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(http://www.informatics.jax.org/mgihome/nomen/gene.shtml). 

 
 
7-AAD  7-aminoactinomycin D 
bFGF   Basic fibroblast growth factor 
bp   Base pair 
BSA   Bovine serum albumin 
CC   Central canal 
CNS   Central nervous system 
DAPI   4´,6-diamidino-2-phenylindole 
D-MEM  Dulbecco´s modified Eagle´s medium 
DMSO   Dimethyl sulfoxide 
dNTP   Deoxynucleotide triphosphates 
DPBS   Dulbecco´s phosphate buffered saline 
E   Embryonic day 
EDTA   Ethylenediaminetetraacetic acid 
EGF   Epidermal growth factor 
FACS   Fluorescence activated cell sorting 
FCS   Fetal calf serum 
FSC   Forward scatter 
GFP   Green fluorescent protein 
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
Ig   Immunoglobulin 
LVW   Lateral ventricle wall 
MACS   Magnetic activated cell sorting 
NOD-SCID  Nonobese diabetic/ severe combined immunodeficient 
NSP   Neurosphere 
NT4   Neurotrophin-4 
P   Postnatal day 
PCR   Polymerase chain reaction 
RA   Retinoic acid 
RGC   Radial glial cell 
RMS   Rostral migratory stream 
RT   Room temperature 
SSC   Side scatter 
SVZ   Subventricular zone 
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1.1 Definition of stem and progenitor cells 
Stem cells are defined by their ability to self-renew long-term and to generate the primary cell 

types of the tissue or organ they are derived from. Self-renewal enables a cell to generate (a) 

daughter cell(s) with features identical to the parent cell. There are two modi of self-renewal, 

symmetric division, which results in two identical stem cells or asymmetric division, which 

generates a stem cell and a further differentiated cell (Potten and Loeffler, 1990). The concept 

of ´long-term self-renewal` is not well defined and depends on the cell type and setting. Long-

term self-renewal is sometimes associated with infinite or life-long self-renewal, however it 

can also refer to a self-renewal capability longer than the one from further differentiated 

progenitor cells (Mikkers and Frisen, 2005). Progenitor cells are further committed cells 

derived from stem cells. They can give rise to differentiated progeny and can have a certain 

self-renewing potential, which is however more restricted compared to the properties of a 

stem cell (Potten and Loeffler, 1990; Mikkers and Frisen, 2005). 

 

1.2 In vitro neural stem/progenitor cell assay 
Neural stem/progenitor cells are commonly identified by their functional properties, which 

can be investigated in vitro by means of a neurosphere assay and subsequent differentiation of 

the derived neurospheres (NSPs) (Reynolds and Weiss, 1992). This assay allows to identify 

self-renewing neural stem/progenitor cells by their formation of free-floating spheres (NSPs) 

in culture medium supplemented with growth factors (Fig.1). A NSP is a cell cluster, ideally 

derived from one initial stem/progenitor cell, which divides to give rise to more 

stem/progenitor cells and further differentiated cells. In vitro self-renewal is determined by 

primary NSP formation and the number of passages these NSPs can be kept in culture. For 

passaging, spheres are dissociated into single cells and re-plated into culture medium. 

Subsequently the majority of cells dies, except for self-renewing stem/progenitor cells, which 

form new NSPs. Withdrawal of growth factors induces neural stem/progenitor cells to 

differentiate into neurons, astrocytes and oligodendrocytes (Reynolds and Weiss, 1992), 

which provides a measure of their multipotency. This assay has certain limitations which need 

to be considered. It was demonstrated that NSPs are motile in culture and, even when 

cultivated at a low density (clonal conditions), they can fuse with each other, thereby 

questioning the clonality of individual NSPs (Singec et al., 2006). Furthermore, not every 
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primary NSP is de facto derived from an isolated stem cell, since it was shown that progenitor 

cells are also able to form multipotent NSPs in vitro (Doetsch et al., 2002). Long-term 

cultivation can distinguish between NSPs derived from stem or progenitor cells, as the latter 

has more limited self-renewal properties. It was suggested that cell passaging for more than 

five times is required in order to distinguish neural stem cell-derived NSPs from progenitor 

cell-derived NSPs (Reynolds and Rietze, 2005).  

         

Stem cell

Progenitor cell

Other cells

Stem cell

Progenitor cell

Other cells

 
Figure 1: Schematic of the neurosphere assay. Tissue from the respective CNS region is isolated, dissociated into 
a single-cell suspension and cultivated in the presence of growth factors (mitogens). This results in the formation 
of free-floating NSPs, which consist of neural stem cells and further differentiated cells (progenitor cells and 
other cells). For passaging, NSPs can be dissociated and re-plated in the presence of mitogens to generate new 
NSPs. Withdrawal of mitogens induces NSP-cells to differentiate into cells from the neural lineage (neurons, 
oligodendrocytes, astrocytes). Figure modified from  Chojnacki et al. (2009). 
 

 

1.3 Stem and progenitor cells in the murine central nervous system 
1.3.1 Neural stem and progenitor cells in the developing forebrain 

The first stem cells are neuroepithelial cells, which compose the wall of the neural tube. The 

neuroepithelium consists of one layer of polarized cells which contact the ventricular (apical) 

and pial (basal) surfaces (Fig.2). Initially neuroepithelial cells divide symmetrically to 

increase their cell number, but at later stages they also give rise to differentiated progeny. The 
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neuroepithelium appears stratified, since the cell nuclei migrate between the apical and basal 

surface during the cell cycle (Merkle and Alvarez-Buylla, 2006).  

3 
 

 

The same phenomenon, which is termed interkinetic nuclear migration, can be observed in 

radial glial cells (RGC), which start to replace neuroepithelial cells at the onset of 

neurogenesis. Neurogenesis starts around embryonic day 9-10 (E9-10) and the majority of 

RGC develops between E10 to E12 (Gotz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 

2009). As their predecessors, RGC have contact to the ventral and pial surfaces (Fig.2). Their 

cell body remains in the ventricular zone, which is the most apical cell layer next to the 

ventricle, and their long radial processes extend to the pial membrane. RGC and 

neuroepithelial cells possess a primary cilium, which extends into the ventricular lumen. 

Primary  cilia have a 9+0 microtubule-based cytoskeleton (axoneme), which differs from 

motile cilia with a 9+2 axoneme (Spassky et al., 2005). RGC and neuroepithelial cells share 

the expression of Nestin, however only RGC synthesize proteins characteristic for ´glial` cells, 

such as the Glutamate/aspartate transporter (GLAST), Brain lipid binding protein (BLBP), 

S100 and Vimentin, proteins which are also present in certain astrocytes in the adult brain. 

These proteins show a locally distinct, gradual appearance during RGC development (Mori et 

al., 2005). RGC are heterogeneous in terms of progeny they give rise to. In most cases, RGC 

divide asymmetrically to self-renew and generate a further differentiated cell. However, 

dependent on location and time, they give rise to different subtypes of neuronal or glial cells. 

This regional diversity might in part be initiated through morphogen gradients, which divide 

the proliferative regions in the forebrain into distinct zones, thereby establishing different 

transcription factor expression patterns in RGC. The existence of uni- and multipotent cells 

indicates further functional differences between RGC. Single multipotent RGC were found to 

follow a predetermined developmental sequence from the generation of neuronal cells first 

and then glial cells, which seems to be a cell autonomous process (Mori et al., 2005; 

Kriegstein and Alvarez-Buylla, 2009).  

Neurons can be generated either directly by RGC or indirectly by intermediate 

progenitor cells (IPC). IPC are derived from RGC and are located in the region above the 

ventricular zone, the subventricular zone (SVZ). They have no contact with the apical or basal 

surface (Fig.2). IPC divide symmetrically to produce two neurons or two new IPC, thereby 

forming a secondary proliferative layer and amplifying the number of generated neurons. IPC 

for oligodendrocytes and potentially astrocytes exist as well.  



Introduction 
 

 

4 
 

Neurogenesis is followed by gliogenesis at the early postnatal stage, where most RGC 

disconnect from the ventricle, migrate to the cortical plate and transform into astrocytes (Mori 

et al., 2005; Kriegstein and Alvarez-Buylla, 2009). 

 

 
Figure 2: Overview of neural stem cells and their progeny during development and in the adult murine brain. The 
ventricle lumen (apical surface) is located at the bottom, the pial (basal) surface at the top part of the figure. 
Solid arrows are supported by experimental evidence, dashed arrows indicate hypothetical connections. MA, 
mantle; MZ, marginal zone; NE, neuroepithelium; nIPC, neurogenic intermediate progenitor cell; oIPC, 
oligodendrocytic intermediate progenitor cell; SVZ, subventricular zone; VZ, ventricular zone. Figure taken 
from Kriegstein and Alvarez-Buylla (2009). 
 

1.3.2 Origin of neurogenic astrocytes and ependymal cells 

RGC disappear within the first two weeks after birth. Fate-mapping experiments of 

permanently labeled neonatal striatal RGC provided evidence that RGC not only transform 

into terminally differentiated glial cells, but also into neurogenic astrocytes (B cells; Fig.2) in 

the lateral ventricle wall (LVW), a neurogenic region in the adult brain (see 1.3.3) (Merkle et 

al., 2004). Furthermore, using the same technique, it could be shown that striatal RGC also 

give rise to LVW ependymal cells, which constitute the uppermost cell layer lining the 

ventricles (Merkle et al., 2004; Spassky et al., 2005) (Fig.2). Besides the subpopulation of 

postnatally generated ependymal cells described in the latter experiments, most ependymal 

cells are born between E14 and E16 during development. Their final maturation occurs in the 

first postnatal week along a ventral to dorsal gradient. Immunostainings showed that the 

transition from RGC to ependymal cells occurs via an intermediate stage, where the cells co-

express the radial glia protein GLAST and a protein of mature LVW ependymal cells, S100 

(Spassky et al., 2005). Based on these findings, it is now accepted that neurogenic astrocytes 
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and embryonic/postnatally born ependymal cells are, at least in part, derived from RGC 

(Kriegstein and Alvarez-Buylla, 2009). 
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1.3.3 Neurogenesis in the adult forebrain 

1.3.3.1 Composition of the neurogenic region in the adult lateral ventricle wall 

The largest neurogenic zone in the adult rodent brain is located along the wall of the lateral 

ventricles (LVW) (Alvarez-Buylla and Garcia-Verdugo, 2002). Ultrastructural and antigenic 

characterization of the LVW in situ revealed the presence of four major cell types: Ependymal 

cells (type E cells), neuronal precursors (neuroblasts; type A cells), two types of B cells (type 

B1 and type B2) and the most actively dividing LVW cells, type C cells. Both type B cells 

show ultrastructural characteristics of astrocytes and are positive for glial fibrillar acidic 

protein (GFAP), a common protein of astrocytes. Type B1 cells are located close to 

ependymal cells, whereas type B2 cells reside next to the striatal parenchyma (Doetsch et al., 

1997). Using whole mounts of the adult lateral ventricle to study the LVW cytoarchitecture, 

revealed that type B1 cells contact the ventricle via an apical processes and their cell body is 

either in close proximity to or intercalated between ependymal cells (Fig.3A). Type B1 cells 

carry a primary cilium (9+0 axoneme) at their apical surface and have long basal processes 

which terminate on blood vessels. Twenty-nine percent of GFAP-positive type B1 cells were 

found to synthesize the surface protein CD133 at their primary cilium and apical surface. 

However, the staining for CD133 appeared weak in comparison to the intense CD133 staining 

of ependymal cells (Mirzadeh et al., 2008).  Another recent study found three distinct type B 

cells in the LVW: Ventricle-contacting apical type B cells, penetrating or beneath the 

ependymal layer, tangential type B cells next to the ventricular layer with long basal processes 

running parallel to the surface and type B cells with characteristics of mature astrocytes, 

located near the striatal parenchyma (Shen et al., 2008). It is currently not known, whether 

ventricle-contacting apical type B cells described in the latter study and type B1 cells are the 

same population. To avoid confusion, in the following all LVW astrocytes will be referred to 

as type B cells and type B cell subpopulations will be described by their location in the LVW 

(e.g. ventricle-contacting type B cells). 
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Figure 3: Model of the LVW neurogenic region and LVW cell linage. (A) Multiciliated type E1 (light and dark 
brown) and biciliated type E2 (peach) ependymal cells surround ventricle contacting type B1 astrocytes (blue). 
The long basal processes of type B1 cells terminate on blood vessels (orange). Chains of tangentially migrating 
neuroblasts (red) in the SVZ and clusters of type C cells (green) are illustrated. Figure taken  from Mirzadeh et al. 
(2008). (B) Self-renewing type B cells give rise to transit-amplifying type C cells, which in turn generate type A 
cells. Figure taken from  Alvarez-Buylla and Garcia-Verdugo (2002). 
 

New neurons are constantly born in the LVW and migrate along each other in a chain–like 

manner from the LVW, along a defined route, the rostral migratory stream (RMS), to the 

olfactory bulb where they fully mature into periglomerular and granule interneurons (Fig.4). 

Type B cells form tubular networks around migrating neuroblasts. In the olfactory bulb, 

neuroblasts separate from each other and migrate radially to their final destination (Alvarez-

Buylla and Garcia-Verdugo, 2002). 

A BA B

          
: Schematic of the LVW-RMS-OB region in the adult rodent brain. (A) Sagittal view of the brain with Figure 4

the olfactory bulb (OB) to the left and the cerebellum (CB) to the right. Chains of new-born neurons (red lines) 
migrate along the lateral ventricles (LV, blue) via the rostral migratory stream (RMS) to the OB. Within the OB, 
neuroblasts move radially as single cells to their destination (dotted lines). NC, neocortex; cc, corpus callosum. 
(B) Two chains of neuroblasts (red) in the LVW-RMS region, ensheated by type B cells (blue), which frequently 
have contact to blood vessels (white tube, bottom). To better illustrate the structure, only a few type B cells are 
shown along the bottom neuroblast chain. Intracellular characteristics of type B cells (light blue) and neuroblasts 
(yellow) are illustrated. A dividing neuroblast is shown in the bottom chain to the right (yellow). Figure taken 
from  Alvarez-Buylla and Garcia-Verdugo (2002). 
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1.3.3.2 Identity of neural stem cells in the adult lateral ventricle wall 
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 that isolated cells from 

esides that, the functional properties of ependymal cells in the adult LVW remained 

Early experiments by Brent A. Reynolds and Samuel Weiss showed

the adult mouse LVW region can self-renew and give rise to progeny in culture, indicating the 

existence of neural stem cells in this area (Reynolds and Weiss, 1992). However, the identity 

of the stem cells remained unknown. In 1999, Jonas Frisen and colleagues suggested that 

ependymal cells are the LVW neural stem cells, since they gave rise to neurospheres in vitro 

and new neurons in vivo (Johansson et al., 1999). In the same year, these findings were 

challenged by the group of Alvarez-Buylla, who provided evidence that cells with an 

astrocytic phenotype function as neural stem cells in the ventricular wall (Doetsch et al., 

1999b; Doetsch et al., 1999a). In these studies, proliferating cells were ablated with the anti-

mitotic drug cytosine-β-D-arabinofuranoside (Ara-C) leaving type B cells and ependymal 

cells as only remnants in the LVW. Within five days, type C cells, followed by type A cells 

re-appeared (Doetsch et al., 1999a). Labeling with [3H]thymidine, a marker for DNA 

synthesis, identified type B cells and not ependymal cells as proliferating cells shortly after 

Ara-C treatment, suggesting that these cells gave rise to type C and type A cells. Further 

experiments with retrovirally labeled GFAP-positive LVW cells in the intact brain, confirmed 

that type B cells can generate olfactory bulb neurons. The following lineage was suggested 

(Fig.3B): Type B cells are LVW stem cells, which can self-renew and give rise to type C cells. 

Type C cells divide repeatedly followed by the generation of type A cells (Doetsch et al., 

1999b). These findings were supported by subsequent studies (Chojnacki et al., 2009) and led 

to the current, commonly accepted view that neural stem cells of the adult LVW are 

represented by type B cells (the term ´type B cell` is based on ultrastructural and 

immunocytochemical criteria and includes all LVW astrocytes). Morphologically different 

subpopulations of type B cells were identified (see 1.3.3.1), but their functional properties are 

not fully elucidated yet (Chojnacki et al., 2009). It was shown though, that one subpopulation, 

ventricle-contacting type B cells (type B1 cells), are neurogenic in vivo and in vitro (Mirzadeh 

et al., 2008). 

 

B

unsolved. Can these cells act as stem/progenitor cells or are they terminally differentiated 

cells? A study by the group of Yi Sun proposed that a subpopulation of LVW ependymal cells 

has neural stem cell properties (Coskun et al., 2008). In this study, CD133 was found to be 

expressed exclusively by a subpopulation of adult LVW ependymal cells, which could be 

subdivided into CD24-positive and CD24-negative cells. Isolated CD133-positive, but not 
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CD24-positive cells, displayed neural stem/progenitor cell features in culture. Lineage-tracing 

experiments, which allowed to follow the progeny of permanently marked Prom1-expressing 

LVW cells, identified labeled cells in the olfactory bulb after two to four weeks. Based on 

these experiments, the authors concluded that CD133+/CD24- ependymal cells function as 

neural stem cells in the LVW. However, it was suggested elsewhere that the CD133-positive 

cells investigated in the latter study are de facto ventricle-contacting type B cells and not 

ependymal cells (Mirzadeh et al., 2008). Studies using proliferation markers or BrdU and 

[3H]thymidine incorporation to investigate the proliferative capacity of adult LVW ependymal 

cell in situ, did not reveal any dividing cells, which led to the conclusion that adult LVW 

ependymal cells are postmitotic (Spassky et al., 2005; Mirzadeh et al., 2008). These findings 

are supported by a recent study, where the properties of adult LVW ependymal cells were 

investigated by genetic fate mapping experiments (Carlen et al., 2009). Lentiviral expression 

of Cre recombinase under the Foxj1 promoter, which was found to specifically label 

ependymal cells and their progeny in transgenic reporter mice, or ependymal-specific 

adenoviral transduction revealed that LVW ependymal cells do not divide or give rise to 

progeny under physiological conditions. Canonical Notch signaling was found to be required 

to keep ependymal cells in this state. However, upon stroke or inhibition of Notch signaling 

these cells could be activated to enter the cell cycle and differentiate into neuronal cells or 

astrocytes. The generation of progeny resulted in the loss of the ependymal cells, indicating 

that these cells are not able to self-renew (Carlen et al., 2009). These findings show that even 

though LVW ependymal cells can give rise to differentiated cells under non-physiological 

conditions, they do not fulfill the defining criteria of stem cells. 
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em and progenitor cells in the adult spinal cord 

ined throughout life, the 

nder homeostatic conditions, cells of the ependymal layer around the central canal divide 

only rarely in order to self-renew and do not give rise to further differentiated progeny 

1.3.4 Neural st

In contrast to the adult forebrain, where neurogenic activity is mainta

adult spinal cord is considered a non-neurogenic region (Obermair et al., 2008). However, in 

vitro experiments provided evidence for the existence of neural stem/progenitor cells in this 

region (Weiss et al., 1996). Their location and function in situ has been investigated in a 

variety of studies. Neural stem or progenitor cells were suggested to reside in the area around 

the central canal, in the parenchyma of the spinal cord, or in both regions (Barnabe-Heider 

and Frisen, 2008; Obermair et al., 2008).  

 

U
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(Johansson et al., 1999; Meletis et al., 2008; Hamilton et al., 2009). In vitro however, they can 

proliferate extensively and give rise to astrocytes, oligodendrocytes and neuronal cells 

(Martens et al., 2002; Sabourin et al., 2009). Similarily, changing the environmental 

conditions through injury, activates lumen-contacting cells to increase their proliferative rate 

and generate astrocytes (Johansson et al., 1999; Mothe and Tator, 2005). The use of indirect 

labeling techniques or the inability to trace the progeny of labeled cells in the above described 

studies did not allow to determine the precise identity of the lumen-contacting neural 

stem/progenitor cells. Findings of a recent study, which specifically labeled adult spinal cord 

ependymal cells and their progeny (using tamoxifen-inducible expression of Cre recombinase 

under the control of the Foxj1 or Nestin regulatory sequences in transgenic reporter mouse 

lines) provide evidence that ependymal cells are the above described stem/progenitor cells in 

the central canal region. In vitro experiments in this study revealed that ependymal cells 

represent the vast majority of stem/progenitor cells in the spinal cord. Under physiological 

conditions in vivo ependymal cells did not give rise to progeny, but upon injury, they started 

to proliferate extensively and gave rise to oligodendrocytes and astrocytes, which migrated 

towards the lesion site and contributed to glial scar formation. The response to injury did not 

deplete the ependymal layer, indicating that these cells self-renew in vivo (Meletis et al., 

2008).  

 

Progenit
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or cells in the parenchyma constitute the majority of proliferating cells in the adult 

pinal cord under non-pathological conditions (Barnabe-Heider and Frisen, 2008; Obermair et 

 the adult LVW and spinal cord 
pendymal cells form a continuous layer of cells, the ´ependyma`, along the cerebrospinal 

t CNS. Ependymal cells are 

s

al., 2008). Their functional properties are not fully understood yet. Findings from different 

studies suggest that parenchymal progenitor cells are either glial-restricted precursors (Horner 

et al., 2000; Yoo and Wrathall, 2007), that they do not form NSPs in culture (Martens et al., 

2002), or that they possess a broader differentiation potential and self-renew in culture 

(Yamamoto et al., 2001).  

 

1.4 Ependymal cells of
E

fluid-filled ventricular system and the spinal cord in the adul

typically polarized with an apical and basal surface and the majority has motile cilia (9+2 

axoneme) at the apical membrane (Bruni, 1998; Gabrion et al., 1998; Meletis et al., 2008). 

Coordinated beating of motile cilia in the LVW ependyma was shown to induce gradients of 

chemorepulsive factors, which are important for the directed migration of new-born neurons 
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in the LVW (Sawamoto et al., 2006). The ependyma is thought to function as a barrier 

between the cerebrospinal fluid and the CNS tissue, regulating the molecular transport 

between both systems, but also protecting the CNS from potentially harmful substances 

(Bruni, 1998). The ependymal barrier is established by means of tight and adherens junctions 

(Lippoldt et al., 2000; Alvarez and Teale, 2007; Mirzadeh et al., 2008). However, low levels 

of tight junction proteins suggest a certain permissiveness of the ependymal layer (Alvarez 

and Teale, 2007). 

 

LVW ependymal c
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ells are, at least in part, derived from radial glial cells and are born mainly 

round E14 to E16. Their maturation occurs postnatally (Spassky et al., 2005) (see 1.3.2). The 

homeodomain transcription factor-positive ventral neuroepithelial cells (Fu et al., 2003). In 

a

ependymal layer along the adult lateral ventricles contains two types of ependymal cells, 

multiciliated type E1 cells and biciliated type E2 cells (Fig.3). Both cell types are positive for 

CD133, CD24 and S100, but negative for GFAP (Mirzadeh et al., 2008). In addition, 

tanycytes, a special ependymal subtype, were reported earlier to be part of the LVW 

ependyma (Doetsch et al., 1997). Tanycytes express GFAP and have long radially directed 

basal processes (Bruni, 1998). Due to phenotypic similarities, it was suggested that tanycytes 

might correspond to GFAP-positive ventricle-contacting type B cells (Chojnacki et al., 2009).  

