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1. Introduction 

 

Neural development is in part controlled by closely related secretory proteins, termed 

neurotrophins (Arévalo and Wu, 2006). Neurotrophins are capable of enhancing 

survival, proliferation, and differentiation of neuroepithelial cells, but may additionally 

induce apoptosis and cell death, respectively (Roux and Barker, 2002; Chao, 2003; 

Arévalo and Wu, 2006). The term neurotrophins encompasses various molecules 

including nerve growth factor (NGF; Levi-Montalcini and Hamburger, 1951 and 1953), 

brain-derived neurotrophic factor (BDNF; Barde et al., 1982; Leibrock et al., 1989), 

neurotrophin (NT)-3 (Ernfors et al., 1990; Hohn et al., 1990; Jones and Reinchardt 

1990; Kaisho et al., 1990; Rosenthal et al., 1990), NT-4 (IP et al., 1992 and 1993; 

Hallböök et al., 1991), NT-6 (Götz et al., 1994) only in fish, NT-7 (Lai et al., 1998) 

only in fish, and its precursors (proNGF, proBDNF; Lee et al., 2001; Beattie et al., 

2002; Nykjaer et al., 2004; Pang et al., 2004; Yang et al., 2009). These mediators 

exert their effects by binding to their respective cell surface receptors. In this respect, 

the low affinity nerve growth factor receptor (LNGRF), synonymously called p75 

neurotrophin receptor (p75NTR) as well as the tropomyosin-related kinase (Trk) family 

of receptors (TrkA, TrkB, and TrkC) can be distinguished (Dechant and Barde, 2002; 

Chao, 2003; Ibanez and Simi, 2012). Each of the Trk receptors is able to bind 

specific neurotrophins with high affinity (Kaplan et al., 1991a; Kaplan et al., 1991b; 

Klein et al., 1991a; Klein et al., 1991b; Soppet et al., 1991; Lamballe et al., 1991).  

p75NTR may bind all the aforementioned neurotrophins individually, or alternatively, is 

capable of forming molecular complexes with other receptors. In the family of 

neurotrophin receptors, especially p75NTR has gained scientific attention as it has 

been shown to be not only significantly involved in neural development but may also 

play a pivotal role in several neurodegenerative disorders (Yamashita et al., 2005; 

Ibanez and Simi, 2012).  

p75NTR is a member of the tumor necrosis factor (TNF) receptor superfamily, which 

itself includes more than 25 members. p75NTR, primarily introduced as nerve growth 

factor receptor (Banerjee, 1973), was the first member of neurotrophin receptors to 

be cloned molecularly (Johnson et al., 1986; Radeke et al., 1987). 
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Similar to the other members of the TNF receptor superfamily, p75NTR is a type I 

transmembrane protein (Johnson et al., 1986; Ibanez and Simi, 2012). The receptor 

is composed of an extracellular portion which consists of four repeated cysteine-rich 

domains and a stalk domain, and an intracellular portion, consisting of a 

juxtamembrane domain and the so called death domain (von Schack et al., 2001). It 

can be found in full form (Fig.1A) or in a spliced variant termed s-p75NTR, that arises 

from alternative splicing of exon III in the p75NTR locus (Fig. 1B; von Schack et al., 

2001). The latter form lacks three of the four cysteine-rich domains. As a result the 

splice variant is not able to bind neurotrophins. 

 

Figure 1: Structure of the p75 neurotrophin receptor
 (NTR) 

(A) and its splice variant s-p75
NTR

 (B) While 

the intracellular part is similar in both variants, the splice variant (B) lacks three of the four cysteine-

rich domains in the extracellular part. Modified from von Schack et al. (2001). 
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1.1 General functions of p75NTR 

 

p75NTR is involved in many physiological and pathological processes in neurons, glial 

cells, vascular biology, the immune system, and tumor biology (Hempstead, 2002). 

The entire function of p75NTR however is not fully understood so far. The effects 

mediated by this receptor are highly contradictory and strongly depend on the cellular 

context and upon the interaction with other receptors (Nykjaer et al., 2005; Cragnolini 

and Friedman, 2008; Chen et al., 2009; Ibanez and Simi, 2012). While p75NTR has 

been shown to be a positive modulator of Trk-mediated survival and trophic effects 

(Hampstead, 2002; Nykjaer et al., 2005), it is also able to induce apoptosis via 

interaction with sortilin receptors and proNGF (Nykjaer et al., 2004). For instance, 

interaction of p75NTR with Trks in rat hippocampal neurons in vitro, stimulated with 

NGF, enhances neurite outgrowth (Brann et. al., 1999). Contrary, interaction with 

Nogo has shown to cause inhibition of axonal elongation in vitro (Wang et al., 2002). 

p75NTR is further involved in Schwann cell (SC) migration during development 

(Bentley and Lee, 2000) and myelination (Cosgaya et al., 2002; Song et al., 2006). 

While Trk receptor activation and signalling has been well-studied (Arévalo and Wu, 

2006), p75NTR signalling appears to be more complex. It does not signal through 

traditional pathways. Observations reporting a missing catalytic activity in the 

cytoplasmic domain of p75NTR suggest that the signalling of this receptor is in part 

carried out by interacting proteins, which are recruited or associated to the receptor in 

response to neurotrophins (Large et al., 1989; Liepnish et al., 1997; Barker and 

Reddy, 1998; Hampstead, 2002; Roux and Barker, 2002; Ibanez and Simi, 2012).  

Several of such interactors of the p75NTR intracellular domain have in fact been 

identified so far, all of them mediating different biological functions. Here, the p75NTR-

associated cell death executor (NADE; Mukai et al., 2000), neurotrophin receptor 

interacting factor (NRIF; Casademunt et al., 1999) and neurotrophin receptor-

interacting melanoma antigen (MAGE) homolog (NRAGE; Salehi et al., 2000) are 

associated with cell death. NRIF, NRAGE and Schwann cell factor 1 (SC-1, Chittka 

and Chao, 1999) are additionally involved in cell-cycle arrest (Heampstead, 2002). 

Other examples include GTPase ras homolog gene family, member A (RhoA), which 

is reported to function as a regulator of axonal elongation (Yamashita et al., 1999) 



Introduction 

4 
 

and TNF receptor associated factor (TRAF) that is associated with p75NTR to activate 

nuclear factor-κB (NF-κB; Khursigara et al., 1999; Ye et al., 1999). Interleukin-1 

receptor-associated kinase (IRAK), extracellular signal-regulated kinase (ERK)1/2, 

Fas-associated phosphatase (FAP)-1 are some further examples for p75NTR 

interactors whose functional relevance is still enigmatic (Yamashita et al., 2005). 

 

1.1.1 Insights into the functions of p75NTR using mutant mice 

 

In order to gain a more sophisticated insight into the functions of p75NTR, Lee et al. 

(1992) generated a knock-out mouse strain by deleting exon III, which encodes for a 

part of the extracellular domain (p75exonIII mutants). These mice are viable and fertile. 

Immunohistochemical analysis revealed a significant decrease of sensory innervation 

of sweat glands in the footpad skin and lack of innervation of the pineal gland which 

is attributed to a deficit to reach these targets during development (Lee et al., 1992 

and 1994a). Besides this, mouse dissociated cultures of p75NTR-deficient embryonic 

dorsal root sensory and neonatal sympathetic neurons display a decreased 

sensitivity to NGF (Lee et al., 1994b).  

As mentioned before, von Schack et al. (2001) identified a protein isoform of p75NTR 

that arises from alternative splicing of exon III in the p75NTR locus. This short form, 

termed s-p75NTR, lacks three cysteine domains (exon III) and is thus not able to bind 

neurotrophins. s-p75NTR is conserved across species and is co-expressed with the 

full-length p75NTR transcript at different embryonic stages as demonstrated in mouse, 

rat and human cells, however, generally at substantially lower levels (von Schack et 

al., 2001). Based on this observation, the hypothesis arose that the results of Lee et 

al. (1994a, 1994b) may have been influenced by a possible signalling activity of this 

short isoform of p75NTR. Thus, von Schack et al., (2001) generated a novel mutant 

line, in which homozygous mice lack both isoforms (p75exonIV-/-). The authors showed 

that homozygous mice suffered from severe nervous system deficits and 

malformations of large blood vessels (von Schack et al., 2001). Moreover, p75exonIV 

mutation resulted in a highly significant perinatal loss of 40% of homozygous animals. 

The surviving animals were much smaller during first weeks of life and exhibited 

impaired movements. Consequently, von Schack et al. (2001) demonstrated a 
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significant reduction of the number of dorsal root ganglia (DRG) neurons and SCs 

and a decrease of the thickness of sciatic nerves. Further, complete deletion of 

p75NTR leads to long-lasting increases in the number of basal forebrain cholinergic 

neurons, thus modulating their survival (Naumann et al., 2002). Later on, it was 

shown that p75exonIV-/- mice express an intracellular fragment of p75NTR with pro-

apoptotic properties by activating Jun-kinase and inducing pro-Caspase-3 cleavage 

(Paul et al., 2004). These more recent results indicate that there might be a gain-of-

function mutation rather than a complete loss of p75NTR function in the p75exonIV-/- 

model (Paul et al., 2004).  

Recently, Bogenmann et al. (2011) generated a new p75NTR mutant mouse that 

carries a conditional p75NTR (p75NTR -FX) allele made by flanking exons 4–6, which 

encode the transmembrane and all cytoplasmic domains, by loxP sites. To validate 

this novel conditional allele, both neural crest-specific p75NTR/Wnt1-Cre mutants and 

conventional p75NTR null mutants were generated. Both mutants displayed abnormal 

hind limb reflexes, implying that loss of p75NTR in neural crest derived cells causes a 

peripheral neuropathy similar to that seen in conventional p75NTR mutants 

(Bogenmann et al., 2011).  

 

1.1.2 p75NTR as an apoptotic receptor 

 

One of the well-known roles of p75NTR involves apoptosis during development and 

after injury in many cell types. (Roux and Barker, 2002; Nykjaer, 2005; Ibanez and 

Simi, 2012). The pro-apototic effects of p75NTR signalling are attributed to the 

intracellular death domain (Parkhurst et al., 2010). As early as 1993, direct evidence 

of p75NTR-mediated apoptosis was reported. Here, p75NTR overexpression promoted 

apoptosis, which could be inhibited by NGF (Rabizadeh et al., 1993). However, NGF 

does not seem to be an effective inducer of p75NTR mediated apoptosis, as 

comparatively high and non-physiological concentrations of this molecule are needed 

to activate the apoptotic process. Nevertheless different in vitro and in vivo studies 

demonstrate the general potential of these proteins to induce cell death (Casaccia-

Bonnefil et al., 1996). Furthermore, in the presence of Trk receptors, p75NTR 

signalling has shown to induce opposite effects, including neurite outgrowth and 
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trophic support. This observation has led to the hypothesis that other ligands may be 

additionally responsible for apoptosis induction. In this respect, interaction of p75NTR 

with sortilin receptors and subsequent binding of proNGF has shown to potently 

induce apoptosis (Nykjaer et al., 2004). Unusually high levels of proNGF 

immunoreactivity are found in brains of patients suffering from Alzheimer’s disease in 

a disease progress dependent manner (Pedraza et al., 2005). Demonstrating the pro-

apoptotic effect of p75NTR, proNGF purified by means of chromatography from human 

Alzheimer’s disease brains, induces apoptotic cell death in sympathetic neurons and 

in a p75NTR transfected cell line (Pedraza et al., 2005).  

Further underlining the pro-apoptotic characteristics of proNGF, stimulation with 

proNGF in vivo leads to apoptotic death of oligodendrocytes through p75NTR in a 

spinal cord injury model in rats (Beattie et al., 2002) and apoptosis of adult 

corticospinal neurons in a brain injury model in mice (Harrington et al., 2004). 

Induction of p75NTR mediates apoptosis in certain cell populations of the central 

nervous system (CNS), however, interestingly not in astrocytes (Cragnolini et al., 

2009). 
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1.2 The role of p75NTR in neurons 

 

Investigating the role of p75NTR in neurons has been the subject of numerous studies, 

most of them being conducted in rats. In neurons, p75NTR is widely expressed at 

certain developmental stages in many regions of the brain and spinal cord (Friedman 

et al., 1991; Wyatt et al., 1990; Ernfors et al., 1989). However, after reaching 

adulthood, expression becomes significantly down-regulated (Ibanez and Simini, 

2012). For instance, sensory neurons in DRG and intestinal ganglia, spinal cord 

motoneurons, brain stem motoneurons, cholinergic basal forebrain neurons, neurons 

in the motor cortex, Purkinje cells, and neurons in the caudate putamen express 

p75NTR at specific stages of their development (Ibanez and Simini, 2012; Friedman et 

al., 1991; Wyatt et al., 1990; Ernfors et al., 1989). The same cells that express 

p75NTR during development potentially can re-express it following various forms of 

CNS injury (Dechant and Barde, 2002). However, even without the effects of stress 

and injury, expression of p75NTR is retained in cholinergic basal forebrain neurons 

and thus p75NTR has in fact been considered as a marker for these cells in different 

species including humans, mice, dogs, and sheep (Hefti et al., 1986; Roßner et al., 

2000; Insua et al., 2012; Ferreira et al., 2001). Similarly, sensory neurons and spinal 

cord motoneurons are still p75NTR immunoreactive at low levels in adulthood (Wyatt et 

al., 1990; Ernfors et al., 1989). Barette et al. (2007) investigated the expression of 

p75NTR in the brain of mice by immunohistochemistry with an antibody specific for the 

intracellular domain of p75NTR and by in situ hybridization. The specific distribution 

and semi-quantitaive scoring of p75NTR expression in the brain of normal adult mice, 

according to the findings of Barette et al. (2007), is summarized in table 1.  

  



Introduction 

8 
 

Table 1:  Distribution and intensity of in situ hybridization signals and immunoreactivity of p75 

neurotrophin receptor (
NTR)

 in neurons of the normal adult mouse brain according to the findings of 

Barette  et al. (2007). 

Region of the brain p75
NTR

   
mRNA 

p75
NTR

 
protein 

Region of the brain p75
NTR

 
mRNA 

p75
NTR

 
protein 

Substantia innominata     ++++    ++++ Nucleus of the lateral lemniscus ++       ++ 

Ventral pallidum      ++++    ++++ Parabrachial nuclei ++       + 

Globus pallidus       ++++    ++++ Locus caeruleus ++       + 

Medial septal nucleus ++++    ++++  Purkinje cell layer ++       +++ 

Nucleus of diagonal band ++++    ++++ Dorsal raphe ++       ++ 

Ammon‘s horn +         + Raphe magnus +++     +++ 

Dentate gyrus, granular layer +         +  Mesencephalic trigeminal nucleus ++++   ++++ 

Lateral hypothalamic area ++++    ++++ Vestibular nuclei ++       ++ 

Arcuate nucleus ++        + Gigantocellular nuclear complex +++     +++ 

Dorsomedial nucleus +         + Ambiguus nuclei ++++   +++ 

Mamillary area +         + Facial nucleus +        + 

Red nucleus n.d       + Hypoglossal nucleus +        + 

 

++++ = very strong; +++ = strong; ++ = moderate, + = weak signal intensity; n.d. = not detected 

 

Chronic administration of an anti-rat p75NTR antibody or a protein synthesis inhibitor 

substantially reduces kainic acid-induced destruction of cholinergic neurons in the 

forebrain (Oh et al., 2000). Thus, it is concluded that over-expression of p75NTR 

contributes to excitotoxin-induced death of rat basal forebrain cholinergic neurons by 

an apoptotic-like mechanism (Justin et al., 2000). In fact, p75NTR expression in 

neurons is remarkably up-regulated during various pathological conditions. For 

instance, induced focal cerebral ischemia in rats results in a transient over-

expression of p75NTR in striatal cholinergic neurons which are more resistant to 

ischemic neuronal death (Kokaia et al., 1998). Similarly, after axotomy by internal 

capsule lesion there is an increase of p75NTR expression in corticospinal neurons in 

the murine brain (Giehl et al., 2001). Further, hypo-osmolar stress has been shown to 

induce p75NTR expression in primary neurons in vitro (Ramos et al., 2007). Though 

cerebellar Purkinje cells retain expression of p75NTR under normal conditions there is 

an additional up-regulation of p75NTR expression following injury by needle puncture 

(Martinez-Murillo et al., 1993). Similarly, p75NTR immunoreactivity in spinal cord 
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motoneurons is increased during the disease progress in a transgenic mouse model 

of amyotrophic lateral sclerosis (Copray et al., 2003). Sciatic nerve lesions lead to a 

decreased p75NTR expression in neurons of ipsilateral DRG (Zhou et al., 1996). 

Following peripheral nerve crush or transection, strong expression of p75NTR appears 

in spinal cord (Ernfors et al., 1989) and facial motoneurons (Saika et al., 1991). In 

humans, cortical neurons express p75NTR in advanced age as well as in AD which is 

not observed in young healthy subjects under the age of 50 (Mufson and Kordower, 

1992). Furthermore, cholinergic neurons of the basal nucleus are reported to express 

elevated levels of p75NTR mRNA in senile dementia of the Alzheimer type (Ernfors et 

al., 1990). 
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1.3 The role of p75NTR in glial cells 

 

1.3.1 p75NTR in Schwann cells 

 

SCs are the principal glia found in the peripheral nervous system (PNS). The function 

of Schwann cell precursors (SCPs) and SCs is to support nerves and they are 

involved in many important physiological and pathological aspects of the PNS such 

as trophic support for neurons, conduction of nerve impulses along axons, 

development and regeneration of nerves, production of nerve extracellular matrix, 

modulation of neuromuscular synaptic activity, and presentation of antigens to T 

lymphocytes (Jessen and Mirsky, 2005; Armathi and Mathey, 2013; Sulaiman and 

Gordon, 2013). However, their major function is to myelinate peripheral axons 

(Jessen and Mirsky, 2005; Armathi and Mathey, 2013). 

p75NTR is widely expressed in SCs during development and is up-regulated after 

injury and during regeneration processes (Taniuchi et al., 1986; You et al., 1997; 

Cosgaya et al., 2002; Cragnolini and Friedman, 2008; Zhang et al., 2000). 

SCs are derived from the neural crest and their development undergoes three 

different stages (Jessen and Mirsky, 1998; Fig.2). Here, immature SCs, and mature 

SCs can be distinguished, while the latter are further divided into myelinating and 

non-myelinating SCs. Immature SCs, and non-myelinating mature SCs express 

p75NTR (Jessen and Mirsky, 2005; Fig.2). However, interestingly, myelinating SCs are 

not immunoreactive for p75NTR (Jessen and Mirsky, 2005). During postnatal 

development, the number of SCs is regulated in order to match the number of axons 

that they ensheath in a ratio of 1:1 (Webster et al., 1973). This process is achieved 

by a balance between SC proliferation and apoptosis. However, although p75NTR 

plays a crucial role in apoptosis, the numbers of apoptotic SCs in control and mutant 

mice during normal development are similar (Syroid et al., 2000; Woodhoo and 

Sommer, 2008). Axonal signalling seems to be crucial for triggering SC 

differentiation, proliferation, migration as well as up-regulation of myelin proteins and 

myelination (Wood and Bunge, 1975; Maurel and Salzer, 2000; Chen et al., 2006). 

p75NTR has been shown to play a pivotal role in myelination in the PNS (Cosgaya et 
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al., 2002; Jessen and Mirsky, 2010). Myelination processes in the PNS are 

orchestrated by various cells and molecules including DRG neurons, SCs, 

neurotrophins such as BDNF and NT3 as well as the respective receptors (Zhang et 

al., 2000; Chan et al., 2001; Cosgaya et al., 2002; Chen et al., 2006). 

