et al. 2010; Powers et al., 

2013). In addition, Schwann cell-mediated remyelination has been observed to take place in 

the spinal cord of MS patients and in the white matter in other spontaneous CNS diseases 

(Harrison et al., 1980, 1987; Itoyama et al., 1983, 1985; Duncan and Hoffman, 1997).   

 

The origin of Schwann cells within the injured CNS has been controversially discussed. On 

the one hand, they are generally thought to migrate from PNS sources such as spinal and 

cranial roots, meningeal fibers, or autonomic nerves after a breach in the glia limitans 

(Franklin and Blakemore, 1993). In support of this idea, CNS Schwann cell remyelination is 

observed in the proximity to spinal/cranial nerves or around blood vessels (Duncan and 

Hoffman, 1997; Sim et al., 2002; Snyder et al., 1975). On the other hand, the fact that CNS 

precursors generated Schwann cells in vitro and after transplantation into the demyelinated 

CNS, argued for the possibility that some Schwann cells might result from the differentiation 

of endogenous CNS precursors (Mujtaba et al., 1998; Keirstead et al., 1999). Subsequently, 

genetic fate mapping studies confirmed that Schwann cells in demyelinated lesions of the 

CNS derived in fact from PDGFR-α and Olig2-positive OPs (Crang et al., 2004; Zawadzka et 

al., 2010).  
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While PNS myelinating Schwann cells can be recognized by the expression of periaxin and 

P0 (Gillespie et al., 1994), OP-derived Schwann cells only expressed periaxin, but lacked P0 

expression (Zawadzka et al. 2010). In this context, using a mouse line in which CreERT2 is 

expressed under transcriptional control of the P0 gene promoter, P0-expressing Schwann cells 

were pre-labelled in P0-creERT2: Rosa26-YFP mice prior to inducing focal demyelination in 

the spinal cord white matter. That strategy allowed the observation of the migration of mature 

myelinating Schwann cells into the injured CNS. The contribution of PNS-derived 

myelinating Schwann cells was shown to be minimal in comparison to that derived from OPs 

(Zawadzka et al. 2010). Interestingly, remyelinating Schwann cells in the regenerating PNS 

are known to arise from non-myelinating Schwann cells, which do not express P0 (Lee et al., 

1997). Thus, the possibility that non-myelinating Schwann cells contribute to CNS repair 

cannot be completely excluded. In addition, it still remains enigmatic whether non-

myelinating Schwann cells migrate directly, or if their dedifferentiated/transdifferentiated 

form enters the injured CNS, opening a fascinating field to study the biology of Schwann cells 

dedifferentiation/ transdifferentiation in the CNS.  

 

The factors and signaling pathways triggering the differentiation of Schwann cells from OPs 

are still not fully elucidated (Franklin et al., 2013; Crawford et al., 2013; Powers et al., 2013). 

It has been proposed, but not proven that CNS precursors may be intrinsically programmed to 

follow a “neural crest” pathway of development based on reports of cells with a Schwann 

cell-like morphology (p75
NTR

-expressing aldynoglia) within the normal CNS (Gudino-

Cabrera and Nieto-Sampedro, 2000; Zawadzka et al., 2010). A specific microenvironment, 

such as absence of astrocytes, might also be critical for Schwann cell differentiation 

(Blackemore, 2005). In fact, in vitro studies demonstrated that bone morphometric protein 

(BMP) may stimulate differentiation of OPs into Schwann cells, and that Noggin, an inhibitor 

of BMP signaling, reduces Schwann cell remyelination (Talbott et al., 2006). Astrocytes have 

been shown to secrete Noggin (Kondo and Raff, 2004) providing a potential mechanism by 

which the absence of astrocytes in demyelinated lesions might favor Schwann cell 

differentiation (Zawadzka et al., 2010). However, there remains no formal evidence that such 

a mechanism operates in vivo. Despite the fact that Schwann cells are capable of 

remyelinating central axons (Honmou et al., 1996; Jasmin et al., 2000; Murray et al., 2001), 
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their relative ability to promote axon survival, a major function of myelin, has yet to be 

established (Nave and Trapp 2008).  

 

1.2.2.6. Inflammation and CNS remyelination 

 

Microglia is the resident macrophage in the CNS representing around 5–12% of the brain cell 

population (Lawson et al. 1990). Microglia regulates fundamental developmental processes 

such as neurogenesis, neural precursor migration, survival and apoptosis, axonal pruning, 

growth, and angiogenesis (Aarum et al. 2003; Antony et al. 2011). Importantly, microglial 

activation and proliferation is the first cellular response observed in the developing and adult 

CNS after traumatic brain injury, demyelination, inflammation, excitotoxic injury, and 

ischemia–hypoxia (Miron and Franklin, 2014). Blood-borne macrophages are normally not 

present in the healthy CNS. However, after injury, monocytes from the circulation are 

recruited and differentiate into macrophages. Both microglia and circulation-derived 

macrophages have been implicated in inducing pathology and promoting regeneration/repair 

(Miron et al., 2013).  

 

The functions of microglia/macrophage are related to their capacity to assume a diversity of 

distinct activation states described as polarization into pro-inflammatory M1 macrophages 

and anti-inflammatory/immuno-regulatory M2 macrophages (Edwards et al., 2006). M1 and 

M2 macrophages play a role in remyelination depending on the switch of phenotypes at a key 

stage in the regenerative process (Miron et al. 2013). The switch from M1 to M2 polarization 

has been recently shown to occur in both, resident microglia and peripherally derived 

macrophages in CNS lesions during remyelination (Miron et al., 2013). While M1 

macrophages contribute to the recruitment phase of OPs, a switch to a M2-dominant 

macrophage profile is required for the differentiation phase and subsequent remyelination 

(Miron et al. 2013; Miron and Franklin, 2014). In addition, the recent implication of activin-

A, a member of the transforming growth factor-β superfamily and a M2-derived factor, 

together with their neuroprotective properties, and the up-regulation of its receptor in OPs 

during remyelination, highlights this factor as a promising therapeutic target for CNS myelin 

regeneration (Miron et al. 2013; Miron and Franklin, 2014). 
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1.2.3. Exogenous remyelination in the CNS 

 

Endogenous remyelination becomes less efficient with disease progression and aging 

(Goldschmidt et al. 2009; Franklin et al., 2013; Crawford et al., 2013; Franklin and Gallo, 

2014). As there are no proven strategies available that promote endogenous repair in the 

human CNS, the transplantation of cells into demyelinated areas may be therapeutically 

relevant (Milward et al. 2000). Several studies have demonstrated the extensive myelinating 

capability of numerous cell types delivered into the brain or spinal cord in models for 

demyelination (Duncan et al. 2009). As there are significant differences between animal and 

human cells, critical points of debate encompass the choice of cells from animal species 

which mostly resembles their human counterpart, and secondly, the choice between 

myelinating cells of CNS or PNS linages (Wewetzer et al., 2002, 2011; Ziege et al., 2013).  

 

Cultured embryonic stem cells (ESCs) have been intensely studied as a source of newly 

generated oligodendrocytes (Brüstle et al. 1999). However, their differentiation into a cell 

lineage not directly related to form new myelin, makes them questionable as a source of 

exogenous-derived repair (Brüstle et al. 1999). Neural stem cells (NSCs) isolated from fetal 

and adult CNS have been used quite extensively in spinal cord injury models, where 

functional recovery has been associated with their development into both oligodendrocytes 

and Schwann cells (Mothe and Tator, 2008). However, NSCs are not only capable of 

remyelination as they have pleiotropic effects. Thus, directly using OPs has been proposed as 

a reasonable alternative (Smith and Blakemore 2000), and many studies have confirmed their 

differentiation into myelinating oligodendrocytes following transplantation in vivo. However 

there are significant differences between rats and human cells leading to challenges to find the 

more suitable animal species for the translational approach of OPs (Duncan and Kondo, 

2013). 

 

Interestingly, the use of PNS Schwann cells as a strategy to support and myelinate axons 

gained much attention because grafting purified neonate or adult Schwann cells in various 

animal models of CNS demyelination, provided hints for their ability to efficiently promote 

recovery (Lavdas et al. 2008; Zujovic and Van Evercooren, 2013). In most of these 
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experiments, the extent of remyelination correlated with the purity of Schwann cells and the 

number of cells introduced (Iwashita and Blakemore 2000). Moreover, Schwann cells from 

neonate and young adult donors were more successful in regeneration than the ones isolated 

from older animals (Lankford et al. 2002). Another advantage for Schwann cells is that 

peripheral myelin within the CNS does not seem to be target of autoimmune processes 

(Zujovic and Van Evercooren, 2013). However, the major limitation of grafting Schwann 

cells into the injured CNS, is their poor ability to migrate efficiently, mainly due to their low 

integration with astrocytes (Franklin and Blakemore, 1993; Iwashita and Blakemore, 2000; 

Iwashita et al., 2000; Lavdas et al. 2008). To overcome this limitation, modifications of the 

intrinsic properties of Schwann cells or the environment in which they are placed are the 

major issues under current investigation.  

 

On the other hand, several studies suggested that OECs migrate better than Schwann cells, 

when confronted with CNS components (Lakatos et al. 2000. 2003). OECs belong to the 

peripheral olfactory system, where they ensheath but do not myelinate the axons (Field et al. 

2003; Herrera et al. 2005). Xenotransplanted canine, human, or porcine OECs isolated from 

the adult olfactory bulb are capable of extensive functional remyelination following 

transplantation into demyelinated rat CNS (Deng et al. 2006; Wewetzer et al., 2011). The 

association of OECs with axons, their expression of P0, and the transcription factors Krox-

20/Egr2 and SCIP mRNA after transplantation suggest similar mechanisms to form myelin as 

Schwann cells (Smith et al. 2001). Whether OECs have an advantage over Schwann cells, 

however, is controversially discussed (Wewetzer et al., 2002; 2011). Immature stages of 

Schwann cells have been shown to migrate into the CNS eliciting similar reduced changes in 

astrocyte reactivity as OECs (Zujovic et al. 2007). This suggests that OECs may represent a 

stage of the neural crest lineage with plasticity more similar to Schwann cell precursors and 

boundary cap cells (BC), rather than mature Schwann cells. Thus, the choice of cells for 

transplantation therapies between Schwann cell progenitors, mature cells or OECs needs to be 

clarified in future studies (Zujovic et al., 2007; Zujovic and Van Evercooren, 2013).  

 

On the other hand, species differences have to be considered in order to choose cells for pre-

clinical trials (Wewetzer 2002, 2011; Imbschweiler et al., 2010; Ziege et al., 2013). It has 
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been shown that rodent, but not canine, human, and monkey OECs and Schwann cells require 

mitogens for expansion and undergo spontaneous immortalization after prolonged growth 

factor treatment (Wewetzer 2002, 2011). These observations highlight that both canine and 

monkey OECs and Schwann cells may serve as valuable translational models for addressing 

their regenerative capacities at a preclinical stage (Techangamsuwan et al., 2008; Wewetzer 

2002, 2011; Zujovic and Van Evercooren, 2013). Moreover, as dogs represents a suitable 

species because of the primate-like properties of OECs and Schwann cells (Techangamsuwan 

et al., 2008), a deep understanding of the biology of canine Schwann cells and OECs, both in 

vitro and in vivo, is needed in order to reach the final goal of an effective CNS repair.  

