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Abbreviations

CNS Central nervous system 
BMP Bone morphogenetic factor 
SHH Sonic hedgehog 
FGF Fibroblast growth factor 
FGFR Fibroblast growth factor receptor 
DCX Doublecortin 
GABA -aminobutyric acid 
RMS Rostal migratory stream 
FACS Flourescence-activated cell sorter 
MAP2 Microtubule associated protein 2 
Tuj1 -III tubulin 
GFAP Glial fibrillary acidic protein 
GalC Galactocerebroside 
CNP Cyclic nucleotide phosphodiesterase 
BLBP Brain lipid binding protein 
GLAST Astrocyte-specific 

glutamate transporter 
EGF Epidermal growth factor 
MASH Mammalian achaete-scute homolog 
bHLH Basic helix loop helix 
HSPG Heparan sulfate proteoglycan 
CCg Cystatin C glycosylated 
IGF Insulin growth factor 
LIF Leukemia inhibitory factor 
CNTF Ciliary neurotrophic factor 
T3 Triiodothyronine 
Ngn Neurogenin 
PDGF Platelet-derived growth factor 
PDGFR Platelet-derived growth  

factor receptor 
ECM Extracellular matrix 
CAM Cell adhesion molecule 
BDNF Brain-derived neurotrophic factor 
E Embryonic day 
NT Neurotrophin 
O-2A Oligodendrocyte type-2 astrocyte 



RTK Receptor tyrosine kinase 
SH Src homology region 
MEK Mitogen-induced extracellular kinase 
MAPK Mitogen activated protein kinase 
ERK Extracellular signal-regulated kinase 
PNET Primitive neuroectodermal tumor 
TNF Tumor necrosis factor 
BrdU Bromodeoxyuridine 
SCF Stem cell factor 
MS Multiple sclerosis 
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Background

Introduction
During its early development the mammalian embryo consists entirely of 
stem cells. Somehow these cells know exactly what to do and where to go, in 
order to form the fascinating structure of a living organism. We know that 
stem cells are very strictly regulated, both by environmental factors and 
intrinsic signals. They are always facing the choice to divide, to differentiate, 
to migrate or to die. Making the wrong decision may have fatal 
consequences, leading to malformations or tumors. In addition to all that 
stem cells can tell us about developmental biology, they can also be used for 
clinical purposes.

The central nervous system, unlike many other tissues, has a limited 
capacity for self-repair in response to injury. In the last few years increasing 
knowledge about neural stem cells has raised a hope that stem cell therapy 
can be used in the treatment of neurodegenerative diseases, such as 
Parkinson’s disease and Alzheimer’s disease. For this to come true we need 
to learn what controls the proliferation of stem cells as well as the 
differentiation of their daughter cells and their migration to specific 
destinations within the central nervous system.  

Stem cells have many features in common with tumor cells. Several types 
of tumors in the central nervous system are thought to originate from neural 
stem cells or neural progenitor cells. Studying neural stem cells can thus also 
give us information about the formation of brain tumors. 

Stem cells 

Definition of a stem cell 
Stem cells are undifferentiated cells that are able to self-renew and give rise 
to at least one, but often many specialized cell types (Weissman, 2000a). The 
first stem cell in the developing mammal is the fertilized egg. This cell is 
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totipotent and generates both the embryo and the placenta. Embryonic stem 
cells (ES cells) can be derived from the inner cell mass of blastocysts 
(Smith, 2001). ES cells are pluripotent, which means that they can give rise 
to all the different cell types in the embryo, but not to the extraembryonic 
tissue. In later stages of development stem cells are localized in the different 
organs, where they give rise to mature cells that build up that specific tissue 
(van der Kooy and Weiss, 2000). To maintain a stable stem cell population 
and at the same time produce restricted daughter cells, the division of stem 
cells is often asymmetric, so that one of the daughter cells differentiates into 
a mature progeny, while the other remains a stem cell (Knoblich, 2001).  