Through binding to p75NTR, BDNF exerts positive effects in terms of promoting of 

myelination in the PNS during development (Chan et al., 2001) and after injury 

(Zhang et al. 2000). The role of BDNF and NT3 in myelination has been shown in 

vitro by the use of co-cultures from DRG neurons and SCs (Chan et al., 2001). Here, 

endogenous BDNF and NT3 have been shown to modulate the myelination process 

of DRG neuronal co-cultures and SCs. BDNF levels correlate with active myelin 

formation. This effect is attributed to its positive impact on myelination via TrkB (Chan 

et al., 2001). In contrast, NT3 expression is initially high and then becomes down-

regulated throughout proliferation and premyelination periods (Chan et al., 2001). 

BDNF is produced by neurons in DRG and transported anterogradely along the 

axons to promote SC myelination via p75NTR (Ng et al., 2007; Cragnolini and 

Friedman, 2008). While BDNF inhibits migration of SCs and promotes myelination via 

p75NTR (Yamauchi et al., 2004), NT3 promotes migration of SCs and inhibits 

myelination by interaction with TrkC receptors (Yamauchi et al., 2003; Cosgaya et al., 

2002). Consequently, during the premyelination stage, SCs express high levels of 

p75NTR (Cragnolini and Friedman, 2008). However, as soon as SCs are in contact 

with axons, they initiate the expression of specific transcription factors such as NF-

κB, octamer-binding transcription factor 6 (Oct-6), brain 2 class III POU domain 

protein (Brn2) and early growth response 2 (Krox-20), which are required for the 

induction of myelin-specific genes that are involved in myelination (Nickols et al., 

2003; Jessen and Mirsky, 2005). The exact mechanism how p75NTR influences 

myelination is still enigmatic, however, p75NTR signalling has proven to lead to the 

activation of NF-κB in SCs (Carter et al., 1996).  

Adult p75NTR-deficient mice exhibit thinner myelin sheaths in the sciatic nerve than 

adult wild-type mice (Gjerstad et al., 2002; Song et al., 2006). Remyelination occurs 

in both wild-type and p75NTR(-/-) mice following sciatic nerve crush injury, however, 

histological analysis reveals that the number of myelinated axons and the thickness 

of myelin sheaths is reduced in mutant mice compared with wild-type mice (Song et 

al., 2006). 
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p75NTR(-/-) mutant mice lack expression of p75NTR in both SCs and DRG neurons 

(von Schack et al., 2001; Tomita et al., 2007), demonstrating that DRG neurons and 

SCs may influence each other and p75NTR expression in these cell types might even 

be contradictory. To exclude the possible interactions of p75NTR(-/-) neurons and 

p75NTR(-/-) SCs, a new animal model was established (Tomita et al., 2007). Here, 

nerve grafts harvested from either p75NTR(-/-) or wild-type mice where transplanted in 

to the sciatic nerve injury site of nude mice (Tomita et al., 2007). These grafts did not 

contain neuronal perikarya. Interestingly, the number of non-myelinating SCs 

appeared to be higher in the harvested nerve grafts derived from p75NTR(-/-) 

compared to wild-type mice. However, no difference in the total number of 

myelinating and non-myelinating SCs between wild-type and p75NTR(-/-) mice was 

observed (Tomita et al., 2007). Demonstrating the pivotal role of p75NTR in 

myelination processes the motor recovery rate was significantly impaired in     

p75NTR(-/-) SC grafted mice. Consequently, retrograde labelling of motor neurons 

showed smaller numbers of regenerating motoneurons in the p75NTR(-/-) SC grafted 

mice at 6 and 10 weeks after surgery, respectively. Thus, deficiency in p75NTR 

expression in SCs resulted in an impaired axonal growth (Tomita et al., 2007). 

Demonstrating the dual role of p75NTR in terms of either promoting regeneration or 

cell death, respectively, the death of SCs in the distal nerve segment following sciatic 

nerve axotomy is mediated by p75NTR in postnatal rodents (Petratos et al., 2003). 

This process is enhanced by NGF and is not observed in p75NTR(-/-) mice (Petratos 

et al., 2003). 

In summary, p75NTR may be considered as a useful marker for SCs excluding the 

myelinating stage of this cell type. Besides p75NTR, several other markers have been 

established to differentiate the different stages during SC development. These are 

summarized in figure 2.  
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Figure 2: Schwann cell (SC) antigen expression in distinct differentiation stages during development 

(immature SCs; non-myelinating SCs; and myelinating SCs). Note that p75 neurotrophin receptor
 (NTR)

 

is expressed in all differentiation stages except in myelinating SCs. Transition from immature SCs (left) 

into a myelinating phenotype is initiated by axonal signalling and involves up-regulation of transcription 

factors such as nuclear factor-kappa-B (NFkB), SRY (sex determining region Y)-box 10 (Sox10), 

octamer-binding transcription factor 6 (Oct6), brain 2 class III POU domain protein (Brn2), and early 

growth response 2 (Krox-20), leading to up-regulation of a set of markers associated with myelination 

(highlighted in green) and suppression of the antigens highlighted in red. SCs can additionally de-

differentiate when deprived from axonal contact during nerve injury, thus adopting a molecular and 

morphological phenotype similar to immature SCs. This de-differentiation is indicated by a red 

interrupted arrow and involves expression of c-Jun, SRY (sex determining region Y)-box 2 (Sox2), and 

Notch. Up-regulated markers associated with myelination are: myelin protein zero (Po); myelin basic 

protein (MBP), peripheral myelin protein 22 (PMP-22), myelin-associated glycoprotein (MAG), 

proteolipid protein (PLP), plasmolipin, myelin and lymphocyte protein (MAL), galactocerebroside 

(GalC), while down-regulated markers are: p75
NTR

, neural cell adhesion molecule (NCAM), glial 

fibrillary acidic protein (GFAP), growth associated protein 43 (GAP-43), L1, A5E3, rat neural antigen-2 

(Ran-2). Modified from Jessen and Mirsky, (2002, 2010); Mirsky et al. (2008); Salzer, (2008). 
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1.3.2 Schwann cells and remyelination in the CNS 

 

Remyelination is a process of regeneration of the myelin sheath in demyelinated 

axons, thus restoring saltatory conduction and function (Smith et al., 1979; Jeffery 

and Blakemore., 1997; Liebetanz and Merkler, 2006). In many experimental 

demyelination models it was shown that remyelination is effectively achieved by 

oligodendrocyte precursor cells (OPCs) that differentiate into myelinating 

oligodendrocytes following demyelinating injury to the CNS (Carroll et al., 1998; 

Levine et al., 1999; Watanabe et al., 2002). The new myelin sheath is thinner but 

sufficient to ensure full functional recovery of the axon. Remyelinated regions in 

multiple sclerosis (MS) are referred to as shadow plaques due to the paler staining of 

the new thinner myelin sheath (Crawford et al., 2013). However, in MS remyelination 

is insufficient and oligodendrocytes fail to remyelinate naked axons (Franklin and 

Ffrench-Constant, 2008). The deficiency in remyelination is in part attributed to to the 

changes in the environmental signals regulating remyelination, such as an age-

dependent decline in immune processes and the recruitment of histone deacetylases 

(HDACs) (Hinks and Franklin, 2000; Shen et al., 2008; Crawford et al., 2013). As a 

consequence of myelination failure over time there is a progressive secondary axonal 

loss in the advanced stage of the disease (Bjartmar et al., 2003; Trapp and Nave, 

2008). Interestingly, remyelination in the CNS is additionally mediated by SCs under 

certain conditions. SC mediated remyelination was shown in several experimental 

animal models of demyelination such as kainate-induced neuronal depletion, 

intraspinal injection of 6-aminonicotinamide into the rat spinal cord, intraspinal 

injection of lysolecithin, cholera toxin B-subunit conjugated to saporin injected into rat 

spinal cord, inflammation and primary demyelination induced by intraspinal injection 

of lipopolysaccharide, in chronic experimental allergic encephalomyelitis (EAE) in 

guinea pigs, ethidium bromide toxic induced demyelination in rats, as well as in spinal 

cord lesions of humans affected by MS (Dusart et al., 1992; Blakemore, 1975; 

Blakemore et al., 1976; Jasmin et al., 2000; Felts et al., 2005; Snyder et al., 1975; 

Graça et al., 2001; Ghatak et al., 1973; Itoyama et al., 1983 and 1985). Whether 

remyelination is initiated by either oligodendrocytes or SCs seems to significantly 

depend on the presence of astrocytes. Remyelination by SCs in the CNS occurs 

predominantly in regions deficient of astrocytes. In contrast, oligodendrocytes need 
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the presence of astrocytes to remyelinate (Blakemore, 1975; Shields et al., 2000; 

Jasmin and Ohara, 2002). SC remyelination seems to be temporary till the astrocyte 

presence is established in order to promote OPC-differentiation into myelinating 

oligodendrocytes (Fig. 3; Jasmin and Ohara, 2002). Thus, it is assumed that SCs 

play a crucial role in the preservation of axonal integrity and function prior to 

oligodendrocyte remyelination (Jasmin and Ohara, 2002; Fig.3).  

 

 

Figure 3: Proposed mechanisms leading to the infiltration of Schwann cells (SCs) from the peripheral 

nervous system (PNS) in to the central nervous system (CNS). The figure shows the sequence of 

events following demyelination and remyelination after intrathecal injection of the B fragment of 

cholera toxin conjugated to saporin. OPCs = oligodendrocyte precursor cells. This experiment was 

performed in rats. Modified from Jasmin and Ohara, (2002).  
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Based on the observation of significant SC mediated remyelination in the CNS, a 

logical question that arises is where these cells derive from. In this respect, it is 

believed that a significant number of SCs infiltrates the lesion from the PNS when the 

integrity of the astrocytic glia limitans is disrupted (Franklin and Blakemore, 1993; 

Fig.3). These cells might derive from cranial nerves, spinal roots, meningeal fibers, 

and autonomic nerves, respectively. However, the ability of CNS precursor cells to 

give rise to SCs in vitro and after transplantation into the demyelinated spinal cord, 

has challenged this hypothesis. (Mujtaba et al., 1998; Keirstead et al., 1999; Akiyama 

et al., 2001). Mujtaba et al. (1998) showed that cultured rat spinal cord 

neuroepithelial cells are morphologically and antigenetically distinct from neural crest 

stem cells (NCSCs). Besides neurons, oligodendrocytes and astrocytes, these 

neuroepithelial cells are additionally capable of generating p75NTR/nestin 

immunoreactive cells. Neuroepithelial derived p75NTR immunoreactive cells may 

differentiate into peripheral neurons, smooth muscle cells, and SCs in vitro (Mutjaba 

et al., 1998). Thus, neuroepithelial cells give rise to both CNS and PNS phenotypes 

(Mujtaba et al., 1998). Transplantation of polysialylated neural cell adhesion molecule 

(PSA-NCAM) positive newborn rat CNS precursor cells into demyelinated lesions in 

the adult rat spinal cord has shown to generate both oligodedrocytes and SCs, which 

completely remyelinate the lesion (Keirstead et al., 1999). Although a portion of PSA-

NCAM positive precursor clusters (7-13%) expresses p75NTR, they do not generate 

SCs in vitro even in the presence of glial growth factors (Keirstead et al., 1999).  

In a more recent in vivo study, Zawadzka et al. (2010) used genetic fate mapping 

with a battery of Cre-transgenic mice to investigate the cellular origins of the new 

oligodendrocytes, SCs, and astrocytes that develop in and around toxin-induced 

demyelinated lesions. Interestingly, these authors demonstrated that the majority of 

remyelinating SCs in the CNS in fact originate from platelet derived growth factor α 

(PDGFRα)/nerve-glial antigen 2 (NG2)-expressing cells, a distributed population of 

stem and progenitor cells in the adult CNS (Zawadzka et al., 2010; figure 4). At 14 

and 21 days post injury, SCs associated with myelin sheaths within the lesion are 

positive for periaxin, a myelin protein normally expressed in the PNS and not in the 

CNS. A subset of SCs showed nuclear expression of the Schwann cell associated 

transcription factor SCIP/OCT6. SCIP is expressed by SCs in the premyelinating 

stage and it becomes down-regulated at the onset of myelination.  
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To clarify the question, whether the detected SCs were of peripheral or central origin, 

Zawadzka et al. (2010) used a mouse line in which CreERT2 is expressed under 

transcriptional control of the promoter of the peripheral myelin-associated gene P0, 

which allowed the authors to prelabel myelin protein 0 (P0) expressing SCs. The 

authors demonstrated that in fact most of the periaxin positive SCs within the lesion 

were negative for P0, which is in contrast to periaxin positive SCs in the dorsal and 

ventral roots, where the majority of them is additionally P0 positive. Thus, it is 

concluded that most of the remyelinating SCs in the CNS lesion originate from CNS 

precursors (Zawadzka et al., 2010). The authors however cannot rule out that a small 

portion of them might originate from infiltrating SCs from the PNS. 

 

Figure 4: Hypothesis of a common origin of remyelinating oligodendrocytes and central Schwann cells 

form central nervous system (CNS)-resident progenitor cells in spinal cord following lysolecithin 

induced demyelination, dependent on the presence or absence of astrocytes. *Most of the 

remyelinating periaxin positive cells in the lesion are myelin protein zero (P0) negative. Modified from 

Zawadzka et al. (2010). 

 

The relatively novel idea that a subpopulation of CNS precursor cells is intrinsically 

programmed to differentiate into SC lineages may involve the expression of bone 

morphogenetic proteins (BMPs). For instance, BMP-2 and BMP-4 are implicated in 

regulation of the differentiation of neuroepithelial cells into NCSCs in vitro (Mujtaba et 
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al., 1998). After withdrawal of BMPs, OPCs beside oligodendrocytes, also generate 

astrocytes and SCs (Mujtaba et al., 1998). Transplantation of OPCs into X-radiated 

ethidium bromide induced demyelinating lesions in rats, remyelination is mediated by 

both oligodendrocytes and SCs with a dominance of SC remyelination in some areas 

(Crang et al., 2004). In contrast, in EAE, an animal model of MS, OPCs robustly 

generate oligodendrocytes, but very few SCs (Tripathi et al., 2010). In ethidium 

bromide-induced demyelinating lesions depletion of astrocytes is greater compared 

to lysolecithin-induced lesions followed by a higher percentage of SC-mediated 

remyelination (Blakemore and Franklin, 2008; Zawadzka et al., 2010). All these data 

substantiate that OPCs in fact are capable of generating SCs, whereby the local 

environment plays a highly crucial role. Though not fully elucidated, key factors seem 

to represent BMPs and Noggin, an inhibitor of BMP signalling (Talbott et al., 2006). 

Astrocytes are the primary source of Noggin in the CNS (Kondo and Raff, 2004). 

Consequently, overexpression of Noggin by engrafted adult OPCs reduces SC 

differentiation through inhibition of BMP signalling within X-radiated ethidium bromide 

lesions in rat spinal cord (Talbott et al., 2006), thus providing a potential mechanism 

how the absence of astrocytes in demyelinated lesions might favour SC 

differentiation (Talbott et al., 2006; Zawadzka et al., 2010). 

Recently, bi- to multipolar p75NTR immunopositive aldynoglial SCs have additionally 

been identified in the white matter of the brain in dogs with canine distemper virus 

(CDV) induced demyelination. Here, p75NTR expression is identified prior to the onset 

of demyelination in bi- to multipolar glial cells (Imbschweiler et al., 2012). 

Furthermore, SC like glia appear in organotypic slice cultures of the canine olfactory 

bulb at day 10 in vitro (Imbschweiler et al., 2012). This suggests that CNS derived 

SCs (termed SC like brain glia; SCBG) - independent from the investigated species - 

indeed express p75NTR at some stage. 

 

1.3.3 p75NTR in oligodendrocytes 

 

As the counterpart of SCs in the PNS, oligodendrocytes are the myelinating cell in 

the CNS. Oligodendrocytes are regarded as the the end product of a cell lineage 

which has undergone a complex and precisely timed program of proliferation, 
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migration, differentiation, and myelination (Bradl and Lassmann, 2010). The vast 

majority of oligodendrocytes are formed during embryogenesis and the early 

postnatal period, although there is a species difference (rodent vs. human) in this 

aspect (Jakovcevski et al., 2009). In fact, they are the last cells in the CNS to be 

formed (Thomas et al., 2000). Suggestive of localization-dependent differences, the 

spinal cord and brain contain different subclasses of oligodendrocytes which derive 

from multiple sources (Bradl and Lassmann, 2010). 

At birth, only a few regions in the brain are myelinated and the myelination process 

continues until it is completed. In humans this process may in fact last up to 25 years 

(Fields, 2008). Development, proliferation, migration, and differentiation into 

myelinating oligodendrocytes depend on various regulatory factors, and are in part 

controlled by NGF, BDNF and NT3. However, these effects seem to be 

predominantly mediated by Trk receptors (Cohen et al., 1996; Kumar et al., 1998; 

Kahn et al., 1999; Du et al., 2006). Consequently, p75NTR is not expressed by 

oligodendrocytes in the healthy adult brain of humans and neither outside brain 

lesions of patients suffering from MS (Dowling et al., 1997 and 1999; Copray et al., 

2005). Similarly, it is not expressed in adult rodents (Nataf et al., 1998; Copray et al., 

2005). During different CNS pathologies, animal experiments, and during culturing in 

vitro, oligodendrocytes up-regulate p75NTR expression. In vitro treatment of mature 

oligodendrocytes cultured from postnatal rat cerebral cortex with NGF causes p75NTR 

dependent cell death (Casaccia-Bonnefil et al., 1996). However, treatment with NGF 

in vitro does not trigger apoptosis in cultured adult human oligodendrocytes, which 

under these conditions express p75NTR, but not TrkA (Ladiwala et al., 1998), 

suggesting that p75NTR signalling may additionally mediate responses other than 

apoptosis of oligodendrocytes. Following spinal cord injury, p75NTR mediated apotosis 

of oligodendrocytes is induced by proNGF (Beattie et al., 2002), most probably by 

forming complexes with sortilin receptors (Nykjaer et al., 2004). In a recent study, oral 

administration of a small molecule termed LM11A-31, which is designed to block 

proNGF-p75NTR interaction, promoted myelin sparing and functional recovery after 

spinal cord injury in mice (Tep et al., 2013). Here, functional improvement is 

associated with a >50% increase in the number of surviving oligodendrocytes and 

myelinated axons (Tep et al., 2013). Findings in brain lesions of patients suffering 

from MS are in part contrasting to results gained in respective animal models. For 

instance, oligodendrocytes express p75NTR mRNA and protein in MS white matter 
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plaques but not in control white matter. However, only a fraction of p75NTR expressing 

oligodendrocytes has shown to be positive for terminal deoxynucleotidyl transferase-

mediated Dutp nick end-labeling (TUNEL; Dowling et al., 1999). Furthermore, a 

subpopulation NG2-positive oligodendrocyte progenitor cells with an elongated 

shape expresses p75NTR in adult human brain MS lesions, not associated to TUNEL-

positivity, but not in the normal adult human brain (Chang et al., 2000). Both studies 

concluded that oligodendrocyte apoptosis in MS lesions is thus not mediated via 

p75NTR signalling. This is supported by an experiment, designed to study the role of 

p75NTR in the fate of oligodendrocytes in a cuprizone-induced demyelination model in 

p75NTR(-/-) in C57BL/6 wild-type mice (Copray et al., 2005). Despite transient 

expression of p75NTR in oligodendrocytes in wild-type mice, the number of surviving 

oligodendrocytes did not differ between wild-type and p75NTR(-/-) mice, substantiating 

the hypothesis that p75NTR is not necessarily associated with oligodendrocyte death. 

Remyelination occurred in both wild-type and p75NTR(-/-) without any difference after 

cessation of the cuprizone diet (Copray et al., 2005).  