   

1.3. Aims of the study 

 

While CNS Schwann cells and OECs have been studied extensively regarding their 

phenotypical and morphological characteristics in several species, very little is known about 

their functional properties in vitro. Indeed, the question of whether CNS Schwann cells differ 

at a functional level from the well-characterized PNS Schwann cell and OPs in vitro has not 

been addressed so far. Moreover, possible functional differences of cells after transplantation 

are currently a topic of investigation. Therefore, the identification of possible distinguishing 

biomarkers using transcriptome-based approaches is highly necessary. The origin of Schwann 

cells from OPs in the injured CNS has so far only been studied in the context of genetically 

modified systems and experimentally induced demyelination in rodent models. Furthermore, 

it remains unclear whether either CNS precursors or CNS as well as PNS Schwann cells 

contribute to remyelination in naturally relevant CNS diseases. Finally, understanding the 

biology of canine cells with growth-promoting and remyelinating capability as a translational 

model for human diseases will help to gain a step in the field of CNS repair. Thus, the aims of 

the present study are (i) to characterize the functional properties of potassium (K
+
) channels in 

canine CNS and PNS Schwann cells isolated from the healthy brain and peripheral nerve, 

respectively, using patch-clamping techniques and microarray analysis in vitro; ii) to evaluate 

the relatedness of both cells types with OECs and identify possible distinguishing biomarkers 

employing a transcriptome-based approach; and iii) to trace the in situ origin of canine 
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p75
NTR

-expressing cells, their phenotype and relation to Schwann cells remyelination in 

spontaneously occurring inflammatory CNS diseases of dogs.
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Chapter2     CNS Schwann cells display oligodendrocyte precursor-like potassium  

 channel activation and antigenic expression in vitro 

 

K. Kegler, I. Imbschweiler, R. Ulrich, P. Kovermann, C. Fahlke, U. Deschl, A. Kalkuhl, W. Baumgärtner, K. 

Wewetzer. 

Abstract 

Central nervous system (CNS) injury triggers production of myelinating Schwann cells from 

endogenous oligodendrocyte precursors (OLPs). These CNS Schwann cells may be attractive 

candidates for novel therapeutic strategies aiming to promote endogenous CNS repair. 

However, CNS Schwann cells have been so far mainly characterized in situ regarding 

morphology and marker expression, and it has remained enigmatic whether they display 

functional properties distinct from peripheral nervous system (PNS) Schwann cells. 

Potassium channels (K
+
) have been implicated in progenitor and glial cell proliferation after 

injury and may, therefore, represent a suitable pharmacological target. In the present study, 

we focused on the function and expression of voltage-gated K
+
 channels Kv1–12 and 

accessory β-subunits in purified adult canine CNS and PNS Schwann cell cultures using 

electrophysiology and microarray analysis and characterized their antigenic phenotype. We 

show here that K
+
 channels differed significantly in both cell types. While CNS Schwann 

cells displayed prominent KD-mediated K
+
 currents, PNS Schwann cells elicited KD- and KA-

type K
+
 currents. Inhibition of K

+
 currents by TEA and Ba

2+
 was more effective in CNS 

Schwann cells. These functional differences were not paralleled by differential mRNA 

expression of Kv1–12 and accessory β-subunits. However, O4/A2B5 and GFAP expressions 

were significantly higher and lower, respectively, in CNS than in PNS Schwann cells. Taken 

together, this is the first evidence that CNS Schwann cells display specific properties not 

shared by their peripheral counterpart. Both Kv currents and increased O4/A2B5 expression 

were reminiscent of OLPs suggesting that CNS Schwann cells retain OLP features during 

maturation. 
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Chapter 3      Transcriptional profiling predicts overwhelming homology of Schwann  

  cells, olfactory ensheathing cells, and Schwann cell-like glia 

 

R. Ulrich, I. Imbschweiler, A. Kalkuhl, A. Lehmbecker, S. Ziege, K. Kegler, K. Becker, U. Deschl, K. 

Wewetzer, W. Baumgärtner 

 

Abstract 

Schwann cells (SCs), olfactory ensheathing cells (OECs), and central nervous system 

Schwann cell-like glia (SG) represent a group of nerve growth factor receptor p75 (NGFR)-

positive cells, originating from different tissues. Because of their proregenerative capacities, 

these cells are subjects in experimental transplantation-based therapies of spinal cord trauma. 

The objective of this study was to compare the transcriptomes of uninfected and canine 

distemper virus-infected OECs, SCs, SG and fibroblasts (FBs) derived from four beagle dogs 

and cultured under identical conditions in vitro, employing canine genome 2.0 arrays 

(Affymetrix). Here, we observed a complete lack of transcriptional differerences between 

OECs and SG, a high similarity of OECs/SG to SCs, and a marked difference of SCs and 

OECs/SG towards FBs. Differentially expressed genes possibly involved in the maintenance 

of cell type-specific identity included an up-regulation of HOXD8 and HOXC4 in SCs, and 

an up-regulation of CNTNAP2 and EFEMP1 in OECs/SG. We identified cell type-specific 

biomarkers employing supervised clustering with a K-nearest-neighbors algorithm and 

correlation-based feature selection. Thereby AQP1 and SCRG1 were predicted to be the most 

powerful biomarkers distinguishing SCs from OECs/SG. Immunofluorescence confirmed a 

higher expression of SCRG1 in OECs and SG, and conversely a higher expression of AQP1 

in SCs in vitro. Furthermore, canine and murine olfactory nerves showed SCRG1-positive, 

AQP1-negative OECs and/or axons, whereas sciatic nerves displayed multifocal non-

myelinated, AQP1-positive, SCRG1-negative cells. Conclusively, OECs/SG are suggested to 

be a uniform cell type differing only in the tissue of origin and highly related to SCs. 

 

Glia (2014) 62:1559–1581 

DOI: 10.1002/glia.22700 
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Chapter 4    Remyelination and the role of Schwann cells in a naturally occurring canine  

model of CNS neuroinflammation 

 

K. Kegler, I. Spitzbarth, I. Imbschweiler, K. Wewetzer, W. Baumgärtner, F. Seehusen 

 

Abstract 

Gliogenesis under pathophysiological conditions is of particular clinical relevance since it 

may provide evidence for regeneration promoting cells recruitable for therapeutic purposes. 

There is accumulating evidence that neurotrophin receptor p75 (p75
NTR

)-expressing Schwann 

cells emerge in the lesioned CNS. However, the phenotype of these cells, and especially their 

origin and signals triggering their in situ generation under normal conditions has remained 

enigmatic. In the present study, we used spontaneous, idiopathic CNS inflammation in dogs 

with prominent macrophages and lymphocytic infiltration as a model to study the phenotype 

and origin of Schwann cells emerging under these conditions. In cerebral and cerebellar white 

and grey matter lesions as well as in the brain stem, p75
NTR

-positiveSchwann cells co-

expressed the transcription factor Sox2, but not GAP-43, GFAP, Egr2/Krox20 and periaxin 

indicative of dedifferentiated Schwann cells. Moreover, effective Schwann cell remyelination 

was strikingly associated with the presence of p75
NTR

/Sox2-expressing Schwann cells, and 

their antigenic phenotype further supported a peripheral rather than a central origin in this 

particular CNS inflammatory entity. Interestingly, the emergence of dedifferentiated Schwann 

cells was not affected by astrocytes, and a macrophage-dominated inflammatory response 

provided an adequate environment for Schwann cells plasticity within the injured CNS. 

Furthermore, we found that axon damage was reduced in brain stem areas with p75
NTR

/Sox2-

positive cells. This study provides novel insights into the involvement of PNS-derived 

Schwann cells in CNS remyelination under natural circumstances. Targeting p75
NTR

/Sox2-

expressing Schwann cells to enhance their differentiation into competent remyelinating cells 

appears to be a promising therapeutic approach for inflammatory/demyelinating CNS 

diseases.  

 

 

 



 Chapter   4                                                                                                                              

 

 

28 

 

Introduction 

Following injury, the peripheral nervous system (PNS) possesses a pronounced regenerative 

capacity, while regeneration is insufficient and remains abortive in central nervous system 

(CNS) diseases (Franklin and Ffrench-Constant, 2008; Lutz and Barres, 2014). The relatively 

enhanced regeneration of the PNS is in part attributed to the plasticity of Schwann cells, the 

major class of PNS glia (Jessen and Mirsky, 2005; Joseph et al., 2004; Woohdoo et al., 2008). 

Schwann cells undergo a remarkable transformation in response to injury, characterized by a 

transient period of proliferation and extensive changes in gene expression (Geuna et al., 

2010). Although many of these molecular changes result in a cellular status reminiscent of 

immature Schwann cells (Jessen and Mirsky, 2005; Woohdoo et al., 2008), recent work 

implies that the post-injury stage of Schwann cells represents an unique phenotype, promoting 

repair and lacking several features found in other differentiation stages of the Schwann cell 

lineage (Arthur-Farraj et al., 2012). 

Although Schwann cells are not a physiological component of the CNS, recent evidence 

indicates that they crucially contribute to the cellular response following CNS injury under 

certain circumstances. Schwann cell participation has been largely described in experimental 

animal models for spinal cord trauma and toxic demyelination caused by injection of 

substances such as kainate, ethidium bromide, 6-aminonicotinamide, and lysolecithin 

(Blakemore, 1975; Dusart et al., 1992; Powers et al., 2013; Zawadzka et al., 2010). 

Interestingly, Schwann cell-mediated remyelination is a well-known phenomenon in the 

spinal cord of patients suffering from multiple sclerosis (MS), the major human 

demyelinating condition (Duncan and Hoffman, 1997; Harrison et al., 1980; 1987; Itoyama et 

al., 1983; 1985). Although data upon the exact role of these cells in terms of functional effects 

are lacking so far, it is suggested that Schwann cells might contribute to significant CNS 

regeneration. Their origin, however, in naturally occurring diseases remains unclear so far. In 

particular, it remains to be determined whether the presence of an immature or post-injury 

Schwann cell phenotype promotes CNS regeneration under natural circumstances.   

Strikingly, the origin of Schwann cells within the CNS is controversially discussed (Crawford 

et al., 2013; Franklin et al., 2013; Powers et al., 2013; Zawadzka et al., 2010). On the one 

hand, experimental and naturally occurring spinal cord injury studies demonstrated that 

immature/dedifferentiated Schwann cells expressing their prototype marker p75 neurotrophin 
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receptor (p75
NTR

) migrate into the lesioned site from PNS sources such as spinal nerve roots 

(Buss et al., 2007; Duncan and Hoffman, 1997; Franklin and Blakemore, 1993; Nagoshi et al., 

2011). On the other hand, the lineage-tracing studies from Zawadzka et al. (2010) have clearly 

shown that CNS-resident precursors are responsible for Schwann cell-mediated remyelination 

within the CNS of mice, and that only very few remyelinating Schwann cells invade the CNS 

from PNS sources. Additionally, in vitro studies suggest that p75
NTR

-expressing Schwann 

cells derived from the CNS share several properties with oligodendrocyte precursor cells 

(OPCs), including similar voltage-gated potassium channels (Kv) activation and antigenic 

expression, substantiating that these cells might represent centrally generated pre-myelinating 

Schwann cells (Imbschweiler et al., 2012; Kegler et al., 2014; Orlando et al., 2008). However, 

the relationship between canine CNS Schwann cells and OPCs in vivo remained unresolved. 

Since the origin of Schwann cells in the CNS has predominantly been studied in the context 

of genetically modified systems and experimentally induced diseases (Nagoshi et al., 2011; 

Zawadzka et al., 2010), the question arises, to which extent either OPC- or PNS-derived 

Schwann cells contribute to remyelination in naturally occurring inflammatory conditions. 