Figure 1. 
Stem cells are immature cells that are able to self-renew and give rise to one 
or several different mature cell types.

Although it is part of the definition that stem cells should be able to divide 
without limits, they do not have to divide rapidly; in fact later in life many 
stem cells divide at a relatively low rate (Donovan and Gearhart, 2001). A 
wide variety of adult mammalian tissues including bone marrow, nervous 
tissue, skeletal muscle, intestine, pancreas, liver and epidermis harbor stem 
cells (Hall and Watt, 1989; Potten and Loeffler, 1990; Weissman, 2000b). 
These cells that are called somatic stem cells, are needed to maintain 
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homeostasis and repair damaged tissue after injury. Although a good deal of 
research has focused on stem cells the last few years, there are many 
fundamental questions that remain to be answered: 

What signals decide whether a stem cell divides or stays quiescent?  
What determines whether a given daughter cell differentiates or 
remains a stem cell?  
When a stem cell can give rise to several mature cell types, what 
regulates which differentiation pathway is followed?  

Stem cell plasticity 
Until recently it has been believed that the differentiation profile of stem 
cells isolated from one organ was restricted to that specific organ. Several 
recent reports however indicate that somatic stem cells have a much broader 
differentiation capacity (Frisen, 2002; Tsai et al., 2002; Greco and Recht, 
2003; Liu and Rao, 2003). Since 1999, when Bjornson et al. described that 
neural stem cells from the adult brain could form blood cells when 
transplanted into the bone marrow of irradiated mice (Bjornson et al., 1999), 
the plasticity of stem cells has been the subject of major debate. Many 
groups have reported that transdifferentiation occurs between various types 
of somatic stem cells (Bjorklund and Svendsen, 2001; Liu and Rao, 2003). 
Bone marrow cells have been shown to differentiate into hepatocytes 
(Petersen et al., 1999; Alison et al., 2000), myocardium (Orlic et al., 2001), 
muscle cells (Ferrari et al., 1998; Gussoni et al., 1999) or neural cells 
(Brazelton et al., 2000; Mezey et al., 2000), while hepatocytes can form 
pancreatic islet cells (Overturf et al., 1997). Muscle cells have the capacity to 
form hematopoietic cells (McKinney-Freeman et al., 2002) or adipocytes 
(Hu et al., 1995), skin cells can form neurons (Toma et al., 2001) and stem 
cells from the central nervous system can differentiate into muscle cells 
(Clarke et al., 2000; Galli et al., 2000; Tsai and McKay, 2000). When 
injected into an embryo at the blastula stage, adult neural stem cells generate 
cells in all three germ layers (Clarke and Frisen, 2001).  

A recent study contradicts the earlier report by Bjornson et al., indicating 
that neural stem cells rarely turn into blood (Morshead et al., 2002). Two 
other reports suggest that at least some of the results interpreted as stem cell 
plasticity may be a result of cell fusion (Terada et al., 2002; Ying et al., 
2002). In these studies the authors show that coculturing somatic stem cells 
with ES cells results in fusion between these two cell types. The fused 
tetraploid cells express the specific cell markers of both cell types. In most 
tissues cell fusion is an extremely rare event, but when studying 
transdifferentiation of cell types that normally fuse, such as muscle cells or 
hepatocytes, it must be given special attention (Tsai et al., 2002).   
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Figure 2. 
Many reports indicate that transdifferentiation occurs between somatic stem 
cells from various organs. Transdifferentiation has however been the subject 
of major debate and some of the data presented in this figure has been 
questioned.