 

Ependymal cells of the adult spinal cord were suggested to be derived from NKX6-1 

the adult spinal cord, ependymal cells are divided into three distinct cell types according to 

morphological criteria: Cuboidal ependymal cells, tanycytes and a less frequent population of 

radial ependymal cells with long dorsoventral-oriented basal processes (Fig.5) (Meletis et al., 

2008). All cells have one to three motile cilia (9+2 axoneme) and microvilli at their apical 

membrane (Sturrock, 1981; Meletis et al., 2008). Spinal cord ependymal cells synthesize 

CD133, S100 and proteins associated with immature cells, such as Nestin, Vimentin, 

Musashi-1, Platelet-derived growth factor receptor alpha (PDGFR-α) and SRY-box 

containing gene 2 (SOX2), but are negative for proteins associated with parenchymal 

progenitors, namely Oligodendrocyte transcription factor 2 (OLIG2) and the proteoglycan 

NG2 (Barnabe-Heider and Frisen, 2008; Meletis et al., 2008; Hamilton et al., 2009; Sabourin 

et al., 2009). Controversial data exists in case of GFAP. In two studies a subpopulation of 

mostly dorsally-located ependymal cells was reported to express GFAP (Hamilton et al., 2009; 

Sabourin et al., 2009), whereas the group of Jonas Frisen described all ependymal cells as 

GFAP-negative (Meletis et al., 2008). Furthermore, the existence of ependymal 
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subpopulations with distinct functional properties were proposed due to antigenic differences 

between ependymal cells (Hamilton et al., 2009; Sabourin et al., 2009).  
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igure 5: Immunoelectron microscopy of the adult spinal cord central 
anal. As illustrated by pseudo-coloring, ependymal cells can be divided 
to cuboidal ependymal cells (blue), tanycytes (brown) and radial 

 

.5 The transmembrane protein CD133 
he pentaspan membrane protein CD133 (Prominin-1) was first identified by Huttner and 

thelial cells (Weigmann et al., 1997). CD133 
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ependymal cells (purple). Figure taken from  Meletis et al. (2008). 
 

 

1
T

colleagues in embryonic and adult mouse epi

was found to be enriched at subdomains of the cell surface, such as microvilli of 

neuroepithelial cells and in cell protrusions, like filopodia, lamellipodia and microspikes in 

non-epithelial cells. Due to its specific location on the cell surface, this protein was termed 

´Prominin`, from the Latin word ´prominere`, which means to stand out, to be prominent. In 

the same year, the homolog of mouse CD133 was detected in human CD34-positive 

hematopoietic stem cells, by using an antibody against the surface antigen AC133 (Yin et al., 

1997). In the mouse, CD133 is encoded by the Prom1 gene on chromosome 5 (location 5 B3). 

Several splice variants are identified so far (in the mouse variant s1-s8) and their expression 

seems to be tissue-specific and developmentally regulated (Fargeas et al., 2007). CD133 has 

five putative transmembrane domains with two extracellular loops which contain more than 

250 amino acids each, an extracellular N-terminal and a cytoplasmic C-terminal domain 

(Fig.6). Eight potential N-gycosylation sites are located at the extracellular loops (Fargeas et 

al., 2003).  
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Figure 6: Predicted protein structure of CD133. Five 
transmembrane domains (1-5) divide two smaller cytosolic and 
two larger glycosylated extracellular loops. Forks represent 
potential glycosylation sites. Figure taken from Fargeas et al. 
(2003). 
 

 

1.5.1 Function of CD133 

Little is known about the physiological role of CD133, however the interaction with plasma 

membrane cholesterol and the involvement in the formation and organization of photoreceptor 

plasma membranes outgrowths, provide some clues about its function (Corbeil et al., 2001). 

CD133 is located at plasma membrane evaginations at the base of the outer segment of 

murine photoreceptor cells and mutations in the Prom1 gene were shown to cause retinal 

degeneration due to impaired photoreceptor disk morphogenesis (Maw et al., 2000; Yang et 

al., 2008; Zacchigna et al., 2009).  

 

Aside from that, neuroepithelial and radial glial cells were shown to release CD133-

containing particles from cellular structures, such as microvilli, primary cilia and midbodies 

into the neural tube fluid (Marzesco et al., 2005; Dubreuil et al., 2007). Midbodies are 

remnants of the spindle midzone formed during the final stage of cell division, which connect 

the two dividing cells (Otegui et al., 2005). CD133-positive particles were found in the 

ventricular fluid at the onset and early phase of neurogenesis, a time when symmetrically 

dividing neuroepithelial cells are replaced by asymmetrically dividing radial glial cells. Two 

mechanistical explanations were suggested: The release of CD133-bearing particles as a 

means of intercellular signaling with the surrounding tissue or the disposal of CD133-

containing membrane parts via the midbody in order to switch from symmetrical to 

asymmetrical divisions (Marzesco et al., 2005; Dubreuil et al., 2007). The apical cell 

membrane was suggested to have a defining role in the daughter cell´s fate to retain the 

proliferative stem cell potential of the parent cell or to become a further differentiated cell. 

According to this concept, the apical membrane of a cell needs to be reduced to switch from 

symmetrical to asymmetrical divisions (Kosodo et al., 2004). 
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1.5.2 CD133 distribution in the central nervous system 
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Similarly to its expression in primary progenitor cells of the mouse CNS, Uchida et al. found 

CD133-positive cells in the fetal human forebrain, which showed neural stem/progenitor cell 

characteristics in vitro and in vivo (Uchida et al., 2000). In the mouse, CD133-positive neural 

stem/progenitor cells were also detected in the postnatal cerebellum (Lee et al., 2005). As 

described in previous chapters, CD133 is expressed by several cell types in the adult murine 

CNS: CD133 is located at the outer segment of rod and cone photoreceptor cells (Zacchigna 

et al., 2009), synthesized by ependymal cells along the lateral ventricles and the central canal 

of the spinal cord and is found on a subpopulation of ventricle-contacting LVW type B cells 

(Coskun et al., 2008; Meletis et al., 2008; Mirzadeh et al., 2008; Sabourin et al., 2009). 

Moreover, the CD133 splice variant s3 was detected in myelin-forming oligodendrocytes, 

another glial cell type in the adult CNS. Interestingly, cultivated astrocytes derived from 

embryonic primary glial cell cultures expressed another CD133 splice variant (s1), suggesting 

the possibility to distinguish CD133 expression in glial cells by the presence of different 

splice variants (Corbeil et al., 2009). 

 

1.5.3 CD133 as a tumor stem cell marker in the CNS? 

The tumor stem cell hypothesis proposes that only a subset of cells within the tumor, termed 

tumor stem cells, possesses the ability to constitute and sustain the tumor, whereas the 

remaining tumor cells lack those features (Clarke et al., 2006). According to this model, the 

tumor stem cell fraction is the driving force of the tumor and represents the primary 

therapeutic target. Currently, the best functional assay to identify tumor stem cells is based on 

tumor initiation and serial transplantation in animal models (Clarke et al., 2006). The first 

evidence of a tumor stem cell fraction in brain tumors was provided by Singh et al., using the 

surface marker CD133 to enrich tumor stem cells from human glioblastoma and 

medulloblastoma. As few as 100 CD133-positive tumor cells were enough to give rise to new 

tumors after intracranial transplantation into NOD-SCID mice, whereas one thousand times 

more CD133-negative cells did not form any tumors. Tumors derived from CD133-positive 

tumor cells could be serially transplanted and the xenograft tumors resembled the original 

patient´s tumor (Singh et al., 2004).  

 

A tumor stem cell can, but does not necessarily have to be the cell, which received the first 

oncogenic hits (cell of origin). Different tumor cells derived from the cell of origin can 

acquire additional mutations, which might provide them with tumor stem cell properties 
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(Clarke et al., 2006). Region-specific radial glial cells were proposed as cells of origin for 

ependymomas from the supratentorial, posterior fossa and spinal cord region. This was based 

on the identification of a CD133+/RC2+/BLBP+ tumor stem cell population in ependymomas, 

a phenotype that characterizes RGC as well, and a microarray-based ´gene expression 

signature` of supratentorial and spinal cord ependymomas, which resembled the gene 

expression pattern of radial glial cells from the corresponding region (Taylor et al., 2005). 
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CD133 has been used in a variety of CNS neoplasms to enrich tumor stem cells (Cheng et al., 

2009), however, there is emerging evidence that cells with the ability to initiate xenograft 

tumors can be found among CD133-negative tumor cells as well (Beier et al., 2007; Ogden et 

al., 2008; Wang et al., 2008). Thus, stem cell properties do not seem to be exclusive to 

CD133-positive cells within the tumor. In this context, it is also important to note that the 

above described studies used xenotransplantation assays (human cells transplanted into 

immunocompromised rodents) to identify tumor stem cells, which was suggested to select 

rather for cells that adapt best in a foreign host than for tumor stem cells (Clarke et al., 2006; 

Sakariassen et al., 2007). 

 

 



 
 

 

2. Aims of the thesis 
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The surface protein CD133 is present on early murine and human neural stem cells during 

development and was used to enrich human tumor stem cells from glioblastomas, 

medulloblastomas and ependymomas (Weigmann et al., 1997; Uchida et al., 2000; Singh et 

al., 2004; Taylor et al., 2005). Whether this protein is a general marker for neural stem cells 

and tumor stem cells in the central nervous system (CNS), as well as its functional importance 

for these populations remains to be determined. Furthermore, it is not known, if the presence 

of CD133 on CNS tumor stem cells and certain neural stem cells indicates a lineage 

relationship between both. One step to solve these questions is the identification and 

characterization of CD133-presenting cells in the CNS.  

The objectives of the first part of this thesis were (1) to investigate the cellular 

localization of CD133 in stem cell regions of the developing and adult murine CNS, namely 

the neurogenic region around the lateral ventricles as well as in the stem cell niche of the adult 

spinal cord, and (2) to study the stem/progenitor cell properties (self-renewal and 

multipotency) of the identified CD133-presenting cells in vitro.  

 
Ependymal cells from the adult murine lateral ventricle wall (LVW) and the spinal cord 

central canal share certain phenotypic similarities, such as the presence of CD133 (Coskun et 

al., 2008; Meletis et al., 2008; Mirzadeh et al., 2008; Sabourin et al., 2009). However, both 

populations seem to have different functional properties. Accumulating evidence suggests that 

adult LVW ependymal cells are quiescent under physiological conditions in vivo (Spassky et 

al., 2005; Carlen et al., 2009), whereas ependymal cells from the adult spinal cord possess 

certain stem cell properties, as they can self-renew in vivo and in vitro and give rise to 

progeny upon activation by injury or in culture (Meletis et al., 2008). However, ependymal 

cells of both regions have not been directly compared under the same culture conditions. 

Moreover, little is known about the molecular basis underlying these functional differences.  

Conflicting results regarding the functional properties of adult LVW ependymal cells 

were published in earlier studies (Chojnacki et al., 2009). This was caused partly due to the 

lack of defining surface markers and non-stringent cell isolation conditions. In stem cell 

niches, different cell types are tightly connected to each other and surface markers are often 

not exclusive for one population (Mirzadeh et al., 2008; Hamilton et al., 2009). Thus, it 

becomes more and more evident that a set of surface markers, together with more stringent 
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tissue dissociation procedures, is necessary for the specific isolation of distinct cell types 

within CNS stem cell niches. 
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The aims of the second part of this thesis were (1) to establish a protocol to purify 

CD133-positive ependymal cells from the adult murine LVW and spinal cord by flow 

cytometry, (2) to investigate their self-renewal and differentiation capacity under similar 

culture conditions and (3) to compare the gene expression profile of both ependymal cell 

populations.  

 



 
 

 

3. Materials and Methods 
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3.1 Animals 
Embryonic day 9.5 (E9.5) brain, E14.5 forebrain, postnatal day 4 (P4) and adult LVW and 

adult spinal cord tissue was obtained from C57Bl/6 wild-type mice (Taconic Europe, Ry, 

Denmark; Charles River, Sulzfeld, Germany) Additionally, transgenic C57Bl/6 mice, 

expressing green fluorescent protein (GFP) under a chicken Beta-actin promoter (Okabe et al., 

1997) (Jackson Laboratory, Bar Harbor, ME, USA), were used as source for adult LVW 

tissue. All animal procedures were performed with consent from the ethical committee at 

Lund University. 

 

3.2 Cell isolation and cultivation 
3.2.1 Cell culture media 

D-MEM/B27 medium   
D-MEM/F-12 (1:1) with GlutaMax  Invitrogen, Carlsbad, CA, USA 
B27 supplement (minus vitamin A) 1x Invitrogen 
HEPES 10 mM Invitrogen 
Insulin 20 µg/ml Sigma-Aldrich, St. Louis, MO, USA 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom AG, Berlin, Germany 
Human recombinant EGF (EGF) 20 ng/ml PAN Biotech, Aidenbach, Germany 
Human recombinant FGFbasic (bFGF) 20 ng/ml PAN Biotech 

 

D-MEM/N2 medium   
D-MEM/F-12 (1:1) with GlutaMax  Invitrogen 
N2 supplement  1x Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
EGF 20 ng/ml PAN Biotech 
bFGF 20 ng/ml PAN Biotech 

 

NB/B27 medium   
Neurobasal medium  Invitrogen 
B27 supplement (minus vitamin A) 1x Invitrogen 
L-glutamine 2 mM Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
EGF 20 ng/ml PAN Biotech 
bFGF 20 ng/ml PAN Biotech 
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NB/N2 medium 
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Neurobasal medium  Invitrogen 
N2 supplement 1x Invitrogen 
L-glutamine 2 mM Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
EGF 20 ng/ml PAN Biotech 
bFGF 20 ng/ml PAN Biotech 

 

NBA/B27 medium   
Neurobasal A medium  Invitrogen 
B27 supplement (minus vitamin A) 1x Invitrogen 
L-glutamine 2 mM Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
EGF 20 ng/ml PAN Biotech 
bFGF  20 ng/ml PAN Biotech 

 

NBA/N2 medium   
Neurobasal A medium  Invitrogen 
N2 supplement  1x Invitrogen 
L-glutamine 2 mM Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
EGF 20 ng/ml PAN Biotech 
bFGF 20 ng/ml PAN Biotech 

 

Attachment medium   
Neurobasal A medium  Invitrogen 
B27 supplement (minus vitamin A) 1x Invitrogen 
L-glutamine 2mM Invitrogen 
Penicillin /Streptomycin 100U/ml / 100µg/ml Invitrogen 
Partricin 0.5µg/ml Biochrom 
FCS 1% Biochrom 
bFGF  20ng/ml PAN Biotech 

 

RA-medium   
Neurobasal A medium  Invitrogen 
B27 supplement (minus vitamin A) 1x Invitrogen 
L-glutamine 2 mM Invitrogen 
Penicillin /Streptomycin 100 U/ml / 100 µg/ml Invitrogen 
Partricin 0.5 µg/ml Biochrom 
Retinoic acid  1 µM Sigma-Aldrich 
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3.2.2 Isolation of embryonic and postnatal tissue 

Eight to 12 E9.5 embryos, 5-10 E14.5 embryos and 5-15 P4 mice were used per experiment. 

The animals were sacrificed and whole embryos or brains were isolated. Subsequently, brains 

(E9.5), anterior part of the forebrains (E14.5) and P4 LVW tissues were dissected (Fig.7). For 

magnetic activated cell sorting (MACS), E9.5, E14.5 and P4 tissue was digested with 1 ml 

TrypLE Express (TLE; Invitrogen, Carlsbad, CA) for 10 min at 37°C, triturated with a 1000µl 

pipette and diluted 1:10 with D-MEM/F-12. The cell solution was filtrated with a cell strainer 

(40 µm; BD Biosciences, San Jose, CA) and the cell number was determined with a CASY 

cell counter according to the manufacturer´s instructions (Innovatis AG, Reutlingen, 

Germany). For fluorescence activated cell sorting (FACS), E14.5 and P4 tissue was digested 

with trypsin/EDTA (0.05%, Invitrogen) for 20 min at 37°C and triturated afterwards. 

Digestion was stopped 1:10 with D-MEM/F-12, containing 10% FCS (Biochrom AG, Berlin, 

Germany). After filtration, the trypsin/EDTA solution was removed by centrifugation 

(300 x g, 5 min, RT) with an Eppendorf 5810R centrifuge (Eppendorf, Hamburg, Germany) 

and the cell pellet was washed three times with D-MEM/F-12. The cell number was 

determined using a counting chamber (Carl-Roth, Karlsruhe, Germany). Trypan blue (0.4%; 

Sigma-Aldrich) was added to the cells to distinguish live and dead cells. In some experiments 

(4.2.2.3), cells were washed once with D-MEM/F-12 after filtration and erythrocytes were 

lysed with 0.5-1.0 ml ammonium chloride (0.8% NH4Cl with 0.1 mM EDTA; Stemcell 

Technologies, Vancouver, Canada) for 2 min at room temperature (RT). Lysis was stopped 

with 14 ml Dulbecco’s phosphate buffered saline (DPBS; Lonza, Basel, Switzerland) and the 

cells were washed once with DPBS. 

 

A B C

 
 

Figure 7: Tissue dissection from the E14.5, P4 and adult forebrain. (A) Dotted lines indicate the dissected area 
from the E14.5 anterior forebrain (A), P4 (B) and the adult (C) LVW region. In (A), the scull and meninges were 
removed before the tissue around the anterior lateral ventricles was isolated. For the frontal tissue sections shown 
in (B) and (C), the brain was cut coronally between the rhinal fissure and the hippocampus. In (B), the 
rectangular centrepiece, containing the lateral ventricles, was used for dissociation. From the adult brain, the 
anterior, dorsal part of the LVW was isolated (C). Figure (A) taken from http://www.genepaint.org/. 
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3.2.3 Isolation of adult LVW tissue 

Seven to 20 adult animals were used per experiment. Animals were sacrificed and whole 

brains were isolated. LVW tissue was dissected out of frontal sections according to Fig.7C 

and digested with trypsin/EDTA (0.05%; 1 ml per LVW tissue from 2-3 mice) for 20-25 min 

at 37°C. The cells were triturated with a 1000µl pipette and the digestion stopped 1:10 with 

D-MEM/F-12, containing 10% FCS. After filtration with a cell strainer (40 µm), cells were 

centrifuged (300-330 x g, 5 min, RT), washed once with D-MEM/F-12 and, except for 

experiments described in section 4.1, erythrocytes were lysed with 0.2-0.6 ml ammonium 

chloride for 2 min at room temperature (RT). Lysis was stopped with 14 ml PBS and cells 

were washed once with PBS. The cell number was determined using a counting chamber. In 

case of low cell numbers, the last washing step was omitted.  

 

3.2.4 Isolation of adult spinal cord tissue 

Ten to 11 adult animals (4-5 weeks old) were used per experiment. The animals were 

sacrificed and spinal cord tissue (cervical and thoracic region) was isolated. For this, the 

animals were decapitated and the dorsal skin removed to expose the vertebral column. A cross 

cut in the lumbar region created a caudal opening of the column. A needle (18 gauge) of a 

PBS-filled syringe (20 ml), was inserted into the central canal of this caudal opening. By 

quickly compressing the plunger, the spinal cord was flushed out of the sourrounding 

vertebral column (Shihabuddin, 2002) (Fig.8). Minced spinal cord tissue was digested with 

trypsin/EDTA (0.05%; 1 ml per spinal cord) for 25 min at 37°C and triturated afterwards. The 

digestion was stopped 1:10 with D-MEM/F-12, containing 10% FCS. After filtration through 

a cell strainer (40 µm), the cells were centrifuged (330 x g, 5 min, RT) and washed once with 

D-MEM/F-12. To remove myelin debris, cells were suspended in 0.5-0.6 M sucrose/PBS 

(1 ml per spinal cord) and centrifuged with 850 x g (low deceleration) for 10 min at RT. The 

myelin-containing supernatant was removed and the remaining cell pellet was washed once 

with PBS. Erythrocytes were lysed with 0.5-1.0 ml ammonium chloride for 2 min at RT, 

which was stopped with 14 ml PBS afterwards. The cell number was determined using a 

counting chamber.  
 

 

 
 

Figure 8: Isolation of spinal cord tissue. The cervical and thoracic parts of 
the spinal cord were isolated according to the technique described above. 
Examples of isolated spinal cords (left, bottom) and respective vertebral 
columns (left, top) are shown. To the right, intact vertebral columns with 
tails are shown. 
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3.2.5 Cultivation of FACS- and MACS-isolated cells 
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Experiments described in section 4.1: After sorting, E9.5, E14.5, P4 and adult LVW cells 

were plated out in suspension cell flasks (Nunc /Thermo Fisher Scientific, Roskilde, Denmark) 

or 12-well plates (TPP, Techno Plastic Products, Trasadingen, Switzerland) with 2x104-

1x105 cells/ml (FACS) or 2,5x104-3x105 cells/ml (MACS) in D-MEM/B27 medium. Cells 

were cultivated at 37°C in 5% CO2 in a HEPA class 100 incubator (Thermo Fisher Scientific, 

Waltham, MA, USA). The neurosphere (NSP) number was determined 4-7 days after plating. 

Pictures of cultured cells were taken with an Olympus IX70 (Olympus, Hamburg, Germany) 

and a Nikon Coolpix 4500 digital camera (Nikon, Tokyo, Japan).  

In some experiments, sorted cells were attached to glass slides (Menzel, Braunschweig, 

Germany) by a Cytospin 3 SHANDON centrifuge (Labex instrument, Helsingborg, Sweden). 

100 µl of cells in 1% BSA/PBS were centrifuged with 450 rpm for 1 min onto a glass slide. 

Attached cells were air-dried for 10 min at RT, followed by fixation with 4% formaldehyde in 

PBS for 10 min at RT. The cells were washed once with PBS, covered with 

50% glycerol/PBS and stored at -20°C until use. 

Experiments described in section 4.2: After sorting, E14.5, adult LVW and adult spinal cord 

cells were plated out in ultra-low attachment 24-well plates (Corning Life Sciences, 

Amsterdam, The Netherlands) and were kept at 37°C in 5% CO2. In case of adult LVW and 

spinal cord cells, 1-6 cells/mm2 (FACS) or 5-26 cells/mm2 (MACS) were plated out in 

NBA/B27 medium. Of E14.5 cells, 2-3 cells/mm2 were cultivated in D-MEM/B27 medium. 

The NSP number was determined six to ten days after plating. 

 

For further cultivation, NSPs (5-10 days old) were centrifuged at 150 x g for 5 min at RT, 

dissociated using Accutase (incubation for 10 min at 37°C; PAA, Pasching, Austria) or TLE, 

as described in 3.2.2. Up to 1x105 cells/ml were re-plated in the respective medium and 

culture dish.  

 

For differentiation, NSPs were centrifuged at 150 x g for 5 min at RT to remove the growth-

supporting medium and re-suspended in new medium without EGF and bFGF, but with NT4 

(20 ng/ml; R&D Systems, Minneapolis, MN, USA) or without EGF, but FCS (1%) and bFGF 

(20 ng/ml, PAN Biotech). NSPs were plated onto coverslips (Menzel), coated with poly-L-

lysine (PLL; 0.01% solution; Sigma-Aldrich), and cultivated for 3-4 days at 37°C in 5% CO2. 

Coverslips were coated by incubation with PLL for 10 min at RT, followed by three washing 

steps with PBS.  
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3.2.6 Cultivation of adult LVW and spinal cord cells under different culture conditions 
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Adult LVW cells were isolated according to 3.2.3. 5x103 cells per 24-well (TPP) were 

cultivated in D-MEM/B27, D-MEM/N2, NB/B27, NB/N2, NBA/B27 and NBA/N2 medium 

at 37°C in 5% CO2. The NSP number was determined five days after plating. 

 

CD133-positive and CD133-negative cells (10 cells/well) were sorted directly into 96-well 

plates (TPP), containing D-MEM/B27, NBA/B27 or NB/B27 medium (200 µl/well) and were 

cultivated at 37°C in 5% CO2. The NSP number was determined up to 22 days after plating. 

For passaging of a single NSP, old medium was carefully removed with a pipette and 30 µl 

TLE were added into the well. After incubation for 10 min at 37°C and trituration, 300 µl of 

fresh medium were added and dissociated cells were distributed into 2-4 new 96-wells. After 

one or two passages, the number of NSPs was large enough to passage them according to 

3.2.5. 

 

Adult spinal cord cells were isolated according to 3.2.4 without the myelin removal step. 