All of the mentioned naturally occurring and experimentally-induced lesions have in 

common that they are associated with demyelination. Thus, demyelination seems to 

be accompanied by significant oligodendrocytic p75NTR expression. However, the 

absence of apoptosis in NG2/p75NTR positive cells in MS lesions suggests that 

p75NTR may in fact additionally signal cell survival. Apart from this, NGF has shown to 

be dramatically elevated in the cerebrospinal fluid of MS patients during acute 

attacks, whereas NGF levels are reduced to normal during remission (Laudiero et al., 

1992). Similarly, an increase of NGF is also found in the optic nerve (Micera et al., 

1999) and serum (Gold et al., 2003) of MS patients as well as in the brain and spinal 

cord of rats suffering from EAE (Micera et al., 1995 and 1998). Due to leakage of the 

blood-brain barrier and infiltration of immune cells in MS, peripheral blood 

mononuclear cells secrete neurotrophins which in turn may have a neuroprotective 

effect (Kalinowska-Lyszczarz and Losy, 2012). 

Taken together, these studies suggest that the role of p75NTR in the fate of 

oligodendrocytes strongly depends on the type of injury, such as trauma or 

demyelination. Besides, different subpopulations of oligodendrocytes might show a 

differing response following CNS injury (Cragnolini and Friedman, 2008).  
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1.3.4 p75NTR in olfactory ensheathing cells 

 

Olfactory ensheathing cells (OECs) are unique glial cells of the olfactory system 

which ensheath, guide, and stimulate growth of axonal processes of olfactory 

neurons that enter the CNS (Su and He, 2010). Cultured OECs and SCs are closely 

related cells in aspects of morphology and their molecular profile (Wewetzer et al., 

2002). Both OECs and SCs have recently gained importance in research as 

promising candidates for the transplantation into the injured spinal cord, as they 

exhibit neuroregenerative capacities (Franklin et al., 1996; Imaziumi et al., 1998; 

Smith et al., 2002; Verdu et al., 2003; Pearse et al., 2007; Wewetzer et al., 2011). 

The majority of OECs in rat primary cell suspensions does not express p75NTR, 

however, during culturing p75NTR is up-regulated (Wewetzer et al., 2005; Bock et al., 

2007; Brandes et al., 2011). Vice versa, antigen O4 (O4) is strongly expressed in 

primary cell suspensions and becomes progressively down-regulated during culturing 

(Wewetzer et al., 2005). A small population of OECs in primary cell suspensions is 

p75+/O4-, and these cells maintain p75NTR expression during culturing  Up-regulation 

of p75NTR expression in vitro is only apparent in those OECs displaying O4 positive 

axonal fragments on their surface. This implies intimate contact with olfactory 

receptor neurons in situ, thus suggesting that axonal signalling in vivo negatively 

regulates p75NTR expression (Wewetzer et al., 2005). This finding suggests that two 

different OEC lineages exist in the neonatal olfactory bulb in rats, which subsequently 

merge into a single lineage during culturing (Wewetzer et al., 2005). Although 

p75NTR-enriched cells demonstrated to be more effective in the enhancement of 

neurite regrowth compared to p75NTR negative cells, cooperation with negative cells 

seems to provide optimum support for axonal regrowth (Kumar et al., 2005). 

However, in situ, p75NTR is expressed only in a small population of OECs located in 

the outer nerve layer of olfactory bulb in neonatal rats (Franceskini et al., 1996). 

During postnatal development this expression becomes down-regulated (Gong et al., 

1994). In adults, p75NTR immunoreactivity is still detectable in the glomerular layer of 

the olfactory bulb. However following chemically induced peripheral deafferentiation 

of the main olfactory bulb, it is dramatically down-regulated in the glomerular layer, 

whereas the olfactory nerve layer strongly up-regulates p75NTR (Turner et al., 1993). 

After the loss of axonal contact, p75NTR is up-regulated both in vivo and in vitro 
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(Turner et al., 1993; Wewetzer et al., 2005; Bock et al., 2007; Brandes et al., 2011). 

Though inconsistently found in vivo, p75NTR is considered as prototype marker of 

OECs in vitro (Brandes et al., 2011).  

 

1.3.5 p75NTR in astrocytes 

 

Astrocytes represent a specialized type of glial cells, situated in the brain and the 

spinal cord. They are the most abundant type of cells in the mammalian CNS and 

outnumber neurons by over fivefold (Sofroniew and Vinters, 2010). As their name 

suggests they are star-shaped due to their cellular processes. Based on morphology 

and location, astrocytes can be classified in at least two types: fibrous astrocytes 

distributed throughout the white matter, and protoplasmic astrocytes distributed 

throughout the grey matter. Astrocytes exert many functions such as providing 

trophic support for neurons, maintaining the extracellular ion balance, and giving 

biochemical support to endothelial cells of blood vessels (Sofroniew and Vinters, 

2010; Halassa et al, 2007). In addition, astrocytes make contact and interact with 

endothelial cells. By secreting various molecular mediators they control the blood 

flow in the brain (Sofroniew and Vinters, 2010). Besides these physiological 

processes, astrocytes respond to every type of insult in CNS through a process 

referred to as reactive astrogliosis (Sofroniew and Vinters, 2010) 

Astrocytes have shown to produce and secret neurotrophins and pro-NGF, especially 

after CNS injury (Furukawa et al, 1986; Toyomoto et al., 2005; Domeniconi et al., 

2007). Not only functioning as a source of neurotrophins, they may also act as a 

target for these mediators (Cragnolini and Friedman, 2008).  

In the normal adult rodent brain, p75NTR expression in astrocytes is limited and it is 

primarily expressed by astrocytes of the glia limitans (Rudge et al,. 1994). In vitro, 

primary cultures of type I astrocytes express p75NTR (Hutton et al., 1992) and 

treatment with NGF has been shown to significantly up-regulate mRNA expression of 

p75NTR (Hutton et al., 1992). Consequently, following global transient cerebral 

ischemia in rats, an up-regulation of p75NTR in astroglia in the cornu ammonis (CA) 1 

area of hippocampus has been demonstrated (Oderfeld-Nowak et al., 2003). After 
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chemical induced lesions, by using either the excitotoxin quinolinic acid or the 

complex II mitochondria inhibitor 3-nitropropionic acid, there is a dose-dependent up-

regulation of p75NTR in astrocytes of the striatum in rats (Hanbury et al., 2002). Here, 

double-labelling immunohistochemistry reveals that p75NTR is localized to both nestin- 

and vimentin-positive cells resembling astrocytes. Induction of p75NTR expression in 

astrocytes following chemical injury may suggest that this receptor plays a pivotal 

role in the activation of endogenous astroglial events associated with CNS injury 

(Hanbury et al., 2002). Similarly, treatment of hippocampal astrocytes with NGF in 

primary cultures causes a significant reduction in the cell number, however, this 

effect does not seem to be mediated through apoptosis via p75NTR (Cragnolini et al., 

2009). However, activation of p75NTR in astrocytes by NGF attenuates their mitogen 

induced proliferation potential, leading to the conclusion that one of the roles of NGF 

via p75NTR is to restrict glial scar formation (Cragnolini et al., 2009). 

 

1.3.6 p75NTR in microglia 

 

Microglia are the resident immune cells of the mammalian CNS (Kettenmann et al., 

2011). These cells of mesodermal/mesenchymal origin migrate into all regions of the 

CNS during development and subsequently are found scattered throughout the CNS 

parenchyma. Under normal conditions these cells are in the resting phase (resting 

microglia) with a “ramified” specific morphological phenotype (Kettenmann et al., 

2011). However, in response to a tissue insult, microglia are rapidly activated thus 

representing one of the earliest morphological manifestations of neuroinflammatory 

disorders (Kreutzberg et al., 1996). Activated microglial cells are capable of 

producing numerous cytokines (Streit et al., 2004; Stein et al., 2006; Beineke et al., 

2008; Spitzbarth et al., 2011; Ji et al., 2013) that can exert either detrimental or 

beneficial effects on surrounding cells (Cameron and Landreth, 2010; Kettenmann et 

al., 2011). Additionally, microglia as the resident macrophages of the CNS play a 

pivotal role in phagocytozing cellular debris (Streit et al 2004), control of neuronal 

activity, and regulation of the number of functional synapses (Bechade et al., 2013; Ji 

et al., 2013). Microglia are a source of neurotrophins (Hesse et al., 1998; Zhang et 

al., 2003) and at the same time act as a target for these molecules. Neurotrophins 
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induce proliferation and phagocytosis in primary microglia and microglial cell lines in 

vitro (Zhang et al., 2003). This signalling appears to be Trk receptor dependent 

(Zhang et al., 2003). p75NTR expression is not detected by immunolocalization and 

Western blot in vitro in primary microglia murine microglial cell lines (Zhang et al., 

2003). However, Nakajima et al. (1998) reported expression of p75NTR alongside Trk 

receptors in cultured microglia of neonatal rats. Neurotrophins inhibit major 

histocompatibility class II inducibility of microglia in vitro and this effect is partially 

mediated by p75NTR (Neumann et al., 1998). 

Furthermore, microglial up-regulation of p75NTR mRNA and protein has been 

observed in MS plaques but not in control white mater (Dowling et al., 1999). 

 

1.3.7 p75NTR in aldynoglia  

 

Gudino-Cabrera and Nieto-Sampedro (2000) have demonstrated that macroglial cells 

with properties similar to OECs are found in brain areas other than olfactory bulb. In 

this respect, tanycytes, pituicytes, and Müller glia of the retina express similar 

immunological markers like OECs and non-myelinating SCs such as p75NTR, glial 

fibrillary acidic protein (GFAP), O4, and estrogen receptor-a. This unique type of 

macroglia differs from astrocytes and oligodendrocytes in terms of their ability to grow 

in culture under the same condition as OECs, when extracted from adult rodent brain 

(Gudino-Cabrera and Nieto-Sampedro, 2000).  

Tanycytes represent a type of glial cells, which lines the floor of the 3rd ventricle 

(Gudino-Cabrera and Nieto-Sampedro, 2000), whereas pituicytes are glial cells 

located in neurohypophysis (García-Segura et al., 1996). Tanycytes and pituicytes 

have both been reported to play a role in rapid and reversible ensheathment of axons 

(García-Segura et al., 1996; Theodosis and MacVicar, 1996; Gudino-Cabrera and 

Nieto-Sampedro, 2000). In fact, in co-culture with neurons, these macroglial cell 

types envelope neurites and acquire a myelinating phenotype (Gudino-Cabrera and 

Nieto-Sampedro, 2000). Recent evidence establishes a third neurogenic niche in the 

ventral hypothalamic parenchyma surrounding the third ventricle that ensures the 

plasticity of specific brain circuits to stabilize physiological functions such as the 

energy-balance regulatory system. There is strong evidence that at least a portion of 
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tanycytes might represent neural progenitor cells in the ependymal layer of the 3rd 

ventricle (Xu et al., 2005; Cheng, 2013). Further studies are needed in order to 

elucidate the function of p75NTR in tanycytes. 

In the adult retina of rodents, p75NTR is expressed in Müller glial cells. Here, p75NTR is 

involved in cell death mediated by NGF in the developing mouse retina (Ding et al., 

2001). p75NTR has additionally shown to be indirectly involved in TNF dependent 

death of retinal ganglion cells (Lebrun-Julien et al., 2010). This is induced by proNGF 

which forms complexes with the p75NTR and sortilin receptors in Müller glial cells, 

where this induces robust production of TNF-α in Müller cells and TNF-dependent 

death of retinal ganglion cells (Lebrun-Julien et al., 2010). Retinal ganglion cells are 

p75NTR negative (Lebrun-Julien et al., 2010). 

 

1.3.8 p75NTR in enteric glia 

 

Enteric glia express both p75NTR and Trk receptors in adult humans and their 

expression is further increased during inflammation. These observations suggest that 

neurotrophin receptors via interactions with neurotrophins, may play a role in 

functional integrity of the enteric nervous system during adulthood (Kondyli et al., 

2005).  
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1.4 p75NTR expression in endothelial cells and its role in the blood-brain barrier 

 

In healthy endothelial cells of the normal mouse brain, p75NTR is not expressed in situ 

(Copray et al., 2004) and is not or only scarcely expressed in healthy endothelial cells 

in other organs (Caporali et al., 2012). However, brain derived endothelial cells of 

rats express p75NTR in vitro alongside to Trk receptors (Kim et al., 2004). 

An up-regulation of p75NTR in CNS endothelial cells has been demonstrated in a 

number of different CNS pathologies. For instance, in EAE in mice, endothelial cells 

up-regulate p75NTR expression (Copray et al., 2004). Moreover, p75NTR(-/-) mice and 

wild-type mice exhibit significant differences in the clinical manifestation of EAE. 

Here, p75NTR(-/-) mice develop a more severe or even lethal disease with increased 

levels of inflammation in the CNS in comparison to wild-type mice (Copray et al., 

2004). Küst et al. (2006) demonstrated that the inflammatory cuffs of p75NTR(-/-) mice 

suffering from EAE contain almost two times higher numbers of T cells but lower 

numbers of neutrophils and microglia compared to wild-type mice. T-cells are known 

to produce cytokines such as TNF and interferon gamma (INF-γ) which are capable 

of increasing the permeability of the blood-brain barrier resulting in edema and 

infiltration of cells (Küst et al., 2006). A stimulation of p75NTR expression in rat 

endothelial cells in vitro by treatment with such cytokines has in fact been confirmed 

(Küst et al., 2006). Thus it is concluded that T-cells via cytokines cause an up-

regulation of p75NTR in endothelial cells. These studies suggest a crucial role of 

p75NTR in maintaining the blood-brain barrier especially under inflammatory 

conditions, and to reduce inflammatory responses in the brain (Cragnolini and 

Friedman 2008). 
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1.5 The role of p75NTR in neurogenesis 

 

Neurogenesis is the active process of formation of new neurons originating from 

undifferentiated neural or stem cells (Bath and Lee, 2010). Neural stem cells are self-

renewing multipotent cells that give birth to neurons and macroglia during 

development (Bath and Lee, 2010). It has long been believed that neurogenesis 

exclusively occurs during development of the CNS, while in adults neural cells are 

fixed and do not regenerate (Bath and Lee, 2010; Kohman and Rhodes, 2013). 

However, nowadays there are several lines of evidence that neurogenesis in fact 

continues throughout adult life (Altman and Das, 1965; Kaplan and Hinds, 1977; 

Hattiangady and Shetty, 2008; Galvan and Jin, 2007; Jinno, 2010). A limited number 

of neural stem cells remains in the subventricular zone (SVZ) and in the subgranular 

zone of the dentate gyrus (SGZ) during adult life (Giuliani et al., 2004; Bath and Lee, 

2010; Gonzalez-Perez, 2012; Walton et al., 2013). These cells have shown to be 

capable of dividing in to neuroblasts and generate neurons in adults (Bath and Lee, 

2010). A small number of cells in the dorsolateral corner of the SVZ express p75NTR 

co-localized with nestin in postnatal and adult rats, confirming these cells as 

precursor cells (Young et al., 2007). However, in both postnatal and adult rats, 

p75NTR positive cells account for <1% of the total number of cells in the SVZ (Young 

et al., 2007). In adult individuals, the p75NTR positive population contains all of the 

neurosphere-producing precursor cells, whereas in newborns many of the precursor 

cells are p75NTR negative (Young et al., 2007). However, at both ages, only the 

neurospheres derived from p75NTR positive cells may be neurogenic. For instance, 

after treatment with BDNF in vitro, only p75NTR positive cells respond with 

enhancement of neuron production (Young et al., 2007). In contrast, precursor cells 

derived from p75NTR(-/-) mice show a 70% reduction in their neurogenic potential in 

vitro and do not respond to BDNF stimulation (Young et al., 2007). Thus, stem cells 

from p75NTR(-/-) mice have an impaired ability to generate neurons, although their 

ability to generate astrocytes and oligodendrocytes remains unaffected (Young et al., 

2007). In situ, p75NTR positive cells in the SVZ of adult male rats represent cycling 

cells. p75NTR is co-distributed with a small number of nestin immunoreactive cells, Ki-

67 positive, proliferating cells, and epidermal growth factor receptor (EGFr) 

immunoreactive cells (Giuliani et al., 2004).  
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In the SGZ, p75NTR positive cells co-localize with bromodeoxyuridine (BrdU) in mice 

suggesting that these cells are proliferating (Bernabeu et al., 2010). These cells 

additionally express either neuronal nuclear antigen (NeuN) or GFAP, thus giving 

birth to either neurons or astrocytes (Bernabeu and Longo, 2010). In p75NTR(-/-) mice, 

the number of BrdU positive cells in the dentate gyrus is significantly reduced, and 

the proportion of newborn cells expressing NeuN is increased while the proportion 

without this marker is decreased (Bernabeu and Longo, 2010). This finding suggests 

that p75NTR, expressed by progenitor cells in the SGZ, promotes proliferation and 

early maturation of neural, but also glial and other cell types (Bernabeu and Longo, 

2010). Expression of p75NTR is additionally up-regulated by oligodendroglial 

progenitors adjacent to the SVZ in response to demyelination (Petratos et al., 2004).  

In the normal adult brain, p75NTR positive neural stem cells show primarily neurogenic 

properties under physiological conditions, but under pathological conditions they may 

additionally give rise to glial progenitors (Cragnolini and Friedman, 2008). Thus, 

p75NTR may be used as a cell marker for neural stem cells with a primary neurogenic 

potential in the SVZ. 
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1.6 p75NTR in stem cell biology 

 

p75NTR was shown to play a significant role in the stem cell biology, ranging from 

embryonic stem cells to adult and cancer stem cells. A close relationship between 

p75NTR expression and pluripotency has been described. Consequently, p75NTR has 

been used to prospectively isolate stem cells with different degrees of potency 

(Tomellini et al., 2014).  

Embryonic stem cells derived from the inner mass of the blastocyst express p75NTR in 

both human and mice. These pluripotent cells with a self-renewing ability can 

differentiate into all cell types within the embryo and the adult. However, though the 

exact function of p75NTR in human embryonic stem cells remains unclear so far, 

interaction of p75NTR with Trk receptors is suggested to play a role in proliferation and 

survival (Schuldiner et al., 2000; Pyle et al., 2006; Moscatelli et al., 2009). 

Interestingly, primordial germ cells (unipotent stem cells) isolated from 11.5 day post 

coitus from mouse gonads are found to be p75NTR-negative but become p75NTR 

positive when dedifferentiated into pluripotent embryonic germ stem cells in vitro 

(Moscatelli et al., 2009; Tomellini et al; 2014). Upon differentiation of human 

embryonic stem cells in monolayer culture, p75NTR mRNA expression is lost 

(Schuldiner et al., 2000). 

The neural crest is a transient, multipotent, migratory cell population of vertebrate 

embryos that generates NCSCs which then migrate throughout the body to produce 

various tissue types, including those of the PNS, craniofacial cartilage, and skeletal 

cells, vascular smooth muscle cells, skin melanocytes, endocrine cells in the adrenal 

and thyroid glands (Kuratani, 2005; Le Douarin et al., 2008; Dupin et al., 2012; 

Tomelini et al., 2014). p75NTR is robustly expressed in migrating NCSCs (Betters et 

al., 2010; Jiang et al., 2009; Liu et al., 2012; Wen et al., 2012). Isolation of p75NTR-

positive cells from human embryonic stem cells based on fluorescence-activated cell 

sorting (FACS), enriches for cells with genetic, phenotypic, and functional 

characteristics of NCSCs. These p75NTR-enriched cells readily form neurospheres in 

suspension culture, self-renew to form secondary spheres, and give rise to multiple 

neural crest lineages including peripheral nerves, glial, and myofibroblastic cells 

(Jiang et al., 2009). In vitro-expanded NCSCs are able to differentiate into neurons 



Introduction 

30 
 

and SCs of the PNS, as well as mesenchymal derivatives (Liu et al., 2012). NCSC 

migration and fate are driven by environmental signals. p75NTR expression persists in 

a subpopulation of cells originating from neural crest. Maintenance of an 

undifferentiated state and persistent expression of p75NTR in NCSCs are managed by 

the combinatorial Wnt/BMP pathways (Kléber et al., 2005).  