Moreover, it remains to be solved, whether there is a potential link between inflammation and 

triggering of Schwann cells in the CNS.  

To address the former aspects, we aimed to investigate naturally occurring lympho-histiocytic 

encephalitis and granulomatous meningoencephalitis (GME), two CNS idiopathic 

inflammatory entities of dogs, grouped as non-suppurative meningoencephalitis of unknown 

origin (Schwab et al., 2007). These idiopathic neuroinflammatory entities of the canine CNS 

are characterized by varying degrees of macrophages and lymphocytic infiltration (Kipar et 

al., 1998; Park et al., 2012; Talarico and Schatzberg, 2010). Such condition might serve as an 

interesting model providing clues to the question, whether underlying inflammatory 

mechanisms trigger the occurrence of Schwann cells in spontaneous CNS diseases. 

Additionally, its idiopathic nature (Barber et al., 2012; Talarico and Schatzberg, 2010) 

resembles the etiopathogenesis of MS in some aspects, thus potentially allowing 

extrapolations to human inflammatory CNS diseases (Hauser and Oksenberg, 2006). Since 

many canine CNS conditions share striking similarities with their human counterparts, dogs 

are increasingly acknowledged as an appropriate translational animal model for human CNS 

diseases, which might help to overcome the gap between highly homogenous lesions in 
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experimental rodent models and clinically relevant conditions in humans (Omar et al., 2011; 

Spitzbarth et al., 2011; Techangamsuwan et al., 2008; Wewetzer et al., 2011). 

In this study, we analyzed the spatial distribution and the identity contributing to the 

emergence of p75
NTR

-expressing Schwann cells and mature myelinating Schwann cells within 

the brains of dogs with non-suppurative meningoencephalitis of unknown origin, and 

compared the observed expression profiles with those of the healthy canine brain and sciatic 

nerve. Consistently, we found that the plasticity of Schwann cells within the damaged CNS 

resembled their response after peripheral nerve injury in terms of differentiation and that 

Schwann cells were PNS-derived rather than generated from central precursors in this specific 

naturally occurring CNS inflammatory condition. Furthermore, we provide evidence that a 

macrophage-rich environment may support Schwann cell activity within the CNS. This is the 

first study which characterizes in detail the Schwann cell phenotype in the injured brain using 

idiopathic inflammatory CNS conditions providing novel insights into the involvement of 

Schwann cells under pathophysiological circumstances in the CNS.  

 

Materials and methods 

Animals, histology and neuropathological diagnoses 

The CNS tissue used in the present study derived from dogs, which represented submissions 

to the diagnostic service of the Department of Pathology of the University of Veterinary 

Medicine, Hannover, Germany. Animals died either spontaneously or were euthanized due to 

a poor prognosis. Following routine necropsy, which was conducted with the owner’s 

consent, brain samples of dogs suffering from spontaneous CNS diseases were collected and 

subsequently fixed in non-buffered formalin (10%) and embedded in paraffin. Serial sections 

(3 µm thick) were mounted on SuperFrost-Plus slides (Menzel Gläser, Braunschweig, 

Germany), and stained with hematoxylin and eosin (HE) for neuropathological classification. 

Neuropathological diagnosis was done by board certified veterinary pathologists on HE 

sections and classified as non-suppurative meningoencephalitis of unknown etiology 

comprising granulomatous and lympho-histiocytic meningoencephalitis (n=25). All cases 

were examined immunohistochemically for 18 different infectious agents, including viruses, 

bacteria and prion protein (Schwab et al., 2007), and only those cases with undetermined 

etiology were included this study. The brains of five neurologically healthy dogs, which either 
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spontaneously died or were euthanized due to non-CNS diseases, were used as controls. 

Furthermore, sciatic nerves from 4 week-old puppy and 6-month old served as control for 

peripheral nervous tissue. 

In non-suppurative meningoencephalitis, lesioned areas were defined by the presence of the 

characteristic perivascular inflammatory infiltrates composed of macrophages, lymphocytes 

and scattered plasma cells (Kipar et al., 1998; Park et al., 2012; Talarico and Schatzberg, 

2010). Well demarcated, single perivascular cuffing with inflammatory cells infiltrating the 

parenchyma, or confluent perivascular infiltrates with no clear separation between affected 

blood vessels were considered each as one lesioned area. To assess the spatial distribution of 

p75
NTR

-expressing Schwann cells in diseased dogs and healthy controls, areas localized 

within the grey and white matter of the cerebrum, cerebellum, and the brain stem were 

separately evaluated. 

 

Antibodies and lectins 

For immunohistochemistry (IHC) and immunofluorescence (IF) monoclonal antibodies 

included antibodies against the neurotrophin receptor p75 (p75
NTR

, clone HB8737, 1:5 IHC, 

1:2 IF, ATCC, Rockville, USA), non-phosphorylated neurofilaments (n-NF, SMI 311, 

1:1,000 IHC, Sternberger Monoclonals, Lutherville, USA), β-amyloid precursor protein (β-

APP, MAB348; 1:800 IHC, Chemicon International, Temecula, USA), CD3 (A0452, 1:300 

IHC, DakoCytomation, Hamburg, Germany), and the major peripheral myelin protein zero 

(P0; clone P07, 1:1,000 IF, Archelos et al., 1993). Polyclonal antibodies included anti-glial 

fibrillary acidic protein (GFAP, Z0334, 1:1,000 IHC, 1:400 IF, DakoCytomation, Hamburg, 

Germany), anti-early growth response 2 (Egr2/Krox20, LS-B3577, 1:500 IHC, 1:200 IF, 

LifeSpan BioSciences, Inc., Seattle, USA), anti-growth associated protein-43 (GAP-43,  

AB5220, 1:600 IHC, 1:200 IF, Millipore, Darmstadt, Germany), anti-periaxin (PRX, 

HPA001868, 1:5000 IHC, 1:1000 IF, Sigma-Aldrich, St. Louis, USA), anti-PDGFR-α (C-

20:sc-338, 1:400 IHC, 1:200 IF, Santa Cruz Biotechnology, Inc., Dallas, USA), and the anti-

sex determining region Y-box 2 (Sox2, D6D9, 1:50 IHC, 1:20 IF, Cell Signaling Technology, 

Inc., Danvers, USA). The lectin Bandeira simplicifolia was used to detect 

microglia/macrophages (BS-1, L3759, Sigma-Aldrich, Taufkirchen, Germany). 
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Immuno- and lectin histochemistry 

Immuno- and lectin histochemistry was performed by using the avidin-biotin-peroxidase 

complex (ABC) method as previously described (Seehusen et al., 2007; Spitzbarth et al., 

2011). Briefly, 3 µm thick sections were deparaffinized and rehydrated through a graded 

series of alcohols, treated with 0.5% H2O2 to block endogenous peroxidase and, depending on 

the used antibody, heated in sodium-citrate buffer for 30 minutes for antigen retrieval. After 

incubation with 20% goat serum, sections were incubated with the respective primary 

antibody (Ab) overnight at 4°C. As negative control, primary antibodies were substituted with 

either rabbit serum for polyclonal Abs (1:3000; R4505; Sigma Aldrich, Taufkirchen, 

Germany) or mouse Balb/c serum for monoclonal Abs (1:1000; CBL600; Millipore, 

Schwalbach, Germany). Biotinylated goat-anti-rabbit IgG (BA-1000) or goat-anti-mouse IgG 

(BA-9200), diluted 1:200 (Vector Laboratories, Burlingame, CA, USA), were used as 

secondary antibodies. Color development was done using 3,3’-diaminobenzidine 

tetrahydrochloride (DAB) with H2O2 (0.03%, pH 7.2) for 5 min followed by slight 

counterstaining with Mayer’s hemalaun. For double immunostaining, n-NF was combined 

with periaxin. Immunostaining for both antigens was done sequentially. Visualization of the 

second antigen was done by using HistoGreen as a substrate (E109, Linaris, Wertheim-

Bettingen, Germany).  

 

Double immunofluorescence staining 

On representative sections, immunofluorescence double staining procedures were performed 

as described (Seehusen et al., 2007) on 3 µm thick paraffin-embedded sections to demonstrate 

a possible co-localization of p75
NTR

 with PDGFR-α, the transcription factors Sox2 and 

Egr2/Krox20, GAP-43, GFAP, and periaxin. In addition, double labeling P0 and periaxin was 

performed. Briefly, sections were simultaneously incubated with the respective primary 

antibodies for 90 min. Cy3-labeled goat anti-mouse (red, 1:200, Alexa Fluor® 555 dye, Life 

Technologies) and Cy2-labeled goat anti-rabbit (green, 1:200, Alexa Fluor® 488 dye, Life 

Technologies) secondary antibodies were used to visualize the respective antigens. Nuclear 

counterstaining was performed with 0.01% bisbenzimide (H33258, Sigma Aldrich, 

Taufkirchen, Germany) and sections were mounted with Dako Fluorescent Mounting medium 
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(DakoCytomation, Hamburg, Germany). The number of cells with co-localizing antigenic 

markers by double immunofluorescence was expressed in percentage. 

 

Organotypic Slice Cultures of the Adult Canine Brain Stem 

Organotypic slice cultures from one healthy dog were established according to Heimrich and 

Frotscher (1993) with modifications (Imbschweiler et al., 2012; Omar et al., 2011; Spitzbarth 

et al., 2014). Briefly, the isolated brain stem was placed on a plate of low-adhesive plastic 

(Vulcolan) and sections were cut (350 µm) using a tissue chopper (Mc Illwain, Mickle Lab, 

Engineering Surrey, UK). Slices were transferred to organotypic inserts (Millicell Cell 

Culture Inserts, Millipore, Schwalbach, Germany), placed in 6-well plates (Nunclon, Nunc, 

Wiesbaden, Germany), and maintained in Dulbecco’s modified Eagle (DME) medium 

(Invitrogen Inc., Karlsruhe, Germany) containing 10% fetal calf serum (PAA, Marburg, 

Germany). For each time point, slices were cut out of the membrane using a scalpel and fixed 

in paraformaldehyde (4% in PBS). After paraffin embedding, sections (4 µm) were cut and 

mounted on slides, as described above. The slices were evaluated at days 0, 3, 9, and 18 in 

culture. Inmmunostaining for BS-1 and periaxin, and double immunofluorescence procedures 

with anti-p75
NTR

 and anti-Sox2 antibodies was done as described above. 

 

Statistical Analysis 

The obtained immuno- and lectin histochemistry signals were evaluated quantitatively by 

counting the number of positive structures (cells and axons), using a morphometric grid. All 

lesioned areas within each case were evaluated. According to the individual size of the 

respective area, the total lesioned area or, in cases of large lesions, a maximum of 12 

randomly distributed fields were counted. The number of immunoreactive structures per mm² 

was calculated and used for statistical analyses. Immunohistochemical data were subjected to 

statistical analysis using “SPSS” software for Windows (SPSS Inc., Chicago, IL, USA), 

version 21.0. As part of the data was not normally distributed, the Kruskal-Wallis test and 

subsequent Mann-Whitney U-tests for group-wise comparisons were employed, and p values 

lower than 0.05 were considered statistically significant. In order to reveal potential co-

dependencies between the different immuno- and lectin-histcohemical markers, correlation 

coefficients were calculated using the Spearman’s rank correlation test.  
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Results 

Distribution of p75
NTR

-expressing Schwann cells in Canine Non-suppurative 

Meningoencephalitis of Unknown Etiology 

In all five control dogs, p75
NTR 

was limited to the neuropil of the trigeminal nucleus and tract, 

and in association with the leptomeningeal blood vessels and choroid plexus capillaries. In 

non-suppurative meningoencephalitis, glial expression of p75
NTR

 was found in 61 out of 198 

(31%) of the lesioned areas analyzed. In lesioned areas localized in the cerebrum (n=108), 

p75
NTR

-expressing cells were observed in 6 out of 34 (18%) areas distributed in the grey 

matter, and 26 out of 74 (35%) areas of the white matter. Within the cerebellum (n=52), there 

were no p75
NTR

-expressing cells in the grey matter (n=5), but they were detected in 27 out of 

47 (57%) lesioned areas localized in the white matter. The brain stem displayed the highest 

percentage of lesioned areas with p75
NTR

-positive cells (24 out of 38; 63%).  