3x104 cells per 6-well (TPP) were cultivated in D-MEM/B27, D-MEM/N2, NB/B27, NB/N2, 

NBA/B27 and NBA/N2 medium at 37°C in 5% CO2. All media, except D-MEM/B27 

contained Heparin (2 µg/ml; Lund University pharmacy). Since Heparin addition showed no 

effect in terms of primary NSP number other experiments (not shown in this thesis), this 

supplement was omitted in further experiments. The NSP number was determined eight days 

after plating. 

 

3.2.7 Co-culture of CD133-positive and CD133-negative adult LVW cells  

For the co-cultivation of adult GFP-expressing and wildtype LVW cells, lateral ventricular 

tissue was dissected according to Fig.7B and digested with TLE as described in section 3.2.2. 

Before the isolation of CD133-positive and CD133-negative cells according to 3.4.2, dead and 

apoptotic cells were removed through incubation with Dead Cell Removal MicroBeads 

(Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. 

1.5x104 MACS-isolated cells (7.5x103 CD133-positive and 7.5x103 CD133-negative cells) 

were cultivated per 12-well (TPP) in D-MEM/B27 medium at 37°C in 5% CO2. The NSP 

number was determined seven days after plating and documented with a Zeiss Axiovert 200M 

microscope using AvioVision 4.5 software (Carl Zeiss, Oberkochen, Germany). 
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3.2.8 Cultivation of adult spinal cord ependymal cells with retinoic acid 
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CD133+/CD24+/CD45-/CD34- sorted spinal cord cells were plated onto PLL-coated chamber 

slides (1-2 cells/mm2; 8-well Lab-Tek Chamber Slide, Nunc/Thermo Fisher Scientific, 

Roskilde, Denmark) in attachment medium. After 60 h, the attachment medium was replaced 

by retinoic acid (RA)-medium. RA was dissolved in DMSO according to the manufacturer´s 

instructions. As control, DMSO without RA was added. The cells were cultivated in RA-

medium for 6 days in total and the medium was changed once after 3 days. Initial cell 

numbers were determined after sorting with a counting chamber and identical cell numbers 

were plated out for subsequent RA- and DMSO-supplemented cultures. After nine days in 

culture (attachment periode and RA/DMSO cultivation), cells were fixed with 4% 

formaldehyde in PBS for 10 min at RT. DAPI-positive cell nuclei of fixed cells were counted 

to determine final cell numbers. The relative cell number was calculated by dividing the final 

cell number after fixation by the number of plated cells.  

 

3.3 Statistical analysis and illustration of data 
The arithmetic mean and frequencies were determined with Microsoft Excel. The illustration 

of data and calculation of standard devation, standard error and p-values was performed with 

GraphPad Prism 4.03. 

 

3.4 Fluorescence and magnetic activated cell sorting 
3.4.1 Fluorescence activated cell sorting  

Cells were resuspended in 1% BSA/PBS (1-2x106 cells/100 µl) in 96-U-well plates (Carl 

Roth; 100 µl cell suspension per well) and incubated either with an anti-Prominin I antibody 

conjugated to phycoerythrin (PE) (in the following referred to as CD133-PE) or with an 

antibody-mix, containing CD133-PE, CD24-Fluorescein isothiocyanate (FITC), CD34-Alexa 

Fluor 647 and CD45-PE-Cyanine 5 (Cy5) (Table 1) for 30 min on ice in the dark. Isotype 

matched control antibodies were used as negative controls (Table 1). After incubation, cells 

were centrifuged (300-330 x g, 5 min, 4°C) to remove excess antibody with the supernatant 

and the cell pellet was washed twice with 1% BSA/PBS. The cells were then resuspended in 

the final sorting volume of 1% BSA/PBS and filtered through a cell strainer (50 µm) into 

sterile FACS tubes (both from BD Biosciences). 7-amino-actinomycin D (7-AAD, Sigma-

Aldrich) in a final concentration of 1 µg/ml was added to exclude dead cells. Cell doublets 

were eliminated during the sorting procedure by FSC- or SSC-Width versus Height gating. A 

FACSDiva flow cytometer (BD Biosciences) was used for cell sorting. For cell culture and 
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cytospins, cells were sorted into 1.5 ml tubes (Eppendorf), containing 500 µl of culture 

medium. For microarray experiments, cells were sorted into 350 µl RLT buffer (Qiagen, 

Hilden, Germany), containing 1% β-Mercaptoethanol (SERVA Electrophoresis, Heidelberg, 

Germany); for rtPCR, cells were sorted into 100 µl rtPCR lysis buffer. In case of experiments 

described in section 3.2.6 and CD133-positive and CD133-negative LVW cells were pre-

sorted into 1% BSA/PBS. Subsequently, CD133-positive and CD133-negative cells were 

sorted individually into culture medium-filled 96-well plates (TPP). During the whole staining 

and sorting procedure, cells were kept on ice and in the dark. FACS data was processed with 

the FACSDiva software v5.0.3 or analysed with FlowJo v6.3.3 (Tree Star, San Carlos, CA, 

USA). 
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Table 1: Antibodies used for cell sorting 

Antibody Dilution Supplier 
CD133-PE, clone 13A4 1:100 eBioscience, San Diego, CA, USA 
CD24-FITC, clone M1/69 1:500 BD Biosciences 
CD34-AlexaFluor 647, clone RAM34 1:40 eBioscience 
CD45-PE-Cy5, clone 30-F11 1:150 BD Biosciences 
Rat IgG1-PE isotype control 1:100 eBioscience 
Rat IgG2a-AlexaFluor 647 isotype 
control 

1:40 eBioscience 

Rat IgG2b-FITC isotype control 1:500 eBioscience 
Rat IgG2b-PE-Cy5  isotype control 1:150 BD Bioscience 

 

3.4.2 Magnetic activated cell sorting  

Cells were resuspended in 0.5% BSA/PBS with 2 mM EDTA (MACS buffer) and incubated 

with CD133-PE (1:100, clone 13A4) for 30 min on ice in the dark. Cells were centrifuged 

(250 x g, 5 min, 4°C) to remove excess antibody with the supernatant and the cell pellet was 

washed once with MACS buffer. Cells were incubated with anti-PE magnetic microbeads 

(Miltenyi Biotec) and applied to a cell separation column (Miltenyi Biotec) according to the 

manufacturer’s instructions. To increase the purity, CD133-positive and CD133-negative 

sorted cells were passed separately over new columns in some experiments. The cell numbers 

were determined with a CASY cell counter or with a counting chamber. To investigate the 

purity of the sort, aliquots of magnetically sorted cells were anaysed with a FACSCalibur 

flow cytometer (BD Biosciences). Unsorted cells incubated with rat IgG1-PE (1:100, 

eBioscience) were used to set the background fluorescence. FACS data was analysed with 

FlowJo software v6.3.3.  
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3.5 Immunostaining 

25 
 

Cells, grown on coverslips were fixed with 4% formaldehyde/PBS for 10 min at RT and 

either used directly or covered with 50% glycerol/PBS and stored at -20°C until use. Mouse 

brain and spinal cord tissue was fixed 2-16 h in 4% formaldehyde/PBS, followed by 

incubation in sucrose (25% in PBS) for cryoprotection. Cryostat (HM 560 Microm, Waldorf, 

Germany) tissue sections (10-12 µm) were placed on glass slides (Superfrost plus; Menzel) 

and stored at -80°C until use. Tissue cryosections and cells on coverslips were treated 5 min 

with 0.1% Triton-X-100 in PBS, and in case of stainings with 3220 and Ephrin-B1 antibodies 

with 0.5% Triton-X-100 in PBS, washed with PBS three times (5 min each) and blocked with 

5-10% donkey serum (Jackson ImmunoResearch, West Grove, PA; USA) in PBS for 30 min 

at RT. Primary antibodies (Table 2) were diluted in PBS and applied for 16 h at 4°C or 1 h at 

RT. Appropriate isotype control antibodies or PBS were used as negative control. After three 

washing steps in PBS (15 min each), secondary antibodies coupled to Alexa Fluor 488, Alexa 

Fluor 647 (Invitrogen), Cy3, Cy5, FITC or Streptavidin-Cy3 (all from Jackson 

ImmunoResearch) were applied for 30 min at RT in the dark. Secondary antibodies were 

diluted in PBS with 5% donkey serum. Specimen were washed three times in PBS (15 min 

each), rinsed briefly in water, dehydrated in 100% ethanol, and air-dried. Sections and 

coverslips were embedded in mounting medium (VectaShield, Vector Laboratories, 

Burlingame, CA, USA), containing 1 µg/ml 4´,6´-diamidino-2-phenylindole (DAPI; SERVA 

Electrophoresis) nuclear stain. Immunofluorescence was documented with a Zeiss Axiovert 

200M microscope using AvioVision 4.5/4.6 software (Carl Zeiss, Oberkochen, Germany). 

 
Table 2: Primary antibodies for immunostainings 

Antibody Dilution Supplier 
3220 (recognizes FEN-1) 1:200 Kind gift from E. Warbrick* 
Catenin beta-1 1:1000 Sigma-Aldrich 
CD24-FITC, clone M1/69 1:500 BD Bioscience 
CD34-FITC, clone RAM34 1:100 eBioscience 
CD133, clone 13A4 1:100 eBioscience 
CD133-Biotin, clone 13A4 1:100 eBioscience 
Ephrin-B1 1:100 R&D Systems 
Glial fibrillary acidic protein (GFAP) 1:400-1:800 Dako, Glostrup, Denmark 
GFAP, clone G-A-5 1:500 Millipore, Billerica, MA, USA 
GLAST 1:300 Abcam, Cambridge, United Kingdom 
Nestin 1:200 BD Biosciences 
Nestin 1:500 Neuromics, Edina, MN, USA 
Ki-67 1:100 Novocastra, Newcastle upon Tyne, UK 
O4, clone 81 1:100-1:200 Millipore 
S100 1:200 Dako 
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SOX2 SOX2 
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1:100 1:100 Santa Cruz Biotechnology, CA, USA Santa Cruz Biotechnology, CA, USA 
Tubulin beta-III, clone TU-20 Tubulin beta-III, clone TU-20 1:100 1:100 Millipore Millipore 
Tubulin beta-IV, clone ONS.1A6 Tubulin beta-IV, clone ONS.1A6 1:100 1:100 Abcam Abcam 
* University of Dundee, Scotland, United Kingdom 
 

3.6 RNA isolation and amplification 
CD133+/CD24+/CD45-/CD34- adult spinal cord, CD133+/CD24+/CD45-/CD34- LVW 

ependymal cells and CD133+/CD24-/CD45-/CD34- radial glial cells were sorted directly into 

RLT lysis buffer (Qiagen), containing 1% β-Mercaptoethanol, snap-frozen in dry ice and 

stored at -80°C until use. Spinal cord–derived NSP cells were harvested at passage 2 and 3, 

washed once with PBS and the cell pellet was stored at -80°C until use. Total RNA from three 

samples of CD133+/CD24+/CD45-/CD34- LVW ependymal cells, CD133+/CD24+/CD45-

/CD34- spinal cord ependymal cells, CD133+/CD24-/CD45-/CD34- radial glial cells and from 

spinal cord derived NSPs, was isolated using the RNeasy Micro Kit  (Qiagen) according to 

the manufacturer´s instructions. The obtained RNA was used for subsequent RNA 

amplification and biotin-labeling with the TargetAmp 2-Round Biotin-aRNA Amplification 

Kit (Epicentre Biotechnologies, Madison, WI, USA). Amplification and labeling procedures 

were performed as recommended by the manufacturer. Before the second in vitro 

transcription round, the cDNA quality was determined by a control PCR with primers for the 

housekeeping gene B2m (Table 3). The RNeasy Micro Kit (Qiagen) was employed for RNA 

purification during the amplification procedure, according to the manufacturer´s instructions 

(RNA cleanup and concentration). During RNA isolation and purification, two times 14 µl 

RNase-free water were used for RNA elution. The final biotin-labeled cRNA amount was 

measured with a Spectrophotometer (Nanodrop ND-1000; Thermo Fisher Scientific) and the 

cRNA quality was verified by agarose gel electrophoresis.  

 
Table 3: Control PCR 

Thermal profile 
Reaction mix (50µl total volume) Supplier Temperature Time Cycle number 
Primer (fw) 0.4 µM  Operon/ IDT* 94°C 1 min 1x 
Primer (rv) 0.4 µM Operon/ IDT 94°C 45 s 
dNTPs 200 µM Fermentas 53°C 1 min 
Reaction buffer 1x Applied Biosystems 72°C 1 min 

40x 

Taq Poymerase 2 U Applied Biosystems    
H2O   Primer 
cDNA  1 µl  B2m forward: TCGAGACATGTGATCAAGCA 

   B2m reverse: TGGGGGTGAGAATTGCTAAG 

*Eurofins MWG Operon; Ebersberg, Germany / Integrated DNA Technology (IDT), Coralville, IA, USA 
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3.7 Gene expression microarray and data analysis  
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(The hybridization was performed by SCIBLU Genomics at Lund University, Sweden, and the microarray data 

was analysed by Dr. Christine Steinhoff, Max Planck Institute for Molecular Genetics, Berlin, Germany) 

 

Biotin-labeled cRNA (1.5 µg/sample) was hybridized onto MouseWG-6 v1.1 gene expression 

microarrays (Illumina, San Diego, CA, USA). Three independent biological replicates of 

CD133+/CD24+/CD45-/CD34- LVW ependymal cells, CD133+/CD24+/CD45-/CD34- spinal 

cord ependymal cells, CD133+/CD24-/CD45-/CD34- radial glial cells, and spinal cord 

ependymal cell-derived NSPs were analysed. Hybridization was performed by the Lund 

University microarray facility (http://www.lth.se/sciblu/genomics_services) following the 

standard protocol for whole genome gene expression direct hybridization assays (Illumina). 

The gene expression raw data was background-corrected and summarized using BeadStudio 

software (Illumina) and further processed applying the Lumi package (Du et al., 2008) 

developed within the Bioconductor project in the R statistical programming environment 

(Gentleman et al., 2004). Data was normalized using quantile normalization and variance 

stabilization (function vst). The resulting log2 intensities ranged from 6.46 to 14.51 and were 

used for further analysis. Differentially expressed genes were determined applying the limma 

Bioconductor package and using the functions lmFit and eBayes with default settings. The 

resulting p-values were adjusted for multiple testing according to Benjamini-Hochberg 

(Hochberg and Benjamini, 1990). Gene expression differences with adjusted p values below 

0.05 were considered relevant. TM4  (Saeed et al., 2003) was used for calculation and display 

of biclustering of absolute, normalized, logarithmic expression values. Average linkage and 

euclidean distance and otherwise default settings were chosen. All calculations were 

performed in the R statistical programming environment (Gentleman et al., 2004) version 

2.8.0. 

 

3.8 Multiplex reverse transcriptase PCR (rtPCR) 
Table 4 : rtPCR primers (5’-3’) 

Gene Forward  primer (outer) Reverse  primer (outer) 
Cd24a CTTCTGGCACTGCTCCTACC AACCTGTGCCCAATTTCAAG 
Dlx2 ACACCGCCGCGTACACCTCCTA CTCGCCGCTTTTCCACATCTTCTT 
Fen1 ACTGTCCAGAGAACGCTGTG ATGCGGATGGTACGGTAGAA 
Foxg1 GCAAGGGCAACTACTGGATG CGTGGGGGAAAAAGTAACTG 
Foxj1 GATCACTCTGTCGGCCATCT GGTAGCAGGGCAGTTGATGT 
Hey1 TGGATCACCTGAAAATGCTG ATCTCTGTCCCCCAAGGTCT 
Id2 CTCCAAGCTCAAGGAACTGG TTCAACGTGTTCTCCTGGTG 
Nf2 GGGGAAGGACCTGTTTGATT CGCATACCAAGCCGTAATTC 
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TCCTGGGACTGCTGTTCATT GCCTTGTTCTTGGTGTTGGT 
Rtel1 AAGGGGAACTCTTTGCCAGT ACATCACGGGGAGTCAAGTC 
Rxrg GCCTGGGATTGGAAATATGA CACGTTCATGTCACCGTAGG 
 Forward primer (inner) Reverse primer (inner) 
Cd24a CTTCTGGCACTGCTCCTACC AGGAGACCAGCTGTGGACTG 
Dlx2 AACCACGCACCATCTACTCC CCGCTTTTCCACATCTTCTT 
Fen1 GCCTTGCCAAACTAATTGCT GTCTCACCCTCCTCGTTCTG 
Foxg1 GAGCGACGACGTGTTCATC CGACATGGGCCAGTAGAGG 
Foxj1 GCTGCTTCAGGAGTTTGAGG TAGCTCCAGACCCTCCAGTG 
Hey1 TGGATCACCTGAAAATGCTG TGGGATGCGTAGTTGTTGAG 
Id2 GTCCTTGCAGGCATCTGAAT CTCCTGGTGAAATGGCTGAT 
Nf2 CCTGAAAATGCTGAGGAGGA GAGGGGTCATAGTCGCCATA 
Prom1 GGTGGGCTGCTTCTTTTGTA GTCCTGGTCTGCTGGTTAGC 
Rtel1 GCACTCCCAGCTAACTCAGG GCGACTTGCTACCTTCTTGC 
Rxrg GACAGATCCTCAGGGAAGCA CCTCACTCTCTGCTCGCTCT 

 

2 µl drops, containing single CD133+/CD24+/CD45-/CD34- sorted LVW ependymal cells in 

1% BSA/PBS, were placed onto coverslips (PeCON, Erbach, Germany) and evaluated by 

light microscopy for their ependymal morphology (long motile cilia). The cells with approved 

morphology were documented and transferred into 96-wells or 0.2 mL PCR reaction tubes 

(Applied Biosystems, Foster City, CA, USA), containing 2 µl of 2x rtPCR lysis buffer (Table 

5). Cells in lysis buffer were centrifuged with 3,000 rpm for 1 min at 4°C and frozen at -80°C 

until use. 370-500 CD133+/CD24+/CD45-/CD34- spinal cord ependymal cells were sorted 

directly into 100 µl rtPCR lysis buffer, vortexed for 1 min and frozen at -80°C until use. 

 

RNA of the cell lysate was reverse transcribed with multiple gene-specific outer reverse (rv) 

primers according to Table 6. In the first round PCR, 40 µl PCR mix, containing multiple 

gene-specific outer forward (fw) primers, was added to the reverse transcriptase reaction 

product (cDNA). The PCR conditions are described in Table 7. Two microliter aliquots of the 

first-round PCR product were used in a second gene-specific nested PCR (individual PCR 

reactions for every gene) using gene-specific inner primer pairs (Table 8). Second-round PCR 

products were evaluated by agarose gel electrophoresis and visualized with a GelLogic 100 

gel documentation system (Kodak, Raytest Höllviken, Sweden).  

 
Table 5: rtPCR lysis buffer 

Lysis buffer mix Supplier 
NP-40 Alternative 0.4% Calbiochem/ Merck, Darmstadt, Germany 
dNTPs 65 µmol/l Fermentas 
Dithiothreitol 2.4 mmol/l Invitrogen 
RNAsin 0.5 U/µl Promega,  Madison, WI 
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Table 6: Reverse transcription (RT) Table 6: Reverse transcription (RT) 

Thermal profile Thermal profile 
Reaction mix (10 µl total volume) Supplier Temperature Time Cycle number 
Primers (outer rv) 1.25 µM (each) Operon/ IDT 37°C 60 min 1 
MMLV buffer 1x Promega    
M-MLV-RT  50 U Promega    
H2O      
Cell lysate 4 µl     

 
Table 7: First-round PCR 

Thermal profile 
Reaction mix (50 µl total volume) Supplier Temperature Time Cycle number 
Primers (outer fw) 0.25 µM (each) Operon/ IDT 94°C 5 min 1x 
dNTPs 200 µM Fermentas 94°C 1 min 
Reaction buffer 1x Applied Biosystems 58°C 1 min 
Taq Poymerase 1.25U Applied Biosystems 72°C 2 min 

35x 

H2O   72°C 7 min 1x 
cDNA template 10 µl     

 
Table 8: Second-round PCR 

Thermal profile 
Reaction mix (25 µl total volume) Supplier Temperature Time Cycle number 
Primer (inner fw) 0.25 µM  Operon/ IDT 94°C 5 min 1x 
Primer (inner rv) 0.25 µM Operon/ IDT 94°C 30 s 
dNTPs 200 µM Fermentas 58°C 1 min 
Reaction buffer 1x Applied Biosystems 72°C 1 min 

35x 

Taq Poymerase 0.625 U Applied Biosystems 72°C 7 min 1x 
H2O      
cDNA template  2 µl     

 

 

3.9 Web resources 
 

Word wide web addresses of tools and databases used in this work are listed below: 

 

Literature research 

 http://www.ncbi.nlm.nih.gov/pubmed/ 

Gene/gene expression/ gene sequence information 

 http://www.ncbi.nlm.nih.gov/unigene 

 http://www.ensembl.org/Mus_musculus/Info/Index 

 http://blast.ncbi.nlm.nih.gov/Blast.cgi 

 http://www.genecards.org/ 
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Primer design 

 http://frodo.wi.mit.edu/primer3/ 

Protein information 

 http://www.uniprot.org/ 

Brain atlas 

http://www.genepaint.org/ 

 

http://frodo.wi.mit.edu/primer3/
http://www.uniprot.org/
http://www.genepaint.org/
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4.1 Identification and functional characterization of CD133-positive cells in 

stem cell regions of the murine central nervous system 

 
4.1.1 Localization of CD133 in stem cell regions of the developing forebrain and in the 

adult central nervous system 

The earliest neural stem/progenitor cells in the developing mouse brain, neuroepithelial cells, 

carry the transmembrane protein CD133 at their apical surface (Weigmann et al., 1997). To 

investigate which other cells in neural stem cell niches of the developing and adult murine 

central nervous system (CNS) are immunoreactive to CD133, the lateral ventricle wall (LVW) 

region in the embyonic, postnatal and adult brain and the central canal in the adult spinal cord 

was investigated. 

 

4.1.1.1 Localization of CD133 in the LVW region during development 

At the onset of neurogenesis, neuroepithelial cells are replaced by radial glial cells (RGC). 

The cell body of RGC is located in the ventricular zone, whereas their long basal processes 

extend to the pial surface (Mori et al., 2005). In this thesis, a subpopulation of lateral 

ventricle-contacting cells in the embryonic day 14.5 (E14.5) forebrain was CD133-positive 

and co-expressed Nestin and GLAST, two proteins which are characteristic for RGC at this 

develomental stage (Mori et al., 2005) (Fig.9A). Most CD133-positive cells were found in the 

dorsal, but not in the striatum-lining ventral ventricular zone. 

 

RGC give rise to ependymal cells and it was shown that at least a radial glial subpopulation 

directly transforms into ependymal cells in the first two postnatal weeks (Spassky et al., 2005). 

In immunostainings of the postnatal day 4 (P4) LVW shown in Figure 9B, the majority of 

CD133-positive cells were located in the ventral ventricular zone and some scattered CD133-

positive cells were found at the dorsal wall. These cells still expressed the glial cell protein 

GLAST, but also S100, a protein found on ependymal cells in the adult lateral ventricle wall 

(Spassky et al., 2005). As ependymal cells mature, they develop long motile cilia and Tubulin 

beta-IV, a marker for ciliated cells (Renthal et al., 1993), co-localized with CD133 at the 

apical cell membrane of ventricle-contacting cells (Fig.9B). Thus, CD133-positive cells co-

expressed radial glial and ependymal cell proteins, which suggest that they are in an 
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intermediate state between these two cell types. In the dorsal ventricular zone, most GLAST-

positive cells were negative for CD133, S100 and Tubulin beta-IV (Fig.9B), an expression 

pattern compatible with CD133-negative RGC. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: Immunolocalization of CD133 at the 
embryonic and postnatal lateral ventricle wall. 
Sagittal sections through the LVW of E14.5 (A) 
and P4 (B) mouse brain are shown. Images of 
the dorsal (top images) and ventral ventricular 
wall (bottom images) are depicted with the 
ventricular lumen facing downwards (top 
images) or upwards (bottom images). (A) 
CD133 is located at the ventricular surface of 
the dorsal wall. CD133-positive cells are also 
stained by GLAST and Nestin. CD133 staining 
is faint to absent at a region of the ventral wall 
lining the striatum. (B) CD133 is present at the 
ventral side of the P4 LVW. Very few CD133-
positive cells are localized at the dorsal side. 
CD133-positive cells are also synthesizing S100, 
GLAST and Tubulin beta-IV. Cell nuclei are 
visualized with 4´,6-diamidino-2-phenylindole 
(DAPI, blue). Scale bars: 20 µm. 
 