Adult stem cells are undifferentiated organ-tissue specific stem cells found 

throughout the body that can multiply to replace dying cells and regenerate damaged 

tissues. Presence of p75NTR characterizes various stem/progenitor cell types, such as 

bone marrow stem cells; muscle stem cells (satellite cells); liver stem cells (stellate 

cells); keratinocytes of the basal layer of the epidermis, of the corneal limbal 

epithelium and of squamous epithelia; and stem cells of the oral and esophageal 

mucosa (Tomelinio et al., 2014)  

Multipotent mesenchymal stromal cells (MSCs) have the potential to differentiate into 

cells of the mesenchymal lineage, including bone, cartilage, fat, tendon, muscle, and 

marrow stroma (Pittenger et al., 1999; Appaix et al., 2014; Tomelini et al., 2014). 

These stem cells are found in almost any adult tissue, including the brain (Paul et al., 

2012; Ozen et al., 2012). p75NTR is highly expressed in freshly isolated bone marrow 

MSCs when maintained in nonstimulated in vitro cultures, and is rapidly down-

regulated upon differentiation (Quirici et al., 2002). There is not an exclusive and 

universal marker for immunophenotyping MSCs. In general, p75NTR is considered to 

be the most specific marker of MSCs, which are endowed with adipogenic, 

osteogenic, and chondrogenic potential, and of stem cells of all neural crest-derived 

tissues (Tomelini et al., 2014). p75NTR acts as a key regulator of the maintenance of 

the undifferentiated status with a pivotal role in the regulation of MSCs differentiation 

(Tomelini et al., 2014). p75NTR inhibits the differentiation of MSCs into osteogenic, 

adipogenic, chondrogenic, and myogenic lineages (Mikami et al., 2011). Further 

studies demonstrated that MSCs are able to differentiate into multiple additional cell 

lineages in vitro, among them SCs (Keilhoff et al., 2006; Kingham et al., 2007; Lin et 

al., 2008; Jiang et al., 2008; Xu et al., 2008; Radtke et al., 2009), and 

oligodendrocytes (Kennea et al., 2009). In fact, after transplantation of skin derived 

MSCs into the CNS, the cells differentiate into SCs (McKenzie et al., 2006; 

Biernaskie et al., 2007). Differentiation of MSCs into SCs in vitro is identified by 

expression of SC markers p75NTR, S-100 and GFAP (Kingham et al., 2007).  
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The idea that adult human brain harbors multipotent perivascular MSCs is gaining 

much attention recently (Dore-Duffy et al., 2006; Paul et al., 2012; Ozen et al., 2012; 

Appaix et al., 2014). The existence of similarities between MSCs and pericytes 

(Crisan et al., 2008; Covas et al., 2008; Caplan et al., 2008) suggest brain pericytes 

as another stem cell population of the adult brain in addition to neural stem cells 

(Appaix et al., 2014). However pericytes/perivascular cells might be a heterogenous 

population. Pericytes in the CNS derive from two embryonic sources: neuroectoderm-

derived neural crest cells, which give rise to pericytes of the forebrain, and 

mesoderm-derived MSCs, which give rise to pericytes in the midbrain, brain stem 

and spinal cord (Winkler et al., 2011). The question remains, whether these 

ubiquitous cells behave as genuine stem cells in vivo or whether their stem cell 

potential is a cell culture artifact (Appaix et al., 2014).  
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1.7 Concluding remarks - p75NTR as a cell marker in the CNS 

 

p75NTR is widely expressed during development in the CNS and PNS in neurons and 

glial cells. It has crucial functions in controlling the number of developing neurons, 

axonal growth, SC migration, and neurogenesis. During adulthood, many cells down-

regulate p75NTR expression, but it appears that these cells retain the ability to up-

regulate p75NTR expression during specific conditions. However, a specific population 

of cells continues to express p75NTR under normal conditions during adult life. p75NTR 

may for instance be considered as a cell marker of cholinergic basal forebrain 

neurons, neural stem cells with a primary neurogenic potential, and SCs in an 

immature and non-myelinating stage. Besides, it can additionally be used as a cell 

marker for OECs in vitro, but not in vivo.  
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Abstract 

 

Aims: Growth-promoting aldynoglia, characterised by the expression of the prototype 

immature Schwann cell marker p75 neurotrophin receptor (NTR) have been shown to 

occur in some demyelinating diseases. However, the mechanisms determining the 

emergence and fate of such cells are largely unknown. This study aimed at the 

identification of such cells and potential triggering factors using an in vitro slice 

culture approach. Methods: Organotypic cerebrum and brain stem slices of adult 

mice were cultivated for up to 18 days in vitro. Immunohistochemistry for the 

detection of p75NTR, CD107b, periaxin, growth associated protein (GAP)-43, and glial 

fibrillary acidic protein (GFAP) was performed. The results for p75NTR were 

substantiated by the use of in situ hybridization. Results: Cultivation was associated 

with a progressively increasing spontaneous occurrence of bi- to multipolar p75NTR-

positive, but periaxin-negative glia, indicative of aldynoglial Schwann cell like cells. 

Similar cells stained intensely positive for GAP-43, a marker for non-myelinating 

Schwann cells. The number of p75NTR positive glia did not correlate with GFAP 

expression, but showed a strong correlation with a remarkable spontaneous 

response of CD107b positive phagocytic microglia/macrophages. Moreover, 

aldynoglial p75NTR immunoreactivity negatively correlated to neuronal p75NTR 

expression, which was lost during culturing. Conclusion: The present results 

demonstrate that the cultivation of organotypic murine brain slices is accompanied by 

a spontaneous response of both microglia/macrophages and p75NTR positive cells, 

suggestive of Schwann cell like aldynoglia. The findings highlights the role of 

microglia/macrophages, which seem to be an important triggering factor, facilitating 

the occurrence of this unique type of macroglia.  
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Introduction 

Various neuropathologic conditions are characterised by a complex interplay of 

resident central nervous system (CNS) cells, which may either contribute to lesion 

progression or facilitate neuroregeneration, respectively. Besides infiltrating immune 

cells from the periphery, endogenous glial cells such as microglia, astrocytes, 

endothelial cells, and as highlighted recently, aldynoglia, play a crucial role in 

neurodegenerative diseases such as trauma, stroke, and demyelinating diseases [1-

6].  

As a receptor for neurotrophins, p75NTR is expressed by various cell types of the CNS 

in order to control proliferation, migration, differentiation, and apoptosis during 

development [7-10]. In adulthood however, p75NTR expression in the CNS becomes 

strongly down-regulated and is limited to cholinergic neurons of the basal forebrain 

and a specific type of glial cells, collectively referred to as aldynoglia [3, 4, 11, 12]. 

Following CNS injury, there is a significant up-regulation of p75NTR in various cell 

types, and investigations have mainly focussed on its role in cell death and the 

promotion of neuropathology [7, 8, 13]. Up-regulation of p75NTR has for instance been 

observed in oligodendrocytes in multiple sclerosis (MS) lesions and in experimental 

autoimmune encephalomyelitis [14-16], cuprizone-induced demyelination in mice 

[17], and dying oligodendrocytes during spinal cord injury (SCI) [18].  

P75NTR has additionally been linked to CNS regeneration and growth-promotion, 

however, hints for pro-regenerative functions of p75NTR in the CNS are fragmentary 

so far. A specific population of growth-promoting macroglia, collectively referred to as 

aldynoglia, is characterised by sharing striking morphological and molecular 

properties with peripheral pre-myelinating Schwann cells, which is substantiated by 

the conjoint expression of p75NTR [4, 19, 20]. Moreover, many investigations point out 

that Schwann cells themselves may play a so far underestimated role in CNS 

regeneration. Interestingly, a comparatively high proportion of remyelination following 

CNS injury is done by Schwann cells as shown in many experimental animal models 

for demyelinating CNS diseases such as Theiler’s murine encephalomyelitis as well 

as MS and human SCI [21-23]. Interestingly, the absence of astrocytes seems to be 

a pivotal factor that favours Schwann cell remyelination as shown in spinal cord MS 

lesions [22] and in several experimental animal models of demyelination [6, 24-26]. 

Moreover, axonal damage has been proposed as a triggering mechanism, facilitating 
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the occurrence of p75NTR expressing aldynoglia in canine distemper [3]. The exact 

origin of these cells remains elusive so far, however, the hypothesis of a dominating 

peripheral origin of Schwann cells in terms of invasion from meninges, and peripheral 

nerves was recently challenged by the demonstration that certain CNS precursor 

cells are capable of giving rise to Schwann cells in vitro and even after 

transplantation into the demyelinated spinal cord [27-29]. In fact, at least in the spinal 

cord, the majority of Schwann cells in lysolecithin-induced demyelinated lesions in 

mice derives from oligodendrocyte precursor cells (OPCs), which may differentiate 

into astrocytes, oligodendrocytes, and lastly Schwann cells [6]. Usage of the term 

“central Schwann cells” or “Schwann cell like brain glia” has been proposed in order 

to classify this unique type of aldynoglial macroglia [10].  

An occurrence of bi- to multipolar p75NTR positive cells suggestive of such 

endogenous aldynoglial Schwann cell like cells was recently described in 

demyelinated lesion in canine distemper leukoencephalitis, which could additionally 

be recapitulated in organotypic slice cultures of the adult canine olfactory bulb [3]. In 

dissociated cell cultures of canine origin, certain glial populations such as olfactory 

ensheathing cells (OECs), and Schwann cells have shown to up-regulate p75NTR 

expression during in vitro cultivation [10, 30-32].  

The interdependence and complexity of resident glial cell responses following CNS 

injury hamper the development of in vitro models that adequately mimic those 

pathologic conditions. Here, organotypic CNS slices are characterised by a 

preserved organotypic architecture that allows to investigate different cell populations 

in their multi-cellular in vitro environment [33-36]. Organotypic slice cultures have 

thus been referred to represent an intermediate model between dissociated cell 

cultures and animal models, thus offering some advantages over dissociated cell 

cultures in specific questions [36-38]. Recently, cultivated murine organotypic CNS 

slices have been proposed as a model of MS that mimics processes of demyelination 

and remyelination, respectively [39]. Most of these studies are based on the use of 

fetal or neonatal tissue, which is characterised by high resistance to ischemic 

damage and mechanical trauma, thus displaying a comparatively long lasting viability 

in culture [40]. However, neonatal tissue lacks many physiological properties of adult 

cell-tissues and may exhibit a significantly differing response to stress and injury [37, 

41]. Cultivation of CNS slices of adult animals may thus be more appropriate to study 
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pathological events in response to tissue injury and stress without the complex 

interference of peripheral immune cells [36]. In fact, cultivation of spinal cord and 

olfactory bulb slices of dogs and has been used as an in vitro model for canine SCI 

and demyelinating disease, respectively [3, 36, 38]. Recently, cultivation of canine 

olfactory bulb slices has shown to be associated with emerging p75NTR positive bi- to 

multipolar glial cells, suggestive of centrally derived Schwann cell like glia [3]. 

However, if this observation represents a species and localization dependent 

phenomenon, remains enigmatic so far. It cannot be excluded that some of the 

detected bi- to multipolar p75NTR positive cells may in fact represent OECs, which 

have migrated to other layers of the olfactory bulb.  

Although mice represent a commonly used species for in vitro investigations, the 

temporal and spatial effects of cultivating murine CNS slices on p75NTR expression on 

certain populations of CNS cells, with a special emphasis on aldynoglial cells, are not 

known so far. Thus, the hypothesis of the present report was that adult murine 

organotypic CNS slice cultures represent a suitable in vitro tool to study the effects of 

CNS injury on the complex interplay of resident glial cells with a special emphasis on 

aldynoglial p75NTR expression. To test this hypothesis the aims of the study were i) to 

investigate the temporal expression pattern of p75NTR, CD107b, and glial fibrillary 

acidic protein (GFAP) in different cell populations of cultivated cerebrum and brain 

stem slice cultures by the use of immunohistcohemistry, and ii) to identify potential 

triggering factors that facilitate the aldynoglial expression of p75NTR. 

 

Materials and Methods 

Organotypic brain slice culture 

CSN tissue of young adult male and female C57BL/6 wildtype mice with an age of 50 

+/- 3 days (n=21) was used for the in vitro investigations. The animals were housed 

according to the applicable regulations of the German laws (file reference/local 

permission number 42500/1H) with free access to water and food and in a 12/12 

hours light/dark cycle. The animals were euthanized following general anesthesia 

using medetomidine (2.5 mg/kg) and ketamine (500 mg/kg). Post mortem, the brain 

was removed under sterile conditions, and placed into ice cold culture medium. The 

generation of slices was performed according to standard modified procedures [3, 36, 
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42]. Briefly, slices were produced using a McIlwain Tissue Chopper® (H. Saur 

Laborbedarf, Reutingen, Germany) with a slice thickness adjusted to 350 µm in 

transversal sections. The cultivation medium consisted of Dulbecco’s modified eagle 

medium (Gibco, high glucose [4.5 g/L] including L-glutamine, Life Technologies 

GmbH, Darmstadt, Germany); 10% fetal calf serum and 1% penicillin/streptomycin 

[3], adjusted to pH 7.2. Cerebrum at bregma 0 to -2.5 mm (localization 1) and brain 

stem with attached cerebellum (localization 2) were used. The resulting slices were 

subsequently placed onto organotypic cell culture inserts with a membrane pore size 

of 0.4 µm (Millicel Cell Culture Inserts PICM0RG50, Millipore, Schwalbach, Germany) 

in a six-well plate (Nunc, Wiesbaden, Germany). On average, 2 slices with preserved 

morphology were obtained from each localization. Slices of the same localization 

were placed together onto the respective cell culture insert. The slices were kept in 

the humidity chamber incubator at 37°C, 5% CO2, for 4 hours (day 0), 3 days, 9 days, 

and 18 days with n = 5 to 6 animals per time point for each localization. Medium was 

changed every 2-3 days. At each definite time point the slices were removed and 

fixed overnight in 4% paraformaldehyde, followed by embedding in paraffin. Serial 

sections of 4 µm were cut with a microtome and stained with haematoxylin and eosin 

(HE). 

Immunohistochemistry 

Immunohistochemistry was performed on paraffin embedded slices according to 

standard protocols [36, 38]. Briefly, sections were first deparaffinised and rehydrated 

through a graded series of alcohols. In order to block endogenous peroxidase 

activity, slides were incubated for 30 min at room temperature in 30% H2O2 and 85% 

ethanol. Depending on the used primary antibody, different pre-treatments were 

applied if necessary (table 1). Blocking was done using goat normal serum diluted in 

phosphate buffered saline (PBS) 1:5 at room temperature for 20 min. Sections were 

incubated with a panel of different antibodies (table 1) overnight at 4°C. Biotinylated 

goat anti-rabbit and goat anti-mouse secondary antibodies were used respectively 

(except for the case of CD107b, where the primary antibody was directly 

biotinylated), followed by detection with avidin-biotin-peroxidase complex (ABC, 

Vector Laboratories, Burlingame, USA). 3,3’-diaminobenzidine tetrahydrochloride 

(DAB) with H2O2 (0.03%, pH 7.2) served as a chromogen. Slides were slightly 

counterstained using Mayer’s hemalaun. All slides were stained with the antibodies 
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directed against p75NTR, CD107b, and GFAP. For the detection of periaxin and 

growth associated protein (GAP)-43, selected slides were chosen based on the 

results for p75NTR (days 9 and 18 of each localization). Moreover, double-

immunolabelling for CD107b and p75NTR was performed on selected slices. Due to 

technical problems in terms of severe background staining with the polyclonal p75NTR 

antibody, a monoclonal antibody directed against p75NTR (table 1) was used in case 

of double-staining with CD107b. Histogreen® was used as the additional chromogen 

for double labelling experiments.  

Table 1: Primary antibody details, dilutions, and pre-treatments used for 

immunohistochemistry 

Detected antigen Antibody details and 

supplier 

Dilution Pre-treatment 

P75 neurotrophin 

receptor 

Rabbit polyclonal anti 

human (Millipore, 

AB1554) 

1:800 Triton-X 0.3% for 15 min 

Periaxin Rabbit polyclonal anti 

human periaxin (Sigma-

Aldrich, HPA001868)  

1:5000 Citric buffer pH 6.0, 20 

min microwave 

CD107b (Mac3) Rat monoclonal anti 

mouse biotinylated (AB 

Serotec, clone M3/84) 

1:200 Citric buffer pH 6.0, 20 

min microwave 

Glial fibrillary acidic 

protein (GFAP) 

Rabbit monoclonal anti 

human (DAKO, Z0334) 

1:1000 None 

P75 neurotrophin 

receptor 

Rabbit monoclonal anti 

human (Epitomics, clone 

EP1039Y) 

1:80 Citric buffer pH 6.0, 20 

min microwave 

Growth associated 

protein 43 (GAP-43) 

Rabbit polyclonal anti rat 

(Millipore, AB5220) 

1:1000 Citric buffer pH 6.0, 20 

min microwave 

 

 

In situ hybrydization (ISH) 

Additionally, in situ hybridization for p75NTR mRNA was performed on selected slices 

in order to confirm the results obtained by the use of the polyclonal antibody in 

immunohistochemistry. A 230 base-pair RNA probe detecting mRNA that is 

translated to amino acids 24-97 of the extracellular domain of p75NTR (GeneBank 
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Accession Number XM_548191) was produced according to established protocols 

[43, 44]. For polymerase chain reaction (PCR), p75NTR specific primers (forward 

primer 5’-TGAGTGCTGCAAAGCCTGCAA-3’, reverse primer 5’-

TCTCATCCTGGTAGTAGCCGT-3’; GenBank number: XM_548191.4) [45] were 

used and the amplicon was subcloned in pCR4-TOPO vector (TOPO TA Cloning Kit 

for Sequencing; Invitrogen, Karlsruhe, Germany). Digoxigenin (DIG)-labeled RNA 

probes were transcribed in vitro with T3 RNA polymerase (Roche Diagnostics GmbH, 

Mannheim, Germany). In situ hybridization to detect mRNA was performed as 

described [43, 44]. Briefly, the tissue sections were dewaxed in Roti®Histol (Carl Roth 

GmbH, Karlsruhe, Germany), isopropanol and subsequently hydrated in graded 

ethanol, and washed in ultrapure, pyrogen-free, DEPC-treated water. After proteolytic 

digestion (proteinase K, Roche Diagnostics; 1 µg/100 µl hybridization buffer), 

postfixation, acetylation and rehybridization, the hybridization with the DIG labeled 

RNA probe (500 ng/100 µl hybridization buffer) was performed overnight in a moist 

chamber at 52°C. As detection system for hybridized probes an anti-DIG antibody 

conjugated with alkaline phosphatase (1:200, Roche Diagnostics) and the substrates 

nitroblue tetrazoliumchloride (NBT; Sigma Aldrich) and 5-bromo-4-chloro-3-indolyl 

phosphate (BCIP, X-phosphate; Sigma Aldrich) were applied. Negative controls 

included sections incubated with hybridization buffer only.  

 

Quantification of immunoreactive cells and statistical analysis  

All paraffin sections that underwent immunohistochemistry were pictured with an 

Olympus bx51 digital camera microscope (Olympus Optical Co., Hamburg, 

Germany), with 10x magnification. Images were stored as tagged image file format 

(tiff) files using Cell-D Imaging software (Olympus Soft Imaging Solutions GmbH, 

Munster, Germany). Counting of cells was done using Cell-D Imaging Processing 

software and the number of immunoreactive cells per square mm was calculated in 

each of the different CNS regions and used for statistical analysis. Based on cellular 

morphology, p75NTR-immunoreactive cells were classified as either neurons, 

phagocytic Gitter cells, or bi- to multipolar glial cells. In order to evaluate time-

dependent changes in antigen expression, non-parametric variance analysis (Kruskal 

Wallis Test) was performed. In case of significance, the analysis was followed by 

pair-wise timepoint-comparisons using the Mann-Whitney-U-Test with subsequent α-
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adjustment according to the method of Bonferroni. Correlation analysis for the 

different markers was performed using Spearman’s rank correlation. For all statistical 

analyses, SPSS version 20 (IBM Corporation, Armonk, NY, USA) was used, and p-

values lower than 0.05 were considered significant. Box plots were created using 

GraphPad Prism, Version 6.01 (GraphPad Software, La Jolla, CA, USA).  