In all areas, in which p75
NTR

-expressing glial cells were observed, the cells were exclusively 

present intralesionally, and displayed a spindle-shaped and bipolar morphology with an oval 

cell body and nucleus, reminiscent of Schwann cells (Nagoshi et al., 2011; Imbschweiler et 

al., 2012). In addition, a small number of p75
NTR

-positive cells were characterized by multiple 

processes and a stellate-shaped morphology. All p75
NTR

-expressing cells were found in 

immediate vicinity to perivascular inflammatory infiltrates. Interestingly, p75
NTR

-

immunoreactive cells were occasionally detected inside the Virchow-Robin spaces, 

intermingled with inflammatory cells. In addition, p75
NTR

-expressing cells were found in 

close proximity to the entry of cranial nerves in the brain stem. No immunoreactivity was 

present within the adjacent normally appearing neuroparenchyma. 

 

Phenotypical Characterization of p75
NTR

-expressing Schwann cells Reveals Similarities 

with Dedifferentiated Schwann cells but not with Immature and Non-myelinating Schwann 

cells, and Oligodendrocytes Precursors Cells 

p75
NTR

 represents the prototype marker for immature Schwann cells, the adult non-

myelinating form, and dedifferentiated Schwann cells after peripheral nerve injury (Jessen 

and Mirsky, 2005; 2008; Joseph et al., 2004; Woodhoo et al., 2008), but is not able to 

discriminate between these differentiation stages. As the three Schwann cells phenotypes have 

been shown to be similar, but not antigenically identic (Arthur-Farraj et al., 2012; Woohdoo 
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et al., 2008), we examined the expression of several markers in order to identify the 

phenotype of p75
NTR

-expressing Schwann cells within CNS lesion sites, in comparison with 

normal sciatic nerve as control tissues. Expression of GFAP and the transcription factor Sox2 

is shared by immature, non-myelinating, and dedifferentiated Schwann cells in the PNS 

(Jessen et al., 1990; Kioke et al., 2013; Parrinello et al., 2010; Salzer, 2008). GAP-43 

expression, however, is mainly described in immature Schwann cells and the adult non-

myelinating form (Curtis et al., 1992; Woodhoo et al., 2008). An antibody against 

Egr2/Krox20 was used to detect pre-myelinating and mature myelinating Schwann cells, as 

these differentiation stages have shown to express this transcription factor (Salzer, 2008; 

Topilko et al., 1994). Antibodies directed against periaxin and myelin protein zero (P0) were 

used in order to detect the mature myelinating phenotype of Schwann cells (Gillespie et al., 

1994; Scherer et al., 1995). 

In control sciatic nerves, 8% and 1% of Schwann cells co-localized for p75
NTR

 and GAP-43 

(Fig. 1A), and 8% and 7% co-expressed GFAP and p75
NTR

(Fig. 1B) in the 4week- and 

6month- old dogs, respectively. Approximately 4% and 6% of sciatic nerve Schwann cells 

were immunoreactive for both p75
NTR

and Sox2 (Fig. 1C), in the 4 week-old and 6-month old 

dogs, respectively. Co-expression of p75
NTR

 and Egr2/Krox20 (Fig. 1D) was observed in 7% 

of the cells only in the 4 week-old puppy, mainly representing a pre-myelinating state. In 

sciatic nerves, periaxin did not co-localize with p75
NTR 

(Fig. 1E) in any cell substantiating that 

p75
NTR

 was completely down-regulated once Schwann cells myelinate.  

In non-suppurative meningoencephalitis of unknown etiology, 63% of the p75
NTR

-positive 

cells, both with bipolar and multipolar morphology, co-expressed Sox2 (Fig. 2A). 

Interestingly, GAP-43 (Fig. 2B), GFAP (Fig. 2C), Egr2/Krox20 (Fig. 2D) and periaxin (Fig. 

2E) did not overlap with p75
NTR

 expression in any cell of the lesioned areas. Based on this 

observation, we sought to determine, whether the detected p75
NTR

 positive cells in fact may 

represent OPCs, since previous reports demonstrated that OPCs may express both p75
NTR 

(Chang et al., 2000; Petratos et al., 2004; Young et al., 2007) and Sox2 (Lee et al., 2013). 

However, in all CNS lesioned areas examined, none of the p75
NTR

-expressing cells was found 

to co-localize with PDGFR-α (Fig. 2F), the prototype marker for OPCs.  
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The Occurrence of p75
NTR

-Expressing Schwann Cells is Associated with Effective Schwann 

Cell Mediated Remyelination 

In order to investigate, whether the detection of p75
NTR

-expressing Schwann cells is in fact 

associated with effective Schwann cell-mediated remyelination, we analyzed the spatial 

distribution of the CNS-specific myelin protein periaxin (Gillespie et al., 1994). Periaxin 

immunoreactivity in control tissue was limited to cranial nerves (Fig. 3A), and abruptly 

stopped once axons entered the CNS. Myelinating Schwann cells expressing periaxin were 

not observed in any of the lesioned areas localized in the cerebral and cerebellar grey matter, 

but were present in 2 (6 %) and 6 (13 %) lesioned areas of the cerebral and cerebellar white 

matter, respectively. The brain stem displayed the highest numbers of lesioned areas with 

periaxin-expressing Schwann cells (14 out of 38; 37%; Fig. 3B). Double 

immunohistochemistry for periaxin and NF demonstrated that a large proportion of periaxin-

positive Schwann cells were in fact enwrapping NF-positive axons (Fig. 3C), substantiating 

factual Schwann cell remyelination. 

The occurrence of Schwann cell remyelination was exclusively associated with the presence 

of p75
NTR

-expressing Schwann cells in all anatomical localizations investigated. However, 

p75
NTR

-expressing Schwann cells were also present in lesioned areas without Schwann cell 

remyelination. Prompted by this finding, we sub-grouped these areas in order to quantitatively 

analyze a possible association between both Schwann cells phenotypes. Lesioned areas of the 

cerebral and cerebellar white matter, and the brain stem were classified as follows: 1) lesioned 

areas without p75
NTR

-expressing cells (p75
NTR-

/PRX
-
 areas; white matter n=73; brain stem: 

n=14); 2) lesioned areas with p75
NTR

-expressing cells, but without Schwann cell 

remyelination (p75
NTR+

/PRX
-
 areas; white matter: n=45; brain stem: n=10); 3) lesioned areas 

with p75
NTR

-expressing cells and Schwann cell remyelination (p75
NTR+

/PRX
+
 areas; white 

matter: n=8; brain stem: n=14) and 4) normal control white matter (n=10) and normal brain 

stem (n=5) of control dogs.  

Within the cerebral and cerebellar white matter, and in the brain stem, the number of p75
NTR

-

expressing Schwann cells was significantly higher in p75
NTR+

/PRX
+
 areas in comparison to 

p75
NTR+

/PRX
-
 areas (p = 0.01; Fig. 4 A,B). Spearman’s rank correlation coefficient showed a 

mild to moderate correlation between p75
NTR

 and periaxin immunoreactivity of 0.423 and 

0.759 (p < 0.01) in the white matter and brain stem, respectively. Interestingly, in 
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p75
NTR+

/PRX
+ 

lesioned areas, around 83 % of p75
NTR

-expressing cells were found to co-

localize with Sox2, while a comparatively lower amount of 42 % co-expressed both markers 

in p75
NTR+

/PRX
- 
lesioned areas.  

 

The Phenotype of Remyelinating Schwann Cells Suggests a Peripheral Origin in Canine 

Non-suppurative Encephalitis   

Remyelinating CNS Schwann cells emerging from endogenous OPCs have been shown to 

express periaxin but not P0 in experimental rodent paradigms, while P0 and periaxin are 

widely co-expressed in myelinating peripheral Schwann cells (Zawadzka et al., 2010). Thus, 

we performed double-labelling for P0 and periaxin in representative canine encephalitic 

lesions. Virtually all periaxin-positive Schwann cells co-expressed P0 (Fig. 5A,B,C) 

indicative of a peripheral origin of the detected Schwann cells.  

 

Comparative Quantitative Analysis of p75
NTR

-Expressing Schwann Cells, Myelinating 

Schwann Cells and Central Axonal Damage 

Comparative quantitative analysis of β-APP expression as a marker for axonal damage 

(Imbschweiler et al., 2012; Seehusen and Baumgärtner, 2010) revealed that all cerebral and 

cerebellar white matter lesions displayed significantly higher numbers of β-APP-positive 

axons as compared with controls, with no significant differences between the different lesion 

types (Fig. 6A). However, in the brain stem areas lacking p75
NTR

-positive Schwann cells 

displayed a significantly higher number of β-APP positive axons compared to p75
NTR+

/PRX
-
, 

and p75
NTR+

/PRX
+
 lesioned areas (Fig. 6B). 

 

Comparative Quantitative Analysis of p75
NTR

-Expressing Schwann Cells, Myelinating 

Schwann Cells, Astrocytes and Inflammatory Infiltrates 

Large hypertrophic astrocytes were present in all lesioned areas. GFAP immunoreactivity 

revealed a marked astrogliosis in p75
NTR-

/PRX
-
, p75

NTR+
/PRX

-
, and p75

NTR+
/PRX

+
 lesioned 

areas localized in the cerebral and cerebellar white matter as compared with controls (Fig. 

7A). However, there was no difference in its expression between the three lesion types. In the 

brain stem, GFAP-expression did neither significantly vary between the investigated lesion 

types nor between lesions and controls (Fig. 7B). 
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The number of CD3-positive T lymphocytes and BS-1-positive microglia/macrophages were 

significantly higher compared to controls within lesions of the cerebral and cerebellar white 

matter and the brain stem. Interestingly, in the cerebral and cerebellar white matter and in the 

brain stem, CD3-positive T lymphocytes numbers were significantly lower in p75
NTR+

/PRX
+
 

and p75
NTR+

/PRX
- 
lesions when compared to p75

NTR-
/PRX

-
 areas (Fig. 7C,D). The number of 

BS-1-positive microglia/macrophages did not show any significant differences between the 

lesion groups in any anatomical localization (Fig. 7E,F). 

 

Appearance of p75
NTR

/Sox2 Expressing Schwann Cells During Culturing of Organotypic 

Slices from the Normal Adult Canine Brain Stem 

To gain further insights into the origin of Schwann cells, slice cultures from the brain stem of 

a normal control dog were established and examined at different time points. The experiments 

focused on the co-expression of p75
NTR

 and Sox2, which appeared in situ within Virchow-

Robin vascular spaces, and in close proximity to blood vessels and cranial nerves entry. In 

addition, mature myelinating Schwann cells were identified by the expression of periaxin. Co-

labeling of p75
NTR

 and Sox2 (Fig. 8A,B,C) revealed the emergence of bi- to multipolar cells 9 

days after slicing increasing considerably in number at day 18. Strikingly, p75
NTR

-Sox2 co-

expressing cells were mainly localized in close proximity to blood vessels at both time points. 