4.1.1.2 Localization of CD133 in the adult LVW and spinal cord 

In the adult LVW, two cell types have contact to the ventricle: Ependymal cells and a 

subpopulation of type B cells, which are located in close proximity to ependymal cells and 

contact the ventricle with their apical processes (Mirzadeh et al., 2008; Shen et al., 2008). 

Immunostainings of the LVW (Fig.10) revealed that CD133 was localized at the apical 

membrane of ventricle-contacting cells. Most CD133-positive cells expressed Tubulin beta-

IV and S100, thereby confirming an ependymal identity of these cells. In addition, the vast 

majority of CD133-expressing cells could be co-stained with CD24, a surface protein found 
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on ependymal cells and neuroblasts (Calaora et al., 1996). Neuroblasts, however, are located 

in the subventricular zone and do not contact the ventricle. The intermediate filament protein 

GFAP is expressed by type B cells in the LVW (Doetsch et al., 1997). The majority of GFAP-

positive cells, located mainly in the SVZ, was negative for CD133. However, of 182 

investigated CD133-positive cells at the ventricular surface, 1.6% could be co-stained with 

GFAP (Fig.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 10: Immunolocalization of CD133 at the adult lateral ventricle (LV) wall. Images from panel two to five 
are depicted with the ventricular lumen facing upwards. Upper three panels: CD133 co-localizes with CD24, 
S100 and Tubulin beta-IV at the surface of the adult LVW. Fourth panel: The vast majority of cells synthesizing 
GFAP do not express CD133. Lowest panel: A single ventricle-contacting cell (asterisk) positive for CD133 and 
GFAP. Nuclei are stained with DAPI (blue). Scale bars: 20 µm. 
 

Ependymal cells of the adult spinal cord can be morphologically subdivided into three types 

of ciliated, lumen-contacting cells: cuboidal ependymal cells, tanycytes and radial ependymal 

cells (Meletis et al., 2008). The sub-ependymal layer, which is smaller compared to the 

forebrain subventricular zone, consists of astrocytes, neurons and oligodendrocyte progenitors 

(Hamilton et al., 2009). Figure 11 shows that similar to the LVW region, CD133 was 

localized at the apical membrane of lumen-contacting cells. Note that here the CD133 signal 

was weaker compared to the ependymal staining in the LVW, which can be explained by the 

lower number of cilia (1-3/cell) (Meletis et al., 2008). CD133-positive ependymal cells could 
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be co-stained with antibodies against CD24 and the majority was also positive for SOX2, a 

transcription factor expressed by ependymal cells and dividing cells in the adult LVW (Ferri 

et al., 2004). GFAP-positive cells were located in close proximity to the ependymal layer, but 

lumen-contacting CD133-expressing cells were negative for GFAP. However, a co-expression 

of CD133 and GFAP proteins in a small subpopulation of ependymal cells can not be 

excluded, since the CD133 staining was faint in some areas and for example radial ependymal 

cells contact the ventricle with a small part of their apical cell surface only, which makes the 

detection of a CD133/GFAP co-staining difficult. Outside the ependymal layer, CD133 was 

present on a subfraction of CD34-positive cells in blood vessel-like structures (Fig.11).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Immunolocalization of 
CD133 in the adult spinal cord. 
Upper three panels: Cells lining 
the central canal (CC) are CD133 
positive. CD133-positive cells can 
be co-stained with CD24 and in 
part with SOX2 antibodies. Fourth 
panel: GFAP-positive cells are 
located outside the ependymal 
layer. Lowest panel: Co-
expression of CD133 and CD34 at 
vessel-like structures (arrow) in 
the spinal cord parenchyma. Cell 
nuclei are visualized with DAPI 
(blue). Scale bars: 20 µm. 

 

Taken together, the phenotypic characterization of CD133-positive cells in the developing and 

adult CNS showed that this protein was expressed by a subpopulation of radial glial cells, an 

intermediate radial glial/ependymal cell type in the postnatal LVW and the majority of 

ependymal cells in the adult spinal cord and LVW. In addition, a small number of 

CD133+/GFAP+ cells was found in the adult LVW. 



Results 
 

 

4.1.2 Establishment of flow cytometry-based cell isolation from the adult LVW with 

CD133 antibodies 

To isolate antibody-labeled cells from the adult LVW by fluorescence activated cell sorting 

(FACS), certain characteristics of the adult brain have to be considered. First, single cell 

solutions devoid of cellular and extracellular debris are desirable for FACS. However, the 

adult brain contains a high amount of extracellular matrix molecules in comparison to 

embryonic and postnatal brain tissue, which can cause tissue dissociation difficulties, 

unspecific antibody binding and sorting impurities. Second, surface markers can get cleaved 

or changed during the cell dissociation procedure (Panchision et al., 2007). After initial tests 

with mechanical dissociation, TLE, trypsin/EDTA and papain to optimize tissue dissociation 

versus cell survival, trypsin/EDTA digestion was used for further experiments. To avoid 

surface antigen degradation, a low trypsin/EDTA concentration (0.05%) was chosen. These 

cell preparations still contained some debris, which was excluded during the sorting procedure 

by size versus granularity gating (gate P1, Fig.12A). An initial experiment with ubiquitous 

GFP-expressing cells allowed the distinction between cells and debris (not shown). All 

CD133-positive cells, and as control CD133-negative cells were selected for sorting, however 

intermediate CD133-low/negative cells were excluded to obtain sorted populations with high 

purity (Fig.12B).  

            
Figure 12: Isolation of CD133-positive and CD133-negative adult LVW cells by flow cytometry. (A) 
Representative dot plots illustrate the sorting strategy to isolate CD133-positive cells from whole LVW 
preparations. Forward and Side Scatter (FSC-H and SSC-H) were used to separate cells (gate P1) from debris 
(light grey). 7-AAD served to distinguish dead from live cells (P2). FSC-Width (FSC-W) versus FSC-Height 
(FSC-H) was used to select single cells (P3) and exclude cell doublets. CD133-positive (P4) and CD133-
negative (P5) cells were sorted. Gates (Q1-Q4) were set according to an isotype control. Arrows display the 
gating sequence. Percentages of gated cells with respect to P1 are indicated within the gated regions. (B) Re-
analysis of CD133-negative (left image) and CD133-positive (right image) fractions indicates the purity of the 
sorted populations. The x-axis shows CD133-PE intensity and the y-axis the number of event counts. 
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4.1.3 Functional characterization of CD133-positive cells in stem cell regions of the 

developing and adult brain 
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Neural stem and progenitor cells are commonly indentified based on functional criteria, such 

as self-renewal and multipotency. The in vitro stem/progenitor cell properties of CD133-

positive and as control CD133-negative cells of the developing brain and adult lateral 

ventricle wall were investigated through their isolation by FACS or magnetic activated cell 

sorting (MACS) and subsequent determination of the primary neurosphere (NSP) frequency, 

NSP passage number and differentiation potential.  

 

4.1.3.1 Functional properties of CD133-positive cells from the developing brain in vitro 

CD133-positive and CD133-negative cells from the developing E9.5 brain, E14.5 forebrain 

and P4 lateral ventricle region were investigated. At E9.5, shortly before the onset of 

neurogenesis, most neuroepithelial cells have not yet transformed into radial glial cells (Gotz 

and Huttner, 2005). This time point was included as internal control, since neuroepithelial 

cells are CD133-positive (Weigmann et al., 1997) and were shown earlier to form multipotent 

NSPs in vitro (Tropepe et al., 1999). The number of primary NSPs per total number of plated 

cells was determined and indicated as NSP frequency. In line with previous published results, 

CD133-positive (CD133-pos) MACS-isolated cells from E9.5 brain, gave rise to primary 

NSPs (average NSP frequency 1/3,268), whereas CD133-negative (CD133-neg) cells did not 

form NSPs (Fig.13). The obtained NSPs differentiated into astrocytes and neuronal cells 

(Fig.14A). At E14.5, primary NSPs were formed by CD133-positive and CD133-negative 

MACS-isolated cells (average NSP frequency CD133-pos: 1/323, CD133-neg: 1/809; Fig.13). 

Similar results were obtained with MACS-isolated CD133-positive and CD133-negative cells 

from P4 tissue (average NSP frequency CD133-pos: 1/962 CD133-neg: 1/1,818). The results 

obtained with MACS-isolated E14.5 and P4 cells were confirmed using FACS as an 

alternative isolation method (Fig.13, one experiment per stage). NSPs from CD133-positive 

and CD133-negative cells of E14.5 and P4 tissue could be kept in culture for more than eight 

passages and differentiated into glial and neuronal cells (Fig.14A).  
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Figure 13: NSP frequency of CD133-
positive and CD133-negative 
populations at different stages of brain 
development. Columns illustrate 
primary NSP numbers per 100,000 
plated cells. NSP frequencies of 
MACS-isolated cell populations are 
shown on the left side, results of 
FACS-isolated cells are depicted to the 
right. CD133-positive and CD133-
negative cells were isolated from E9.5 
brain, E14.5 forebrain, P4 and adult 
LVW. Three independent experiments 
were performed in case of MACS-
isolated cells from E9.5 brain, E14.5 
forebrain, P4 LVW and in case of 
FACS-isolated cells from the adult 
LVW. Note that the neurosphere 
number of TLE-digested cell 
populations (MACS isolated cells 
from E9.5, E14.5 and P4) is generally 
lower as compared to trypsin/EDTA-
treated cells. Error bars indicate the 
standard deviation. The other results 
represent single experiments.  
 

 

4.1.3.2 Functional properties of CD133-positive cells from the adult LVW in vitro 

In the adult LVW, the majority of NSPs was formed by CD133-negative cells (average NSP 

frequency 1/121), whereas the NSP frequency of CD133-positive MACS-isolated cells was 

only 1 in 1,389 cells on average (Fig.13). Since adult brain preparations contained a high 

amount of debris, which lowered the purity of MACS isolated fractions, FACS was used as 

the main isolation method (see also 4.1.2). Three independent FACS experiments confirmed 

the trend observed with LVW MACS-isolated cells, with an even lower average NSP 

frequency in the CD133-positive fraction (1/8,850) compared to the CD133-negative sorted 

population (average NSP frequency 1/192; Fig 13). Immediately after sorting, cells with 

multiple CD133- and Tubulin beta-IV-stained cilia could be observed in the CD133-positive 

sorted fraction (Fig.14C). Live cell imaging confirmed active beating of these cilia (not 

shown). CD133-negative derived NSPs could be kept in culture for more than nine passages 

and gave rise to all three neural lineages (Fig.14A). NSPs derived from CD133-positive cells 

were smaller in size compared to the ones derived from CD133-negative cells (Fig.14B) and 

could be kept in culture no more than two passages. Upon differentiation induction they gave 

rise to astrocytes only (Fig.14A).  
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Figure 14: Immunostainings of cultured and directly isolated cells from CD133-positive and CD133-negative 
populations. (A) NSPs derived from CD133-positive and CD133-negative cells of E9.5 brain, E14.5 forebrain, 
P4 and adult LVW give rise to Tubulin beta-III-positive neuronal cells, GFAP-positive astrocytes and O4-
positive oligodendrocytes. Note that at E14.5, neurosphere cells derived from the CD133-positive fraction give 
rise to cells of all three neural lineages, whereas CD133-negative derived spheres only differentiate into 
astrocytes and neuronal cells. At P4, NSPs from CD133-negative, but not from CD133-positive cells 
differentiate into oligodendrocytes. In the adult LVW, a differentiating sphere from the CD133-positive fraction 
is shown, which expresses only GFAP, whereas differentiating spheres from the CD133-negative fraction are 
positive for GFAP, Tubulin beta-III, and O4. (B) Most neurospheres derived from the adult LVW are formed by 
CD133-negative cells. A low number of smaller neurospheres is found in the CD133-positive fraction. (C) A 
CD133-positive sorted cell from the adult LVW, showing multiple cilia which are stained with antibodies 
against CD133 and Tubulin beta-IV.  Scale bars: 15 μm. Cell nuclei are stained with DAPI (blue). 
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4.1.3.3 Influence of extracellular signals on the NSP frequency of CD133-positive adult LVW 

cells 

To test whether CD133-negative cells secrete factors that influence the NSP-forming capacity 

of CD133-positive cells, both populations were cultivated together in the same culture dish. 

To distinguish CD133-positive from CD133-negative cells, one population was derived from 

transgenic mice with ubiquitous GFP-expression under the Beta-actin promoter and the other 

population from wild-type animals. The cells were isolated by MACS and similar cell 

numbers of both populations were plated out. First, GFP-expressing CD133-negative cells 

were cultivated together with CD133-positive wild-type (GFP-negative) cells. The majority of 

primary NSPs, developed after seven days in culture, expressed GFP (NSP frequency GFP-

positive: 1/750; GFP-negative: 1/3750; Fig.15). The reverse experiment with GFP-expression 

in CD133-positive cells and CD133-negative cells from wild-type mice gave similar results 

(NSP frequency GFP-negative: 1/936; GFP-positive: 1/3750). In these experiments, cells 

were isolated from a larger LVW area, which might explain the lower NSP frequency of 

CD133-negative cells compared to previous experiments.  

 
Figure 15: Co-cultivation of CD133-positive and CD133-negative cells from the adult LVW. Primary 
neurospheres in mixed cultures of GFP-expressing CD133-negative cells and wild-type (GFP-negative) CD133-
positive cells are shown. The majority of NSPs are GFP-positive. Arrow indicates a small NSP, derived from 
wild-type CD133-positive cells. Scale bars: 100 µm. 
 

4.1.3.4 Influence of culture conditions on the NSP-forming potential of CD133-positive adult 

LVW cells 

Uncertainty in data interpretation is caused by the existence of different protocols to cultivate 

neural stem/progenitor cells (Chaichana et al., 2006). To rule out that culture conditions 

influence the NSP-forming potential of CD133-positive cells from the adult LVW, different 

culture media were investigated. First, the NSP development of total adult LVW cells in three 

different basal media, DMEM/F-12 medium (DMEM), Neurobasal medium (NB) and 

Neurobasal-A medium (NBA), each combined with two different media supplement cocktails, 

B27 and N2, was tested in one initial experiment (Fig.16A). Since LVW cells developed low 

numbers of NSPs or no NSPs in N2-containing media, media supplemented with B27 were 

chosen for the following experiments. CD133-positive and CD133-negative FACS-sorted 
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adult LVW cells were cultivated under clonal pre-selected culture conditions (<1cell/mm2; 

DMEM/B27, NB/B27, NBA/B27) and NSP formation was observed up to 22 days post cell 

plating (Fig.16B). Under all three culture conditions, the vast majority of NSPs was derived 

from CD133-negative sorted cells. Single NSPs derived from CD133-negative cells 

(n=10/medium) were cultivated further and some of them could be passaged more than eight 

times (30% of NSPs in NB/B27 medium, 20% in NBA/B27 medium and 0% in DMEM/B27 

medium). CD133-positive derived NSPs could not be passaged more than twice. This 

indicates that the medium composition has an influence on the number and survival of 

primary NSPs, but does not change the overall NSP-forming potential of CD133-positive and 

CD133-negative cells. 

 
 

 

 

 

 
 
 
 
 
 
 
Figure 16: NSP frequency of adult LVW cells under different 
culture conditions. (A) Primary NSP frequencies (NSP-F) of 
total LVW cells in DMEM/F-12 (DMEM), Neurobasal (NB) 
and Neurobasal-A (NBA) medium supplemented with B27 or 
N2. The primary NSP frequency indicates the percentage of 
primary NSPs related to the number of plated cells. Bars 
indicate standard error of three technical replicates. (B) Primary 
NSP-F of CD133-negative and CD133-positive sorted LVW 
cells cultivated in NBA/B27 medium, NB/B27 medium and 
DMEM/B27 medium. Results from three independent 
experiments (Assay#1-#3) are shown 

 

In summary, CD133-positive cells in the developing brain, neuroepithelial cells, a 

subpopulation of radial glial cells and intermediate radial glial/ependymal cells, were able to 

self-renew long-term and gave rise to neural progeny in culture. In the adult LVW, CD133 

was present on ependymal cells and a subpopulation of GFAP-positive cells which lacked 

stem/progenitor cell properties in vitro. Self-renewing and multipotent cells in culture were 

found among CD133-negative E14.5 forebrain, P4 and adult LVW cells. 
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4.2 Comparison of CD133-positive ependymal cells from the adult murine LVW 

and spinal cord 
 

4.2.1 Functional properties of adult LVW and spinal cord ependymal cells 

Experiments performed in this thesis and elsewhere (Spassky et al., 2005; Carlen et al., 2009) 

suggest that adult LVW ependymal cells lack stem/progenitor cell properties, whereas 

ependymal cells from the adult spinal cord were shown to self-renew, proliferate and give rise 

to progeny in vitro and in vivo upon injury (Meletis et al., 2008). A direct comparison of both 

ependymal cell populations under similar culture conditions has not been performed. Thus, 

adult LVW and spinal cord ependymal cells were isolated and cultivated under identical 

conditions to directly compare their NSP-forming capacity and differentiation potential in 

vitro. 

 

4.2.1.1 Preparation of adult spinal cord cells for flow cytometry and optimization of culture 

conditions 

Myelin debris, created during dissociation of spinal cord tissue, can cause unspecific antibody 

binding and impair cell sorting. Thus, after digestion of adult spinal cord tissue with 

trypsin/EDTA, myelin debris was removed by centrifugation with a Sucrose/PBS solution. 

Remaining debris was excluded during the sorting procedure, as described in Figure 18A. 

Different culture media, as described in section 4.1.3.4, were tested in one initial experiment 

to find optimal culture conditions for NSP-forming cells from the adult spinal cord (Fig.17). 

The highest number of primary NSPs developed in B27-supplemented Neurobasal-A medium, 

which was therefore selected as culture medium for the following experiments. In this initial 

experiment, the myelin-removal step was omitted and total spinal cord cells were cultivated, 

leading to lower NSP frequencies compared to later experiments.  

 
 
 
 
 
Figure 17: NSP frequency of adult spinal cord cells under different 
culture conditions. Primary NSP frequencies (NSP-F) of total spinal 
cord cells in DMEM/F-12 (DMEM), Neurobasal (NB) and 
Neurobasal-A (NBA) medium supplemented with B27 or N2. The 
primary NSP frequency indicates the percentage of primary NSPs 
related to the number of plated cells. 
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4.2.1.2 Ependymal cell isolation by a combination of surface markers 

42 
 

CD133 recognizes ependymal cells of the adult LVW and spinal cord, however this protein is 

also present on other cells, namely hematopoietic progenitor cells (Corbeil et al., 2000), 

endothelial progenitor cells (Balasubramaniam et al., 2007; Nolan et al., 2007; Rosell et al., 

2009), oligodendrocytes (Corbeil et al., 2009), ventricle-contacting type B cells (Mirzadeh et 

al., 2008) and potentially endothelial cells (Fig.11). Thus, to exclude other cells that share the 

expression of CD133 with ependymal cells, a combination of antibodies against CD24, CD34, 

CD45 and CD133 was used for the ependymal cell isolation. CD24 showed a general co-

staining with CD133 on most LVW and spinal cord ependymal cells (Fig.10, Fig.11), whereas 

CD45 and CD34 antibodies, well-known markers for hematopoietic progenitor cells, 

endothelial progenitor cells and endothelial cells, were absent from both ependymal cell 

populations (data not shown). The combination of CD133 and CD24 antibodies, together with 

the exclusion of CD34- and CD45-positive cells (CD133+/CD24+/CD45-/CD34-), targets 

ependymal cells only and allowed the isolation of LVW and spinal cord ependymal cells with 

high purity. 

 

4.2.1.3 Functional properties of CD133+/CD24+/CD45-/CD34- LVW and spinal cord 

ependymal cells in vitro 

To investigate whether CD133+/CD24+/CD45-/CD34- ependymal cells from the adult LVW 

and spinal cord display differences in terms of NSP-formation and differentiation, both 

populations were isolated and cultivated under identical conditions. Experiments from the 

spinal cord region will be described first. Flow cytometry analysis of CD133-, CD24-, CD34- 

and CD45-stained total spinal cord cells revealed the existence of several populations 

(Fig.18A): CD133+/CD24+/CD45-/CD34- cells, which represent ependymal cells, 

CD133+/CD24-/CD45- cells, a population which might contain CD133-positive 

oligodendrocytes, and the remaining CD133+/CD45- cells. In addition, a small population of 

CD133+/CD24low/CD45-/CD34+ cells (not shown) was found which could be endothelial or 

endothelial progenitor cells. The cell number of the latter population was always much lower 

compared to the cell number of the other fractions, or this population was completely absent, 

making further investigations difficult. 
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CD133+/CD24+/CD45-/CD34- ependymal cells and the two control fractions, CD133+/CD45- 

and CD133+/CD24-/CD45- cells were isolated by flow cytometry, and their primary NSP 

frequency together with the number of passages these NSPs could be kept in culture, was 

determined. Five independent assays showed that CD133+/CD24+/CD45-/CD34- spinal cord 

ependymal cells consistently gave rise to primary NSPs with an average NSP frequency of 

3.16% (Fig.19A). CD133-/CD45- spinal cord cells had a primary NSP frequency of only 

0.14% on average and CD133+/CD24-/CD45- spinal cord cells never gave rise to any NSPs. 

NSPs derived from CD133+/CD24+/CD45-/CD34- spinal cord ependymal cells could be 

passaged more than 10 times and differentiated into glial and neuronal cells (Fig.19C). 

CD133-/CD45- derived NSPs could be kept in culture up to four passages.  

 
Figure 19: NSP frequencies and differentiation 
potential of adult spinal cord and LVW cells. 
Primary NSP frequency (NSP-F) of flow 
cytometry isolated populations illustrated in 
Fig.18 and Fig.20 from the (A) spinal cord and 
(B) LVW. The primary NSP frequency 
indicates the percentage of primary NSPs 
related to the number of plated cells. Bars 
indicate standard errors of five independent 
experiments. GFAP-positive astrocytes, Tubulin 
beta-III-positive neuronal cells and O4-positive 
oligodendrocytes derived from neurosphere 
cells formed by (C) CD133+/CD24+/CD45-

/CD34- sorted spinal cord ependymal cells and 
(D) CD133-/CD45- sorted LVW cells. Cell 
nuclei are visualized with DAPI (blue). Scale 
bars: 50 µm. 
 

 

 

 

 

 

 

The same staining and sorting procedure was applied to cells from the LVW (Fig.20A). Note 

that here the CD133 signal was higher as compared to experiments with spinal cord cells, 

which can be explained by the increased number and length of CD133-positive cilia on LVW 

ependymal cells. CD133+/CD24+/CD45-/CD34- ependymal cells from the LVW, cultivated 

under the same  culture conditions as spinal cord ependymal cells, never gave rise to primary 

NSPs (n=5; Fig.19B). Primary NSPs were formed by CD133+/CD45- LVW cells with an 

average NSP frequency of 1.35%. NSPs derived from CD133+/CD45- LVW cells could be 

kept in culture for more than 10 passages and gave rise to all three neural lineages (Fig.19D).  
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4.2.1.4 Functional properties of CD133+/CD24- adult LVW cells in vitro  

CD133+/CD24- cells were previously suggested to be ependymal cells with neural stem cell 

properties (Coskun et al., 2008). No CD133+/CD24-/CD45- cells were found in the LVW 

experiments described in section 4.2.1.3 (Fig.20A). However, upon inclusion of CD133-low 

positive cells into the CD133-positive sorting gate (P5), a CD133+/CD24-/CD45- population 

was observed (Fig.21A). The CD133 gate was therefore changed to include all CD133 

positive cells and CD133+/CD24-/CD45- cells were isolated to investigate their NSP-forming 

potential in vitro. CD133+/CD24+/CD45-/CD34- and CD133-/CD45- cells were sorted as 

control and all fractions were cultivated under similar culture conditions. In line with previous 

results (section 4.2.1.3), CD133-/CD45- cells gave rise to primary NSPs, however NSP-

formation from CD133+/CD24-/CD45- cells was not observed (n=4; Fig.21B), indicating that 

these cells do not possess stem/progenitor cell properties in vitro. 