Neural development 
In vertebrates the central nervous system (CNS), including the brain, the 
spinal cord and the retina of the eye, arises from the ectoderm. Upon an 
inductive signal from the underlying mesoderm, a broad region of the 
ectoderm thickens and forms the neural plate. Through neurulation, the 
neural plate folds and forms the neural tube (Kandel et al., 2000). At first, 
the neural tube consists of a single layer of rapidly dividing neural stem 
cells. As the tube thickens, the cells in the ventricular zone, closest to the 
lumen of the neural tube, continue to divide. The initial symmetric cell 
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division is replaced by asymmetric division and neural precursor cells are 
formed (Temple, 2001). The identity of cells at different positions along the 
dorsal-ventral axis of the tube is specified by antagonistic signaling of bone 
morphogenetic protein (BMP) and sonic hedgehog (SHH). The anterior-
posterior axis is specified by various morphogens including fibroblast 
growth factors (FGFs), Wnt proteins and retinoic acid. FGF, BMP, Wnt and 
SHH are also mitogens that promote proliferation of the cells they instruct 
(Panchision and McKay, 2002). The extent of cell proliferation is not 
uniform throughout the neural tube and it therefore results in the formation 
the three brain vesicles, the forebrain, the midbrain and the hindbrain. The 
forebrain later gives rise to various structures of the brain, including the 
cerebral cortex, hippocampus, thalamus and the olfactory bulb.  

Figure 3. 
During early development, the central nervous system consists of the neural 
tube. The neural tube and the neural crest arise from the ectoderm, while the 
notochord and the somites arise from the mesoderm. The three brain 
vesicles, the forebrain, the midbrain and the hindbrain, are formed at the 
rostal end of the neural tube.  

Cell migration during neural development 

Following the patterning of the neural tube, cell migration plays an essential 
role in the formation of the CNS. Once the cells are specified, they migrate 
away from the ventricular zone to their final positions. The most complex 
migration process is found in the region of the forebrain that gives rise to the 
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cerebral cortex. Here the cellular movement creates an organized structure of 
cell layers, consisting of different types of neurons. Genetic analysis of 
human brain malformations have identified several gene products involved 
in the regulation of neural migration, including doublecortin (DCX) and 
LIS1. Mutations of these genes cause disorganization of the layers in the 
cerebral cortex (Feng and Walsh, 2001). Studies in mice have identified 
additional mutations causing defects in the cortical structure. Among the 
most well-known are Cdk5, p35 and Reelin (Marin and Rubenstein, 2003). 
As in other regions of the CNS, two different types of migration have been 
identified in the forebrain, radial migration and tangential migration (Marin 
and Rubenstain 2003). 

Radial migration 
Radial migration of neural precursor cells from the ventricular zone towards 
the pial surface involves at least two different types of movement, somal 
translocation and glial-guided migration (Nadarajah, 2003). Somal 
translocation occurs at early stages of cortical development and appears to be 
largely independent of radial glia cells (Morest, 1970; Nadarajah and 
Parnavelas, 2002). In glial-guided migration, the neural progeny migrate by 
crawling along radial glia cells, which extend from the inner to the outer 
surface of the neural tube (Rakic, 1972). In contrast to somal translocation, 
where the route is determined before the somata leave the ventricular zone, 
cells moving along radial glia receive guidance as they are migrating 
(Hatten, 1990; Rakic et al., 1994). Genetic deficiencies affecting radial glia 
have been shown to cause severe migration abnormalities (Ross and Walsh, 
2001), leading to the view that most neural precursors in the brain migrate 
along radial glia.  
The migrating neural cells build up the cortical cell layers in an inside to 
outside fashion. The first-born neurons settle closest to their birthplace, 
while neurons born later crawl past them to settle further out (Rakic et al., 
1974; Nadarajah and Parnavelas, 2002).  