 

Results 

 

Morphology 

HE staining of cultivated CNS slices revealed a preserved general organotypic 

architecture in both investigated localizations during the entire culture period. Time-

dependently, neurons exhibited cellular shrinkage, hypereosinophilic cell bodies 

and/or loss of staining intensity beginning at day 3 in culture and increasing towards 

day 18. Kresyl-Echt-Violett staining revealed shrunken neuronal perikarya with loss of 

Nissl substance and pallor, suggestive of neuronal degeneration and death, 

respectively. In parallel, large round to oval phagocytic cells with peripheral, partly 

multiple nuclei with condensed heterochromatin and foamy cytoplasm, suggestive of 

Gitter cells, were obvious beginning at day 3 in culture and increased in number up to 

day 18. These cells were found in clusters and scattered throughout the slices, 

predominantly at later culture time points.   

 

Spatio-temporal expression pattern of p75NTR in distinct CNS cell populations 

On day 0, weak p75NTR expression was confined to neurons in both investigated 

localizations. However, beginning on day 3 in culture, neuronal expression of p75NTR 

significantly diminished in both localizations, progressing towards a nearly complete 

absence on day 9 and day 18 in both investigated CNS localizations (cerebrum: p = 

0.001; brain stem: p < 0.001; figures 1-3).  

In parallel with neuronal loss of p75NTR expression, a weak expression signal of 

p75NTR, which exhibited a culture time-dependent increase was observed on Gitter 

cells (cerebrum: p = 0.003; brain stem: p < 0.001; figures 1, 2). In slices of the 
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cerebrum, p75NTR immunoreactive Gitter cells showed a nearly linear increase in 

number reaching the highest values in slices of day 18 (figure 1). Multiple pair-wise 

comparisons revealed significantly higher numbers of p75NTR positive Gitter cells on 

day 18, compared to day 0 (figure 1). In brain stem slices, p75NTR immunoreactivity of 

Gitter cells was highest on day 9 in culture, where these cells reached the highest 

numbers with a subsequent decline towards day 18 (figure 2). Pairwise comparisons 

revealed significantly higher numbers of p75NTR positive gitter cells as compared to 

day 0 and day 3, respectively. The maximum number of p75NTR positive Gitter cells 

was generally higher in brain stem slices (maximum value of 8.05 cells per square 

mm in cerebrum slices on day 18 versus maximum value of 29.15 cells per square 

mm in brain stem slices on day 9).  

A culture time-dependent increase in p75NTR expression was additionally noted on bi- 

to multipolar glial cells in all investigated localizations, often corresponding to regions 

where there was most intense infiltration of Gitter cells (cerebrum: p = 0.001; brain 

stem: p < 0.001; figure 1, 2, 4). These cells presented as elongated cells with 

spindeloid to multipolar morphology with fine cytoplasmic processes (figure 4). In 

cerebrum slices, such cells were observed in low numbers on day 3 and 9 in culture, 

and significantly increased in number on day 18 in culture (figure 1). Pairwise 

comparison revealed a significant difference between day 18 and day 0 (figure 1). In 

brain stem slices low numbers of such cells were observed starting on day 9 in 

culture, and, similar to cerebrum slices, increasing in number on day 18 in culture. 

Pairwise comparison revealed significantly higher numbers of p75NTR bi- to multipolar 

glial cells on day 18 as compared to day 0 and day 3, respectively (figure 2). The 

overall number of p75NTR immunoreactive bi- to multipolar glial cells was generally 

appreciated to be remarkably higher in brain stem (maximum = 123.3 cells per 

square mm on day 18 in brain stem versus maximum = 15.9 cells per square mm on 

day 18 in cerebrum). In the cerebrum these cells were predominantly found in areas 

other than cortex. 

In situ hybridization for p75NTR on representative sections of day 18 revealed a 

positive nuclear and perinuclear mRNA-signal in several small cells, suggestive of 

aldynoglial Schwann cell like cells, though there was no expression signal in 

cytoplasmic processes (figure 4). Most notably, Gitter cells stained intensely positive 

with the used probe (figure 4). 
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In order to substantiate a potential Schwann cell like phenotype of the detected bi- to 

multipolar p75NTR positive glial cells, immunohistochemistry for GAP-43, which is a 

marker for non-myelinating Schwann cells, was performed on selected slides. 

Several cells with a bi- to multipolar morphology, morphologically similar to the cells 

observed with immunohistochemistry for p75NTR, stained intensely positive for GAP-

43 (figure 4). Moreover, immunohistochemistry for periaxin, which is a marker for 

myelinating Schwann cells, was performed on slices of day 9 and 18 in both 

investigated localizations. However, no periaxin-immunoreactive structures were 

noted.  

 

Immunohistochemistry for glial fibrillary acidic protein  

Astrocytic morphological differences could be appreciated during the cultivation 

period. While at day 0, GFAP-positive cells exhibited a typical astrocyte morphology 

with long arborized cytoplasmic processes in both localizations, there was a virtually 

increasing trend for cytoplasmic condensation, plump morphology, and loss of 

cellular processes, following prolonged cultivation of the slices (figure 5). Notably, in 

areas where intense Gitter cell infiltration and occurrence of p75NTR positive bi- to 

multipolar glial cells was observed, GFAP immunoreactivity subjectively appeared 

less prominent, though not reaching the level of significance in statistical evaluation. 

The overall number of GFAP-positive cells did consequently not show differences 

during the culture period (cerebrum: p = 0.094; brain stem: p = 0.252).   

 

Immunohistochemistry for CD107b and double-labelling for p75NTR and CD107b 

Immunohistochemistry for CD107b, using the clone Mac3, demonstrated intense 

labelling of Gitter cells, which were noted on day 9 and 18 in culture, reaching the 

highest values in the latter time point (cerebrum: p = 0.002; brain stem: p = 0.001; 

figure 1, 2). CD107b immunolabelling was most prominent on large phagocytic, partly 

binuclear cells (figure 6). In the cerebrum they were predominantly found in regions 

of the corpus callosum and especially around lateral ventricles, projecting to 

neighbour areas. However, occasionally, CD107b positive cells exhibited a uni- to 

bipolar morphology, suggestive of non-phagocytic microglia (figure 6).  
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As some cells with similar morphologic properties appeared to express both p75NTR 

and CD107b, double-immunolabelling of representative sections was performed 

using a monoclonal antibody for p75NTR (table 1) and the clone Mac3 for CD107b. 

Some multipolar cells exhibited co-expression of both markers, albeit CD107b was 

preferentially expressed in the perinuclear cytoplasm with spared expression in the 

cytoplasmic processes (figure 6). The latter were strongly positive for p75NTR. 

However, the majority of bi-to multipolar cells stained exclusively positive for p75NTR 

(figure 6).   

 

Correlation analysis 

In order to elucidate potential co-dependencies of the immunohistochemical findings, 

Spearman’s rank correlation analysis was performed, considering the complete 

cultivation period (figure 7). There was a moderate to strong negative correlation of 

neuronal p75NTR immunoreactivity and p75NTR expression in bi- to multipolar glial 

cells (cerebrum: r = -0.629; p = 0.002; brain stem: r = -0.792; p < 0.0001; figure 7), 

whereas glial/phagocytic CD107b-immunoreactivity and p75NTR-immunoreactivity of 

bi- to multipolar glial cells exhibited a strong positive correlation (cerebrum: r = 0.807; 

p < 0.0001; brain stem: r = 0.904; p < 0.0001; figure 7). Moreover, there was a 

moderate to strong negative correlation for neuronal p75NTR expression and 

glial/phagocytic CD107b expression (cerebrum: r = -0.604; p = 0.004; brain stem: r = 

-0.802; p < 0.0001; data not shown). If the ratio between CD107b positive 

microglia/macrophages and p75NTR bi-to multipolar positive glial cells was calculated, 

there were significantly higher values at day 9 compared to day 18 in brain stem 

slices, indicating that p75NTR immunoreactivity in Gitter cells preceded p75NTR 

expression of bi- to multipolar glia. Correlation analysis was additionally performed 

for p75NTR expression in bi- to multipolar glial cells and the number of GFAP positive 

astrocytes. However, there was neither a significant correlation in brain stem slices (r 

= 0.294; p = 0.196) nor in cerebrum slices (r = -0.264; p = 0.247). 
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Discussion 

 

The provided results demonstrate that p75NTR expression follows a time-dependent 

course in distinct cell populations during the cultivation period of adult murine 

cerebrum and brain stem slices. While neurons remarkably lost p75NTR expression 

during the culture period, p75NTR was up-regulated on distinct glial cell populations in 

an anti-parallel manner. This is the first report of spontaneous p75NTR expression on 

distinct glial cell populations, i.e. microglia/macrophages and cells suggestive of 

aldynoglial Schwann cell like glia, in adult murine CNS slices in general, and in brain 

regions other than the olfactory bulb in particular. Here, we demonstrate that 

organotypic slice cultures of adult mice represent a suitable model to mimic certain 

aspects of CNS injury and to study the response of endogenous CNS cells in their 

organotypic environment.  

The complete loss of neuronal p75NTR expression in the present study may indicate 

neuronal death, which was also suggested by neuronal morphology in HE stained 

slices, substantiating that degeneration necessarily accompanies the prolonged 

cultivation of CNS slices derived from adult animals. Moreover, a considerable 

amount of neurons is axotomized due to the model system and may thus undergo a 

dying back phenomenon [46]. In rat slices of the basal nucleus, a similar decrease of 

p75NTR positive cholinergic neurons has been observed, which could in part be 

restored by addition of nerve growth factor and glial cell line-derived neurotrophic 

factor [46]. Interestingly, a similar loss of p75NTR expression was noted in cultivated 

canine neurons, derived from dorsal root ganglia [47]. The results indicate that down-

regulation of neuronal p75NTR expression and/or neuronal degeneration may possibly 

function as a triggering mechanism, facilitating the reactive and subsequent response 

of endogenous microglia/macrophages, which is substantiated by the strong negative 

correlation of neuronal p75NTR expression and CD107b expression of phagocytic 

microglia/macrophages in the present study. 

In fact, the cultivation was associated by a considerable formation of Gitter cells, 

which is highly similar to a microglia/macrophage dominated immune response in 

certain neurodegenerative diseases such as trauma, MS, and its animal models [48-

50]. The occurrence of such phagocytes has been demonstrated previously in spinal 
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cord and olfactory bulb slice cultures of adult dogs [3, 36]. Moreover, organotypic 

slice cultures of neonatal hamsters have been proposed previously as a useful model 

system to examine the interactions of microglia with neurons and other glia in the 

injured CNS [51]. Activated and phagocytic microglia have been described directly 

after plating of hippocampal slices of 7 days old rats, suggesting microglia preserve 

their essential characteristic features and properties in organotypic CNS slices [52]. 

This is the first report of p75NTR immunoreactivity and positive reaction with p75NTR-

specific in situ hybridization of such cells in cultivated brain slices, substantiating that 

these cells have not only phagocytosed the protein.  

Activation of endogenous microglia/macrophages that begin to phagocytose 

degenerated debris reflects the fact that the generation and subsequent cultivation of 

slices derived from adult animals is associated with considerable degenerative 

events that are surprisingly similar to degenerative processes that follow certain 

diseases such as traumatic CNS injury and demyelinating brain diseases [3, 35, 36, 

52]. P75NTR has been linked to the innate response of microglia/macrophages as for 

instance shown in MS plaques [14]. In fact up-regulation of p75NTR has been detected 

in phagocytotically active perivascular cells in the rat neural lobe following axonal 

denervation, however these cells did not co-label with microglial marker C3bi 

complement receptor [53]. Expression of p75NTR by perivascular cells with phagocytic 

activity has additionally been shown following partial denervation of the rat 

neurohypophysis [54]. In vitro, cultured microglia obtained from cerebral hemispheres 

of neonatal rats respond to exogenous neurotrophins with an expression of p75NTR, 

confirmed with Western blot and RT-PCR [55], and here neurotrophins may play a 

pivotal role in the inhibition of major histocompatibility class II inducibility of microglia 

[56]. Microglia/macrophages substantially contribute in the removal of degenerate 

debris, which is thought to represent an important prerequisite for regenerative 

events [57]. Moreover, certain phenotypes of microglia/macrophages such as the 

alternatively activated M2 type have a pivotal role in the facilitation of axonal 

regeneration and repair [58, 59]. The present results demonstrate that the cultivation 

of murine organotypic CNS slices is accompanied by substantial reactions of 

microglia/macrophage with subsequent expression of p75NTR. As organotypic slices 

are easily accessible, pharmacological manipulation of this microglia/macrophage 

response without interfering effects of the peripheral immune system represents an 

interesting approach for future studies.      
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Strikingly, in parallel with the occurrence of p75NTR and CD107b immunoreactive 

Gitter cells, numerous bi- to multipolar p75NTR positive glial cells started to emerge in 

the cultivated slices. These cells were found in higher numbers in cultivated brain 

stem slices. The histogenesis of these cells remains speculative, however, similar 

emerging cells have been found in cultivated olfactory bulb slices of adult dogs, 

morphologically resembling aldynoglial Schwann cell like brain glia [3]. Indeed, 

Schwann cell-like cells are found in demyelinated lesions in several animal models in 

vivo as well as in MS [6, 22, 24, 25]. These cells may be involved in Schwann cell 

mediated remyelination and might thus contribute to enhanced regeneration and 

repair, respectively. In fact, recent observations in rodent models indicate that 

Schwann cell remyelination contribute to a comparatively large part (up to ~ 35 %) of 

spontaneous remyelination following CNS injury [60]. The origin of this cell type is still 

elusive. However, several lines of evidence suggest that a significant proportion of 

Schwann cells derives from resident PDGFRa/NG2 positive CNS progenitor cells, 

possibly identical to OPCs [6]. Why these cells were more abundant in the brain stem 

slices compared to the cerebrum slices, remains unknown so far. However, the 

enhanced emergence of such cells in brain stem slices may indicate that there is a 

more robust intrinsic capacity of this region to form such immature cells compared to 

the cerebrum. Strikingly, the number of CD107b positive cells was similarly higher in 

brain stem slices than in cerebrum slices with a maximum exceeding the cerebrum 

by 2 fold. Hence, it appears that there is a compartment phenomenon in terms of a 

comparatively stronger intrinsic immune response in the brain stem under the given 

cultivation conditions.  

The presented results demonstrate that p75NTR positive bi- to multipolar glia 

progressively and spontaneously emerge in cultivated brain slices of adult mice 

substantiating organotypic brain slices as a promising in vitro approach to study the 

origin and fate of these cells. Moreover, the deprivation of peripheral blood supply 

and peripheral nerve structures suggests that the observed cells will most probably 

have originated from endogeneous CNS cells. If the observed progressively 

increasing immunopositivity for p75NTR is due to a differing activation stage of cells 

that have been quiescent before or, alternatively, if these cells represent a newly 

formed cell type, potentially originating from CNS precursors remains enigmatic so 

far and represents a promising issue for future studies. Moreover, whether the 

detected cells in the present study in fact represent centrally derived Schwann cells 
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remains unclear. In order to substantiate this hypothesis, we performed 

immunohistochemistry for GAP-43. GAP-43 is a well-known prototype marker for 

neuronal development, and neuroaxonal regeneration, respectively [38, 61]. 

However, interestingly, GAP-43 is additionally expressed by non-myelinating and de-

differentiating Schwann cells in the peripheral nervous system [20, 62, 63]. This 

observation led us to the hypothesis that if the p75NTR positive glia indeed represent 

aldynoglial Schwann cell like cells, they might also express GAP-43. In fact, in the 

present study, several cells with similar bi- to multipolar morphology stained positive 

for GAP-43. Hence, the results substantiate that the detected cells may represent 

aldynoglial Schwann cell like cells. However, if so, these cells seem to remain in a 

pre-myelinating stage, as they were negative for periaxin, a specific marker for 

peripheral myelin [64]. A similar conclusion was drawn from cultivated olfactory bulb 

slices, where p75NTR bipolar glia similarly do not express markers of mature, 

myelinating Schwann cells such as myelin protein 0 and Krox20, respectively [3]. We 

cannot conclusively state if the cells positive for GAP-43 and p75NTR in fact represent 

the same population and immunoreactivity for p75NTR alone does not necessarily 

identify the cells as Schwann cells. In fact, under certain neuropathologic 

circumstances p75NTR is known to be expressed by a wide variety of CNS cells 

including astrocytes, endothelial cells, oligodendrocytes, and microglia [7, 8]. Thus, 

future studies have to clarify the exact identity and potential of these cells. In fact, a 

small proportion of the p75NTR positive glia stained additionally positive for CD107b, 

indicating this proportion to be activated microglia. However, there was a 

considerable amount of cells, exclusively positive for p75NTR in the double staining 

(figure 6). Their typical bi- to multipolar morphology, the temporal pattern of their 

occurrence, and lack of histological evidence of apoptotic cell death strongly 

suggests these cells represent vital, non-microglial cells.  

It has recently been emphasized that the adult brain harbors multipotent perivascular 

mesenchymal stem cells (MSCs), which share similarities to pericytes [65-68], 

indicating that CNS pericytes may represent an important MSC population, potentially 

implied in regeneration. Though the role of p75NTR is not known in this unique cell 

type, the detected bi- to multipolar cells in the present study might thus alternatively 

represent a unique type of brain MSCs, warranting further investigations on this 

issue. In fact, p75NTR was shown to be expressed in several types of stem cells and 
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has been used to prospectively isolate stem cells with different degrees of potency 

[69]. 

Irrespective of the true identity of these cells, we sought to determine factors that 

might contribute to their occurrence in an organotypic microenvironment. Correlation 

analysis should not be misinterpreted as a causal relationship but rather as an 

interdependence or general relationship of variables [70]. The strong positive 

correlation of p75NTR positive multipolar glial cells and CD107b positive 

microglia/macrophages thus indicates a robust interdependence of these findings. 

Moreover, in brain stem slices, the ratio of CD107b positive and p75NTR positive bi- to 

multipolar glia was significantly higher on day 9 in culture as compared to day 18, 

indicating that a microglia/macrophage response precedes the occurrence of p75NTR 

positive glia. In fact, it was postulated that besides axonal damage, 

microglia/macrophages might play a pivotal role in the facilitation of the occurrence of 

Schwann cell like macroglia [3]. In canine olfactory bulb slices and in brain lesions of 

canine distemper p75NTR positive cells are similarly found in areas with an intense 

microglia/macrophage response [3]. The present report substantiates the hypothesis 

that microglia/macrophages may play a fundamental role in the initiation of p75NTR 

expression on glia and highlight organotypic brain slices as a promising approach to 

address this issue in future studies. Several lines of evidence indicate that the 

phagocytic removal of myelin debris is in fact crucial for efficient remyelination [57, 

71]. In tissue culture, OPCs exhibit impaired differentiation, if plated onto a CNS 

myelin substrate [72]. Thus, removal of myelin debris by microglia/macrophages may 

be a prerequisite for efficient remyelination, either by oligodendrocytes or Schwann 

cells.  

Moreover, there was a moderate to strong negative correlation with neuronal p75NTR 

expression, the latter being progressively lost during the culture period. As suggested 

above, this might possibly indicate an indirect or direct relationship of neuronal and 

glial p75NTR expression, in terms of neuronal death, which facilitates 

microglia/macrophage responses, which itself may subsequently play a role as a 

triggering factor of p75NTR expression on aldynoglial cells.  

In situ, Schwann cell remyelination is known to predominantly occur in areas devoid 

of GFAP expression. We could not detect any statistical difference in the number of 

GFAP positive cells during the cultivation period nor was there a correlation of the 
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number of GFAP positive astrocytes and p75NTR expressing bi- to multipolar glia. 