 
Figure 21: 
Isolation and NSP frequency of 

CD133+/CD24+/CD45-/CD34- 

cells, CD133+/CD24-/CD45- 
cells and CD133-/CD45- cells 
from the adult LVW. (A) 
Representative dot plots 
illustrate the sorting strategy. 
Forward and Side Scatter (FSC-
A and SSC-A) were used to 
separate cells (gate P1) from 
debris (light grey). 7-AAD and 
CD45 served to eliminate dead 
and white blood cells, 
respectively. SSC-Width (SSC-
W) versus SSC-Height (SSC-H) 
was used to select single cells 
(P3). CD133+/CD24-/CD45- cells 
and as controls, cells from gate 
P4 (CD133-/CD45-) and P8 
(CD133+/CD24+/CD45-/CD34-), 

were sorted. Note that here also 
CD133-low positive cells are 
included in gate P5. Isotype 
matched control antibodies were 
used as negative controls. 
Arrows display the gating 

sequence. Percentages of gated cells with respect to P1 are indicated within the gated regions. (B) Primary NSP 
frequency (NSP-F) of flow cytometry-isolated populations described in (A). The primary NSP frequency 
indicates the percentage of primary NSPs related to the number of plated cells. The bar indicates the standard 
error from four independent experiments. 
 

In conclusion, CD133+/CD24+/CD45-/CD34- ependymal cells from the spinal cord could self-

renew and were multipotent in vitro, whereas CD133+/CD24+/CD45-/CD34- LVW ependymal 

cells lacked stem/progenitor cell properties in culture. 
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4.2.2 Gene expression profile of adult LVW and spinal cord ependymal cells  

47 
 

To identify molecular differences between CD133+/CD24+/CD45-/CD34- LVW and spinal 

cord ependymal cells, their transcriptional profile was analyzed using microarrays. Due to the 

low number of CD133+/CD24+/CD45-/CD34- cells obtained by FACS from both regions, 

RNA was amplified twice before hybridization onto Illumina MouseWG-6 v1.1 gene 

expression microarrays. The reproducibility of the method was confirmed by similar gene 

expression patterns obtained from one sample, which was amplified four times independently 

(not shown). Three biological replicates of CD133+/CD24+/CD45-/CD34-  LVW and spinal 

cord ependymal cells were analyzed. Gene expression differences between ependymal cells of 

both regions with p-values below 0.05 were considered relevant. 156 genes were identified as 

differentially expressed between CD133+/CD24+/CD45-/CD34- LVW and spinal cord 

ependymal cells (in the following referred to as LVW and spinal cord ependymal cells), of 

which 77 were higher and 79 lower expressed in spinal cord ependymal cells compared to 

ependymal cells from the LVW (Table 9A,B). 
 

Table 9A: Genes higher expressed in CD133+/CD24+/CD45-/CD34- ependymal cells from the spinal cord 

SYMBOL 
Fold 

change PROBE_ID DEFINITION 
Hoxa7 108.01 ILMN_2518986  
Hoxc6 66.73 ILMN_1217328  homeo box C6 (Hoxc6), mRNA. 
Hoxa5 59.49 ILMN_2636480  homeo box A5 (Hoxa5), mRNA. 
Hoxa7 56.54 ILMN_2621038  homeo box A7 (Hoxa7), mRNA. 
Hoxb7 41.13 ILMN_3160837  homeo box B7 (Hoxb7), mRNA. 
Nkx6-1 34.30 ILMN_1245585  NK6 transcription factor related, locus 1 (Drosophila) (Nkx6-1), mRNA. 
Hoxd4 26.04 ILMN_1219807  homeo box D4 (Hoxd4), mRNA. 
Hoxb5 23.63 ILMN_1242977  homeo box B5 (Hoxb5), mRNA. 
Slc14a1 20.25 ILMN_1243081  solute carrier family 14 (urea transporter), member 1 (Slc14a1), mRNA. 
Hoxc9 19.80 ILMN_2772764  homeo box C9 (Hoxc9), mRNA. 
Hoxb2 19.22 ILMN_1234966  homeo box B2 (Hoxb2), mRNA. 
Hoxc8 16.37 ILMN_1213675  
A2bp1 15.98 ILMN_2685291  ataxin 2 binding protein 1 (A2bp1), transcript variant 1, mRNA. 
Dbc1 15.93 ILMN_2472606  deleted in bladder cancer 1 (human) (Dbc1), mRNA. 
AU023871 13.42 ILMN_3161372  expressed sequence AU023871 (AU023871), mRNA. 
Lin7a 13.22 ILMN_2500540  lin-7 homolog A (C. elegans) (Lin7a), transcript variant 1, mRNA. 
Slc14a1 11.98 ILMN_1235006  solute carrier family 14 (urea transporter), member 1 (Slc14a1), mRNA. 
Hoxd8 11.88 ILMN_2693052  homeo box D8 (Hoxd8), mRNA. 
2700088M07Rik 10.78 ILMN_2455624  
Ifitm6 9.75 ILMN_1218181  interferon induced transmembrane protein 6 (Ifitm6), mRNA. 
Col23a1 7.35 ILMN_2650447  procollagen, type XXIII, alpha 1 (Col23a1), mRNA. 
Vtn 6.56 ILMN_1234111  vitronectin (Vtn), mRNA. 
6430550H21Rik 6.28 ILMN_2771951  
Gpd1 6.28 ILMN_1216847  glycerol-3-phosphate dehydrogenase 1 (soluble) (Gpd1), mRNA. 
Fndc5 6.15 ILMN_1214878  fibronectin type III domain containing 5 (Fndc5), mRNA. 
Ovca2 5.96 ILMN_2724815  candidate tumor suppressor OVCA2 (Ovca2), mRNA. 
Pcsk2 5.36 ILMN_1244247  proprotein convertase subtilisin/kexin type 2 (Pcsk2), mRNA. 
Lrrc52 5.19 ILMN_2526954  leucine rich repeat containing 52 (Lrrc52), mRNA. 
Cbln1 5.13 ILMN_1252953  cerebellin 1 precursor protein (Cbln1), mRNA. 
B230323A14Rik 5.07 ILMN_2480427  
Hoxd10 5.01 ILMN_2702687  homeo box D10 (Hoxd10), mRNA. 
Ret 5.01 ILMN_1236477  ret proto-oncogene (Ret), transcript variant 4, mRNA. 
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Dgkg 4.25 ILMN_2456435  
Otoa 4.24 ILMN_2735754  otoancorin (Otoa), mRNA. 
Rxrg 4.18 ILMN_1232561  retinoid X receptor gamma (Rxrg), mRNA. 
Astn1 3.88 ILMN_2697205  astrotactin 1 (Astn1), mRNA. 
Nme7 3.67 ILMN_1246498  non-metastatic cells 7, protein expressed in (Nme7), transcript variant 1, mRNA. 
Efnb1 3.62 ILMN_1257372  ephrin B1 (Efnb1), mRNA. 
Fen1 3.56 ILMN_1259473  flap structure specific endonuclease 1 (Fen1), mRNA. 
Bhlhb2 3.47 ILMN_1249378  basic helix-loop-helix domain containing, class B2 (Bhlhb2), mRNA. 
Wdr68 3.44 ILMN_2546073  WD repeat domain 68 (Wdr68), mRNA. 
Slc14a1 3.33 ILMN_2622909  solute carrier family 14 (urea transporter), member 1 (Slc14a1), mRNA. 
Gosr2 3.31 ILMN_2600339  golgi SNAP receptor complex member 2 (Gosr2), mRNA. 
9130404D08Rik 3.28 ILMN_2757006  RIKEN cDNA 9130404D08 gene (9130404D08Rik), mRNA. 
Rtel1 3.12 ILMN_1250838  regulator of telomere elongation helicase 1 (Rtel1), mRNA. 
D0H4S114 2.79 ILMN_2680054  DNA segment, human D4S114 (D0H4S114), mRNA. 
Specc1l 2.63 ILMN_2700448  SPECC1-like (Specc1l), mRNA. 
Bhmt 2.60 ILMN_2620994  betaine-homocysteine methyltransferase (Bhmt), mRNA. 
LOC100048037 2.49 ILMN_1243433 PREDICTED:  similar to myosin, light polypeptide 6, alkali,  
   smooth muscle and non-muscle (LOC100048037), misc RNA. 
Hoxb13 2.49 ILMN_2723267  homeo box B13 (Hoxb13), mRNA. 
Ndst2 2.48 ILMN_2751587  N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 2 (Ndst2), mRNA. 
4932443I19Rik 2.41 ILMN_2627818 PREDICTED:  RIKEN cDNA 4932443I19 gene, transcript variant 1 (4932443I19Rik). 
EG277333 2.40 ILMN_1235086  predicted gene, EG277333 (EG277333) on chromosome 1. 
Rab6b 2.40 ILMN_1245451  RAB6B, member RAS oncogene family (Rab6b), mRNA. 
LOC100044756 2.35 ILMN_2707808 PREDICTED:  similar to PX domain-containing protein kinase-like protein  
   (Modulator of Na,K-ATPase) (MONaKA) (LOC100044756), mRNA. 
Sema3e 2.32 ILMN_2720976  sema domain, immunoglobulin domain (Ig), short basic domain, secreted, 
    (semaphorin) 3E (Sema3e), mRNA. 
Tmem55b 2.31 ILMN_1216624  transmembrane protein 55b (Tmem55b), mRNA. XM_919952 XM_919965 
A130010J15Rik 2.27 ILMN_2601755  RIKEN cDNA A130010J15 gene (A130010J15Rik), mRNA. 
Nf2 2.26 ILMN_1244011  neurofibromatosis 2 (Nf2), mRNA. 
Rtel1 2.03 ILMN_2641946  regulator of telomere elongation helicase 1 (Rtel1), mRNA. 
Slc9a8 1.97 ILMN_2595992  solute carrier family 9 (sodium/hydrogen exchanger), member 8 (Slc9a8), transcript 

variant 2 
C130045I22Rik 1.97 ILMN_2485964  
Tns1 1.96 ILMN_1229315 PREDICTED:  tensin 1 (Tns1), mRNA. 
Unc119b 1.95 ILMN_1245813  unc-119 homolog B (C. elegans) (Unc119b), mRNA. 
Brd2 1.93 ILMN_2751505  bromodomain containing 2 (Brd2), transcript variant 2, mRNA. 
Man2b2 1.91 ILMN_1244876  
Pcgf6 1.90 ILMN_2751009  polycomb group ring finger 6 (Pcgf6), mRNA. 
Crtc2 1.89 ILMN_2711531  CREB regulated transcription coactivator 2 (Crtc2), mRNA. 
Gpr108 1.88 ILMN_2618882  G protein-coupled receptor 108 (Gpr108), mRNA. 
A030001A03Rik 1.84 ILMN_1233811  
Stk36 1.80 ILMN_2465146  serine/threonine kinase 36 (fused homolog, Drosophila) (Stk36), mRNA. 
Ei24 1.78 ILMN_2775512  
1700012P22Rik 1.75 ILMN_1229341 PREDICTED:  RIKEN cDNA 1700012P22 gene (1700012P22Rik), mRNA. 
1500015O10Rik 1.73 ILMN_1249000  RIKEN cDNA 1500015O10 gene (1500015O10Rik), mRNA. 
3010031K01Rik 1.68 ILMN_2522460  
4732435K05Rik 1.52 ILMN_2557957  
Chkb 1.46 ILMN_2755021  choline kinase beta (Chkb), mRNA. 
D430034A07Rik 1.45 ILMN_1232293  
Gnptg 1.44 ILMN_2731999  N-acetylglucosamine-1-phosphotransferase, gamma subunit (Gnptg), mRNA. 
Gnptg 1.42 ILMN_2617865  N-acetylglucosamine-1-phosphotransferase, gamma subunit (Gnptg), mRNA. 
2410012M04Rik 1.33 ILMN_2448184  
Birc5 1.13 ILMN_2632712  baculoviral IAP repeat-containing 5 (Birc5), transcript variant 1, mRNA. 
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Tgm2 48.19 ILMN_2692615  transglutaminase 2, C polypeptide (Tgm2), mRNA. 
1700021K14Rik 41.08 ILMN_1224436 PREDICTED:  RIKEN cDNA 1700021K14 gene (1700021K14Rik), mRNA. 
Cyp4f15 28.80 ILMN_2738192  cytochrome P450, family 4, subfamily f, polypeptide 15 (Cyp4f15), mRNA. 
Ces3 28.55 ILMN_2625893  carboxylesterase 3 (Ces3), mRNA. 
Hp 20.72 ILMN_2644764  haptoglobin (Hp), mRNA. 
Cpe 17.19 ILMN_2758940  carboxypeptidase E (Cpe), mRNA. 
6430537F04 15.45 ILMN_2513378  
Pcsk6 14.32 ILMN_2637094 PREDICTED:  proprotein convertase subtilisin/kexin type 6, transcript variant 4 (Pcsk6) 
Nme7 14.03 ILMN_1214703  non-metastatic cells 7, protein expressed in (Nme7), transcript variant 1, mRNA. 
Scin 13.89 ILMN_1259174  scinderin (Scin), mRNA. 
Dlx2 13.61 ILMN_2860958  distal-less homeobox 2 (Dlx2), mRNA. 
Nkd2 11.61 ILMN_1228631  naked cuticle 2 homolog (Drosophila) (Nkd2), mRNA. 
Emb 11.14 ILMN_1218799  embigin (Emb), mRNA. 
Ush1c 11.13 ILMN_2501719  Usher syndrome 1C homolog (human) (Ush1c), transcript variant b3, mRNA. 
BC055107 10.47 ILMN_2768972  cDNA sequence BC055107 (BC055107), mRNA. 
Nme7 10.22 ILMN_1259075  non-metastatic cells 7, protein expressed in (Nme7), transcript variant 1, mRNA. 
Car9 9.30 ILMN_1244145  carbonic anhydrase 9 (Car9), mRNA. 
Nme7 8.93 ILMN_2510694  non-metastatic cells 7, protein expressed in (Nme7), transcript variant 1, mRNA. 
D12Ertd647e 8.32 ILMN_2681232  DNA segment, Chr 12, ERATO Doi 647, expressed (D12Ertd647e), transcript variant 4 
Lbp 7.19 ILMN_2771237  lipopolysaccharide binding protein (Lbp), mRNA. 
Clmn 7.06 ILMN_1241142  calmin (Clmn), transcript variant 2, mRNA. 
Nt5c 6.87 ILMN_1223097  5,3-nucleotidase, cytosolic (Nt5c), mRNA. 
Nat8l 6.75 ILMN_2594039  N-acetyltransferase 8-like (Nat8l), mRNA. 
Ghrh 6.59 ILMN_1253853  growth hormone releasing hormone (Ghrh), mRNA. 
Bmp6 6.02 ILMN_2705217  bone morphogenetic protein 6 (Bmp6), mRNA. 
9630007E23Rik 5.97 ILMN_1253602  
Lamb3 5.84 ILMN_2605512  laminin, beta 3 (Lamb3), mRNA. 
Lrfn2 5.41 ILMN_1225860  leucine rich repeat and fibronectin type III domain containing 2 (Lrfn2), mRNA. 
Apoe 5.21 ILMN_1216042  apolipoprotein E (Apoe), mRNA. 
S100a6 5.21 ILMN_2712120  S100 calcium binding protein A6 (calcyclin) (S100a6), mRNA. 
Sirpa 5.17 ILMN_2722996  signal-regulatory protein alpha (Sirpa), mRNA. 
Osbpl6 4.87 ILMN_1221789  oxysterol binding protein-like 6 (Osbpl6), mRNA. 
LOC245892 4.83 ILMN_1230065  
Arhgdig 4.78 ILMN_1240164  Rho GDP dissociation inhibitor (GDI) gamma (Arhgdig), mRNA. 
Mmd2 4.68 ILMN_1252636  monocyte to macrophage differentiation-associated 2 (Mmd2), mRNA. 
LOC100039175 4.30 ILMN_1225825 PREDICTED:  similar to Placenta specific 9 (LOC100039175), mRNA. 
Trpc7 4.27 ILMN_1242557  transient receptor potential cation channel, subfamily C, member 7 (Trpc7),  
Agxt2l1 4.15 ILMN_1229990  alanine-glyoxylate aminotransferase 2-like 1 (Agxt2l1), mRNA. 
Gpr37l1 4.12 ILMN_1228699  G protein-coupled receptor 37-like 1 (Gpr37l1), mRNA. 
Traf3ip2 4.08 ILMN_1232123  Traf3 interacting protein 2 (Traf3ip2), mRNA. 
Slc35a3 3.95 ILMN_1231551  
Hey1 3.85 ILMN_2690596  hairy/enhancer-of-split related with YRPW motif 1 (Hey1), mRNA. 
Gstm1 3.78 ILMN_1228233  glutathione S-transferase, mu 1 (Gstm1), mRNA. 
LOC100048169 3.53 ILMN_2430359 PREDICTED:  hypothetical protein LOC100048169 (LOC100048169), mRNA. 
Stard3nl 3.23 ILMN_2598775  STARD3 N-terminal like (Stard3nl), mRNA. 
Anxa1 3.21 ILMN_1259252  annexin A1 (Anxa1), mRNA. 

EG665033 3.20 ILMN_2533531 PREDICTED:  predicted gene, EG665033 (EG665033), misc RNA. 

Mmrn2 3.17 ILMN_2494159  multimerin 2 (Mmrn2), mRNA. 

Lrrc34 3.03 ILMN_2519746  leucine rich repeat containing 34 (Lrrc34), mRNA. 

Aqp4 2.90 ILMN_1237969  

Foxg1 2.86 ILMN_2599125  forkhead box G1 (Foxg1), mRNA. 

Ifit3 2.84 ILMN_2699233  interferon-induced protein with tetratricopeptide repeats 3 (Ifit3), mRNA. 

Meig1 2.79 ILMN_2588789  meiosis expressed gene 1 (Meig1), mRNA. 

E430002G05Rik 2.77 ILMN_1227947  

Id2 2.69 ILMN_1228557  inhibitor of DNA binding 2 (Id2), mRNA. 

Coro2b 2.62 ILMN_1216552  coronin, actin binding protein, 2B (Coro2b), mRNA. 
Phactr1 2.55 ILMN_2596560  phosphatase and actin regulator 1 (Phactr1), transcript variant 2, mRNA. 

5730494M16Rik 2.53 ILMN_3163221  RIKEN cDNA 5730494M16 gene (5730494M16Rik), mRNA. 
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Odf3l1 2.38 ILMN_1226833  outer dense fiber of sperm tails 3-like 1 (Odf3l1), mRNA. 
Tlcd1 2.30 ILMN_2624326  TLC domain containing 1 (Tlcd1), mRNA. 
LOC664837 2.30 ILMN_2537209 PREDICTED:  hypothetical LOC664837, transcript variant 2 (LOC664837), mRNA. 
Tnnt2 2.19 ILMN_2466462  troponin T2, cardiac (Tnnt2), mRNA. 
6330549D23Rik 2.15 ILMN_1229583  RIKEN cDNA 6330549D23 gene (6330549D23Rik) on chromosome 3. 
Plscr2 2.12 ILMN_2635895  phospholipid scramblase 2 (Plscr2), mRNA. 
Got1l1 2.07 ILMN_1246289  glutamic-oxaloacetic transaminase 1-like 1 (Got1l1), mRNA. 
Carhsp1 1.99 ILMN_1225035  calcium regulated heat stable protein 1 (Carhsp1), mRNA. 
Acsbg1 1.97 ILMN_2686611  acyl-CoA synthetase bubblegum family member 1 (Acsbg1), mRNA. 
LOC381146 1.97 ILMN_1251693  
Phtf1 1.96 ILMN_2615864  
Wwtr1 1.95 ILMN_1219016  WW domain containing transcription regulator 1 (Wwtr1), mRNA. 
Mtus1 1.78 ILMN_1253492  mitochondrial tumor suppressor 1 (Mtus1), transcript variant 1, mRNA. 
LOC193533 1.75 ILMN_1229008  
2700094F01Rik 1.72 ILMN_2751396  RIKEN cDNA 2700094F01 gene (2700094F01Rik), mRNA. 
Cideb 1.69 ILMN_3160626  cell death-inducing DNA fragmentation factor, alpha subunit-like effector B (Cideb). 
mtDNA_CytB 1.60 ILMN_1239040  
Olfr448 1.57 ILMN_2645100  olfactory receptor 448 (Olfr448), mRNA. 
Ttll10 1.56 ILMN_2701211  tubulin tyrosine ligase-like family, member 10 (Ttll10), mRNA. XM_922509 XM_990853 
2010007H06Rik 1.38 ILMN_1252288  
Adprhl2 1.26 ILMN_2639063  ADP-ribosylhydrolase like 2 (Adprhl2), mRNA. 
LOC100044538 1.18 ILMN_1254241 PREDICTED:  similar to immunity-associated nucleotide 4 (LOC100044538), misc RNA. 
Iws1 1.17 ILMN_2674060  IWS1 homolog (S. cerevisiae) (Iws1), mRNA. 

Table 9: Genes differentially expressed (p < 0.05) between CD133+/CD24+/CD45-/CD34- spinal cord and LVW 
ependymal cells. Fold changes indicate the average microarray gene expression differences between three 
biological LVW and spinal cord ependymal cell samples. SYMBOL, PROBE_ID and DEFINITION are Illumina 
annotations (MouseWG-6 v1.1). SYMBOL and DEFINITION indicate the gene name. The PROBE_ID 
represents a unique Illumina identifier for every probe. (A) Genes higher expressed in CD133+/CD24+/CD45-

/CD34- spinal cord ependymal cells. (B) Genes higher expressed in CD133+/CD24+/CD45-/CD34- LVW 
ependymal cells. 
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First, the expression of genes, encoding the proteins that were used to isolate LVW and spinal 

cord ependymal cells, CD133, CD24, CD34 and CD45, was verified. In accordance with 

sorting criteria, both ependymal populations highly expressed Prom1 (encoding CD133), 

whereas the transcript levels of Ptprc (encoding CD45) and Cd34 were low to absent (Table 

10). Only low mRNA levels of CD24a were found by array analysis, but rtPCR from 

independently sorted CD133+/CD24+/CD34-/CD45- LVW and spinal cord cells confirmed 

robust expression of Cd24a in both populations (Fig.22, Fig.24). Cd24a was represented with 

only one probe set on the array and weak binding affinity between sample cRNA and probe 

set might explain the low Cd24a expression levels of the array analysis. Elevated transcript 

levels of Foxj1, a gene specifically expressed in ciliated cells (Blatt et al., 1999; Meletis et al., 

2008; Carlen et al., 2009), were found in ependymal cells from both regions (Table 10). 

Importantly, Foxj1 expression is limited to cells with motile cilia and absent in cells with a 

primary/sensory cilium, as for example in ventricle-contacting type B cells. 
 

Table 10: Microarray gene expression values of Cd24a, Cd34, 
Ptprc, Prom1 and Foxj1. Average (Avg) logarithmic gene 
expression values of three biological CD133+/CD24+/CD45-

/CD34- spinal cord (SC) and LVW ependymal cell samples are 
shown. Logarithmic gene expression values ranged from 6.46 
to 14.51. Note that Ptprc and Prom1 genes are represented 
with more than one probe on the array.  
 