Tangential migration 
In addition to radial migration, neural cells have also been shown to migrate 
parallel to the surface of the brain. Tangential migration is used by certain 
populations of neurons that migrate over long distances (Hatten, 1999; 
Nadarajah and Parnavelas, 2002; Marin and Rubenstein, 2003).  
During development, a large number of cells migrate tangentially from the 
subpallium towards the cerebral cortex and hippocampus (Corbin et al., 
2001). These cells give rise primarily to GABAergic interneurons (Stuhmer 
et al., 2002). In the adult brain tangential movement is used by neural 
precursor cells that migrate along the rostal migratory stream (RMS), from 
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their birthplace in the subventricular zone to the olfactory bulb (Lois and 
Alvarez-Buylla, 1994). The migrating cells are closely associated and form a 
chain-like structure (Lois et al., 1996). In vivo, chains of migrating neural 
precursor cells are ensheathed by astrocytes, although in vitro studies 
suggest that neural chain migration is largely independent of the surrounding 
astrocytes (Stuhmer et al., 2002).  

Figure 4. 
There are two major pathways of cell migration during neural development, 
radial migration and tangential migration. In radial migration neural 
precursor cells move from the ventricular zone to the pial surface, while 
tangentially migrating cells move parallel to the surface of the brain. Radial 
migration involves two different types of movement, somal transduction (a) 
and glial-guided migration (b). 

Studying neural migration 
In addition to studies of migratory defects in vivo, migration has also been 
extensively studied in vitro. Slice cultures, where pieces of brain tissue are 
grown in culture medium, are used to study endogenous cell migration 
pathways, such as the rostal migratory stream. Chemoattractants can be 
administrated to the surface of the tissue slice or to the surrounding medium 
(Krull and Kulesa, 1998; Tucker, 2001). A more controlled way of studying 
migration on the cellular level is achieved by using a microchemotaxis 
chamber (Boyden chamber) (Richards and McCullough, 1984). In this 
method, a filter separates the upper and lower part of the chamber. Possible 
chemoattractants are placed in the wells of the lower compartment and cells 
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in suspension are added to the upper wells. If the studied agent acts as a 
chemoattractant, the cells will attach to the filter and crawl through the filter 
towards the gradient of the migration factor. Because the pores in the filter 
are so small, it is impossible for cells to simply fall through the filter. Cells 
that have not migrated and are still on the upper side of the filter are scraped 
off, while the migrated cells on the other side are counted (Behar et al., 
1994; Forsberg-Nilsson et al., 1998). In paper IV, we have used a 
microchemotactic chamber to study the effect of stem cell factor on the 
migration of cortical stem cells (Erlandsson and Forsberg-Nilsson, 
manuscript).

Figure 5. 
Cell migration can be studied by using a chemotaxis chamber.

Neural migration is a complex process that is only partly understood. By 
identifying novel migration factors, the mechanisms regulating cell 
migration in the CNS can be mapped piece by piece. 
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Cells in the central nervous system

Neural stem cells 
In the CNS, neural stem cell are the common precursor 
cells of both neurons, astrocytes and oligodendrocytes 
(Davis and Temple, 1994; Gage, 2000). During 
development, the dividing stem cells in the ventricular 
zone of the brain and spinal cord initially form neurons, 
but gradually switch over and produce different forms of 

glia (Temple, 2001). Isolation of stem cells from animals at different ages 
shows that this timing is achieved by changed capacity of the stem cells over 
time (Qian et al., 2000). 

Until recently it was generally believed that stem cells were not present in 
the adult CNS. The first evidence of neurogenesis in the adult mammalian 
brain came as early as 1965, but owing to the lack of specific markers it 
could not be excluded that the dividing cells were of glial origin (Altman and 
Das, 1965). Since then neurogenesis has been demonstrated in different 
regions of the adult brain in many species, including humans (Eriksson et al., 
1998; Momma et al., 2000; Gage, 2002). The richest source of adult neural 
stem cells is the subventricular zone bordering the lateral ventricle and the 
dentate gyrus of the hippocampus. A large proportion of the newborn cells 
migrate along the rostal migratory stream and give rise to new neurons 
within the olfactory bulb. The neurogenesis in the dental gyrus of adult rats 
has been estimated to result in about 10,000 new neurons each day (Cameron 
and McKay, 2001). It has also been suggested that a low number of neurons 
are generated in other parts of the hippocampus as well as in the cortex 
(Gould et al., 1999b; Gould et al., 1999a; Rietze et al., 2000) and in 
substantia nigra (Zhao et al., 2003). 