However, prolonged cultivation was associated with a change in cell shape, possibly 

indicating a phenomenon, which is referred to as clasmatodendrosis. The term 

clasmatodendrosis has been introduced a century ago by Cajal and Alzheimer, 

respectively in order to describe an irreversible astrocytic injury with loss of their 

distal processes [73]. Clasmatodendrotic, i.e. injured astrocytes with reduced 

processes, are for instance found in ischemic brain injury [74, 75]. A similar 

phenomenon has interestingly been described in hippocampal slice cultures following 

toxic ischemia and acidosis, and is believed to be the expression of astrocytic energy 

failure [73]. All of these events will in fact play a role in the presented slice culture 

system, derived from adult mice, as the generation of such slices and prolonged 

cultivation necessarily involves ischemic degeneration and death, respectively. 

Interestingly, areas with most prominent Gitter cell and p75NTR positive glial cell 

reactivity, virtually exhibited a decreased GFAP immunoreactivity. However, statistics 

failed to substantiate this observation and thus the role of astrocytes in the promotion 

or inhibition of p75NTR multipolar glial cells in cultivated brain slices remains 

speculative. 

Taken together the present report highlights organotypic slice cultures of adult mice 

as an interesting tool to study the complex interplay of resident CNS cells such as 

microglia/macrophages and, strikingly, also p75NTR positive cells, following CNS 

injury. Moreover, the present results underline the obviously strong interdependence 

of microglia/macrophage activation and responses of p75NTR positive glial cells, 

which may possibly have growth- and regeneration promoting abilities. Thus, 

organotypic slice cultures appear to represent a suitable intermediate model that has 

promising implications for future investigations focussing on the facilitation of 

centrally derived p75NTR expressing aldynoglia and the manipulation of the 

microglia/macrophage response.  
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Figure 1 

 

Figure 1: Scatter plots displaying the results of immunohistochemistry for cultivated 

organotypic murine cerebrum slices. The x-axis indicates the time in culture (0, 3, 9, and 18 

days respectively), while the y-axis displays the number of positive cells per square mm. A) 

P75 neurotrophin receptor (NTR) expression on neurons. P75NTR expression is almost 

entirely lost as early as day 3 in culture. B) P75NTR expression on bi- to multipolar glial cells, 

suggestive of Schwann cell like aldynoglia. P75NTR immunoreactive bi- to multipolar glial cells 

begin to arise on day 3 in culture and reach their highest number on day 18. C) In parallel, 

microglia/macrophages, labelled with the antibody Mac3, occur in advanced time points of 

the cultivation period, reaching their highest number on day 18 as compared to day 0 and 

day 3, respectively. D) Low numbers of Gitter cells, expressing p75NTR, can be found as early 

as day 3 in culture and increasing in number towards day 18, where their number reaches 

the level of significance as compared to day 0.  

The lines in the scatter plots indicate the mean value. Asterisks mark group-wise differences 

with a p-value lower than 0.05 as determined with Mann-Whitney-U-Test and Bonferroni α-

adjustment.  
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Figure 2 

 

 

Figure 2: Scatter plots displaying the results of immunohistochemistry for cultivated 

organotypic murine brain stem slices. The x-axis indicates the time in culture (0, 3, 9, and 18 

days respectively), while the y-axis displays the number of positive cells per square mm. A) 

P75 neurotrophin receptor (NTR) expression on neurons. The number of p75NTR expressing 

neurons is significantly diminished during the culture period. While a number of neurons 

expresses p75NTR at day 0, this expression is nearly entirely lost on day 9 and 18, 

respectively. B) P75NTR expression on bi- to multipolar glial cells, indicative of Schwann cell 

like aldynoglia. P75NTR immunoreactive bi- to multipolar glial cells, reminiscent of aldynoglial 

Schwann cell like cells are increased in number at the end of the culture period (day 18) as 

compared to day 0 and day 3, respectively. C) In parallel, CD107b positive 

microglia/macrophages, labelled with the antibody Mac3, increase in number during the 

cultivation period with high numbers of such cells on day 9 and 18, respectively. D) Similarly, 

some Gitter cells weakly express p75NTR and reach their highest numbers on day 9 in culture. 

The lines in the scatter plots indicate the mean value. Asterisks mark group-wise differences 

with a p-value lower than 0.05 as determined with Mann-Whitney-U-Test and Bonferroni α-

adjustment.  
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Figure 3 

 

Figure 3: Neuronal expression of p75 neurotrophin receptor (NTR) in cultivated murine 

organotypic brain slices. A) There is weak expression of p75NTR in some neurons (arrows) in 

the cerebral cortex at day 0. Cerebrum. Immunhistochemistry. Scale bar = 50 µm. B) On day 

3 in culture, neuronal expression of p75NTR is entirely lost. Cerebrum. Immunohistochemistry. 

Scale bar = 50 µm. 
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Figure 4 

 

 

Figure 4: Expression of p75 neurotrophin receptor (NTR) on bi- to multipolar glial cells, 

reminiscent of aldynoglial Schwann cell like cells, in cultivated murine organotypic brain 

slices on day 18 in culture. A) Numerous bi- to multipolar cells (arrows) with intense 

expression of p75NTR are noticed in close proximity to partly binuclear Gitter cells 

(arrowhead). Brain stem. Immunohistochemistry. Scale bar =20 µm. Inset: Especially on day 

9 in culture, some Gitter cells additionally stain moderately positive for p75NTR (arrowheads), 

which diminishes on day 18 in culture. Immunohistochemistry. B) Similar bipolar p75NTR 

immunopositive glia, suggestive of aldynoglial Schwann cell like cells are observed in the 

cerebrum at day 18. Cerebrum. Immunhistochemistry. Scale bar = 20 µm. C) Growth 

associated protein-43, a marker for non-myelinating Schwann cells, is expressed on 

numerous bi-to multipolar glial cells (arrows) in close proximity to Gitter cells (arrowhead). 

Brain stem. Immunohistochemistry. Scale bar = 20 µm. D) In situ hybridization for p75NTR. 

There is a strong signal for p75NTR in large Gitter cells (arrowheads). In addition, smaller 

cells, potentially corresponding to aldynoglial Schwann cell like cells, exhibit a nuclear and 

perinuclear expression signal (arrows). Brain stem. In situ hybridization for p75NTR mRNA. 

Scale bar = 20 µm.  
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Figure 5 

 

 

Figure 5: Immunohistochemistry for glial fibrillary acidic protein (GFAP) in cultivated 

organotypic murine brain stem slices. A) GFAP immunoreactivity on day 0. GFAP is 

expressed by cells with typical arborized cellular processes, indicating normal astrocyte 

morphology (arrows). Brain stem. Immunohistochemistry. Scale bar = 20 µm. B) On day 3 in 

culture, there is a change in astrocyte morphology. Though GFAP expression is retained, 

astrocytes have diminished cytoplasmic processes and a plump morphology (arrowheads). 

Brain stem. Immunohistochemistry. Scale bar = 20 µm. 
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Figure 6 

 

Figure 6: Immunohistochemistry for CD107b (A) and double staining for CD107b and p75 

neurotrophin receptor (NTR) (B) in cultivated murine organotypic brain slices. A) The highest 

numbers of CD107b positive phagocytic microglia/macrophages (arrowheads) are found on 

day 18 in the brain stem. Note the large cells with foamy cytoplasm, consistent with Gitter 

cells. Brain stem. Immunohistochemistry. Scale bar = 20 µm. B) Double 

immunohistochemistry for CD107b (brown; chromogen: DAB) and p75NTR (green; 

chromogen: histogreen) in brain stem slices of day 18. There are some cells that co-express 

both markers (asterisk) with a perinuclear CD107b staining pattern and strong 

immunopositivity for p75NTR of the cellular processes. The majority of cells however is 

exclusively positive for CD107b (Gitter cells, arrowheads) and p75NTR (arrows), respectively. 

Brain stem. Immunohistochemistry. Scale bar = 20 µm.  
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Figure 7 

 

Figure 7: Scatter plots displaying the relationship of different immunohistochemical markers 

for cultivated organotypic murine brain stem (A and B) and cerebrum (C and D) slices. A) In 

the brain stem, the number of p75 neurotrophin receptor (NTR) positive bi- to multipolar glial 

cells (y-axis) moderately negatively correlates with the number of p75NTR expressing neurons 

(x-axis), which are lost during culturing. B) In cultivated brain stem slices, there is a strong 

positive correlation of the number of p75NTR positive bi- to multipolar glial cells (x-axis) with 

the number of microglia/macrophages, labelled with Mac3 (y-axis). C) There is a moderate to 

strong negative correlation of in cultivated cerebrum slices. D) A strong positive correlation of 

the number of p75NTR positive bi- to multipolar glial cells (x-axis) with the number of CD107b 

positive microglia/macrophages (y-axis) can be appreciated in the cerebrum. 
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Abbreviation list 

 

ABC = avidin-biotin-peroxidase complex 

DAB = 3,3’-diaminobenzidine tetrahydrochloride 

HE = hematoxylin and eosin 

HSPG = heparan sulfate proteoglycan 

p75NTR = p75 neurotrophin receptor 

PAS = periodic acid-Schiff 

PBS = phosphate buffered saline 

SAMP8 = senescent-accelerated mouse prone-8 

TMEV = Theiler’s murine encephalomyelitis virus 
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Abstract  

Periodic acid-Schiff (PAS) positive granular deposits in the hippocampus have been 

reported previously in certain inbred mouse strains such as C57BL/6 and the 

senescence accelerated prone mouse strain (SAMP8), but lack in other strains. Here, 

we report for the first time that similar PAS positive granules age-dependently occur 

in SJL/J mice, a mouse strain for instance used for central nervous system disease 

research. Moreover, similar granules stained intensely positive with a polyclonal 

antibody directed against p75 neurotrophin receptor (NTR). Granular deposits were 

absent in young mice and developed with aging in CA1 and CA2 regions of the 

hippocampus. Interestingly, granules significantly diminished in SJL/J mice previously 

treated with cuprizone, a copper chelator, which is a useful model for toxic 

demyelination. The presented data support the idea that granules might be the result 

of an imbalance of redox-active metals, and/or a dysregulation of complementary 

mechanisms that regulate their homeostasis in astrocyte-neuron coupling, 

respectively. It remains to be determined whether the unsuspected immunoreactivity 

for p75NTR represents a false positive reaction or if p75NTR is crucially involved in the 

pathogenesis of age-related hippocampal granular deposits in mice. 

Keywords: aging, granules, hippocampus, p75 neurotrophin receptor, periodic acid-

Schiff, SJL/J  



Granular deposits 

70 
 

Introduction 

 

Periodic acid-Schiff (PAS) positive, granular deposits have been reported as an 

incidental finding in the geriatric mouse brain of certain strains such as C57BL/6, 

senescent-accelerated mouse prone-8 (SAMP8), and others (Jucker and Ingram, 

1994, Jucker et al., 1994a, Jucker et al., 1994b, Krass et al., 2003, Manich et al., 

2013). However, in the majority of strains these granules are rarely reported and 

many inbred strains such as BALB/c, A/J, CBA/J, DBA/2J lack such granules (Jucker 

and Ingram, 1994, Jucker et al., 1994a).  

Extracellular PAS positive granular deposits are primarily located in the 

hippocampus, but may also occur in other regions of the brain such as in piriform 

cortex and cerebellum (Jucker et al., 1994b). They have shown to gradually increase 

in size, number, and distribution during aging (Jucker et al., 1994a). Though certain 

strains of mice such as C57BL/6 exhibit age-related cognitive impairments, linked to 

functional alterations of the hippocampus (Fouquet et al., 2011), it remains unclear, 

whether the formation of granules is causally associated with functional 

abnormalities. SAMP8 mice exhibit an earlier onset of granule formation, starting as 

early as 2-4 months of age and show a cognitive decline during aging (Akiyama et 

al., 1986). The center of individual granules consists of aggregated crystalline-like 

fibrillar and granular material and contains no resemblance to any cell organelle. 

Granules are surrounded by a discontinuous membrane and the space in between 

contains some abnormal mitochondria and other membrane-like structures, which are 

not completely degenerated (Kuo et al., 1996). The majority of granules are arranged 

in clusters, anatomically in close association with astrocytic processes in C57BL/6 

mice, while some are found scattered in the neuropil (Kuo et al., 1996, Jucker et al., 

1994a). Moreover, it has been proposed that granule formation might be linked to 

neurons, for instance in terms of enlarged synaptic terminals (Mitsuno et al., 1999, 

Manich et al., 2011). PAS reactivity of granules has been proposed to indicate a 

predominant carbohydrate composition such as glycogen, glycoproteins and 

proteoglycans (Manich et al., 2013, Jucker et al., 1994a). Hippocampal granules in 

the rodent brain share antigenic properties with Lafora bodies and similarities with 

corpora amylacea, indicating polyglycosan composition; however, PAS positive 

granules in mice differ in size, distribution and organization (Mitsuno et al., 1999). In 
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addition to argentophilia in certain silver staining procedures, granules were 

demonstrated to react positive with antibodies against heparan sulfate proteoglycan 

(HSPG; (Jucker et al., 1994a, Kuo et al., 1996). Since HSPG is involved in the 

pathogenesis of Alzheimer’s disease it has been suggested that these granules 

might share some early aspects with Alzheimer’s disease pathogenesis. Moreover, 

immunoreactivity for amyloid Aβ and hyperphosphorylated tau protein in granules of 

SAMP8 mice highlighted this strain as an attractive model for neurodegenerative 

diseases such as Alzheimer’s disease and tauopathies (Manich et al., 2013, Manich 

et al., 2011). However, as a major drawback in this conclusion, 

pseudoimmunoreactivity with many polyclonal and monoclonal antibodies including 

antibodies against Aβ and tau protein has been reported (Manich et al., 2013, Jucker 

and Ingram, 1994). In particular, the presence of a neoepitope of glycosidic nature 

was recently demonstrated in granular structures of SAMP8 mice, which is 

recognized by a contaminant immunoglobulin (Ig)M present in several antibodies 

obtained from mouse ascites and both mouse and rabbit sera (Manich et al., 2013). 

SJL is a Swiss mouse inbred strain from Swiss-Webster stock from three different 

sources, developed by Lambert in 1955. It has become widely used in many fields of 

research including central nervous system disease. No data for SJL mice regarding 

age-related granular deposits exist so far.  

 

Materials and Methods 

 

In order to screen for the potential occurrence of PAS positive granules in SJL/J 

mice, the brains of 17 neurologically healthy SJL/J (SJL/JOlaHsd) mice were used 

(referred to as screening study in the following text). The subjects consisted of 

animals with an age of 33 to 391 days. The mice were kept according to the 

applicable German regulations of use of animals in research (file reference/local 

permission number: 42500/1H). Sacrifice was done by general anesthesia with 

medetomidine (2.5 mg/kg) and ketamine (500 mg/kg). The collected brains were 

fixed in 10% formalin for 24 hours, embedded in paraffin wax and cut at 4µm 

thickness in coronal sections with a microtome.  

In addition, the occurrence of PAS positive granules was evaluated on archived brain 

tissue of SJL/JCrl mice, used in an earlier and unrelated animal experiment of a 
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combined infection with Theiler’s murine encephalomyelitis virus (TMEV) infection 

and cuprizone treatment, respectively (permission number: 33.9.42502-04/07/1331) 

referred to as cuprizone study in the following text (Herder et al., 2012). In order to 

assess the effect of cuprizone treatment on the formation of granules, TMEV infected 

mice were excluded from the present study. The control group consisted of 11 age-

matched control animals, which received a mock injection, whereas the cuprizone-

treated group gained cuprizone-feeding (n = 9) in addition to mock infection. The 

latter group was fed ad libitum with 0.2% (w/w) cuprizone (Bis(cyclohexanone) 

oxaldihydrazone, C9012, Sigma-Aldrich, Germany) mixed into a powdered standard 

rodent chow (ssniff® R/M-H, Soest, Germany) with cuprizone addition between the 

age of day 70 to 105 (Herder et al., 2012). Brains were screened for the presence of 

hippocampal granules at an age of 231 days, 126 days after cessation of cuprizone 

feeding (control: n = 6; cuprizone-treated: n = 5), and 280 days, 175 days after 

cessation of cuprizone feeding (control: n = 5; cuprizone-treated: n = 4), respectively. 

All samples were stained with hematoxylin and eosin (HE) and PAS. Moreover, 

immunohistochemistry using a polyclonal rabbit anti- p75 nerve growth factor 

receptor (p75NTR) antibody (AB1554 Millipore, USA; primary dilution 1:800) was 

performed according to standard procedures. Briefly, sections were deparaffinised 

and rehydrated through a graded series of alcohols. Endogeneous peroxidase 

activity was blocked by treatment of slides with 30% H2O2 and 85% ethanol. Blocking 

was done using goat normal serum diluted in phosphate buffered saline (PBS) 1:5 at 

room temperature for 20 min. Pretreatment for antigen retrieval consisted of 15 

minutes with Triton-X (0.3%). Sections were incubated with the primary antibody 

overnight at 4°C. A biotinylated goat anti-rabbit secondary antibody was used, 

followed by detection with avidin-biotin-peroxidase complex (ABC, Vector 

Laboratories, Burlingame, USA). 3,3’-diaminobenzidine tetrahydrochloride (DAB) with 

H2O2 (0.03%, pH 7.2) served as a chromogen. 

Multiple microphotographs were taken from all slides using an Olympus bx51 camera 

system. Total hippocampal area was measured using analySIS® 3.1 software (SOFT 

Imaging System, Münster, Germany). Quantification of granules was done on PAS 

stained slides as well as on sections that underwent p75NTR immunohistochemistry, 

by counting the number of granule clusters. Here, a cluster was defined as exhibiting 

more than 3 individual granules. For each slide, the number of clusters per square 
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mm of the hippocampus area was calculated and used for statistical analyses. 

Additionally, the mean number of granules per cluster was evaluated. For all 

statistical analyses, SPSS version 20 (IBM Corporation, Armonk, NY, USA) was 

used, and p-values lower than 0.05 were considered significant. Spearman rank 

correlation coefficient was calculated to evaluate a possible correlation between PAS 

positive clusters and age as well as PAS positivity and p75NTR immunoreactivity, 

respectively. Non-parametric Mann-Whitney-U-Test was applied to compare the 

number of clusters between control animals and cuprizone-fed mice. Box plots were 

created using GraphPad Prism, Version 6.01 (GraphPad Software, La Jolla, CA, 

USA). 

 

Results 

 

Clusters of PAS positive granules age-dependently increase in the 

hippocampus of SJL/J mice 

 

No granules were seen in HE stained slides in any of the SJL/J mice of the screening 

study, however, numerous granules, which reacted intensely positive with PAS 

staining, were noted in all animals with an age over 230 days, while they were 

entirely absent in young animals under 54 days of age. The individual granules 

exhibited a round homogeneous morphology with a size of approximately 2-5 µm and 

were located predominantly in the CA1 and CA2 region of the hippocampus, while 

they were not observed in the CA3 region. Granules were found in all sub-layers of 

the hippocampus, excluding granular, and polymorph layer of the dentate gyrus. The 

granules were commonly haphazardly arranged in round to oval clusters, consisting 

of a mean of 12.75 individual granules (figure 1). As assessed in PAS staining, the 

number of hippocampal clusters showed a highly significant correlation with the age 

of the animals (Spearman’s r = 0.856; p < 0.0001; figure 2).  

 

Cuprizone treatment diminishes the number of PAS positive granular clusters 

 

Control mice of the cuprizone study exhibited some clusters in the hippocampus 

(figure 3) comparable to the SJL/J mice from the screening study. Generally, mice, 
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which were 231 days old, showed less granules than mice with an age of 280 days 

(figure 4), however the number did not reach such high amounts as in mice with an 

age of 300 days and older derived from the screening study. Interestingly, in mice 

previously fed with cuprizone, remarkably less PAS positive clusters were observed 

than in age-matched controls (figure 3). Specifically, at an age of 231 days the 

number of PAS positive clusters was significantly lower in mice previously treated 

with cuprizone as compared to age matched controls (p = 0.009; figure 4). However, 

the mean number of granules per cluster did not show significant differences in this 

group (p = 0.329; data not shown). At an age of 280 days the number of PAS positive 

granular clusters was still appreciated to be lower in previously cuprizone-fed mice 

compared to age-matched controls, though this difference did not reach the level of 

significance (p = 0.063; figure 4). However, the mean number of granules was 

significantly lower in animals previously treated with cuprizone compared to controls 

(p= 0.032; data not shown).  