 

Gene Avg LVW Avg SC 
Cd24a 8.56 7.05 
Cd34 6.78 6.80 

Ptprc 
6.67 
6.58 
6.64 

6.65 
6.58 
6.61 

Prom1 13.19 
6.78 

11.58 
6.79 

Foxj1 8.81 9.21 

 

A literature survey was performed to obtain biological information about the genes 

differentially expressed between adult LVW and spinal cord ependymal cells. Relevant 

publications were used to extract data about pathways, target genes and involvement in 

biological processes associated with the genes of interest. This information provided the 

framework to establish categories of genes, which are associated with the same function or 

regulatory mechanism and will be described in the following chapters.  

 

4.2.2.1 Gene expression pattern specific for spinal cord ependymal cells 

A substantial number of genes, involved in apoptosis, telomere stability/maintenance and cell 

cycle related processes, such as progression through cell cycle stages and cell division, were 

identified among the genes with higher transcript levels in spinal cord ependymal cells (Table 

11A). Notably, several of these genes are associated with proto-oncogenic or tumor-

suppressive activity.  
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Gene A B FC Ref. A Ref. B 

Bhlhb2  x 3.47  (Boudjelal et al., 1997) 

Brd2 x  1.93 
(Sinha et al., 2005) 

(Denis et al., 2000) 
 

Dbc1 x  15.93 
(Nishiyama et al., 2001; Wright et al., 

2004) 
 

D0H4S114  x 2.79  (Leung et al., 2008) 

Efnb1 x x 3.62 (Qiu et al., 2008) (Bouillet et al., 1995) 

Ei24 x  1.78 (Gu et al., 2000)  

Fen1 x  3.56 (Sampathi et al., 2009)  

Hoxa5 x x 59.49 
(Raman et al., 2000; Chen et al., 2004; 

Mishra et al., 2009) 
(Chen et al., 2007) 

Hoxa7 x x 
108.01 

56.54 
(Mishra et al., 2009) (Kessel and Gruss, 1991) 

Hoxb2  x 19.22  (Simeone et al., 1990) 

Hoxb5  x 23.63  (Oosterveen et al., 2003) 

Hoxb7 x x 41.13 
(Care et al., 1996) 

(Care et al., 1999) 
(Simeone et al., 1990) 

Hoxc6 x x 66.73 (Ramachandran et al., 2005) (Manohar et al., 1996) 

Hoxc8 x x 16.37 (Kamel et al., 2009) (Kessel and Gruss, 1991) 

Hoxd4   x 26.04  (Zhang et al., 2000) 

Hoxd8  x 11.88  (Manohar et al., 1996) 

Hoxd10  x 5.01  (Merrill et al., 2004) 

Nf2 x  2.26 (Curto and McClatchey, 2008)  

Ovca2  x 5.96  (Prowse et al., 2002) 

Ret x x 5.01 (Arighi et al., 2005) (Cerchia et al., 2006) 

Rtel1 x  
3.12 

2.03 
(Ding et al., 2004)  

Rxrg  x 4.17  
(Barger and Kelly, 1997; McDermott 

et al., 2002) 

Tmem55b  x  2.31 (Zou et al., 2007)  

Table 11: Selection of genes higher expressed by adult spinal cord ependymal cells, which are involved in cell 
cycle regulation, apoptosis, telomere stability/maintenance (A) and/or RA-signaling (B). Respective references 
(Ref) are shown. Fold changes (FC) indicate the average microarray gene expression differences between three 
biological CD133+/CD24+/CD45-/CD34- spinal cord and LVW ependymal cell samples. Note that some genes 
are represented by more than one array probe. 
 

To verify results of the microarray analysis with an independent method, semi-quantitative 

rtPCR was used to analyze the expression of Nf2, Rtel1, Fen1 and Rxrg genes in 

CD133+/CD24+/CD45-/CD34-  sorted spinal cord cells. The expression of Prom1, Cd24a and 

Foxj1 genes was included as positive control. As illustrated in Figure 22, the rtPCR results 

confirmed the microarray gene expression data. The tested genes Nf2, Rtel1, Fen1 and Rxrg 

are part of identified functional or regulatory spinal cord categories summarized in Table 11. 

Furthermore, selected genes associated with cell cycle regulation, retinoic acid-responsiveness 

and telomere stability/maintenance, Efnb1 and Fen1 (Table 11), were investigated on the 

protein level. Virtually all ependymal cells were immunoreactive to an anti-Ephrin-B1 
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antibody and CD133 co-localized with Ephrin-B1 at the apical cell membrane (Fig.23A). The 

FEN-1 nuclear protein was present in a subpopulation of spinal cord ependymal cells, but also 

in white and grey matter cells outside the ependymal layer (Fig.23B).  

 
Figure 22: Validation of spinal cord 
ependymal cell transcriptional profile by 
multiplex rtPCR. rtPCR products of 
CD133+/CD24+/CD45-/CD34- spinal cord 
ependymal cells visualized by gel 
electrophoresis. Investigated genes are 
indicated on top. First and last lanes contain 
a molecular weight marker (Gene ruler 
DNA ladder, low range; Fermentas; 150bp 
and 300bp bands are indicated). The faint, 
fast-running bands below 100 bp are 
derived from residual primers. 

 
 
20.8% of the genes higher expressed in spinal cord ependymal cells were shown to be direct 

or indirect retinoic acid (RA) target genes (Table 11B). This raised the question whether 

spinal cord ependymal cells can be influenced by RA. CD133+/CD24+/CD45-/CD34- spinal 

cord cells were cultivated as adherent cells directly after sorting. Within 60 hours sorted cells 

attached and started to acquire a flat morphology. At this point, medium containing RA or 

vehicle (DMSO) was added and the cells were cultivated under these conditions for six 

additional days. Immunostainings after cultivation revealed that most RA- and vehicle-treated 

cells were positive for Nestin, a protein found in spinal cord ependymal cells (Meletis et al., 

2008), and some of these cells expressed the proliferation marker Ki-67 (Fig.23C). Single 

cells or small cell clusters were found in RA- and DMSO-treated cultures. Interestingly, only 

in RA-supplemented cultures, large cobblestone-like cell sheets were observed. These cells 

had a squamous appearance and were connected through adherens junctions, displayed by 

Catenin beta-1 staining (Fig.23C). Both, RA and vehicle-treated cells were negative for GFAP, 

Tubulin beta-III and O4, which suggests that these cells proliferate, but that they do not 

differentiate into cells from the neural lineage. Cell number determination before and after 

nine days in culture confirmed a general cell number increase in RA-treated and untreated 

cultures (8.1±1.7 fold for RA; 3.7±0.7 fold for DMSO; mean±S.E.M.; n=3; Fig.23D), 

however RA-exposure increased the cell number on average two times more compared to the 

vehicle-treated control (2.3±0.5; mean±S.E.M.; n=3). P-values of the comparison RA versus 

DMSO from two experiments with four technical replicates were: 0.0286 and 0.0571 (Mann 

Whitney test). The p-value from one experiment with only two technical replicates for RA 

and DMSO could not be determined.  
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Figure 23: Immunostainings and in vitro assays with retinoic acid to confirm spinal cord ependymal cell gene 
expression data. Adult CD133-positive spinal cord central canal (CC) ependymal cells co-stained with (A) anti-
Ephrin-B1 and (B) anti-3220 (FEN-1, arrowheads) antibodies. Scale bars: 20µm. Cell nuclei are visualized with 
DAPI (blue). (C) Nestin- and Ki-67-positive adherent CD133+/CD24+/CD45-/CD34- spinal cord ependymal cells 
after cultivation in the presence of retinoic acid (RA) or vehicle (DMSO). Adherens junctions between cells are 
illustrated by Catenin beta-1 staining. Scale bars: 50µm. Cell nuclei are visualized with DAPI (blue). (D) 
Relative cell numbers of RA- and vehicle (DMSO)-treated spinal cord ependymal cells, indicating the average 
number of cells counted after cultivation per initially plated cells. Bars represent standard errors of three 
independent experiments. 
 
 
4.2.2.2 Gene expression pattern specific for LVW ependymal cells 

Several genes, involved in the regulation of neural stem cell maintenance and neurogenesis, 

were found to be higher expressed in LVW ependymal cells (Table 12): Dlx2, Foxg1, Hey1 

and Id2. Semi-quantitative single cell rtPCR was used to verify the expression of Dlx2, Foxg1, 

Hey1 and Id2 genes in LVW ependymal cells. To exclude potential contamination by non-

ependymal cells, CD133+/CD24+/CD45-/CD34- sorted LVW cells were evaluated and 

documented by light microscopy for the presence of long motile cilia. rtPCR of cells with 

approved morphology confirmed the presence of Dlx2, Foxg1, Hey1 and Id2 transcripts in 

single Prom1- and Cd24a-expressing cells (Fig.24).  

 
Table 12: Selection of genes higher expressed by adult LVW ependymal 
cells, which are involved in neural stem cell maintenance and neurogenesis. 
Fold changes indicate the average microarray gene expression differences 
between three biological CD133+/CD24+/CD45-/CD34- spinal cord and 
LVW ependymal cell samples. 
 

Gene Fold change 
Dlx2 13.61 
Foxg1 2.86 
Hey1 3.85 
Id2 2.69 
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Figure 24: Validation of LVW ependymal cell transcriptional 
profile by multiplex single cell rtPCR. CD133+/CD24+/CD45-

/CD34- sorted adult LVW cells were manually selected by their 
morphology (multiple long cilia), documented, utilized for semi-
quantitative rtPCR and analysed by gel electrophoresis. (A) rtPCR 
products visualized by agarose gel electrophoresis. The number of 
the cell used for rtPCR is depicted to the left and investigated 
genes are indicated on top. First and last lanes contain a molecular 
weight marker (Gene ruler DNA ladder, low range; Fermentas; 
150bp and 300bp bands are indicated). Arrows indicate rtPCR 
products for Dlx2. The fast-running bands below 100 bp are 
derived from residual primers. (B) Summary of data shown in (A). 
Documented cells, corresponding to the individual rtPCR 
reactions described in (A), are illustrated to the left. Presence and 
absence of PCR products are indicated by plus (+) and minus (-) 
symbols.  

 

 

4.2.2.3 Comparison of gene expression data from LVW and spinal cord ependymal cells, RGC 

and spinal cord-derived NSPs 

To compare the transcriptional profile of a known neural stem/progenitor cell population, 

which also expresses CD133, to that of LVW and spinal cord ependymal cells, 

CD133+/CD24-/CD45-/CD34- RGC were isolated from the embryonic forebrain (Fig.25A,B). 

CD133+/CD24-/CD45-/CD34-  cells gave rise to primary NSPs, which could be maintained in 

culture for more than ten passages and differentiated into all three cell types of the neural 

lineage (n=3; Fig.25C,D,E). A population with a similar marker combination as adult 

ependymal cells, CD133+/CD24hi/CD45-/CD34- embryonic cells, was evaluated as well. 

Isolated cells from this population formed primary NSPs in culture, but could not be kept in 

culture for 11 passages in all experiments (n=3; Fig.25C,D). Thus, only CD133+/CD24-

/CD45-/CD34-  cells fulfilled all requirements for neural stem cells (long-term self-renewal 

and multipotency), and were used for the microarray analysis. In addition, the transcriptional 

profile of NSPs (passage 2-3), derived from CD133+/CD24+/CD45-/CD34- spinal cord 
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ependymal cells was included into the analysis. NSP culture conditions induce spinal cord 

ependymal cells to proliferate and enrich for proliferating stem/progenitor cells.  

 

 
Figure 25: Isolation, in vitro self-renewal and differentiation assay of embryonic forebrain stem/progenitor cells. 
(A) Representative FACS plots illustrate the sorting strategy to purify stem/progenitor cells from embryonic day 
14.5 forebrain preparations. Forward and Side Scatter (FSC-A and SSC-A) were used to separate cells (gate P1) 
from debris (light grey). 7-AAD-positive dead cells and CD45-positive white blood cells were excluded and 
SSC-Width (SSC-W) versus SSC-Height (SSC-H) gating was used to select single cells (P3). From CD133-
positive cells (P5), two populations were isolated: P6 (CD133+/CD24-/CD45-/CD34-) and P7 
(CD133+/CD24hi/CD45-/CD34-). Isotype matched control antibodies were used as negative controls. Arrows 
display the gating sequence. Percentages of gated cells with respect to P1 are indicated within the gated regions. 
(B) Reanalysis of the sorted CD133+/CD24-/CD45-/CD34- cell population (P6) shown in (A). (C) Primary NSP 
frequency (NSP-F) and (D) long-term self-renewal of CD133+/CD24-/CD45-/CD34- (P6) and 
CD133+/CD24hi/CD45-/CD34- (P7) sorted cells. The primary NSP frequency indicates the percentage of primary 
NSPs related to the number of plated cells. Long-term self-renewal was measured by the number of cell passages 
(P6: until passage 11 (n=3), P7: until passage 1, 2, 11 (each n=1)). Note that the long-term self-renewal assay 
was discontinued after 11 passages. Bars indicate standard errors from three independent experiments. (E) 
Neurospheres derived from CD133+/CD24-/CD45-/CD34- (P6) sorted cells give rise to GFAP-positive astrocytes, 
Tubulin beta-III–positive neuronal cells and O4-positive oligodendrocytes. Cell nuclei are visualized with DAPI 
(blue). Scale bar: 50 µm. 
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Figure 26 illustrates a hierarchical biclustering of the 156 

genes, differentially expressed between LVW and spinal cord 

ependymal cells, together with expression data of 

CD133+/CD24-/CD45-/CD34- RGC and spinal cord-derived 

NSPs. A group of genes with higher expression in the three 

cell types with stem/progenitor cell features (spinal cord 

ependymal cells, RGC and spinal cord-derived NSPs), but 

lower transcript levels in LVW ependymal cells, was 

identified: Fen1, Ovca2 and Rtel1. Furthermore, Bhlhb2, 

Dbc1, Efnb1, Nkx6-1 and Vtn were higher expressed in spinal 

cord ependymal cells and either RGC or spinal cord–derived 

NSPs compared to LVW ependymal cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26: Biclustering of gene expression profiles. 
The figure displays a hierarchical biclustering of 
normalized absolute logarithmic expression values 
of genes differentially expressed between adult 
LVW and spinal cord (SC) ependymal cells 
together with corresponding expression data of 
radial glial cells (RGC) and spinal cord-derived 
NSPs (NSP). Microarray data from three 
independent samples per cell type are shown. 
Logarithmic expression values ranged from 6.0 to 
14.5 and are color-coded according to the color 
bar next to the figure. Here, low expression is 
encoded by blue and high expression by red 
coloring. Intermediate expression values are 
depicted in light blue, green and yellow. On the y-
axis gene symbols are shown and on the x-axis 
experiments are given. 



 
 

 

5. Discussion 
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5.1 Identification and functional characterization of CD133-positive cells in 

stem cell regions of the murine central nervous system 
The surface protein CD133 is synthesized by early human and murine neural stem cells 

during development and was used to enrich tumor stem cells of several human central nervous 

system (CNS) tumor (Weigmann et al., 1997; Uchida et al., 2000; Singh et al., 2004; Taylor et 

al., 2005). In this study, the cellular localization of CD133 in neurogenic regions around the 

lateral ventricles of the developing and adult brain as well as in the stem cell region of the 

adult spinal cord was investigated. Furthermore, CD133-presenting cells were investigated for 

their stem/progenitor cell properties in vitro. A potential lineage relationship between CD133-

positive CNS tumor stem cells and normal CD133-positive CNS cells will be discussed. 

 

5.1.1 CD133-positive cells in the developing forebrain and adult CNS 

Neuroepithelial cells, which give rise to RGC at the onset of neurogenesis, were shown 

previously to carry CD133-positive microvilli at their apical cell membrane (Weigmann et al., 

1997). In immunostainings presented here, CD133 was found at the apical surface of 

ventricle-contacting RGC in the embryonic forebrain midway through neurogenesis 

(embryonic day 14.5; E14.5). No CD133-positivity was observed outside the ventricular zone, 

where further restricted intermediate progenitor cells (IPC) or neuronal cells are located. Both, 

neuroepithelial and RGC function as stem cells in the developing telencephalon (Mori et al., 

2005; Malatesta et al., 2008) and proteins of the apical membrane, such as CD133, were 

suggested to play an important role to maintain the immature status of a cell (Kosodo et al., 

2004; Dubreuil et al., 2007). The presence of CD133 at the apical membrane of RGC, but not 

at IPC or further differentiated cells supports this hypothesis.  

 

RGC give rise to ependymal cells in the LVW and this transition occurs via an intermediate 

radial glial/ependymal cell state (Merkle et al., 2004; Spassky et al., 2005). In the postnatal 

day 4 (P4) LVW investigated here, CD133-positive cells had Tubulin beta-IV-positive cilia 

and synthesized a mixture of glial (GLAST) and ependymal (S100) cell proteins, similar to 

the intermediate radial glial/ependymal cell type described by Spassky et al. (Spassky et al., 

2005). The location of CD133-positive intermediate radial glial/ependymal cells mainly at the 

ventral, but not the dorsal LVW probably reflects local developmental differences in 
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ependymal cell maturation, which is in agreement with the previous observation that 

ependymal cells mature along a ventrodorsal and caudorostral gradient in the LVW (Spassky 

et al., 2005). 
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In the adult LVW investigated here, the majority of CD133-positive cells corresponded to 

ependymal cells, lining the ventricular surface. These cells had long CD133- and Tubulin 

beta-IV-positive cilia, synthesized ependymal cell proteins, such as S100 and CD24, but were 

negative for GFAP. In a recent study, whole mounts of lateral ventricles (three-dimensional 

tissue sections) were used to investigate the cytoarchitecture of the adult LVW and two types 

of CD133-positive ependymal cells, E1 and E2, were identified. E1 and E2 cells can be 

discriminated by the number of cilia (E1:multiciliated; E2: biciliated) (Mirzadeh et al., 2008). 

The immunostaining technique used in this thesis (two-dimensional tissue sections) did not 

allow the distinction between both subtypes.  

GFAP is expressed by type B cells in the ventricular and subventricular zone of the 

adult LVW region and a subpopulation of ventricle-contacting type B cells was reported to be 

CD133-positive (Doetsch et al., 1997; Mirzadeh et al., 2008). In LVW immunostainings 

presented here, most GFAP-expressing cells were negative for CD133, however some of them, 

close to or intercalated between ependymal cells were immunoreactive to this protein. Thus, 

the GFAP+/CD133+ cells found in this thesis probably correspond to CD133-positive 

ventricle-contacting type B cells (CD133-positive type B1 cells) described by Mirzadeh et al. 

(2008).  

 

Immunostainings of the adult spinal cord showed that CD133 is present at lumen-contacting 

ependymal cells around the central canal and similar observations were made in other studies 

(Meletis et al., 2008; Sabourin et al., 2009). The spinal cord ependyma is morphologically and 

antigenically heterogeneous (Meletis et al., 2008; Hamilton et al., 2009; Sabourin et al., 2009) 

and functional differences among ependymal cells were postulated (Hamilton et al., 2009). 

Furthermore, a subpopulation of ependymal and subependymal cells, which expresses GFAP, 

was suggested to represent the most immature population within the central canal region 

(Sabourin et al., 2009). Immunostainings of this thesis showed that CD133 is expressed 

uniformly among ependymal cells and all CD133-positive cells appeared negative for GFAP. 

However, the distinction between GFAP-expressing subependymal and ependymal cells is 

technically challenging and was not investigated in detail in this thesis. The GFAP-positivity 
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of ependymal cells also seems to vary between different anti-GFAP antibodies (Sabourin et 

al., 2009). 
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Taken together, the CD133-positive cells identified in this thesis, a subpopulation of RGC, 

intermediate radial glial/ependymal cells, LVW and spinal cord ependymal cells, and a 

subpopulation of ventricle-contacting LVW type B cells, most probably belong to the same 

lineage: Neuroepithelial cells were shown to give rise to RGC, which in turn transform into 

ependymal cells via an intermediate radial glial/ependymal cell type and type B cells in the 

adult LVW (Fig.2) (Kriegstein and Alvarez-Buylla, 2009). In addition, ependymal cells of the 

adult spinal cord were suggested to be derived from the ventral neuroepithelium (Fu et al., 

2003).  

 

5.1.2 Stem/progenitor cell properties of CD133-positive cells 

Due to its presence on several cell types associated with stem cell properties (Weigmann et al., 

1997; Yin et al., 1997; Uchida et al., 2000; Lee et al., 2005), CD133 is frequently referred to 

as a ´stem cell marker` in the literature. Thus, self-renewal and multipotency of CD133-

positive and as control CD133-negative FACS/MACS-isolated LVW cell populations from 

different developmental stages were investigated by means of the neurosphere (NSP) assay. 

As described in the introductory section 1.2, not only neural stem cells, but also neural 

progenitor cells are able to give rise to NSPs and both can be multipotent in culture (Doetsch 

et al., 2002). To distinguish these two cell types, NSPs should be cultivated for more than five 

passages, which is supposed to eliminate progenitor cells with a limited self-renewal capacity 

(Reynolds and Rietze, 2005). NSPs in this work were passaged for at least eight times to 

demonstrate their long-term self-renewal capacity. This, together with their ability to generate 

neuronal and glial cells defines them as bona fide stem cells. However, since the cells were 

studied on the population level and not as single cells, a mix of stem and progenitor cells 

might be present in the investigated cell populations. Thus, even though cells with stem cell 

properties were contained in the investigated populations, the term ´stem/progenitor cell` was 

used.  

 

In the embryonic brain around E9.5, a time point shortly before the onset of neurogenesis, 

NSP formation and the ability to generate neural and glial progeny resided exclusively in the 

CD133-positive sorted cell population. This is in agreement with previously published 

findings, that neuroepithelial cells are the only cells with neural stem cell properties at this 
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developmental stage and that they are CD133-positive (Weigmann et al., 1997; Kriegstein and 

Alvarez-Buylla, 2009).   
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At E14.5, CD133-positive RGC gave rise to long-term passageable NSPs and differentiated 

into neuronal cells, astrocytes and oligodendrocytes, indicative of their neural stem/progenitor 

cell nature. Long-term self-renewing and multipotent cells were also found among CD133-

negative cells. As ventricle-contacting RGC are divided into regional and functional 

subpopulations (Mori et al., 2005; Kriegstein and Alvarez-Buylla, 2009) and not all RGC are 

positive for CD133, CD133-negative RGC could be the origin of NSPs in the CD133-

negative fraction. An alternative source would be IPC, even though it is unlikely that these 

cells can self-renew for such a long time in culture. Similar results were obtained with 

CD133-positive and CD133-negative isolated cells from the immature LVW at P4. 

Interestingly, even though these CD133-positive cells are in transition from RGC to 

ependymal cells, they possess the ability to self-renew long-term and give rise to progeny in 

culture.  

 

In the adult LVW, the majority of neural stem/progenitor cells were found in the CD133-

negative cell population. The few, small NSPs derived from CD133-positive cells could not 

be passaged more than twice and CD133-positive cells gave rise to astrocytes only. These 

results were consistent under different culture conditions and upon co-cultivation of CD133-

positive and CD133-negative cells to rule out a lack of extracellular factors. Most CD133-

positive cells in the LVW were ependymal cells. Live-cell microscopy directly after sorting 

confirmed the presence of cells with multiple beating cilia in the CD133-positive fraction. 

Recent publications provided evidence that adult LVW ependymal cells are quiescent under 

physiological conditions (Spassky et al., 2005; Mirzadeh et al., 2008; Carlen et al., 2009). 

Under pathological conditions, they can give rise to progeny but are not able to self-renew 

(Carlen et al., 2009). The inability of CD133-positive adult LVW cells to self-renew for a 

longer time in culture or to form NSPs at all, together with their restricted differentiation 

potential, is in accordance with the above described findings. Notably, ependymal cells 

mechanically isolated from the adult LVW in a previous study, gave rise to NSPs with very 

similar characteristics to the ones derived from CD133-positive LVW cells (Chiasson et al., 

1999).  