Until day 18 in vitro, no periaxin-positive cells, indicative of mature, myelinating cells, were 

detected. Lectin histochemistry using BS-1 demonstrated the lack of microglial and 

macrophage-like cells at the beginning of the cultivation period and a massive increase in the 

number of BS1-positive cells during culturing. These cells were of a round to oval 

morphology and displayed a vacuolated cytoplasm reminiscent of actively phagocytizing 

macrophages.  

 

Discussion 

Over recent years, remarkable progress in understanding the cellular and molecular events 

triggering remyelinating Schwann cells following spinal cord trauma, toxic demyelination, 

and autoimmune diseases has been made through the use of experimental animal models 

(Blakemore, 1975; Dusart et al., 1992; Nagoshi et al., 2011; Powers et al., 2013; Zawadzka et 

al. 2010). Despite rapid advances, however, relatively little is known about Schwann cells 
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origin and correlative factors triggering the occurrence of these cells in spontaneous diseases 

such as MS and other inflammatory CNS conditions (Duncan and Hoffman, 1997). In an 

attempt to address these open points, the present investigation focused on the spatial 

distribution, phenotype, origin and role of Schwann cells at the lesion site in naturally 

occurring, canine idiopathic CNS inflammatory conditions. Understanding the in situ biology 

of canine Schwann cells and their interaction with a specific inflammatory microenvironment 

is essential for their putative therapeutic use in human CNS diseases, since the dog is 

considered an interesting translational animal model to close the gap between rodents and 

men (Imbschweiler et al., 2012; Ulrich et al., 2014; Wewetzer 2002; 2011; Ziege et al., 2013). 

p75
NTR

 has been widely used as a prototype marker for Schwann cells during development 

and in the adult PNS (Jessen and Mirsky, 2005; 2008; Stemple and Anderson, 1991; 

Woodhoo et al., 2008). However, this marker alone is not sufficient for their unequivocal 

identification in the CNS, since previous in situ studies revealed that other cell types such as 

OPCs and astrocytes are similarly able to express p75
NTR

 (Chang et al., 2000; Dowling et al., 

1999; Petratos et al., 2004). In addition, a spectrum of unique glia such as tanycytes, 

pituicytes, pineal interstitial cells, and Schwann-like brain glia, sharing the expression p75
NTR

, 

were collectively introduced under the term aldynoglia (Gudino-Cabrera and Nieto-

Sampedro, 1999; 2000; Ulrich et al., 2014; Wewetzer et al., 1997). In fact, Schwann-like 

brain glia may represent a premyelinating state generated from progenitors of the 

oligodendrocytic lineage (Imbschweiler et al., 2012; Kegler et al., 2014; Orlando et al., 2008). 

If this is the case, one would expect co-expression of both PDGFR-α and p75
NTR

 in OPCs, 

which once differentiated, lose PDGFR-α expression but retain p75
NTR 

(Imbschweiler et al., 

2012).   

The Schwann cell identity was further elucidated by detailed immunohistochemical analysis 

demonstrating that in these natural occurring CNS inflammatory conditions, Schwann cells 

recapitulated differentiation patterns described after peripheral nerve injury (Gilmore and 

Sims, 1995; Griffin and Hoffman, 1993; Poduslo, 1993). Axonal damage in the PNS induces 

dedifferentiation of mature Schwann cell (Griffin and Hoffman, 1993; Jessen and Mirsky, 

2008), a process requiring down-regulation of  myelin genes, such as P0, periaxin and Egr-

2/Krox20, and re-expression of molecular markers including p75
NTR

, GFAP and the 

transcription factor Sox2 (Jessen and Mirsky, 2008; Salzer, 2008). In this study, p75
NTR

-
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expressing Schwann cells co-labeled with Sox2, but not with GFAP and GAP-43, two 

markers described in immature Schwann cells and in the mature non-myelinating form 

(Jessen et al., 1990; Jessen and Mirsky, 2008; Woodhoo et al., 2008), as confirmed in sciatic 

nerves of controls by co-labeling with p75
NTR

. In addition, these cells did not stain with 

antibodies against Egr2/Krox20 and periaxin suggesting a down-regulation of myelin markers 

to gain a dedifferentiated phenotype (Jessen and Mirsky, 2008; Salzer, 2008). Although 

GFAP has been demonstrated to be up-regulated by dedifferentiated Schwann cells after 

axotomy in rodent models (Griffin and Hoffman, 1993; Jessen and Mirsky, 2008), it remains 

unclear whether the lack of its expression in the present study might simply reflect species 

specific differences.  

It is not until axons are completely regenerated that dedifferentiated Schwann cells regain 

their myelinating phenotype and initiate remyelination of PNS axons (Geuna et al., 2010; 

Gilmore and Sims, 1995). The number of p75
NTR

-expressing immature/dedifferentiated 

Schwann cells has been shown to decline in parallel to the appearance of the myelinating 

cells, postulating a redifferentiation of p75
NTR

-expressing Schwann cells within in the injured 

spinal cord (Nagoshi et al., 2011). Not surprisingly, we found that p75
NTR

/Sox2-expressing 

cells were higher in number in lesioned areas containing mature myelinating Schwann cells. 

Sox2 is a well-known inducer of cell proliferation after PNS injury (Cimadamore et al. 2011; 

Le et al., 2005; Wakamatsu et al. 2004). Similar to the involvement of p75
NTR

 in Schwann 

cells migration (Anton et al., 1994), Sox2 has been shown to be involved in early stages of 

peripheral nerve repair. For instance, Sox2 orchestrates ephrin-B/EphB2-mediated Schwann 

cell sorting followed by directional cell migration to guide regrowing axons (Parrinello et al., 

2010). We therefore speculate that the emergence of p75
NTR

/Sox2 expressing cells within the 

injured CNS may represent an early step for an effective CNS regenerative process. Whether 

the same environmental cues as in the PNS acts as an attractant for p75
NTR

/Sox2 expressing 

cells in the injured CNS remains, however, to be determined.  

Although the model in this study does not allow the characterization of chronological changes 

regarding the phenotype of Schwann cells, both immunohistochemical data and the particular 

distribution of Schwann cells around blood vessels and the proximity to cranial nerve entries 

implies that remyelinating Schwann cells might be derived from p75
NTR

/Sox2-expressing 

Schwann cells that invaded the CNS from the periphery. Similar results were found in a study 
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using linage-tracing of Schwann cells after spinal cord injury (Nagoshi et al., 2011) and 

naturally occurring spinal cord trauma (Buss et al., 2007). Under both conditions, mature 

myelinating Schwann cells of spinal nerve roots dedifferentiated into p75
NTR

-expressing 

Schwann cells followed by migration into the CNS to regain their myelinating phenotype. On 

the other hand, the detected myelinating Schwann cells in this study characteristically co-

expressed P0 and periaxin, two myelin markers observed in PNS- but not CNS-derived 

remyelinating Schwann cells (Zawadzka et al., 2010). Thus, taken together, these data provide 

evidences that PNS- rather than CNS-derived Schwann cells contribute to the Schwann cell 

population in naturally occurring CNS inflammatory conditions.  In this respect, both cranial 

nerves and autonomic nerves of blood vessels can be considered as potential sources, 

extending previous observations (Duncan and Hoffman, 1997; Franklin and Blakemore, 1993; 

Sim et al., 2002; Snyder et al., 1975). Strikingly, we provide further evidences that non-

myelinating Schwann cells of autonomic nerves regain a more immature phenotype well 

before invading the CNS parenchyma, since p75
NTR

/Sox2 expressing cells lacking GFAP, 

another marker for mature non-myelinating Schwann cells in the PNS (Jessen et al., 1990) 

were detected directly inside Virchow-Robin perivascular spaces in all investigated 

localizations and they emerged in vitro in organotypic slices in close proximity to blood 

vessels.   

It is well known that dedifferentiated Schwann cells provide a supportive environment for 

axonal regeneration before remyelination (Arthur-Farraj et al., 2012; Parrinello et al., 2010; 

Weidner et al., 1999). However, there is apparently a lack of consensus regarding functional 

consequences of such cells within the injured CNS (Buss et al., 2007; Franklin and Gallo, 

2014; Nagoshi et al., 2011; Powers et al., 2013; Zawadzka et al. 2010). In this study, axonal 

damage in the brain stem, as detected by axonal immunoreactivity for β-APP, was found to be 

significantly lower in lesioned brain stem areas with different stages of Schwann cells as 

compared to lesions without such cells. These results support the idea that axonal damage 

might induce the differentiation of precursor cells into p75
NTR

-positive Schwann like cells, as 

it has been proposed in a study of canine distemper lesions (Imbschweiler et al., 2012). 

However, as reduced axonal damage does not necessarily imply enhanced axonal 

regeneration, further studies with markers for axonal regeneration are essential to substantiate 

these findings. 
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It has generally been assumed that the absence of astrocytes is critical for Schwann cell 

migration into the injured spinal cord, both under experimental and natural conditions 

(Blakemore, 2005; Franklin and Blakemore, 1993; Iwashita et al., 2000; Iwashita and 

Blakemore, 2000; Lavdas et al. 2008). Strikingly, the present study on naturally lesioned 

brain tissue demonstrated that the occurrence of Schwann cells within the cerebral and 

cerebellar white matter and the brain stem was not dependent on the presence of astrocytes. 

Thus, these data provide novel in situ evidence that Schwann cells with an immature 

phenotype might be less susceptible to astrocytic presence. In fact, previous experiments 

demonstrated that immature Schwann cells grafted to the lesioned CNS have a greater ability 

to migrate and intermingle with astrocytes than mature Schwann cells (Buss et al., 2007; 

Weidner et al., 1999; Zujovic et al., 2007; Zujovic and Van Evercooren, 2013). In a recent 

study using organotypic brain slices of adult mice, p75
NTR

-positive bi-polar cells were 

similarly observed independent of GFAP expression (Spitzbarth et al., 2014).  

More recently, macrophages have been shown to play critical roles in regenerative processes 

following both peripheral nerve injury (Koeppen, 2004; Perry et al., 1995) and CNS 

demyelinating diseases (Miron et al. 2013; Miron and Franklin, 2014; Skripuletz et al., 2013). 

Although the involvement of microglia/macrophages has been mainly studied in the context 

of differentiation of OPCs into oligodendrocytes (Miron et al. 2013), less is known about their 

role in Schwann cell-mediated repair. Taking advantage of the inflammatory spontaneous 

canine disease used in this study, we demonstrated that there were no significant differences 

in the number of microglia/macrophages in lesioned areas without and with p75
NTR

-

expressing Schwann cells, and with remyelinating Schwann cells. These data suggest that an 

increase of microglia-macrophages might not be determinant for the emergence of p75
NTR

-

expressing Schwann cells or their further redifferentiation into their myelinating phenotype in 

vivo, contrarying our and others (Imbschweiler et al., 2012; Spitzbarth et al., 2014) in vitro 

observations, were p75
NTR

-expressing cells increased parallel to the occurrence of 

microglia/macrophages. It seems, however, that the in situ presence of microglia/macrophages 

provides an adequate environment for the plasticity of Schwann cells within the CNS, since 

we were not able to detect any Schwann cells in canine inflammatory CNS lesions dominated 

by neutrophils (data not shown). Such observations in part resemble, what occurs after 

peripheral nerve injury. Here, Schwann cell dedifferentiation starts before a considerable 
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number of macrophages are recruited to the lesion site (Koeppen, 2004; Perry et al., 1995). 