 

Similar clusters of granules react immunopositive for p75 neurotrophin 

receptor  

 

Using a polyclonal antibody directed against p75 neurotrophin receptor, the granules 

stained intensely immunopositive (figure 1). P75NTR immunoreactivity strongly 

correlated with PAS staining (Spearman’s r = 0.968; p < 0.0001) in SJL/J mice of the 

screening study, suggesting that both stainings reacted with similar structures. 

Similarly, the number of clusters per hippocampal area showed a strong correlation in 

mice derived from the cuprizone study (Spearman’s r = 0.733; p = 0.010 at day 231; 

and Spearman’s r = 0.812; p = 0.008 at day 280, respectively). In order to 

substantiate the positivity of granules for both PAS and p75NTR, a double staining 

procedure was performed on representative slides. In order to substantiate the 

positivity of granules for both PAS and p75NTR, a double staining procedure was 

performed on representative slides. Subsequent immunohistochemistry for p75NTR of 

sections, which were previously stained with PAS, revealed a co-localization of both 

staining methods in granules, though it appeared relatively blurred due to strong 

interference of both stainings in the same structures (figure 5). 
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Discussion 

The present results demonstrate that PAS positive granular structures occur in the 

hippocampus of SJL/J mice, a mouse strain not reported to be prone to this 

phenomenon before. The described lesion is consistent with similar granules, 

reported to age-dependently emerge in other inbred mouse strains such as C57BL/6 

and SAMP8 mice, thus emphasizing that this unusual lesion may be less strain 

specific than previously thought.  

Interestingly, we unravelled that cuprizone-feeding of mice, resulted in diminished 

numbers of hippocampal PAS positive clusters long term after cessation of treatment, 

indicating a preventive impact of cuprizone on the formation of hippocampal 

granules. Cuprizone is a copper chelator, used as an efficient demyelinating agent, 

and thus represents an important model for demyelinating diseases such as multiple 

sclerosis (Herder et al., 2011, Herder et al., 2012, Skripuletz et al., 2013). 

Modulatory effects of certain drugs on the formation of such granules have been 

reported previously. Here, treatment of SAMP8 mice with resveratrol, a caloric 

restriction mimetic with anti-diabetogenic properties, and feeding of ApoE-deficient 

mice with an antioxidant diet have shown to similarly result in a decrease of granules 

in the hippocampus (Veurink et al., 2003, Porquet et al., 2013). In fact, several lines 

of evidence indicate that age-dependent hippocampal granules may be the result of 

oxidative stress (Porquet et al., 2013, Veurink et al., 2003).  

The exact reason for the decreased number of PAS positive clusters in mice treated 

with cuprizone remains unclear. It should be emphasized that the number of 

investigated individuals is rather low and prevents conclusive interpretations on this 

finding. However, despite the low number of individuals, our observations indicate 

that there might be an inverse effect of cuprizone-induced alteration of levels and 

bioavailability of redox-active metals and their dependent enzymes on the formation 

of granules. The hippocampus has unique regulatory demands for metals, such as 

copper, iron and zinc, as each contributes to synaptic plasticity, and copper and zinc 

are pivotal neuromodulators in synapses (Jones et al., 2008). The exact mechanisms 

of general cuprizone toxicity are not fully understood so far. However, the neurotoxic 

effect of cuprizone is believed to be in part attributed to its capability of chelating 

copper, ultimately leading to chronic copper deficiency with subsequent inhibition of 

copper-dependent enzymes (Benetti et al., 2010). Moreover, activity of monoamino 
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oxidase-B, an iron-dependent enzyme, has been detected in PAS positive granules 

of SAMP8 mice (Nakamura et al., 1995). Interestingly, cuprizone has been shown to 

inhibit monoamino oxidase-B activity in C57BL/6 mice (Xu et al., 2009). The 

preventive effect on the formation of PAS positive granules might thus be explained 

by the persistence of altered redox-active metals homeostasis in the brain for a 

prolonged time after cessation of cuprizone feeding.  

Interestingly, excess of redox-active metals such as copper and iron can lead to the 

generation of toxic reactive oxygen species. Astrocytes are considered to be the 

main regulators of metal homeostasis in the brain (Scheiber et al., 2014). 

Histochemically, the highest cellular copper levels are found in astrocytes (Scheiber 

et al., 2014). Copper induced stimulation of glycolytic flux in astrocytes could have 

far-ranging consequences for the glucose metabolism of the brain in conditions of 

copper overload (Scheiber et al., 2014). In fact, the composition of PAS positive 

granules points to some abnormalities in glucose metabolism (Mitsuno et al., 1999). 

Interestingly, clusters of PAS positive granules were observed in CA1 and CA2, but 

were absent in the CA3 region of the hippocampus. This might be explained by the 

fact that neurons in the hippocampal CA1 region are shown to be particularly 

sensitive to oxidative stress, whereas those in CA3 are comparatively resistant 

(Wang et al., 2007), potentially suggesting compromised astrocyte protection. 

Similar granules exhibited intense immunoreactivity for p75NTR, which has not been 

reported so far. Reported immunopositivy of granules includes amyloid (A)β, 

phosphorylated tau, HSPG, laminin, and others (Manich et al., 2011, Manich et al., 

2013). A recent report however significantly contributed to the elucidation of partly 

diverging and contrary results regarding the immunoreactivity of hippocampal 

granules, especially in SAMP8 mice. The authors demonstrated that false positive 

immunoreactivity of granules is attributed to contaminant IgM in many commercially 

available antibodies, thus challenging previously reported immunopositivity for 

antigens implicated to play a role in Alzheimer’s disease (Manich et al., 2013). These 

authors characterized a neo-epitope of glycosidic nature in the granules, which was 

the causative factor for the production of false-positive results (Manich et al., 2013).  

In our study, immunoreactivity of similar granules was demonstrated using a 

polyclonal antibody against p75NTR. In light of recent reports on 

pseudoimmunoreactivity of granules, a false positive reaction has to be taken into 
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account. However, the presented findings warrant further investigations on this topic. 

In fact, p75NTR is a pivotal molecule in many neurodegenerative diseases such as 

Alzheimer’s disease, and plays a crucial role in many demyelinating diseases (Lempp 

et al., 2014, Knowles et al., 2013).  

Taken together the presented results demonstrate that i) SJL/J mice represent 

another so far not described mouse strain, which is prone to the formation of 

hippocampal granules, ii) cuprizone-feeding diminishes the number of clusters of 

PAS positive clusters, indicating that cuprizone due to its ion chelator capability may 

influence oxidative stress in the hippocampus and iii) hippocampal granules in SJL/J 

mice appear to be immunoreactive for p75NTR, warranting further investigations on 

the potential role of p75NTR in the pathogenesis of this unusual age-dependent lesion 

in the hippocampus of mice.  
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Figure 1. 

 

Figure 1: Periodic acid-Schiff staining (PAS; A) and p75 neurotrophin receptor (NTR) 

immunohistochemistry (B) for granules in the hippocampus of a 336 days old SJL/J mouse. 

A) PAS staining reveals numerous intensely positive clusters of granules, which 

predominantly appear in the CA1 and CA2 region of the hippocampus. Inset: magnification of 

a cluster, consisting of more than 30 individual granules, which itself measure approximately 

1-3 µm in diameter. B) Serial section of A). Granules stain positive for p75NTR. Inset: 

magnification of p75NTR-immunoreactive granules. Scale bars = 50 µm. 

  



Granular deposits 

81 
 

Figure 2. 

 

Figure 2: Correlation matrix displaying the interdependence of age and the number of 

periodic acid-Schiff (PAS) positive clusters in the hippocampus of SJL/J mice. There is 

strong correlation of both variables as estimated by Spearman’s rank correlation coefficient 

(0.856).  
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Figure 3. 

 

 

Figure 3: Periodic acid-Schiff (PAS) staining for granules in the hippocampus of a control 

mouse (A) and an age-matched SJL/J mouse, which received treatment with the copper 

chelator cuprizone. A) PAS staining reveals some positive clusters of granules in the CA1 

region of the hippocampus (arrows). Inset: higher magnification of a cluster of PAS positive 

granules of the same mouse. B) In contrast, the age-matched mouse, previously treated with 

cuprizone, lacks clusters. Scal bars = 100 µm. 
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Figure 4. 

 

Figure 4: Box and Whisker plots displaying the effect of cuprizone treatment on the number 

of periodic acid-Schiff (PAS) positive clusters in the hippocampus of SJL/J mice. Mice were 

fed with cuprizone, a demyelinating agent, from the age of 70 days up to 105 days. 126 days 

after cessation of treatment, at an age of 231 days cuprizone-fed mice have significantly less 

PAS positive hippocampal clusters as compared to age-matched controls (* p = 0.009). 175 

days after cessation of treatment, at an age of 280 days, the mean number of hippocampal 

granules is still appreciated to be higher in controls than in cuprizone-fed mice, however, not 

reaching the level of significance (p = 0.063). Mann-Whitney-U Test. 
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Figure 5. 

 

 

Figure 5: p75 neurotrophin receptor (NTR) immunohistochemistry (A), Periodic acid-Schiff 

staining (PAS; B), and double staining with PAS, followed by immunohistochemistry for 

p75NTR (C) of granules in the hippocampus of an aged SJL/J mouse in serial sections. The 

double staining procedure reveals simultaneous positivity of granules for both PAS and 

p75NTR in figure 5 C though the signal appears blurred due to strong staining interference. 

Note the perivascular cell (arrows), which reacts positive for p75NTR in A and C, but not with 

PAS (B). Scale bars = 20 µm. 
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4. New aspects on the pathogenesis of canine distemper leukoencephalitis 

 

 

 

Abstract: Canine distemper virus (CDV) is a member of the genus morbillivirus, which 

is known to cause a variety of disorders in dogs including demyelinating 

leukoencephalitis (CDV-DL). In recent years, substantial progress in understanding 

the pathogenetic mechanisms of CDV-DL has been made. In vivo and in vitro 

investigations provided new insights into its pathogenesis with special emphasis on 

axon-myelin-glia interaction, potential endogenous mechanisms of regeneration, and 

astroglial plasticity. CDV-DL is characterized by lesions with a variable degree of 

demyelination and mononuclear inflammation accompanied by a dysregulated 

orchestration of cytokines as well as matrix metalloproteinases and their inhibitors. 

Despite decades of research, several new aspects of the neuropathogenesis 
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of CDV-DL have been described only recently. Early axonal damage seems to 

represent an initial and progressive lesion in CDV-DL, which interestingly precedes 

demyelination. Axonopathy may, thus, function as a potential trigger for subsequent 

disturbed axon-myelin-glia interactions. In particular, the detection of early axonal 

damage suggests that demyelination is at least in part a secondary event in CDV-

DL, thus challenging the dogma of CDV as a purely primary demyelinating disease. 

Another unexpected finding refers to the appearance of p75 neurotrophin (NTR)-

positive bipolar cells during CDV-DL. As p75NTR is a prototype marker for immature 

Schwann cells, this finding suggests that Schwann cell remyelination might represent 

a so far underestimated endogenous mechanism of regeneration, though this 

hypothesis still remains to be proven. Although it is well known that astrocytes 

represent the major target of CDV infection in CDV-DL, the detection of infected 

vimentin-positive astrocytes in chronic lesions indicates a crucial role of this cell 

population in nervous distemper. While glial fibrillary acidic protein represents the 

characteristic intermediate filament of mature astrocytes, expression of vimentin is 

generally restricted to immature or reactive astrocytes. Thus, vimentin-positive 

astrocytes might constitute an important cell population for CDV persistence and 

spread, as well as lesion progression. In vitro models, such as dissociated glial cell 

cultures, as well as organotypic brain slice cultures have contributed to a better 

insight into mechanisms of infection and certain morphological and molecular 

aspects of CDV-DL. Summarized, recent in vivo and in vitro studies revealed 

remarkable new aspects of nervous distemper. These new perceptions substantially 

improved our understanding of the pathogenesis of CDV-DL and might represent 

new starting points to develop novel treatment strategies. 

Keywords: axon; canine distemper virus; central nervous system; cytokine; 

distemper leukoencephalitis; immature astrocyte; matrix metalloproteinase; p75 

neurotrophin receptor; Schwann cell; vimentin 
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5. General Discussion 

 

5.1 Macrophages/microglia trigger the spontaneous occurrence of p75 

neurotrophin receptor expressing aldynoglia in organotypic adult murine brain 

slice cultures 

Organotypic slice cultures of the adult CNS have been introduced as a promising in 

vitro tool to study the complex interplay of resident glial cells following CNS injury and 

stress (Spitzbarth et al., 2011; Bock et al., 2013; Krassioukov et al., 2002). 

Representing an intermediate model between the complex environment in vivo and 

highly simplified dissociative cell cultures, slice cultures are characterized by 

preserved organotypic morphology with the advantages of in vitro models such as 

easy reproducibility and the avoidance of animal experiments (Huuskonen et al., 

2005; Stavridis et al., 2005). Furthermore, the depletion of peripheral blood supply 

allows focus on glial cell responses during injury and stress without the complex 

interference with inflammatory cells (Spitzbarth et al., 2011; Krassioukov et al., 2002; 

Casha et al., 2005; Pan et al., 2002). The production of slices is necessarily 

accompanied by severe mechanical injury and axonal transection, respectively. 

Axonal damage has for instance been shown to be characterized by axonal 

expression of non-phosphorylated neurofilament (n-NF) but not β-Amyloid precursor 

protein (β-APP) in cultivated canine spinal cord slices (Bock et al., 2013), which is 

surprisingly similar to original degenerative CNS diseases such as spinal cord injury 

and distemper leukoencephalitis, respectively (Imbschweiler et al., 2012; Spitzbarth 

et al., 2011; Bock et al., 2013). 

The part of the thesis, which deals with p75NTR expression in adult murine 

organotypic brain slice cultures, demonstrated that p75NTR expression follows a time-

dependent course in different cell populations during the cultivation period. Neurons 

remarkably lost p75NTR expression during the culture period, whereas p75NTR was up-

regulated on distinct glial cell populations in an anti-parallel manner. This is the first 

report of spontaneous p75NTR expression on distinct glial cell populations, i.e. 

microglia/macrophages and cells suggestive of aldynoglial Schwann cell like glia, in 

adult murine CNS slices in general, and in brain regions other than the olfactory bulb 

in particular. The complete loss of neuronal p75NTR expression in the present study 
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may indicate neuronal death, which was also suggested by neuronal morphology in 

HE stained slices, substantiating that degeneration necessarily accompanies the 

prolonged cultivation of CNS slices derived from adult animals. Moreover, a 

considerable amount of neurons is axotomized due to the model system and may 

thus undergo a dying back phenomenon (Weis et al., 2001). It is hypothesized that 

down-regulation of neuronal p75NTR expression and/or neuronal degeneration may 

possibly function as a triggering mechanism, facilitating the reactive and subsequent 

response of endogenous microglia/macrophages, which is substantiated by the 

strong negative correlation of neuronal p75NTR expression and CD107b expression of 

phagocytic microglia/macrophages in the present study.  

Slice cultures were infiltrated by numerous Gitter cells, which is highly similar to a 

microglia/macrophage dominated immune response in certain neurodegenerative 

diseases such as trauma, MS, and its animal models (Smith et al., 2013; Schirmer et 

al., 2011; Gudi et al., 2014). The occurrence of such phagocytic cells has been 

demonstrated previously in spinal cord and olfactory bulb slice cultures of adult dogs 

(Imbschweiler et al., 2012, Spitzbarth et al., 2011). This is the first report of p75NTR 

immunoreactivity and positive reaction with p75NTR-specific in situ hybridization of 

such cells in cultivated brain slices, substantiating that these cells have not only 

phagocytosed the protein. 

Microglia/macrophages substantially contribute in the removal of degenerate debris, 

which is thought to represent an important prerequisite for regenerative events 

(Skripuletz et al., 2013). Moreover, certain phenotypes of microglia/macrophages 

such as the alternatively activated M2 type have a pivotal role in the facilitation of 

axonal regeneration and repair (Kigerl et al., 2009; David and Kroner, 2011). As 

organotypic slices are easily accessible, pharmacological manipulation of this 

microglia/macrophage response without interfering effects of the peripheral immune 

system represents an interesting approach for future studies.  

Strikingly, in parallel with the occurrence of p75NTR and CD107b immunoreactive 

Gitter cells, numerous bi- to multipolar p75NTR positive glial cells started to emerge in 

the cultivated slices. The histogenesis of these cells remains speculative, however, 

similar emerging cells have been found in cultivated olfactory bulb slices of adult 

dogs, morphologically resembling aldynoglial Schwann cell-like brain glia 
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(Imbschweiler et al., 2012). Indeed, Schwann cell-like cells are found in demyelinated 

lesions in several animal models in vivo as well as in MS (Zawadzka et al., 2010; 

Itoyama et al., 1983; Dusart et al., 1992; Blakemore, 1975). These cells may be 

involved in Schwann cell mediated remyelination and might thus contribute to 

enhanced regeneration and repair, respectively. The origin of this cell type is still 

elusive. However, several lines of evidence suggest that a significant proportion of 

Schwann cells derive from resident PDGFRa/NG2 positive CNS progenitor cells, 

possibly identical to OPCs (Zawadzka et al., 2010). P75NTR positive bi- to multipolar 

glia progressively and spontaneously emerged in cultivated brain slices in the present 

study, thus substantiating organotypic brain slices as a promising in vitro approach to 

study the origin and fate of these cells. Moreover, the deprivation of peripheral blood 

supply and peripheral nerve structures suggests that the observed cells will most 

probably have originated from endogeneous CNS cells. A similar conclusion was 

drawn in previous studies, dealing with canine spinal cord slice cultures (Spitzbarth et 

al., 2011). Whether the detected cells in fact represent centrally derived Schwann 

cells remains unclear. Underlinig this hypothesis, GAP-43 was expressed by a 

certain population of cells with a bi- to multipolar morphology. Besides regenerating 

and developing neurons, GAP-43 is additionally expressed by non-myelinating and 

de-differentiating Schwann cells in the peripheral nervous system (Jessen and 

Mirsky, 2002; Scherer et al., 1994; Curtis et al., 1992).  

A major drawback in the present findings is the fact that, if the cells in fact represent 

aldynoglial Schwann cell like cells, these cells seem to remain in a pre-myelinating 

stage, as they were negative for periaxin, a specific marker for peripheral myelin 

(Scherer et al., 1995). Moreover, it cannot be conclusively stated whether the cells 

positive for GAP-43 and p75NTR represent the same population and immunoreactivity 

for p75NTR alone does not necessarily identify the cells as Schwann cells. In fact, 

under certain neuropathologic circumstances p75NTR is known to be expressed by a 

wide variety of CNS cells including astrocytes, endothelial cells, oligodendrocytes, 

and microglia (Chen et al., 2009; Cragnolini and Friedman, 2008). Thus, future 

studies have to clarify the exact identity and potential of these cells.  

In situ, Schwann cell remyelination is known to predominantly occur in areas devoid 

of GFAP expression. In the present study, there was no statistical difference in the 

number of GFAP positive cells during the cultivation period nor was there a 
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correlation of the number of GFAP positive astrocytes and p75NTR expressing bi- to 

multipolar glia. However, prolonged cultivation was associated with a change in cell 

shape, possibly indicating a phenomenon, which is referred to as clasmatodendrosis. 

Clasmatodendrotic, i.e. injured astrocytes with reduced processes, are for instance 

found in ischemic brain injury (Tomimoto et al., 1996, and 1997). Interestingly, areas 

with most prominent Gitter cell and p75NTR positive glial cell reactivity, virtually 

exhibited a decreased GFAP immunoreactivity. However, statistics failed to 

substantiate this observation and thus the role of astrocytes in the promotion or 

inhibition of p75NTR multipolar glial cells in cultivated brain slices remains speculative. 