A small number of ventricle-contacting CD133-positive type B cells was found in the 

adult LVW in this thesis. Type B cells with contact to the ventricle were shown to be 
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neurogenic in vivo and in vitro and a subfraction of them expresses CD133 (Mirzadeh et al., 

2008). Chojnacki et al. raised the question whether ventricle-contacting type B cells can be 

subdivided into functionally different populations according to the absence or presence of 

CD133 (Chojnacki et al., 2009). Hence, it might be possible that the neurogenic activity 

shown for ventricle-contacting type B cells, resides only within the CD133-negative 

population. This could provide an explanation for the lack of long-term passageable NSPs in 

the sorted CD133-positive LVW population containing CD133-positive type B cells. It would 

be interesting to investigate if CD133-positivity can be observed on mitotic ventricle-

contacting type B cells in situ. Alternatively, as the CD133 staining of type B cells was shown 

to be relatively weak (Mirzadeh et al., 2008), the CD133 levels of type B cells investigated in 

this thesis could have been too low to isolate them as CD133-positive cells.  
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To summarize, CD133-positive cells in the developing brain - neuroepithelial cells, RGC and 

intermediate radial glial/ependymal cells - had neural stem/progenitor cell properties in 

culture. Spinal cord ependymal cells were positive for CD133 and were shown by others to 

posses certain stem/progenitor cell properties in vivo (Meletis et al., 2008). In vitro 

experiments performed in other parts of this work, confirmed that CD133-positive spinal cord 

ependymal cells can self-renew long-term and are multipotent (see 4.2.1.3). However, cells 

which belong to the same ´lineage`, CD133-positive ependymal cells and CD133-positive 

type B cells in the adult LVW, lacked stem/progenitor cell properties in vitro. As discussed 

above, in case of CD133-positive type B cells, it is not clear if the absence of stem cell 

features is due to technical or biological reasons. Notably, cells with stem/progenitor 

properties were found among CD133-negative cells from the E14.5 forebrain, P4 and adult 

LVW. These results indicate that in stem cell regions investigated in this thesis, CD133-

positive cells do not always correspond to cells with stem/progenitor properties and 

furthermore not all neural stem cells are CD133-positive. 

 

5.1.3 Lineage relationship between CD133-positive tumor stem cells and CD133-positive 

CNS cells? 

Great effort has been invested to establish the cellular origin of CNS tumors. Stem and 

progenitor cells are discussed as possible candidates. As they already possess pathways that 

promote proliferation and survival, they are thought to be predisposed to neoplastic 

transformation (Sanai et al., 2005). In stem/progenitor cells, it may take fewer mutations to 

aberrantly activate these pathways compared to postmitotic cells, in which these processes are 
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not active any more. It is not clear yet whether mature cells, such as astrocytes or ependymal 

cells, are able to become tumorigenic. They would need to acquire mutations to be able to 

self-renew and give rise to progeny, abilities neural stem and progenitor cells already possess 

(Shih and Holland, 2004). A recent study, addressing this question in the adult murine brain, 

showed that upon tumor suppressor inactivation, cells within the LVW stem cell niche, but 

not further differentiated cortical or striatal cells, were able to give rise to astrocytomas 

(Alcantara Llaguno et al., 2009).  
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Tumor stem cells are cells within the tumor, which are able to self-renew and maintain the 

whole tumor, whereas the remaining tumor cells lack those properties (Clarke et al., 2006). 

Due to certain similarities, a derivation of CNS tumor stem cells from normal neural stem 

cells was postulated. Both can self-renew and give rise to further committed cells and the 

location of premalignant or malignant lesions is often found at or close to stem cell niches 

(Sanai et al., 2005; Quinones-Hinojosa and Chaichana, 2007). Furthermore, the presence of 

CD133 on early neural stem cells and the use of this marker to enrich tumor stem cells in 

certain CNS tumors was taken as support of this idea (Uchida et al., 2000; Singh et al., 2004; 

Taylor et al., 2005; Quinones-Hinojosa and Chaichana, 2007). 

 

CD133 was found to enrich tumor stem cells in glioblastomas, medulloblastomas and 

ependymomas. In case, that phenotypic and functional properties of tumor stem cells allow to 

determine the cell type they are derived from, CD133-positive stem/progenitor cells in the 

developing and adult CNS might be the most probable candidates as origin of CD133-positive 

CNS tumor stem cells. Several CD133-positive cell types were identified in this study: RGC 

and intermediate radial glial/ependymal cells from the immature forebrain as well as CD133-

positive LVW and spinal cord ependymal cells and a subpopulation of LVW type B cells in 

the adult CNS (Fig.27). Neuroepithelial cells, the primary neural stem cells in the CNS, were 

shown earlier to express CD133 (Weigmann et al., 1997). As discussed above, mature cells 

probably need to acquire more hits to become tumorigenic compared to stem/progenitor cells. 

Hence, LVW ependymal cells are considered to be an unlikely source of CD133-positive 

tumor stem cells, even though they share the expression of CD133 with the latter. Similarly 

poor candidates are neuroepithelial cells, as they only exist for a short period of time during 

development and disappear long before birth. RGC and intermediate radial glial/ependymal 

cells on the other hand, are present in the early postnatal CNS. This, together with their 

stem/progenitor cell properties, makes them a possible source of CD133-positive tumor stem 
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cells in pediatric tumors, such as intracranial ependymomas. Consistent with this, RGC were 

previously suggested as cells of origin for ependymomas (Taylor et al., 2005). However, RGC 

or intermediate radial glial/ependymal cells are not present in the adult CNS and therefore an 

implausible origin for tumors arising during adulthood, such as glioblastomas and spinal cord 

ependymomas. A possible origin of adult spinal cord ependymoma stem cells are CD133-

positive spinal cord ependymal cells (Fig.27), which are present at the time and location 

where these tumors arise and possess certain stem/progenitor cell properties. 
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Experimental findings indicate that GFAP-positive cells are capable of brain tumor 

initiation (Shih and Holland, 2004). In addition, Alcantara Llaguno et al. suggested LVW 

stem/progenitor cells as cells of origin for adult forebrain astrocytoma in a somatic tumor 

suppressor mouse model (Alcantara Llaguno et al., 2009). Thus, LVW type B cells are in 

principle a source for adult brain tumor stem cells. A small number of CD133-positive adult 

LVW type B cells was found in this study. However, results from in vitro experiments 

performed with CD133-positive adult LVW cells in this thesis do not allow to draw any 

conclusions concerning a linage relationship between CD133-positive type B cells and 

CD133-positive adult brain tumor stem cells. As discussed in section 5.1.2, the CD133 

staining of CD133-positive type B cells could have been too weak to identify them as CD133-

positive cells according to the FACS settings used in this thesis. Thus, this population might 

have been isolated as CD133-negative cells, and cells with stem/progenitor properties were 

found within the CD133-negative sorted fraction. In this case, it is possible that CD133-

positive type B cells could be the origin for certain tumors in the adult forebrain. On the other 

hand, if neurogenic ventricle-contacting type B cells can be subdivided into functionally 

different populations according to the presence or absence of CD133 (see 5.1.2), it might be 

possible that the CD133-positive type B cells identified in this study do not possess the self-

renewing and multipotent properties of the CD133-negative ventricle-contacting type B cells. 

According to that scenario, CD133-positive type B cells would be an unlikely source for 

CD133-positive adult brain tumor stem cells.  

In this context, is it important to point out, that more recently also CD133-negative 

glioblastoma stem cells were identified (Beier et al., 2007; Ogden et al., 2008; Wang et al., 

2008), thereby implying that a tumor stem cell derivation from CD133-negative CNS cells is 

possible as well. Another alternative is that CD133-positive tumor stem cells are derived from 

CD133-negative CNS cells, such as neurogenic CD133-negative type B cells, and start to 

produce CD133 themselves. In this case, phenotypic similarities between tumor stem cells 
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and their origin would be absent and a functional importance of CD133 for the tumor stem 

cell might be possible.  

           
Figure 27: Illustration of investigated CD133-positive cell types in the developing and adult CNS and their 
potential lineage relationship to CD133-positive CNS tumor stem cells. CD133-negative LVW type B cells and 
RGC are not depicted. The neuroepithelial, radial glial, intermediate radial glial/ependymal, spinal cord 
ependymal and LVW ependymal cell are illustrated with their ventricular surface oriented downwards. 
Developmental relationships between normal CNS cells based on published findings are indicated by thick, grey 
arrows. The origin of CD133-positive spinal cord ependymal cells requires further experimental investigation. 
Red arrows illustrate possible cells of origin for CD133-positive tumor stem cells. Thickness of the red arrows 
indicates stronger (thick) and weaker (thin) candidates according to functional properties and presence at the 
time and location of tumor formation. Red color, CD133-positivity; Pink color, weak CD133-positivity. 
 

The role of CD133 as tumor stem cell marker was questioned by the identification of CD133-

negative tumor stem cells. However, an explanation might be the existence of distinct tumor 

subclasses and heterogeneity among cells within a tumor (Fomchenko and Holland, 2005; 

Taylor et al., 2005; Phillips et al., 2006), which could be reflected by different tumor stem cell 

populations. In addition, experimental differences in cell isolation and culture conditions 

might influence the expression of CD133. This is especially important for the determination 

of CD133-negative cells (Cheng et al., 2009). On the other hand, CD133-positive tumor stem 

cell populations were identified by xenograft transplantations, adding an unknown factor, the 

influence of the host environment, to the equation. It was suggested that xenotransplantion 

assays rather select for cells that survive in the foreign host, than for bona fide tumor stem 

cells (Clarke et al., 2006; Sakariassen et al., 2007). A recent study, performing species-
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matched transplantation studies, showed that tumor stem cells of murine medulloblastomas 

are not contained in the CD133-positive, but a Math1+/CD15+ cell population (Read et al., 

2009). This challenges results obtained by the transplantation of human medulloblastoma 

cells in NOD-SCID mouse brains, where tumor stem cells were enriched with CD133 (Singh 

et al., 2004).  
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In summary, several CD133-positive cell types of the developing and adult CNS were 

discussed as origin of CD133-positive tumor stem cells. Phenotypic and functional 

similarities, together with the presence at the time and location where the tumor arises, 

identified RGC and intermediate radial glial/ependymal cells as most probable candidates for 

pediatric tumors and adult spinal cord ependymal cells for ependymomas in the adult spinal 

cord. Experiments performed in this thesis, do not allow to draw any conclusions about a 

potential lineage relationship between CD133-positive LVW type B cells and CD133-positive 

tumor stem cells in the adult brain, however a derivation of adult forebrain tumors from LVW 

type B cells was suggested elsewhere (Alcantara Llaguno et al., 2009). To clarify the role of 

CD133 as a CNS tumor stem cell marker and even more to pinpoint the cellular origin of 

CD133-positive tumor stem cells, further studies are necessary. It will be important to target 

the CD133-expressing cell populations, described in this thesis and investigate their 

susceptibility to neoplastic transformation. In addition, the identification of tumor stem cells 

in species-matched settings and in this context, further investigations of tumor mouse models 

for the presence of CD133-positive tumor stem cell populations might help to elucidate the 

role of CD133 in tumor formation. 

 

 

5.2 Comparison of CD133-positive ependymal cells from the adult murine LVW 

and spinal cord 
Adult LVW ependymal cells were shown to be quiescent under physiological conditions in 

vivo (Spassky et al., 2005; Carlen et al., 2009). This is supported by NSP assay results from 

the previous part of this work, which indicate that CD133-positive adult LVW ependymal 

cells lack self-renewal and multipotency in culture. On the other hand, ependymal cells from 

the adult spinal cord possess certain stem cell properties, as they can self-renew in vivo and in 

vitro and give rise to progeny upon activation by injury or in culture (Meletis et al., 2008). 

Little is known about the molecular basis underlying these functional differences.  
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In this work, a combination of four surface markers was applied to purify ependymal cells 

from the adult LVW and spinal cord by flow cytometry. Isolated LVW and spinal cord 

ependymal cells were used to cultivate both populations under identical conditions to 

investigate their functional properties and to determine and compare their molecular profiles.  
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5.2.1 Stem/progenitor cell properties of ependymal cells in the adult LVW and spinal 

cord 

CD133 is not an exclusive marker for ependymal cells. This protein is also found on a variety 

of other cells, such as hematopoietic progenitor cells, endothelial progenitor cells, 

oligodendrocytes and a subpopulation of type B cells (Corbeil et al., 2000; Balasubramaniam 

et al., 2007; Nolan et al., 2007; Mirzadeh et al., 2008; Corbeil et al., 2009; Rosell et al., 2009). 

Hence, an antibody combination, CD133+/CD24+/CD45-/CD34-, was used to isolate pure 

ependymal cell populations. This combination was chosen due to the following reasons: The 

vast majority of ependymal cells in the adult LVW or spinal cord could be co-stained with 

CD133 and CD24. Thus, the combination of CD133 and CD24 antibodies provides the 

possibility to select CD133-positive ependymal cells, but exclude potential CD133-positive 

oligodendrocytes and CD133-positive LVW type B cells. Ventricle-contacting type B cells 

were shown to be negative for CD24 (Mirzadeh et al., 2008). The use of CD45 and CD34 

antibodies allows the elimination of CD133-positive hematopoietic and endothelial progenitor 

cells. In addition, CD34 might also prevent a contamination with potential CD133-positive 

endothelial cells. CD34 is a well-known marker for endothelial cells and CD133+/CD34+ cells 

were detected in vessel-like structures in immunostainings of the adult spinal cord in this 

thesis. Considering the sparsity of circulating endothelial progenitor cells under homeostatic 

conditions (Ingram et al., 2005), and the fact that blood cells, including CD34-positive 

hematopoietic progenitor cells, are mainly washed out of the tissue section during the staining 

procedure, these cells could represent CD133-positive endothelial cells. However co-stainings 

with other antibodies are necessary to determine the exact identity of these cells. 

 

The NSP assay was used to investigate in vitro self-renewal and multipotency of different cell 

populations from the adult spinal cord. CD133+/CD24+/CD45-/CD34- ependymal cells formed 

long-term passageable NSPs and gave rise to all three neural lineages in culture, indicative of 

their stem/progenitor cell nature. These results support previous published data that 

ependymal cells function as stem cells in the adult spinal cord (Meletis et al., 2008). In this 

thesis, only a subpopulation of isolated adult spinal cord ependymal cells gave rise to NSPs in 
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culture. It was shown that ependymal cells need to be activated by extrinsic factors, provided 

for example upon injury or infusion of growth factors, to leave their dormancy (Martens et al., 

2002; Meletis et al., 2008). Thus, it might be possible that the applied in vitro conditions did 

not provide enough stimuli to activate all ependymal cells to form NSPs. This idea is 

supported by studies, in which increased spinal cord NSP-formation was observed after 

trauma (Moreno-Manzano et al., 2009). It should also be noted, that the isolation procedure 

can influence the features of spinal cord ependymal cells in culture. Compared to direct 

cultivation, cell isolation by flow cytometry was shown to diminish the NSP frequency of 

adult spinal cord ependymal cells (Meletis et al., 2008). Thus, in vitro NSP-formation might 

not reflect the true number of spinal cord ependymal cells with stem/progenitor cell properties.  
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Low numbers of NSPs were formed by CD133-/CD45- spinal cord cells and these cells 

could not be kept in culture for more than four passages. Besides CD133-positive ependymal 

stem cells in the central canal region, progenitor cells are present in the parenchyma of the 

spinal cord, which could be the source of CD133-/CD45- derived NSPs. This is supported by 

the findings, that parenchymal progenitor cells can give rise to NSPs, that can be passaged for 

a certain period of time in culture (Yamamoto et al., 2001). CD133 was found to be expressed 

by oligodendrocytes in the CNS (Corbeil et al., 2009). Given that these cells are present in the 

spinal cord, the fraction which could contain CD133-positive oligodendrocytes would be 

CD133+/CD24-/CD45- cells. These cells never gave rise to NSPs, suggesting that, at least in 

vitro, CD133+/CD24-/CD45- cells and among them potential CD133-positive 

oligodendrocytes, can not self-renew. 

 

CD133+/CD24+/CD45-/CD34- ependymal cells from the LVW lacked stem/progenitor cell 

properties, as indicated by the absence of primary NSPs. This is in agreement with the finding 

that ependymal cells are quiescent in vivo under physiological conditions (Carlen et al., 2009). 

Neural stem/progenitor cells were found in the CD133-/CD45- negative fraction, which is 

similar to results obtained with CD133 as a single marker (section 5.1.2). Results from a 

previous study by Coskun et al. suggested that neural stem cells in the adult LVW correspond 

to an ependymal subpopulation with a CD133+/CD24- phenotype. In this context, NSP-

formation from CD133-positive LVW was demonstrated (Coskun et al., 2008). However, 

different results were obtained by experiments performed in this thesis. Isolated 

CD133+/CD24-/CD45- LVW cells were not able to form NSPs in culture, indicating that these 

cells, at least in vitro, lack neural stem/progenitor cell properties. Due to the absence of FACS 

plots, which could illustrate the sort settings and a purity analysis of the sorted fractions in the 
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publication of Coskun et al. (2008), it is not possible to explain the discrepant findings of the 

latter study and results presented in this thesis. It can only be speculated that contaminating 

CD133-negative cells within the CD133-positive sorted cell fraction could have been the 

origin of the observed ´CD133-positive-derived NSPs`. Alternatively, it was suggested 

elsewhere that CD133+/CD24- cells are not ependymal cells, but type B1 cells, which  have a 

relatively weak CD133-positivity (Mirzadeh et al., 2008). In this case, as discussed in 

previous chapters, it might be possible that the CD133 levels of these cells have been too low 

to select them as CD133-positive cells according to the sort settings used in this thesis. 
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Taken together, the comparison of CD133+/CD24+/CD45-/CD34- adult LVW and spinal cord 

ependymal cells under similar culture conditions revealed that they have different functional 

properties in vitro. CD133+/CD24+/CD45-/CD34- ependymal cells from the LVW lacked 

stem/progenitor properties, whereas CD133+/CD24+/CD45-/CD34- ependymal cells from the 

spinal cord could long-term self-renew and gave rise to neural progeny in culture. 

 

5.2.2 Transcriptional profiling of adult LVW and spinal cord ependymal cells 

As shown by the above discussed in vitro experiments and findings by others (Spassky et al., 

2005; Meletis et al., 2008; Carlen et al., 2009), ependymal cells in the adult LVW and spinal 

cord have distinct functional properties. Spinal cord ependymal cells possess certain neural 

stem/progenitor cell features, whereas ependymal cells of the LVW are not able to self-renew 

in vitro and in vivo. This provided the unique possibility to investigate the molecular profile 

of ´stem cells` versus ´non-stem cells` in the same cellular background. As the microarray 

experiments were performed with cells directly isolated from the tissue, the obtained 

molecular profiles reflect in vivo gene expression levels of CD133+/CD24+/CD45-/CD34-  

LVW and spinal cord ependymal cells (hereafter termed LVW and spinal cord ependymal 

cells).  

 

Of the 156 genes differentially expressed between LVW and  spinal cord ependymal cells, 

49% were higher expressed in spinal cord ependymal cells and 51%  in LVW ependymal cells.  

Several of the genes, with higher transcript levels in spinal cord ependymal cells (Table 9A), 

were previously shown to be present in the spinal cord ependyma, providing an independent 

confirmation of the obtained array results: The transcription factor NKX6-1 was found in 

human and mouse spinal cord ependymal cells (Fu et al., 2003; Dromard et al., 2008) and 

Hoxb5 expression was observed in the adult spinal cord by Krumlauf et al. (Krumlauf et al., 
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1987). A comparative gene expression analysis of embryonic cortical- and spinal cord-derived 

neurospheres identified a large number of Hox genes higher expressed in the latter (Kelly et 

al., 2009). In line with the last two reports, 12 Hox genes (16% of all higher expressed spinal 

cord genes), among them Hoxb5, were found to have elevated transcript levels in spinal cord 

ependymal cells.  
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Seventy-nine genes were higher expressed in LVW ependymal cells compared to their 

spinal cord counterpart (Table 9B). Among them are Aqp4, Anxa1, Clmn, Cpe, which were 

shown to be present on the mRNA or protein level in adult rodent brain ependymal cells in 

earlier reports (MacCumber et al., 1990; Nielsen et al., 1997; Takaishi et al., 2003; Solito et 

al., 2008).  

 

Transcriptional analysis of LVW ependymal cells was performed earlier by Lim et al. (2006). 

In this study ependymal cells were isolated with only one surface marker, CD24, which is not 

exclusive for these cells, and compared to GFAP-positive type B cells. Among the 1,282 

genes, differentially expressed between these two cell types, ependymal cells were found to 

have increased transcript levels of genes promoting cell cycle arrest, which is in agreement 

with their quiescent nature under physiological conditions. 

 

Literature research, conducted for all differentially expressed genes between LVW and spinal 

cord ependymal cells, identified a variety of functional and regulatory categories they are 

associated with. Since it was not feasible to follow all the information retrieved, this study 

focussed on genes that could provide a molecular basis for the different functional properties 

of LVW and spinal cord ependymal cells. In addition, a potential regulatory mechanism for 

spinal cord ependymal cells was investigated in greater detail. Genes that, based on previous 

published data, might be associated with the same function or mechanism were grouped into 

´categories` and are discussed in the following chapters. 

 

5.2.3 Genes associated with stem cell properties of adult spinal cord ependymal cells 

One important feature of adult spinal cord ependymal cells is their ability to self-renew in 

vitro and in vivo (Johansson et al., 1999; Meletis et al., 2008; Hamilton et al., 2009). 

Furthermore, spinal cord ependymal cells start to proliferate extensively upon activation by 

injury (Johansson et al., 1999; Mothe and Tator, 2005; Meletis et al., 2008). A substantial 

number of genes which play a role in the regulation of cell cycle-related processes, such as 

cell division or progression through the cell cycle, apoptosis, as well as telomere stability and 
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maintenance, were found to have higher expression levels in spinal cord ependymal cells 

(Table 11). Among them is Efnb1 (Ephrin-B1), which encodes a ligand for Eph receptors. The 

presence of Ephrin-B1 on cells of the adult spinal cord ependyma was confirmed by 

immunostainings. In the developing cortex, Ephrin-B1 was shown to have a role in neural 

stem/progenitor cell maintenance by preventing differentiation (Qiu et al., 2008). In 

accordance with this, high levels of Efnb1 were also expressed by CD133+/CD24-/CD45-

/CD34- RGC, but low transcript levels were found in LVW ependymal cells. The Hoxb7 

protein was shown to mediate cell proliferation in normal and neoplastic cells (Care et al., 

1996; Care et al., 1999) and NF2 was suggested to play a role in contact-dependant inhibition 

of cell proliferation (Curto and McClatchey, 2008). Genes, whose products are associated 

with the regulation of cell cycle progression, are Dbc1 (Deleted in bladder cancer 1) 

(Nishiyama et al., 2001) and Brd2, encoding Bromodomain-containing protein 2 (Denis et al., 

2000; Sinha et al., 2005), as well as several Hox genes, Hoxa5, Hoxa7 (Mishra et al., 2009) 

and Hoxc8 (Kamel et al., 2009). 
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Apoptosis contributes to preserve the genomic integrity of stem cells (Morrison, 2009) and it 

may also serve to retain the overall tissue homeostasis in stem cell niches (Potten, 1992). 

Several genes higher expressed by spinal cord ependymal cells play a role in this process. 

Gene products of Dbc1 (Wright et al., 2004), Ei24 (Gu et al., 2000), Hoxa5 (Raman et al., 

2000; Chen et al., 2004), Tmem55b (Transmembrane protein 55B) (Zou et al., 2007) and the 

loss of the Hoxc6 encoded protein (Ramachandran et al., 2005), were shown to be involved in 

apoptosis induction. 