Both, dedifferentiated Schwann cells and macrophages are implicated in phagocytizing 

myelin debris within the PNS (Arthur-Farraj et al., 2012; Jessen and Mirsky, 2008; Richner et 

al., 2014).Whether dedifferentiated cells similarly contribute to myelin clearance within the 

CNS remains to be determined. Although the participation of lymphocytes during PNS 

regeneration has been poorly investigated (Jessen and Mirsky, 2008), the in situ occurrence of 

dedifferentiated Schwann cells appears to be linked to areas with reduced numbers of T 

lymphocytes, implying  a negative influence of T cells in Schwann cell-mediated CNS repair. 

However, this observation remains to be substantiated by further studies. 

Taken together, the present study shows that Schwann cell plasticity after CNS inflammatory 

conditions resembles in several aspects their response after peripheral nerve injury. In 

addition, it seems that dedifferentiation, invasion and redifferentiation of Schwann cells into 

CNS lesion sites represents a natural regenerative mechanism not only observed in the injured 

spinal cord (Buss et al., 2007; Nagoshi et al., 2011) but also extending to the cerebral and 

cerebellar white matter, and the brain stem in naturally occurring CNS inflammatory 

conditions. Considering the potential regenerative properties of Schwann cells, the targeting 

of p75
NTR

/Sox2-expressing cells and the development of strategies designed to enhance their 

differentiation into competent remyelinating cells appears to be a promising therapeutic 

approach to achieve regeneration in inflammatory/demyelinating CNS diseases. 
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Figure legends  

 

Fig. 1. Double immunofluorescence staining in control sciatic nerve of a 4 week-old dog. 

There is co-localization of p75
NTR

 (red A,C) with GAP-43 (green, A), GFAP (green, B), and 

nuclear Sox2 (green, arrows, C), representing immature and/or non-myelinating Schwann 

cells. Co-expression of p75
NTR

 (red) and Egr2/Krox20 (green, D) suggest a transition state 

between an immature and a myelinating Schwann cell phenotype. Periaxin (green, E) 

expression does not co-localize with p75
NTR

 (red) in any cell, substantiating that p75
NTR

 is 

completely down-regulated, once Schwann cells begin to myelinate in the normal sciatic 

nerve. Nuclear counterstaining (blue, A,B,D,E) with bisbenzimide. Scale bars: 100 µm in (A), 

(B) and (D), and 50 µm in (C) and (E).  
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Fig. 2. Double immunofluorescence staining in a representative case of canine non-

suppurative meningoencephalitis of unknown etiology. p75
NTR

 (red, A) and Sox2 (green, A) 

co-expression in bipolar cells (arrow) resembling Schwann cells localized in close proximity 

to a blood vessel. Note that few p75
NTR

-expressing cells lack Sox2 expression (arrowhead). 

Nor GAP-43 (green, B) neither GFAP (green, C), Egr2/Krox20 (green, D), periaxin (green, 

E) and PDGFR-α (green, F) are co-expressed with p75
NTR

 (red, B,F), thus implying that 

p75NTR/Sox2-positive cells represent a Schwann cell dedifferentiated phenotype. Nuclear 

counterstaining (blue, B,F) with bisbenzimide. Scale bars: 100 µm in (A), (B) and (C), and 

50 µm in (D), (E) and (F). 
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Fig. 3. Periaxin (brown, A) immunoreactivity of the brain stem in a control dog showing that 

the immunoreaction of this peripheral myelin protein is limited to cranial nerve and abruptly 

stops upon entry of axons into the CNS. In non-suppurative meningoencephalitis of unknown 

origin (B), periaxin-positive structures (brown) appear as round to oval, small, ring-like foci 

with occasional clear central cores, representing of myelinating Schwann cells ensheathing an 

axon. Double immunohistochemistry for periaxin (brown, C) and phosphorylated 

neurofilament (green, C) demonstrate that a large proportion of periaxin-positive Schwann 

cells in fact enwrap axons, substantiating effective Schwann cell remyelination. Scale bars: 50 

µm in (A), 100 µm in (B) and 20 µm in (C).  

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter   4                                                                                                                              

 

 

55 

 

Fig. 4. The number of p75 neurotrophin receptor (p75
NTR

) immunopositive cells (positive 

cells per square mm) in the cerebral and cerebellar white matter (A) and brain stem (B) is 

significantly higher in p75
NTR+

/PRX
+ 

(group 3) areas in comparison to p75
NTR+

/PRX
-
 (group 

2) areas and control tissue (group 4) as depicted by a bar with asterisk. p < 0.05 as detected by 

the Mann-Whitney group wise-testing; group 1 = p75
NTR-

/PRX
- 
areas. PRX = periaxin. 
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Fig. 5. Double immunofluorescence staining for periaxin (green, A) and P0 (red, B) in a 

representative case of canine non-suppurative meningoencephalitis of unknown etiology, 

showing that virtually all periaxin-positive Schwann cells co-express P0 (C). This finding 

provides evidence for a myelin phenotype derived from peripheral Schwann cells rather than 

from Schwann cells derived from CNS sources. Nuclear counterstaining (blue, A,C) with 

bisbenzimide. Scale bars: 100 µm (A,C).   
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Fig. 6. The number of β -amyloid precursor protein (β-APP)-positive axons (positive axons 

per square mm) in the cerebral and cerebellar white matter (A) and brain stem (B) of p75
NTR-

/PRX
- 
areas (group 1), p75

NTR+
/PRX

-
 (group 2), p75

NTR+
/PRX

+ 
(group 3), and control tissue 

(group 4). All lesioned areas within the cerebral and cerebellar white matter (A) display 

significantly higher numbers of β-APP-positive axons compared to control tissue, but not in 

different lesion types. In the brain stem (B) areas without p75
NTR

-positive Schwann cells 

(group 1) show a significantly higher number of β-APP-positive axons compared to 

p75
NTR+

/PRX
-
 (group 2), p75

NTR+
/PRX

+ 
(group 3) and control tissue (group 4), as depicted by 

a bar with asterisk. p < 0.05 as detected by the Mann-Whitney group wise testing. PRX = 

periaxin. 
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Fig. 7. The number of GFAP-(A,B), CD3-(C,D) and BS-1 (E-F) positive cells (positive cells 

per square mm) in the cerebral and cerebellar white matter and brain stem of p75
NTR-

/PRX
- 

areas (group 1), p75
NTR+

/PRX
-
 (group 2), p75

NTR+
/PRX

+ 
(group 3) and control tissue (group 

4). GFAP-positive cells are significantly higher in number in all lesioned groups of the white 

matter (A) compared to control tissue (group 4). However, there is no difference in GFAP 

immunereactivity in the brain stem compared to controls (B). The number of CD3-positive T 

lymphocytes and BS-1-positive microglia/macrophages is significantly higher compared to 

controls in all groups within the white matter (C,E) and the brain stem (D,F). In the cerebral 

and cerebellar white matter (C) and in the brain stem (D), CD3-positive cells are significantly 

lower in number in p75
NTR+

/PRX
+
 (group 3) and p75

NTR+
/PRX

- 
(group 2)

 
lesions, when 

compared to p75
NTR-

/PRX
-
 areas (group 1), as depicted by a bar with asterisk. The number of 

BS-1-positive microglia/macrophages (E, F) does not show any significant variation between 

the lesion groups in any anatomical localization. p < 0.05 as detected by the Mann-Whitney 

group wise testing. PRX = periaxin. 
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Fig. 8. Double immunofluorescence staining of p75
NTR

 (red, A,B,C) and Sox2 (green, nuclear 

staining, A,B,C) in organotypic slice cultures from the normal adult canine brain stem after 9 

days of in vitro culturing. During culturing p75
NTR

/Sox2-expressing Schwann cells (arrows) 

are detected in the brain parenchyma in close proximity to blood vessels. Nuclear 

counterstaining (blue, A,C) with bisbenzimide. Scale bars: 50 µm (A,C).
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Chapter 5      Discussion  

 

PNS Schwann cells, OECs, and CNS Schwann cells (Schwann cell-like glia) represent a 

group of p75
NTR

-positive cells originating from different tissues, which are characterized by 

their pro-regenerative capacities (Ramon-Cueto and Nieto-Sampedro, 1992; Gudino-Cabrera 

and Nieto-Sampedro, 2000; Wewetzer et al., 2002; Bock et al., 2007; Orlando et al., 2008; 

Imbschweiler et al., 2012). Although PNS Schwann cells and OECs have been widely 

investigated both in vivo and in vitro, less is known about CNS Schwann cells and their origin 

within the healthy and injured CNS. The lineage-tracing studies from Zawadzka et al. (2010) 

have shown that CNS-resident OPs are capable of giving rise to remyelinating Schwann cells 

within the CNS of mice. However, the relationship between canine CNS Schwann cells and 

PDGFR-α/NG2-expressing OPs remains unresolved so far. On the other hand, it is well 

established that after experimental and naturally occurring spinal cord injury, migrating 

peripheral Schwann cells are capable of stimulating CNS regeneration (Wang et al., 1996; 

Brook et al., 1998; Guest et al., 2005; Kaneko et al., 2006; Lavdas et al. 2008). Based on this 

observation, the question arises whether Schwann cells isolated from the CNS display unique 

properties, possess similarities with OPs, or behave like their peripheral counterpart in vitro. 

Furthermore, it is not known, whether Schwann cells observed after CNS injury in naturally 

occurring diseases represent in fact centrally-derived Schwann cells or PNS Schwann cells 

invading the lesioned CNS from PNS sources.   

 

In addition, PNS Schwann cells, OECs, and CNS Schwann cells possess comparable but not 

identical axonal supporting capabilities and the ability to remyelinate after grafting into 

demyelinated lesions (Franklin et al., 1996; Lakatos et al., 2000; Radtke et al., 2011; 

Wewetzer et al., 2011; Toft et al., 2013). Thus, choosing the most suitable cell type for 

transplantation therapies (Wewetzer et al., 2002, 2011) requires detailed knowledge about 

basic principles governing their biology, as well as the understanding of their in situ 

generation, behavior and integration within the injured CNS microenvironment. 
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Comparative functional and molecular characterization of canine Schwann cells isolated 

from the healthy PNS and CNS 

 

CNS Schwann cells have so far been mainly characterized in situ regarding morphology and 

marker expression. However, it remains enigmatic, whether they display functional properties 

distinct from PNS Schwann cells. The voltage-dependent Kv (Kv1 to Kv12) comprises the 

largest potassium (K
+
) channels superfamily (Felipe et al, 2006). Importantly, the majority of 

Kv channels are thought to be responsible for outward delayed rectifier currents (KD) and fast 

KA-type currents with essential physiological properties such as control of nerve electrical 

excitability and synaptic transmission modulation (Konishi, 1990). In addition, Kv channels 

may be relevant for therapeutic interventions (Judge and Bever 2006) because they have been 

implied in the control of proliferation and differentiation of OPs (Schmidt et al. 1999; Vautier 

et al. 2004) and PNS Schwann cells after injury (Konishi 1990; Wilson and Chiu 1990; Sobko 

et al. 1998). In the present study, special emphasis was given on the functional properties and 

mRNA expression of Kv families including Kv1-4 (shaker, schab, shaw, shal-related 

subunits), the KCNQ channels (Kv7), the silent Kv5, Kv6, Kv9 (modulatory subunits), the 

Kv10-12 (eag, erg, elk-like subunits), and voltage-dependent accessory β-subunits in cultured 

CNS and PNS Schwann cells isolated from adult canine brain and peripheral nerve, 

respectively (Orlando et al. 2008; Techangamsuwan et al. 2008), using electrophysiology and 

microarray technique. In addition, the antigenic phenotype of both cells types was 

comparatively characterized in vitro.  