The present results highlight the strong interdependence of microglia/macrophage 

activation and responses of p75NTR positive glial cells, which may possibly have 

growth- and regeneration promoting abilities. Thus, organotypic slice cultures appear 

to represent a suitable intermediate model that has promising implications for future 

investigations focussing on the facilitation of centrally derived p75NTR expressing 

aldynoglia and the manipulation of the microglia/macrophage response.   
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5.2 Age-related periodic acid-Schiff positive granular deposits in the 

hippocampus of SJL/J mice diminish following treatment with the copper 

chelator cuprizone and are immunoreactive for p75 neurotrophin receptor 

 

The third part of the present thesis demonstrated that age-related periodic acid-Schiff 

(PAS) positive granular structures occur in the hippocampus of SJL/J mice, a mouse 

strain not reported to be prone to this phenomenon before. Moreover, as an 

unexpected finding, the investigations unraveled that cuprizone-feeding of mice 

derived from an unrelated animal experiment, resulted in diminished numbers of 

hippocampal PAS positive clusters long term after cessation of the treatment. Thus, 

the presented data indicate a preventive impact of cuprizone on the formation of 

hippocampal granules. The exact reason for the decreased number of PAS positive 

clusters in mice treated with cuprizone remains unclear. However, the present 

observations propose that there might be an inverse effect of cuprizone-induced 

alteration of levels and bioavailability of redox-active metals and their dependent 

enzymes on the formation of granules. The hippocampus has unique regulatory 

demands for metals such as copper, iron and zinc, as each contributes to synaptic 

plasticity (Jones et al., 2008). The exact mechanisms of general cuprizone toxicity 

are not fully understood so far. However, the neurotoxic effect of cuprizone is 

believed to be in part attributed to its capability to chelate copper, ultimately leading 

to chronic copper deficiency with subsequent inhibition of copper-dependent 

enzymes (Benetti et al., 2010). Moreover, activity of monoamino oxidase-B, an iron-

dependent enzyme, has been detected in PAS positive granules of senescence-

accelerated prone mice (SAMP8; Nakamura et al., 1995). Interestingly, cuprizone 

has been shown to inhibit monoamino oxidase-B activity in C57BL/6 mice (Xu et al., 

2009). The preventive effect on the formation of PAS positive granules might be 

explained by the persistence of altered redox-active metals homeostasis in the brain 

for a prolonged time after cessation of cuprizone.  

Excess of redox-active metals such as copper and iron can lead to the generation of 

toxic reactive oxygen species. Astrocytes are considered to be the main regulators of 

metal homeostasis in the brain, endowed with a high capacity to store and to prevent 

the toxicity of metals and of metal-induced oxidative stress (Scheiber and Dringen, 
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2013; Scheiber et al., 2014). In fact, histochemically, the highest cellular copper 

levels are found in astrocytes (Scheiber et al., 2014). Copper induced stimulation of 

glycolytic flux in astrocytes could have far-ranging consequences for the glucose 

metabolism of the brain in conditions of copper overload (Scheiber and Dringen, 

2011; Scheiber and Dringen, 2013; Scheiber et al., 2014). In fact, the composition of 

PAS positive granules points to some abnormality in glucose metabolism (Mitsuno et 

al., 1999). Interestingly, granular clusters were observed in CA1 and CA2, but were 

virtually absent in the CA3 region of the hippocampus. This might be explained by the 

fact that neurons in the hippocampal CA1 region are shown to be particularly 

sensitive to oxidative stress, whereas those in CA3 are comparatively resistant 

(Wang et al, 2007), thus suggesting compromised astrocyte protection. There is 

already evidence indicating that age-dependent hippoampal granules may be the 

result of oxidative stress. Treatment of SAMP8 mice with resveratrol, a caloric 

restriction mimetic with anti-diabetogenic properties, and feeding of ApoE-deficient 

mice with an antioxidant diet have shown to similarly result in a decrease of granules 

in the hippocampus (Veurink et al. 2003; Porquet et al., 2013). 

Interestingly, hippocampal granules exhibited intense immunoreactivity for p75NTR, 

which has not been reported so far. However, a false positive reaction has to be 

taken into account. Reported immunopositivy of granules includes amyloid (A) β, 

phosphorylated tau, heparan sulphate proteoglycan (HSPG), laminin, and others 

(Manich et al., 2011; Manich et al., 2013). A recent report significantly contributed to 

the elucidation of partly diverging and contrary results regarding the immunoreactivity 

of hippocampal granules. The authors demonstrated that false positive 

immunoreactivity of granules is attributed to contaminant IgM in many commercially 

available antibodies, thus challenging previously reported immunopositivity for Aβ 

and phosphorylated tau (Manich et al., 2013). These authors characterized a neo-

epitope of glycosidic nature in the granules, which is recognised by contaminant IgM 

antibodies, ubiquitously present in commercial and non-commercial antibodies 

obtained from mouse ascites and both mouse and rabbit sera (Manich et al., 2013). 

However, as p75NTR is crucially involved in many neuropathologies, the presented 

findings warrant further investigations on this topic.  
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5.3 New aspects of the pathogenesis of canine distemper leukoencephalitis 

Organotypic slice cultures of the canine CNS 

 

The thesis additionally reviewed previous findings in organotypic CNS slice cultures, 

derived from adult dogs. Interestingly, the occurrence of p75NTR-positive bi- to 

multipolar Schwann like cells following a 10-day cultivation period of canine olfactory 

bulb slices in parallel with increasing numbers of phagocytic microglia/macrophages 

was recently reported (Imbschweiler et al., 2012). Similarly, deprivation of axonal 

contact has been shown to induce up-regulation of p75NTR on OECs in olfactory bulb 

slices of dogs in another study, underlining the interdependence of glial p75NTR 

expression and axons (Brandes et al., 2011). In spinal cord slices from dogs, there is 

a similar prominent activation of phagocytic microglia/macrophages (Spitzbarth et al., 

2011). 

The present thesis has demonstrated that organotypic canine brain slices are 

infectable with CDV. Immunohistochemically, CDV antigen was predominantly 

observed in cells reminiscent of phagocytic microglia/macrophages. Whether these 

cells are indeed infected by replicating virus or if the immunopositivity of these cells is 

based on phagocytozed viral antigens, remains to be determined in future studies. 

Infection of slices with CDV was paralleled by the occurrence of p75NTR-positive glial 

cells as well as axonal damage. However, similar axonal pathology, characterized by 

axonal expression of n-NF, is also observed in non-infected slices, as for instance 

shown in spinal cord slices of healthy adult dogs (Bock et al., 2013). Thus, future 

studies have to clarify if the detected axonal changes in CDV infected slices in fact 

represent a virus-induced change or whether they are attributed to mechanical 

axonal transection during slice preparation.  

However, the infection of canine CNS slice cultures produced striking similarities to 

certain aspects of CDV induced demyelinating leukoencephalitis. This is especially 

the case for the emergence of p75NTR positive glia, and evidence of viral antigen 

expression. CDV infection of canine slices thus demonstrated that this technique 

represents a suitable tool for future investigations.  
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5.4 Project overspanning interpretation 

 

The present thesis demonstrated that organotypic slice cultures of the adult CNS 

represent a promising tool to address the role of p75NTR expressing glia in their 

organotypic microenvironment. Interestingly, murine organotypic brain slices revealed 

a similar microglia/macrophage mediated immune response as previously reported 

observations in canine slices (Imbschweiler et al., 2012; Spitzbarth et al., 2011). 

Moreover, p75NTR expression on bipolar glia, suggestive of aldynoglia, has been 

reported previously in canine olfactory bulb slices (Imbschweiler et al., 2012). The 

present thesis has additionally shown that canine brain slice cultures are capable of 

being infected with CDV, similarly associated with the response of 

microglia/macrophages and the occurrence of p75NTR expressing macroglia. The 

overall similarities to the present findings in murine slices suggest that both the 

response of microglia/macrophages and the occurrence of p75NTR expressing glial 

cells represent a common pathomechanism, associated with the cultivation of brain 

slices, which is conserved among species. 

Axonal damage and has been proposed to play a decisive role in triggering 

aldynoglial p75NTR positive cells (Imbschweiler et al., 2012). Moreover, astrocytic loss 

has been proposed as a prerequisite for Schwann cell mediated remyelination in the 

CNS (Blakemore, 1975; Shields et al., 2000; Jasmin and Ohara, 2002). The present 

thesis additionally highlights a potential triggering role of microglia/macrophages, as 

the number of these cells strongly correlated with p75NTR expression of bi- to 

multipolar glia.  

P75NTR is expressed by various cell types, and the identification of Schwann cells, 

based solely on the expression of p75NTR, is not legitimate. Thus, the presented 

findings do not allow a definitive conclusion regarding the exact cell identity of the 

detected bi- to multipolar glial cells. However, similarities to previously reported cells 

in canine slices, their morphology, and lack of morphological signs of apoptosis in 

these cells strongly suggest these cells to represent aldynoglial cells.  

Lastly, the thesis demonstrates an unexpected immunoreactivity of PAS positive 

granular hippocampal deposits in SJL/J mice for p75NTR. However, this finding needs 
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to be interpreted with caution as false positive reactions of such granules have been 

reported in different mouse strains, thus emphasizing the need of further 

investigations on the role of p75NTR in the formation of such granular deposits. 

Interestingly, the thesis unraveled that granular depositis diminished following 

treatment with the copper chelator cuprizone, thus underlining potential ion 

imbalances and/or oxidative stress in the pathogenesis of this phenomenon.  

Conclusively, p75NTR represents a crucial molecule, which exerts pivotal, but highly 

heterogeneous functions in the CNS. In addition to its role in development and 

degeneration, the thesis highlighted its role in various regenerative processes. Here, 

p75NTR is a prototype marker for aldynoglial cells, a uniqiue type of macroglia with 

suggested pro-regenerative functions. Organotypic slice cultures of the adult murine 

CNS seem to represent an appropriate model to investigate the true identity of 

p75NTR positive cells, and may help to elucidate factors that contribute to their 

occurrence.  
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6. Summary 

In vivo and in vitro characterization of p75 neurotrophin receptor expressing 

cells and their origin in the murine central nervous system 

Armend Cana 

 

P75 neurotrophin receptor (NTR) plays a pivotal role in various tissues including the 

central nervous system (CNS). Through binding its ligands, it exerts versatile 

functions, implicated in both neurodegeneration and regenerative events. Besides 

various categories of stem cells, it is considered as a prototype marker of Schwann 

cell-like brain glia, a unique type of macroglia, which has been referred to as 

aldynoglia. In fact, in the peripheral nervous system (PNS) all Schwann cell lineages 

express p75NTR with the exception of mature myelinating Schwann cells.  

Failure of remyelination is the major drawback in many neurodegenerative 

pathologies of the CNS, although various animal models suggest substantial 

endogenous glial reponses implied in neuroregeneration and remyelination, 

respectively. Interestingly, recent reports suggest that centrally derived Schwann 

cells may significantly contribute to regenerative events following CNS injury, 

especially under conditions of astrocytic loss.  

Though extensively characterized in the CNS of different species, knowledge on the 

role of p75NTR in the CNS with special emphasis to Schwann cell like brain glia is 

sparse. The aim of this thesis was to i) summarize the current knowledge on 

aldynoglial p75NTR expression with special regard to a canine model for 

demyelinating disease, and ii) to elucidate the role of p75NTR in glial cells of the 

murine CNS in vitro. The present thesis additionally details iii) p75NTR 

immunoreactivity in age-related granular hippocampal deposits of SJL/J mice.  

Organotypic cerebrum and brain stem slices of adult mice were cultivated for up to 18 

days in vitro and investigated by means of immunohistochemistry and in situ 

hybridization, respectively. Cultivation of slices was associated with a progressively 

increasing spontaneous occurrence of bi- to multipolar p75NTR-positive, but periaxin-

negative glia, indicative of aldynoglial Schwann cell-like cells, which strikingly 

correlated to neuronal loss of p75NTR expression and a remarkable response of 
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CD107b positive microglia/macrophages. A certain population of bi- to multipolar 

cells expressed GAP-43, a marker for neuroaxonal regeneration and immature 

Schwann cells, respectively. A comparatively more intense response of 

macrophages/microglia and a higher number of bi- to multipolar p75NTR-positive glia 

were found in brain stem slices compared to cerebrum slices.  

This thesis additionally reports Periodic acid-Schiff (PAS) positive granular deposits 

in the hippocampus of SJL mice, a strain not reported to be prone to this 

phenomenon before. Such age-related granular deposits, commonly organized in 

clusters, have been reported in other mouse strains and share characteristics of 

polyglucosan bodies. In the present study, PAS positive granular deposits developed 

with aging in cornu ammonis (CA)1 and CA2 regions of the hippocampus. 

Interestingly, the granules stained intensely positive with a polyclonal antibody 

against p75NTR. These clusters of granular deposits significantly diminished in 

number in brains of mice from an unrelated experiment, which were previously 

treated with cuprizone, a copper chelator used as a demyelinating agent.  

Taken together, the in vitro investigations highlight the role of 

microglia/macrophages, which seem to be an important triggering factor, facilitating 

the occurrence of p75NTR positive macroglia and substantiate organotypic slice 

cultures as an appropriate model to address the role of this unique type of potentially 

regeneration-promoting macroglia. The in vivo part of the present thesis is the first 

report that demonstrates that i) age-related PAS positive hippocampal granules occur 

in SJL mice, ii) their diminished occurrence following cuprizone treatment, and iii) 

their immunoreactivity for p75NTR. The decline of PAS positive clusters following 

cuprizone treatment supports the idea that the formation of PAS-positive granules in 

the senescent mouse brain might be the result of the imbalance of redox-active 

metals such as copper and iron, and/or a dysregulation of complementary 

mechanisms that regulate their homeostasis in astrocyte-neuron coupling, 

respectively. It remains to be determined whether the unsuspected immunoreactivity 

for p75NTR represents a false positive reaction or if p75NTR is in fact involved in the 

pathogenesis of age-related hippocampal granular deposits in mice. 
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7. Zusammenfassung 

In vivo and in vitro Charakterisierung p75 Neurotrophinrezeptor exprimierender 

Zellen und deren Herkunft im murinen zentralen Nervensystem 

Armend Cana 

 

Der p75 Neurotrophinrezeptor (NTR) spielt eine herausragende Rolle in zahlreichen 

Geweben und wird unter anderem im zentralen Nervensystem (ZNS) exprimiert. 

Durch Bindung seiner Liganden vermittelt p75NTR vielfältige Wirkungen, die sowohl 

bei neurodegenerativen als auch -regenerativen Prozessen eine Rolle spielen. 

Neben zahlreichen Typen von Stammzellen gilt p75NTR als Prototyp-Marker für 

Schwann-Zell-ähnliche Makroglia, die auch als Adlynoglia bezeichnet werden. Im 

peripheren Nervensystem wird p75NTR von allen Differenzierungsstadien von 

Schwann-Zellen mit der Ausnahme myelinisierender Schwann-Zellen exprimiert. 

Insuffiziente Remyelinsierung wird als eine der wichtigsten Problematiken in vielen 

neurodegenerativen und demyelinsierenden Erkrankungen des ZNS angesehen, 

wenngleich experimentelle Tiermodelle auf substantielle regenerationsfördernde 

Antworten glialer Zellen hindeuten. Neuere Untersuchungen haben in dieser Hinsicht 

gezeigt, dass endogen, d.h. ZNS-intrinsisch entstandene Schwann-Zellen zur 

Regeneration bei ZNS-Erkrankungen beitragen können.  

Trotz der detaillierten Charakterisierung von p75NTR in verschiedenen 

Zellpopulationen des ZNS, ist insbesondere das Wissen über seine Rolle bei 

Schwann-Zell-ähnlichen Makroglia noch fragmentarisch. Die Ziele der vorliegenden 

These bestanden deshalb darin, i) das bisherige Wissen über aldynogliale p75NTR 

Expression, mit besonderer Berücksichtigung eines kaninen Modells für 

demyelinsierende Erkrankunken, zusammenzufassen und ii) die Rolle von p75NTR in 

einem murinen in vitro Modell zu beleuchten. Die These beinhaltet ferner die 

Erstbeschreibung der p75NTR-Immunoreaktivität von altersassoziierten Periodic acid-

Schiff (PAS)-positiven Granula im Hippocampus von SJL/J-Mäusen.  

Von adulten Mäusen wurden organotypische Schnittkulturen von Großhirn und 

Hirnstamm für bis zu 18 Tage in vitro kultiviert und immunhistologisch bzw. mittels in 

situ-Hybridisierung charakterisiert. Die Kultivierung von organotypischen Schnitten 

war mit einem progressiv zunehmenden, spontanen Auftreten von bi- bis 
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multipolaren, p75NTR exprimierenden, aber Periaxin-negativen Gliazellen assoziiert. 

Das Auftreten dieser Schwann-Zell-ähnlichen Zellen korrelierte mit einer Antwort von 

CD107b positiven Mikroglia/Makrophagen. Einzelne bi- bis multipolare Gliazellen 

exprimierten growth associated protein (GAP)-43, einen Marker für neuroaxonale 

Regeneration und immature Schwann-Zellen. Hirnstammschnitte wiesen im 

Vergleich zu Großhirnschnitten eine höhere Anzahl von Mikroglia/Makrophagen 

sowie bi- bis multipolaren Glia auf.  

Die These stellt weiterhin das Auftreten von PAS-positiven granulären Depositionen 

im Hippocampus von SJL/J-Mäusen vor, ein Mäusestamm, bei dem dieses 

Phänomen zuvor noch nicht beschreiben wurde. Derartige altersassoziierten, häufig 

in clustern gruppierte Granula, die bei anderen Mäusestämmen bereits zuvor 

beschrieben worden sind, weisen Charakteristika so genannter Polyglukosan-

Körperchen auf. In der vorliegenden Studie waren solche PAS-positiven Strukturen 

mit zunehmendem Alter im Cornu Ammonis (CA)1- und CA2-Bereich des 

Ammoshorns von SJL/J-Mäusen beobachtbar. Interessanterweise stellten sich diese 

Granula immunhistologisch als reaktiv für p75NTR dar. Die cluster von PAS-positiven 

Granula zeigten eine geringere Anzahl in SJL/J-Mäusen, die zuvor in einem 

unabhängigen Tierexperiment mit dem demyelinisierenden Agens und Kupfer-

Chelator Cuprizon behandelt wurden, als in gleichaltrigen Kontrolltieren.  

Zusammenfassend zeigten die in vitro Untersuchungen, dass Mikroglia/Makrophagen 

möglicherweise als wichtiger Auslösefaktor für das Auftreten p75NTR exprimierender 

Makroglia fungieren. Die Ergebnisse untermauern, dass es sich bei organotypischen 

Schnittkulturen um ein geeignetes in vitro Modell für die Untersuchung derartiger, 

möglicherweise regenerationsfördernder Makroglia handelt. Weiterhin beschreibt 

diese These erstmalig das Auftreten altersassoziierter, PAS-positiver Granula im 

Hippokampus von SJL/J-Mäusen, ihr verringertes Auftreten nach Fütterung von 

Cuprizon sowie ihre Immunoreaktivität für p75NTR. Die Abnahme derartiger PAS-

positiver cluster nach Cuprizon-Gabe deutet darauf hin, dass möglicherweise eine 

Imbalance Redox-aktiver Metallionen und/oder eine Dysregulation der Homöostase 

in der Pathogenese involviert ist. Zukünftige Studien müssen zeigen, ob es sich bei 

der Immunopositivität PAS-positiver Granula für p75NTR um eine falsch positive 

Reaktion handelt oder ob p75NTR tatsächlich eine Rolle bei der Pathogenese 

derartiger altersassoziierter Veränderungen im murinen Gehirn handelt.  
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