 

Telomere length is one mechanism to define the replicative life span of stem cells (Pardal et 

al., 2005; Morrison, 2009). Telomeres can shorten through cell division or the loss of 

telomeric DNA, e.g. due to the dysfunction of proteins involved in telomere protection. At a 

certain critical length, cellular senescence or apoptosis will be induced. In some cells, the loss 

of telomeric sequences can be balanced by telomerase-mediated addition of new DNA repeats 

(Denchi, 2009). In the adult murine brain, telomerase was shown to be active in LVW cells 

(Caporaso et al., 2003). It was suggested that telomere shortening due to cell divisions only 

plays a role in human, but not murine cells, since laboratory inbred mice have significantly 

longer telomeres (Kipling and Cooke, 1990). However, this seems to apply to long-term 

inbred strains only, as more recent established mouse strains were shown to have a 

significantly shorter telomere length, which is in some strains similar to the one from humans 
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(Hemann and Greider, 2000). Thus, telomere maintenance and stability are of vital 

importance to maintain the proliferative capacity of stem cells and preserve the genomic 

integrity. Two genes, Fen1 and Rtel1, are critical for these processes and were found to be 

higher expressed in spinal cord ependymal cells (Ding et al., 2004; Sampathi et al., 2009). 

The presence of the FEN-1 protein on adult spinal cord ependyma was confirmed by 

immunostainings. FEN-1 was also detected on cells in the spinal cord parenchyma, which 

might be explained by additional functions of this protein, such as its involvement in DNA 

replication (Shen et al., 2005). Alternatively, it is also possible that other cells, like 

parenchymal progenitors, produce FEN-1 for telomere maintenance. 
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5.2.4 Genes associated with tumorigenesis in adult spinal cord ependymal cells 

A hallmark of stem cells is their ability to long-term self-renew. Involved in this process are 

proto-oncogenic and tumor-suppressor pathways. Proto-oncogenic pathways promote the 

regenerative capacity of stem cells, but include the risk of neoplastic transformation. Tumor-

suppressor activity is necessary to counteract these processes. Since a disturbance of the 

balance between tumor promoting and tumor suppressing gene products can lead to an 

oncogenic transformation, self-renewing cells need to tightly control respective gene activities 

(Pardal et al., 2005). Several established or putative proto-oncogenes and tumor suppressor 

genes were found to be higher expressed in spinal cord ependymal cells, such as Dbc1 

(Nishiyama et al., 2001; Wright et al., 2004), Ei24 (Gu et al., 2000), Hoxa5, Hoxb7 (Abate-

Shen, 2002) Hoxc6 (Ramachandran et al., 2005), Nf2 (Curto and McClatchey, 2008) and Ret 

(Arighi et al., 2005) (Table 11). 

 

Ependymomas are tumors that commonly arise along the wall of the ventricular system and 

the central canal of the spinal cord (Hamilton and Pollack, 1997). Due to phenotypic and 

molecular similarities, RGC were postulated as origin of ependymomas (Taylor et al., 2005). 

While this may hold true for pediatric ependymomas, it is less likely for spinal cord 

ependymomas, which develop mainly in adulthood (Hamilton and Pollack, 1997), when RGC 

are not present any more. The spatiotemporal correlation of adult spinal cord ependymal cells 

and spinal cord ependymomas together with the proto-oncogene-driven self-renewal of spinal 

cord ependymal cells, suggests the latter as potential origin for spinal cord ependymomas. 

This is supported by the higher expression of Hoxa7, Hoxb5, Hoxb7, Hoxc6, Vtn and Rxrg 

genes in adult spinal cord ependymal cells (Table 9A), which were previously identified as 

´signature genes` for ependymomas from the spinal cord region (Korshunov et al., 2003; 
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Taylor et al., 2005). In addition, the tumor suppressor gene Nf2, which is frequently mutated 

in spinal cord ependymomas (Ebert et al., 1999), was found to be higher expressed in spinal 

cord ependymal cells compared to LVW ependymal cells. Aberrant expression of the latter 

genes could play a role in neoplastic transformation of spinal cord ependymal cells. 

Additionally, as discussed in 5.1.3, the CD133-positivity of adult spinal cord ependymal cells 

and the identification of CD133-positive tumor stem cells in ependymomas might provide a 

further hint regarding spinal cord ependymal cells as origin of spinal cord ependymomas. 
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5.2.5 Retinoic acid-signaling in adult spinal cord ependymal cells 

Retinoic acid (RA), a metabolite of vitamin A, is involved in a variety of cellular processes 

during development and in the adult CNS (Maden, 2001; Mey, 2006). RA-signaling regulates 

the expression of a large number of genes and their identification is crucial to elucidate the 

effect of RA in specific tissues. More than 20% of the genes higher expressed in spinal cord 

ependymal cells are known to be RA-responsive. For example the genes Bhlhb2 (also known 

as Bhlhe40 / Dec1), D0H4S114, Efnb1, Ovca2 and Ret were shown to change their expression 

upon RA-exposure (Bouillet et al., 1995; Boudjelal et al., 1997; Prowse et al., 2002; Cerchia 

et al., 2006; Leung et al., 2008). Well-known target genes of RA signaling are Hox genes 

(Maden, 2001) and the majority of Hox genes highly expressed in spinal cord ependymal cells 

is regulated by RA (Simeone et al., 1990; Kessel and Gruss, 1991; Manohar et al., 1996; 

Merrill et al., 2004). The expression of Hoxd4, Hoxa5 and Hoxb5 is directly controlled by RA 

via retinoic acid response elements (RAREs) in their genomic region, which can be bound by 

nuclear retinoid receptors (Zhang et al., 2000¸ Oosterveen et al., 2003; Chen et al., 2007). In 

addition, a higher expression of Rxrg was found in spinal cord ependymal cells. This gene 

encodes a 9-cis-RA activated nuclear transcription factor, which can be regulated by RA 

through a retinoid X response element in its promoter region (Barger and Kelly, 1997; 

McDermott et al., 2002).  

 

Dorsal spinal cord ependymal cells in the adult CNS were previously suggested to be 

regulated by RA (Thompson Haskell et al., 2002). Thus, the effect of RA on 

CD133+/CD24+/CD45-/CD34- spinal cord ependymal cells in vitro was tested in this thesis. In 

the presence of RA, the proliferation rate of spinal cord ependymal cells increased more than 

twice compared to the vehicle control, indicating responsiveness to RA. Notably, 

differentiation of ependymal cells into neural cells was not observed. These results are 

somewhat unexpected, considering the well-known role of RA as inhibitor of cell 
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proliferation. The inhibition of cell growth can be caused by differentiation, apoptosis or cell 

cycle arrest and is mediated by the ´classical RA pathway`, where RA is transported by 

cytosolic CRABP-II (Cellular retinoic acid-binding protein-II) into the nucleus to activate 

retinoic acid receptors (RAR), which in turn bind to regulatory regions of target genes and 

modulate their transcription (Maden, 2001; Schug et al., 2007). However, it was reported, that 

RA can also bind to the nuclear receptor PPARbeta/delta (Peroxisome proliferator-activated 

receptor beta/delta), which is mediated by FABP5 (Fatty acid-binding protein 5) (Fig.28). 

This pathway triggers a different response, as cell growth is stimulated and apoptosis 

inhibited. Since both pathways co-exist within one cell, RA-binding to RAR or PPAR 

beta/delta seems to depend on the ratio of CRABP-II and FABP5 (Schug et al., 2007).  
 

 
 
 
 
 
 
 
 
 
 
Figure 28: Model illustrating the two opposing RA 
pathways. CRABP-II mediates RA binding to RAR, 
whereas FABP5 directs RA to PPARbeta/delta. Presence 
of higher levels of CRABP-II results in growth inhibition 
through RAR-mediated gene transcription, whereas 
higher levels of FABP5 induce proliferation via 
PPARbeta/delta. Figure taken from Schug et al. (2007).  

 

In case, that RA-signaling is mediated by these two pathways in ependymal cells, the 

observed RA-induced proliferative response of cultivated spinal cord ependymal cells could 

be explained by a high cellular FABP5/CRABP-II ratio, which suppressed differentiation and 

promoted increased proliferation.  

 

The enrichment of RA-responsive genes, among the genes higher expressed in spinal cord 

ependymal cells, together with the RA-induced proliferative response in isolated spinal cord 

ependymal cells in vitro, suggests that RA-signaling could be a regulatory mechanism for 

spinal cord ependymal cells in the adult CNS. Notably, increased levels of Retinaldehyde 

dehydrogenase 2, an enzyme involved in the production of RA, were observed in the spinal 

cord after injury (van Neerven and Mey, 2007). The levels of FABP5 or CRABP-II in spinal 

cord ependymal cells after injury have not been addressed so far. It will be interesting to 
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investigate the effect of RA on spinal cord ependymal cells in vivo and moreover their 

response in the injured spinal cord in future experiments. 
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5.2.6 Genes associated with functional properties of adult LVW ependymal cells 

Ependymal cells from the LVW do not self-renew, proliferate or give rise to progeny under 

physiological conditions (Carlen et al., 2009). However they were suggested to represent a 

´reservoir population`, since they are able to give rise to further differentiated cells, such as 

neuronal cells upon stroke or inhibition of Notch-signaling. The higher expression of Dlx2, 

Hey1, Foxg1, and Id2 genes in LVW ependymal cells in this thesis, provides a possible 

mechanism to explain these features. Dlx2 encodes a transcription factor with a key role in 

neurogenesis during development and in the adult forebrain (Petryniak et al., 2007; Brill et al., 

2008). DLX2 immunoreactivity was reported for type C and type A cells, but not for 

ependymal cells in the adult LVW (Doetsch et al., 2002). The presence of Dlx2 transcripts, 

but not the protein, could indicate that LVW ependymal cells are ´prepared` to differentiate 

into neuronal cells upon environmental changes, but this potential is restricted under 

physiological conditions. This hypothesis is supported by the higher expression of Foxg1, Id2 

and Hey1 in LVW ependymal cells. All three genes encode transcriptional regulators, which 

promote the undifferentiated status of neural stem cells by inhibiting neuronal differentiation 

(Sakamoto et al., 2003; Martynoga et al., 2005; Bai et al., 2007). Furthermore, Hey1 is a 

target gene of Notch (Iso et al., 2001), supporting its role as repressor of neuronal 

differentiation. Thus, HEY1, FOXG1 and ID2 might mediate the quiescence of LVW 

ependymal cells and inhibit DLX2-instructed production of neuronal cells under physiological 

conditions.  

 

The expression of these four transcriptional regulators was confirmed in single Prom1- and 

Cd24-expressing LVW ependymal cells by rtPCR. The presence of multiple long cilia, a 

hallmark of forebrain ependymal cells, was confirmed for every cell used for rtPCR to 

exclude a contamination with other cells. In one of the investigated LVW ependymal cells, 

the expression of all six tested genes was observed, whereas different gene expression 

patterns were found among the remaining cells. This might be explained by the technical 

variability of single cell multiplex rtPCR in connection with low transcript levels of some of 

the tested genes. Alternatively, it could indicate the presence of different LVW ependymal 

subpopulations with distinct gene expression patterns. 

 



Discussion 
 

 

5.2.7 Transcriptional profiling of adult LVW and spinal cord ependymal cells, RGC and 

spinal cord neurospheres 
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The gene expression profile of CD133+/CD24-/CD45-/CD34- RGC was included in the 

analysis, to be able to compare the transcriptional profile of well-known neural stem cells, 

which are also CD133-positive, to the one of LVW and spinal cord ependymal cells. In vitro 

experiments confirmed that these cells are able to self-renew long-term and give rise to cells 

of all three neural lineages. The same antibody-combination was used previously to isolate 

human fetal neural stem cells (Uchida et al., 2000).  

 

The fourth group included into the array analysis were NSPs derived from 

CD133+/CD24+/CD45-/CD34- spinal cord ependymal cells. The transcriptional profile of 

spinal cord NSPs served to identify genes with similar or changed expression upon cultivation 

of ependymal stem cells. As discussed previously, spinal cord ependymal cells divide rarely 

in vivo, but they increase their proliferative rate and give rise to neural progeny under NSP-

culture conditions. Here it is important to note, that besides stem cells, NSPs also contain 

progenitor cells and some further differentiated cells. This has to be considered when 

interpreting the obtained results, as the transcriptional profile might reflect the gene 

expression pattern of a heterogeneous mix of cells. 

 

The combination of adult LVW and spinal cord ependymal cells, RGC and spinal cord-

derived NSPs allowed to compare the molecular profile of different stem cell populations to a 

´non-stem cell` population, the LVW ependymal cells. The three stem cell types are distinct, 

as spinal cord ependymal cells constitute a rather dormant stem cell population, RGC are 

active cycling stem cells and NSPs are formed by spinal cord stem cells under non-

physiological conditions. Their combination might prevent a biased selection of genes, which 

rather reflect the proliferative status or the environmental influence, than functions associated 

with the immature state of the cell. Several genes, with higher transcript levels in spinal cord 

ependymal cells, RGC and/or NSPs, but lower gene expression in LVW ependymal cells were 

identified. Among them are Fen1, Rtel1 and  Efnb1, encoding proteins that are involved in 

processes crucial for stem cells, like telomere maintenance or the perpetuation of an immature 

cell state (see 5.2.3). Genes similarly expressed between spinal cord ependymal cells and 

RGC, might also be expressed by other stem cells of the same lineage, such as LVW type B 

cells. However, these results have to be interpreted with caution, as it was suggested that the 

stem cell state of a cell is not strictly associated with the expression of specific genes, but an 
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open chromatin status and interaction with the stem cell niche (Mikkers and Frisen, 2005). 

Furthermore, it was shown that the existence of general “stemness” genes, common between 

stem cells from different tissues, embryonic, hematopoietic and neural stem cells, is 

questionable (Fortunel et al., 2003). However, it is not known if this applies to stem cells from 

the same tissue as well.  
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5.2.8 Concluding remarks 

It is clear that a complex network of genes and their products regulates LVW and spinal cord 

ependymal cells. The presented gene expression profiles of LVW and spinal cord ependymal 

cells provide a molecular basis that allows to propose certain regulatory mechanisms, 

however detailed studies evaluating the different suggested mechanisms need to follow. Many 

of the genes differentially expressed between LVW and spinal cord ependymal cells, have not 

been evaluated further in this study, thus providing a catalogue of candidate genes for future 

investigations. 

 

 



 
 

 

6. Summary 
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The surface protein CD133, often referred to as ´stem cell marker` in the literature, was found 

on early human and murine neural stem cells during development and certain human tumor 

stem cells in the central nervous system (CNS). Whether CD133 is a general marker for 

neural stem cell populations in the CNS remained to be determined. The first part of this 

thesis focussed on the identification of CD133-positive cells in stem cell regions of the 

developing and adult murine CNS and the evaluation of their stem/progenitor cell properties 

in vitro.  

Several CD133-positive cell types were identified: A subpopulation of radial glial 

cells (RGC) and intermediate radial glial/ependymal cells in the embryonic and postnatal 

lateral ventricle region, as well as ependymal cells from the lateral ventricle wall (LVW) and 

the spinal cord central canal in the adult CNS. In addition, CD133-positive ventricle-

contacting type B cells were found in the adult LVW.  

CD133-positive cells in the developing lateral ventricle region, RGC and intermediate 

radial glia/ependymal cells, could self-renew long-term and gave rise to different neural cell 

types in vitro, which are characteristics of neural stem/progenitor cells. In contrast, CD133-

positive cells from the adult LVW, ependymal cells and a subpopulation of type B cells, 

lacked stem/progenitor cell properties in culture. However, in vitro long-term self-renewing 

and multipotent cells were found among CD133-negative adult LVW cells. Stem/progenitor 

cells were also present among CD133-negative cells from the embryonic forebrain and the 

postnatal lateral ventricle region. 

Thus, in the stem cell regions investigated in this thesis, not all CD133-positive cells 

corresponded to cells with stem/progenitor cell properties in vitro and furthermore, not all 

neural stem/progenitor cells were CD133-positive. A potential lineage relationship between 

CD133-positive tumor stem cells and the in this thesis investigated CD133-positive cells in 

the CNS was discussed.  

 

In the second part of this thesis, CD133-positive ependymal cells from two adult murine stem 

cell niches, the LVW and the central canal of the spinal cord were compared. The surface 

marker combination CD133+/CD24+/CD45-/CD34- was used to purify ependymal cells from 

both regions by flow cytometry. Direct comparison of their functional properties under 

identical culture conditions revealed that spinal cord ependymal cells can self-renew long-
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term and are multipotent, whereas ependymal cells from the LVW lack those stem/progenitor 

cell features.  
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Microarray experiments were performed to determine the underlying molecular basis 

of these functional differences. Several genes, which were higher expressed in spinal cord 

ependymal cells, possibly contribute to their stem cell properties, as they encode proteins 

associated with cell cycle regulation, telomere maintenance and induction of apoptosis. 

Furthermore, a potential regulation of adult spinal cord ependymal cells by retinoic acid (RA) 

was identified based on a) the enrichment of RA-responsive genes among the genes higher 

expressed by spinal cord ependymal cells and b) a responsiveness of spinal cord ependymal 

cells to RA-signaling in vitro.  

It was shown by others, that ependymal cells from the adult LVW are quiescent under 

physiological conditions in vivo. However, under certain conditions, such as stroke, they can 

get activated to differentiate into neuronal cells. Array data obtained in this thesis revealed 

higher expression levels of the transcriptional regulator genes Dlx2, Foxg1, Hey1 and Id2 in 

LVW ependymal cells, which could provide a molecular basis for these functional properties.  

Finally, differentially expressed genes between LVW and spinal cord ependymal cells 

were compared with corresponding gene expression data from RGC and spinal cord 

ependymal cell-derived neurospheres (NSPs). A group of genes with higher expression in 

cells with stem cell features (spinal cord ependymal cells, RGC and / or NSPs), but lower 

transcript levels in LVW ependymal cells, was identified. These genes could be of functional 

importance for the immature state of neural stem cells and might be expressed by other neural 

stem cell populations as well.  

The transcriptional profiles of CD133-positive LVW and spinal cord ependymal cells 

presented in this thesis contribute to an increased understanding of their different functional 

properties and provide a launching point for future studies. 

 



 
 

 

7. Zusammenfassung 
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Das Oberflächenprotein CD133 wurde auf frühen humanen und murinen neuralen 

Stammzellen und bestimmten humanen Tumorstammzellen des Zentralnervensystems (ZNS) 

detektiert und wird in diesem Zusammenhang in der Literatur häufig als ´Stammzellmarker` 

zitiert. Ob CD133 ein genereller Marker für neurale Stammzellpopulationen des ZNS ist, 

blieb noch zu zeigen. Der erste Teil dieser Doktorarbeit befasst sich mit der Identifizierung 

von CD133-positiven Zellen in Stammzellregionen des embryonalen, postnatalen und adulten 

murinen ZNS, sowie der anschliessenden Evaluierung der in vitro 

Stamm/Vorläuferzelleigenschaften dieser CD133-positiven Zellen. 

Mehrere CD133-positive Zelltypen wurden gefunden: Eine Subpopulation von 

Radialen Gliazellen (RGZ) und intermediäre Radiale Glia/Ependymale Zellen in der 

embryonalen und postnatalen Seitenventrikelregion, sowie Ependymzellen der 

Seitenventrikelwand (SVW) und des Zentralkanals im Rückenmark im adulten ZNS. Des 

Weiteren wurden CD133-positive Ventrikellumen-kontaktierende Typ B Zellen in der adulten 

SVW entdeckt. Die CD133-positiven Zellen der embryonalen und postnatalen 

Seitenventrikelregion, RGZ und intermediäre Radiale Glia/Ependymale Zellen, konnten sich 

in vitro langfristig selbst erneuern und in verschiedene neurale Zelltypen differenzieren. Diese 

Merkmale werden als charakteristisch für neurale Stamm/Vorläuferzellen betrachtet. Im 

Gegensatz dazu wiesen die CD133-positiven Zellen der adulten SVW, Ependymzellen und 

die Subpopulation von Typ B Zellen, in Kultur keine Stamm/Vorläuferzelleigenschaften auf. 

Zellen, die sich in vitro langfristig selbst erneuern konnten und multipotent waren, wurden 

jedoch innerhalb der CD133-negativen adulten SVW Zellpopulation gefunden. 

Stamm/Vorläuferzellen gab es auch unter den CD133-negativen Zellen des embryonalen 

Vorderhirns und der postnatalen Seitenventrikelregion. 

Das zeigt fuer die in dieser Doktorarbeit untersuchten Stammzellregionen, dass nicht alle 

CD133-positive Zellen in vitro Stamm/Vorläuferzelleigenschaften aufwiesen, und darüber 

hinaus, dass nicht alle neuralen Stammzellen CD133-positiv waren. Eine mögliche 

Abstammung CD133-positiver Tumorstammzellen von den in dieser Arbeit untersuchten  

CD133-positiven Zellen des ZNS wurde diskutiert.  

 

Im zweiten Teil dieser Arbeit wurden CD133-positive Ependymzellen zweier adulter muriner 

Stammzellnischen, nämlich der SVW und dem Zentralkanal des Rückenmarks vergleichend 

analysiert. Eine Kombination von vier verschiedenen Antikörpern (CD133+/CD24+/CD45-
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/CD34-) wurde benutzt um Ependymzellen von beiden Regionen mittels Durchflusszytometrie 

zu isolieren. Der direkte Vergleich der isolierten Ependymzellen unter identischen 

Kulturbedingungen zeigte, dass sich Ependymzellen des Rückenmarks langfristig selbst 

erneuern können und multipotent sind, während Ependymzellen der Seitenventrikelwand 

keine Stamm/Vorläuferzelleigenschaften aufweisen.  
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Mit Hilfe von Microarray Analysen wurde die molekulare Basis dieser funktionellen 

Unterschiede untersucht. Einige Gene, die in den Rückenmarks-Ependymzellen stärker 

exprimiert wurden, könnten von potentieller Relevanz für ihre Stammzelleigenschaften sein, 

da sie Proteine kodieren, die an der Regulierung des Zellzyklus, dem Erhalt von Telomeren 

sowie an der Apoptoseinduktion beteiligt sind. Des Weiteren wurde bei adulten 

Rückenmarks-Ependymzellen eine potentielle Regulation über Retinsäure (RA)  identifiziert, 

basierend zum einen auf der Anreicherung von RA-regulierten Genen innerhalb der von 

Rückenmarks-Ependymzellen stärker exprimierten Gene, zum anderen auf Grund eines RA-

induzierten proliferativen Effekts auf Rückenmarks-Ependymzellen in vitro. 

Es wurde in anderen Studien gezeigt, dass sich Ependymzellen der adulten SVW unter 

physiologischen Bedingungen in einem Ruhezustand befinden. Unter bestimmten 

Bedingungen, wie z.B. nach einem Schlaganfall, können sie jedoch dazu angeregt werden in 

neuronale Zellen zu differenzieren. Die Genexpressionsdaten, die in dieser Doktorarbeit 

erstellt wurden, zeigten eine stärkere Expression der Transkriptionsregulatorgene Dlx2, Foxg1, 

Hey1 und Id2 in SVW Ependymzellen, was eine  mögliche molekulare Basis für diese 

Eigenschaften darstellen könnte.  

 Abschließend wurden die unterschiedlich exprimierten Gene von SVW und 

Rückenmarks-Ependymzellen mit den entsprechenden Expressionswerten von RGZ und 

Neurosphären (NSPs), die von Rückenmarks-Ependymzellen abstammen, vergleichend 

analysiert. Eine Gruppe von Genen mit höheren Expressionswerten in den 

Stammzellpopulationen (Rückenmarks-Ependymzellen, RGZ und/oder NSPs) aber 

niedrigeren Transkriptionswerten in SVW Ependymzellen, wurde identifiziert. Diesen Genen 

könnte eine funktionale Rolle in der Erhaltung des undifferenzierten Status von neuralen 

Stammzellen zukommen und sie könnten möglicherweise auch in anderen neuralen 

Stammzellpopulationen exprimiert werden. 

 Die in dieser Doktorarbeit erstellten Genexpressionsprofile von CD133-positiven 

SVW und Rückenmarks-Ependymzellen tragen zu einem verbesserten Verständnis ihrer 

unterschiedlichen funktionellen Eigenschaften bei und stellen eine Ausgangsbasis für weitere 

Studien dar. 
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