 

Using patch clamp analysis, this study showed that CNS Schwann cells displayed prominent 

outward rectifier KD currents, significantly different from the activation pattern in PNS 

Schwann cells, which was characterized by KD and KA-type currents. Interestingly, the profile 

of CNS Schwann cells was reminiscent of OPs (Barres et al. 1990; Schmidt et al. 1999; Lin 

and Bergles 2002). In addition, inhibition of K
+
 currents by broad spectrum K

+
 blockers 

(TEA, Ba
2+

) was more effective in CNS than in PNS Schwann cells. These functional 

differences between both cell types did not correlate with similar differences in mRNA 

expression for voltage-dependent Kv families and β-subunits, as revealed by microarray 

analysis. However, several antigens including the early OPs marker A2B5 were expressed in 
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CNS Schwann cells to a higher extent than in their peripheral counterpart, underscoring the 

relationship of CNS Schwann cells with OPs in vitro (Louis et al. 1992; Orlando et al., 2008; 

Pringproa et al. 2008). It has to be pointed out that there are potential caveats in a direct 

comparison between electrophysiological data and microarray analysis. Firstly, the sensitivity 

of electrophysiological recording as an assay to detect the disruption of gene 

expression/translation may be attenuated when multiple channel subunits form heteromeric 

association and exhibit similar activation and inactivation parameters contributing to the 

macroscopic current, as Kv channels do (Attali et al. 1997). Secondly, a differential spatial 

distribution of Kv channels also would result in variable accessibility of subcellular 

compartments to electrophysiological recording, as demonstrated by Mi et al. (1995). So far, 

these mismatches are also described in mouse embryonic stem cells (van Kempen et al. 2003) 

and mouse OPs K
+
 channels (Attali et al. 1997; Schmidt et al. 1999). Thus, it may suggest that 

canine glial cells gene transcripts, channel protein expression and channel current may not be 

regulated in parallel and that regulatory mechanisms may differ between canine central and 

peripheral glia.  

 

The results demonstrate for the first time that CNS Schwann cells display in vitro properties 

which were not observed in PNS Schwann cells. The fact that CNS but not PNS Schwann 

cells share several properties with OPs, including Kv channel activation and antigenic 

expression may imply that CNS Schwann cells may retain OP features during differentiation, 

supporting previous studies hypothesising that CNS Schwann cells might represent a pre-

myelinating state derived from CNS endogenous precursors (Imbschweiler et al., 2012). 

Whether the specific properties of CNS Schwann cells might determine their regenerative 

capacity in vivo has to be clarified in future studies. CNS Schwann cells, however, may be 

comparable in this regard with OECs that have been proposed to display properties of both 

CNS and PNS glia (Franklin and Barnett 1997b; Wewetzer et al. 2002; Wewetzer et al. 2011). 

Therefore, it is interesting and necessary to study putative homologies of CNS Schwann cells 

and OECs, not only regarding Kv channels, but also with respect to their entire mRNA profile.  
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Transcriptional profile of PNS Schwann cells, olfactory ensheathing cells, and CNS 

Schwann cells  

 

Despite the fact that PNS Schwann cells, OECs, and CNS Schwann cells derive from different 

anatomical localizations, they possess identical morphology and antigenic marker expression 

in vitro and in vivo, as well as similar behavior after transplantation (Franklin et al., 1997b; 

Lakatos et al., 2003; Radtke et al., 2011; Wewetzer et al., 2011; Toft et al., 2013). The lack of 

cell type-specific markers that are able to differentiate PNS Schwann cells, OECs, and CNS 

Schwann cells (Wewetzer et al., 2011) massively constrains research related to this group of 

cells, which are promising candidates for new transplantation-based therapies in dogs and 

humans (Granger et al., 2012). Thus, the present study aimed to evaluate the relatedness of 

canine PNS Schwann cells, OECs, CNS Schwann cells, and fibroblasts cultured under 

identical conditions in vitro, and to identify possible distinguishing biomarkers employing a 

transcriptome-based approach.  

 

In general, the transcriptome analysis demonstrated that OECs and CNS Schwann cells are - 

on the transcriptome level - basically the same cell type with differentiation based on their 

divergent anatomic localizations in vivo. In contrast, the PNS Schwann cells differed in their 

transcriptome compared to OECs/CNS Schwann cells, suggesting that they are a highly 

related but possibly a slightly different cell type. Additionally, type-specific biomarkers 

employing class prediction experiments further suggested that OECs and CNS Schwann cells 

are similar cell types. Aquaporin-1 (AQP1) was predicted to be the best discriminative 

biomarker for PNS Schwann cells, and stimulator of chondrogenesis 1 (SCRG1) the best 

discriminative marker for OECs and CNS Schwann cells, respectively. Indeed, 

immunocytochemistry proved that nearly all PNS Schwann cells displayed AQP1 antigen 

expression, whereas the percentage of AQP1-immunoreactive cells was markedly lower in 

OECs and CNS Schwann cell cultures. Concerning SCRG1, the demonstration of twice as 

much SCRG1-immunoreactive OECs and CNS Schwann cells compared with PNS Schwann 

cells, and fibroblasts further substantiated the transcriptional results.  
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These transcriptional differences are possibly epigenetically fixed or represent at least the tip 

of an iceberg of an intrinsic self-organizing network of transcription factors (Niwa, 2007). A 

conservation of the respective PNS Schwann cell or OEC/CNS Schwann cell identity, despite 

a highly similar phenotype under identical in vitro conditions could explain the differences 

between transplanted PNS Schwann cells and OECs in vivo (Lankford et al., 2008). Since 

there is increasing awareness of the unreliability of single markers to differentiate one cell 

type from another in the research community (Dominici et al., 2006), the comparison of the 

complete transcriptome of the cells under investigation to cell type-specific transcriptomic 

databases may be a valuable adjunct method in the future.  

 

In situ origin of canine p75
NTR

-expressing Schwann cells, their phenotype and relation to 

Schwann cells remyelination in spontaneously occurring inflammatory CNS diseases of 

dogs 

 

Remarkable progress in understanding the cellular and molecular events triggering Schwann 

cell remyelination has been made following experimental demyelination (Dusart et al., 1992; 

Blakemore, 1975; Zawadzka et al. 2010; Powers et al., 2013; Nagoshi et al., 2011). However, 

relatively little is known about the origin of such cells and correlative factors that may trigger 

their generation in spontaneous diseases such as MS and other inflammatory CNS conditions 

(Duncan and Hoffman, 1997). Thus the present investigation focused on the spatiotemporal 

distribution, phenotype, origin and role of Schwann cells at the lesion site of post-mortem 

material, obtained from canine patients suffering from naturally occurring, idiopathic CNS 

inflammatory condition, including lympho-histiocytic and granulomatous 

meningoencephalitis. 

 

Using detailed immunohistochemical analyses, this study revealed that p75
NTR

-expressing 

Schwann cells co-labeled with Sox2, but not with GFAP and GAP-43, two markers described 

in immature Schwann cells and in the mature non-myelinating form (Jessen et al., 1990; 

Jessen and Mirsky, 2008; Woohdoo et al., 2008). In addition, these cells did not stain with 

Egr2/Krox20 or periaxin suggesting a down-regulation of myelin markers towards a more 

immature/dedifferentiated phenotype (Jessen and Mirsky, 2008; Salzer, 2008). The present 
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results provide evidence that Schwann cells recapitulated differentiation patterns described 

after PNS injury (Griffin and Hoffman, 1993; Poduslo, 1993; Gilmore and Sims, 1995), 

where Schwann cells undergo a remarkable transformation characterized by down-regulation 

of myelin genes, such as P0, periaxin and Egr-2/Krox20, and re-expression of molecular 

markers including p75
NTR

, GFAP and Sox2 (Jessen and Mirsky, 2008; Salzer, 2008). The lack 

of GFAP expression noted in the canine tissue of this study might reflect species-specific 

differences. In addition, the lack of co-expression of p75
NTR

 and PDGFR-α corroborated the 

fact that such cells did not represent OPs, as it was previously described (Chang et al., 2000; 

Petratos et al., 2004). After successful PNS axonal regeneration, Schwann cells regain their 

contact with axons, re-express P0 and periaxin and form the myelin sheath to restore the 

saltatory conduction (Nagoshi et al., 2011; Buss et al., 2007). In this study, a large proportion 

of Schwann cells expressing periaxin were found ensheathing CNS axons, supporting the idea 

that Schwann cells regain a mature myelinating form within the injured CNS. Indeed, 

myelinating Schwann cells co-expressed periaxin and P0, two markers found in PNS-derived 

but not CNS-derived Schwann cells (Zawadzka et al., 2010). Thus, immunohistochemical 

data and the particular distribution of Schwann cells in this study favors the hypothesis that 

dedifferentiated Schwann cells have invaded the lesioned CNS from PNS sources rather than 

differentiating from CNS precursors.  

 

The occurrence of Schwann cells within the injured cerebral and cerebellar white matter and 

the brain stem was not affected by the presence of astrocytes, thus providing novel in situ 

evidence that Schwann cells with an immature phenotype might be less susceptible to 

astrocytic inhibitory properties. This result substantiates previous experiments demonstrating 

that immature Schwann cells grafted to the lesioned CNS have a greater ability to migrate and 

intermix with astrocytes than mature Schwann cells (Zujovic et al., 2007; Zujovic and van 

Evercooren, 2013). Similarly, in a recent study using organotypic brain slices of adult mice, 

p75
NTR

-positive bipolar cells were observed independent of GFAP expression (Spitzbarth et 

al., 2014). On the other hand, the results presented here demonstrate that the presence rather 

than the number of microglia/macrophages might provide an adequate environment for the 

plasticity of Schwann cells within the CNS. This resembles in part what occurs after 

peripheral nerve injury where Schwann cell dedifferentiation starts before a considerable 
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number of macrophages are recruited to the lesion site (Perry et al., 1995; Koeppen, 2004). 

Although the participation of lymphocytes during PNS regeneration has been poorly 

investigated (Jessen and Mirsky, 2008), the in situ occurrence of dedifferentiated Schwann 

cells appeared to be linked to areas with reduced numbers of T lymphocytes, thus suggesting 

a negative role of T cells in Schwann cell CNS regeneration. However, this observation 

remains to be substantiated by further studies.  

 

Finally, axonal damage in the brain stem, as detected by axonal immunoreactivity for β-APP, 

was found to be significantly lower in lesioned brain stem areas with different stages of 

Schwann cells as compared to lesions without such cells. However, as reduced axonal damage 

does not necessarily imply enhanced axonal regeneration, further studies with markers for 

axonal regeneration are needed to substantiate the regenerative role of p75
NTR

/Sox2 

expressing cells in naturally occurring CNS inflammatory diseases.  

 

Taken together, it seems that dedifferentiation, migration and (re)differentiation of Schwann 

cells into CNS lesion sites represent natural regenerative mechanisms not only observed in the 

injured spinal cord (Nagoshi et al., 2011; Buss et al., 2007), but also extending to the cerebral 

and cerebellar white matter and the brain stem. Considering the potential regenerative 

properties of Schwann cells, the targeting of p75
NTR

/Sox2 expressing cells and the 

development of strategies designed to enhance their differentiation into competent 

remyelinating cells appears to be a promising therapeutic approach to achieve regeneration in 

inflammatory CNS diseases. 
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Chapter 6      Summary  

 

In vitro and in vivo characterization of p75
NTR

-expressing glia and investigations upon 

their origin in the canine central nervous system 

 

Kristel Kegler Pangrazio 

 

Transplantation of p75 neurotrophin receptor (
NTR

) expressing glial cells including peripheral 

nervous system (PNS) Schwann cells, olfactory ensheathing cells (OECs) and central nervous 

system (CNS) Schwann cells represents a promising treatment strategy for demyelinating 

diseases of the CNS. Besides their identical morphology and antigenic phenotype, all three 

cell types possess similar but not identical regenerative and remyelinating capabilities. Thus, 

choosing the most suitable cell type for transplantation therapies requires a comprehensive in 

vitro characterization at the functional and molecular level as well as the understanding of 

their in situ generation, behavior and integration within the injured CNS microenvironment. 

Therefore, the aims of this thesis were i) to characterize the functional properties of potassium 

(K
+
) channels in canine CNS and PNS Schwann cells isolated from the healthy brain and 

peripheral nerve, respectively, using in vitro patch-clamping techniques and microarray 

analyses;  ii) to evaluate the relatedness of both Schwann cells types with OECs and identify 

possible distinguishing biomarkers employing a transcriptome-based approach; and iii) to 

investigate the in situ origin of canine p75
NTR

 expressing cells, their phenotype and their 

relation to spontaneous Schwann cell remyelination in a naturally occurring inflammatory 

CNS disease entity of dogs. 

 

The present study revealed that K
+
 channels differed significantly in PNS and CNS Schwann 

cells, respectively. While CNS Schwann cells displayed prominent outward delayed rectifier 

currents (KD), PNS Schwann cells elicited KD- and KA-type K
+
 currents. These functional 

differences were not paralleled by differential mRNA expression of voltage-dependent (Kv) 

channels and accessory β-subunits. However, O4/A2B5 and glial fibrillary acidic protein 

(GFAP) expression levels were significantly higher and lower in CNS than in PNS Schwann 

cells, respectively. Taken together, these data provide first evidence that CNS Schwann cells 
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display specific in vitro properties, which are not shared by their peripheral counterpart. Both 

Kv currents and increased O4/A2B5 expression were reminiscent of oligodendrocyte 

precursor cells (OPs), suggesting that CNS Schwann cells retain features of OPs during 

maturation.  

 

On the transcriptome level, the present findings indicated that CNS Schwann cells and OECs 

are basically the same cell type with variable differentiation based on their divergent anatomic 

localization in vivo. Furthermore, microarray analyses revealed that PNS Schwann cells are a 

highly related cell type with a slightly different transcriptome. Type-specific biomarkers 

employing class prediction experiments revealed aquaporin-1 as the best discriminative 

biomarker for PNS Schwann cells, and stimulator of chondrogenesis 1 as the most 

distinguishing one for OECs/CNS Schwann cells, which was further confirmed by 

immunocytochemistry. These results may be helpful for future experiments since there is 

increasing awareness of the unreliability of single markers to differentiate one cell type from 

another.  

 

Finally, the in situ investigation of p75
NTR

 expressing Schwann cells in a spontaneously 

occurring, non-suppurative, idiopathic inflammatory CNS condition of dogs revealed that this 

disease is accompanied by the occurrence of p75
NTR

/Sox2 double-positive cells and periaxin-

positive remyelinating Schwann cells. The p75
NTR

/Sox2 expressing cells phenotypically 

resemble dedifferentiated Schwann cells. Furthermore, it can be hypothesized that 

p75
NTR

/Sox2-expressing Schwann cells most likely invaded the CNS from PNS sources rather 

than differentiating from OPs in the CNS.  Additionally, the emergence of dedifferentiated 

Schwann cells was not impaired in the presence of astrocytes, and a macrophage-dominated 

inflammatory microenvironment might provide an adequate environment for the plasticity of 

Schwann cells within the CNS. Thus, the in situ results suggested that Schwann cell 

differentiation in a spontaneous CNS inflammatory condition resembles in several aspects 

their plasticity after peripheral nerve injury. In addition, it seemed that dedifferentiation, 

migration and (re)differentiation of Schwann cells in or into CNS lesion sites represents a 

natural regenerative mechanism in the CNS. 
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Considering the potential regenerative properties of Schwann cells, the targeting of 

p75
NTR

/Sox2 expressing cells and the development of strategies designed to enhance their 

differentiation into competent remyelinating cells appears to be a promising therapeutic 

approach to achieve regeneration in inflammatory/demyelinating CNS diseases.
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Kapitel 7      Zusammenfassung 

In vitro- und in vivo-Charakterisierung einer p75
NTR

-exprimierenden Gliazellpopulation 

sowie Untersuchungen über ihre Herkunft im kaninen zentralen Nervensystem 

Kristel Kegler Pangrazio 

Die Transplantation von p75-Neurotrophin-Rezeptor (
NTR

)-exprimierenden glialen Zellen, zu 

welchen Schwann-Zellen des peripheren Nervensystems (PNS), olfaktorische Hüllzellen 

(olfactory ensheathing cells; OECs) und Schwann-Zellen des zentralen Nervensystems (ZNS) 

gehören, repräsentiert eine vielversprechende therapeutische Strategie bei demyelinisierenden 

Erkrankungen des ZNS. Überdies zeigen alle drei Zelllinien neben ihrer nahezu identischen 

Morphologie und ihrem antigenetischen Phänotyp, ähnliche, aber nicht identische 

regenerative und remyelinisierende Fähigkeiten. Folglich ist für die Auswahl des für eine 

Transplantation am besten geeigneten Zelltypen eine vergleichende in vitro-Charakterisierung 

auf molekularer bzw. funktionaler Ebene sowie eine Untersuchungen zur Erforschung des 

Verhaltens dieser Zellen in situ im erkrankten ZNS stattfinden.  

Ziele der vorliegenden Studie stellten somit i) die Charakterisierung der funktionalen 

Eigenschaften bezogen auf Kalium (K
+
)-Kanäle in kaninen Schwann-Zellen, gewonnen aus 

gesundem ZNS und PNS, mittels Patch Clamp-Technik und Microarray-Analysen, ii) die 

Untersuchung des Verwandtschaftsgrades zwischen beiden Schwann-Zell-Populationen und 

OECs sowie die Ermittlung möglicher Biomarker zur Unterscheidung dieser im Rahmen einer 

Transkriptom-Analyse und iii) Untersuchungen zur Herkunft von kaninen p75
NTR

-positiven 

Zellen, ihres Phänotyps und die Identifikation möglicher Zusammenhänge bei spontaner 

Schwann-Zell-Remyelinisierung bei einer natürlich auftretenden, entzündlichen ZNS-

Erkrankung des Hundes dar. 

In dieser Studie konnte gezeigt werden, dass sich K
+
-Kanäle signifikant bei PNS- und ZNS-

Schwann-Zellen unterscheiden. Während Schwann-Zellen aus dem ZNS prominente auswärts 

verzögerte rektifizierende Kaliumströme (outward delayed rectifier currents; KD) zeigten, 

wiesen Schwann-Zellen aus dem PNS neben KD- auch schnelle Kaliumströme vom KA-Typ 

auf. Diese funktionellen Unterschiede spiegelten sich allerdings nicht auf der mRNS-Ebene 
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als unterschiedliche Expressionsmuster von spannungsabhängigen KV-Kanälen und 

akzessorischen β-Untereinheiten wider. Die O4-/A2B5-Expression war jedoch signifikant 

höher und die saure Gliafaserprotein (GFAP)-Expression signifikant niedriger bei Schwann-

Zellen aus dem ZNS verglichen mit Schwann-Zellen aus dem PNS. Insgesamt zeigten die 

Untersuchungen, dass Schwann-Zellen aus dem ZNS sich in ihren in vitro-Eigenschaften von 

ihrem peripheren Pendant unterscheiden.  

Sowohl das Muster der Kaliumströme als auch eine ausgeprägte O4-/A2B5-Expression 

erinnerten hierbei an Oligodendrozyten-Vorläuferzellen (oligodendrocyte precursor cells; 

OPs). Folglich kann vermutet werden, dass Schwann-Zellen aus dem ZNS einige 

Eigenschaften von OPs während ihrer Entwicklung übernehmen. 

Auf Transkriptom-Ebene deuteten die Ergebnisse dieser Studie darauf hin, dass es sich bei 

Schwann-Zellen aus dem ZNS und OECs grundsätzlich um die gleichen Zelltypen mit einer 

variablen Differenzierung, wahrscheinlich basierend auf ihren unterschiedlichen 

anatomischen Lokalisationen in vivo, handelt. Weiterhin zeigten die Microarray-Analysen, 

dass Schwann-Zellen aus dem PNS mit den oben genannten Zelltypen einen hohen 

Verwandtschaftsgrad mit einem geringgradig unterschiedlichen Transkriptom aufweisen. 

Zelltyp-spezifische Biomarker waren hierbei Aquaporin-1 als bester diskriminierender 

Marker für Schwann-Zellen des PNS und stimulator of chondrogenesis 1 als bester 

diskriminierender Marker für OECs und Schwann-Zellen des ZNS. Diese Ergebnisse wurden 

weiterhin durch immunhistologische und immunfluoreszenzmikroskopische Untersuchungen 

untermauert. Diese Resultate können im Hinblick auf eine weitere Differenzierung der 

Zelltypen in zukünftigen Experimenten hilfreich sein. 

Weiterhin wurde eine in situ-Untersuchung über die p75
NTR

-Expression in Schwann-Zellen 

bei einer spontan auftretenden, nicht-eitrigen, idiopathischen, entzündlichen ZNS-Erkrankung 

des Hundes durchgeführt. Bei dieser Erkrankung waren ein Auftreten von p75
NTR

/Sox2-

doppelt positiven sowie eine durch Periaxin-Positivität charakterisierte Schwann-Zell-

Remyelinisierung erkennbar. Die p75
NTR

-/Sox2-positiven Zellen ähnelten vom Phänotyp her 

entdifferenzierten Schwann-Zellen. Weiterhin konnte gezeigt werden, dass diese Zellen 

wahrscheinlich eher aus dem PNS in das Gehirn einwanderten als sich aus OPs entwickelten. 



 Chapter   7                                                                                                                              

 

 

75 

 

Das Auftreten von entdifferenzierten Schwann-Zellen war unabhängig vom Vorhandensein 

von Astrozyten nachweisbar. Zudem schien ein von Makrophagen dominiertes, entzündliches 

Mikromilieu förderlich für ein Einwandern von Schwann-Zellen in die Läsion zu sein. Hierbei 

ähnelten  die Ergebnisse im ZNS in bestimmten Aspekten den Prozessen nach einer 

Verletzung von peripheren Nerven. Weiterhin ist anzunehmen, dass die Entdifferenzierung, 

Migration und (Re-)Differenzierung von Schwann-Zellen Stadien einer Regeneration im ZNS 

darstellen. 

Bei der Betrachtung des regenerativen Potentials von Schwann-Zellen stellen p75
NTR

-/Sox2-

positive Zellen und mögliche Strategien zur Beeinflussung der Differenzierung dieser Zellen 

in remyelinisierende Zellen vermutlich aussichtsreiche therapeutische Ansätze bei der 

Behandlung von entzündlichen bzw. demyelinisierenden ZNS-Erkrankungen dar. 
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