There are two theories on the origin of the adult neural stem cells in the 
subventricular zone. One theory claims that the stem cells are astrocyte-like 
cells (Doetsch et al., 1999b; Laywell et al., 2000), while the other theory 
identifies them as ependymal cells (Johansson et al., 1999).  

Although adult neurogenesis has been studied intensively the last decade, 
it was established only recently that adult-born neurons are functional 
(Carlen et al., 2002). The exact role of the newly formed neurons in the adult 
brain is not clear, but it is known that damage to the brain (Arvidsson et al., 
2002; Zhao et al., 2003) and also certain conditions, such as pregnancy 
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(Shingo et al., 2003), could increase neurogenesis. Neuronal turnover occurs 
on a dramatic scale in certain songbirds, where large numbers of neurons die 
each year and are replaced by newborn neurons as a part of the process by 
which a new song is learned in each breeding season (Goldman and 
Nottebohm, 1983). 

The immunocytochemical markers that are used to identify neural stem 
cells include the intermediate filament, nestin (Lendahl et al., 1990), the 
RNA-binding protein, musashi (Sakakibara et al., 1996; Yagita et al., 2002) 
and the transcription factor, Sox 1 (Pevny et al., 1998). These markers are 
however selective rather than specific markers. In addition to their 
expression in neural stem cells, they are also expressed to some degree by 
glial and neuronal progenitor cells. Expression of nestin is also found in 
reactive astrocytes and muscle cells (Kornblum and Geschwind, 2001). 
Neural stem cells have been purified from more differentiated cell 
populations using FACS analysis (Uchida et al., 2000; Rietze et al., 2001; 
Maric et al., 2003). It is hoped that DNA microarray studies of these pure 
neural stem cell populations and various progenitor populations will help to 
identify better markers for the different cell types (Kornblum and 
Geschwind, 2001). 

Neurons
The human brain contains more than 1011 

neurons, each of which makes connections with 
thousands of others (Alberts et al., 2002). The 
neurons are the messenger cells of the nervous 
system. Their high level of organization makes 
the brain unbeatable in its ability to mediate and 
store information. A typical neuron consists of a 
cell body with two types of processes, dendrites 
and the axon. The short dendrites branch out in 
a tree-like fashion and receive signals from 
other neurons, while the long axon is the 
conducting unit for outgoing signals (Kandel et 
al., 2000). The neurons in the embryonic and 

adult CNS are classified depending on their morphology and function. Some 
neuronal markers are shared by many types of neurons, like microtubule 
associated protein 2 (MAP2), -III tubulin and neurofilament (Huneeus and 
Davison, 1970; Geisert and Frankfurter, 1989; Ferreira and Caceres, 1992). 
Specific neural cell types can be identified by their expression level of 
various neurotransmitters or their receptors, e.g. -aminobutyric acid 
(GABA) or the acetylcholine receptor. 
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Astrocytes
Glial cells are divided into two major classes, 
microglia and macroglia. Microglia are 
unrelated to the other cell types in the CNS. 
They are phagocytes and arise from 
macrophages outside the nervous system (Perry 
and Gordon, 1988). Macroglia in the CNS are 
astrocytes and oligodendrocytes. Astrocytes are 
the most numerous glial cells. They are roughly 

star-like and have broad end-feet on their processes (Kandel et al., 2000). 
Mature astrocytes can be identified by their expression of glial fibrillary 
acidic protein (GFAP) (Lazarides, 1980); however, a few astrocytes do not 
express GFAP (Menet et al., 2000; Yoshida, 2001). Astrocytes have in the 
past been thought of as the packing material in the brain, holding the neurons 
in place. However, recent reports have shown that astrocytes, as well as 
providing structural support for neurons, also play an active, regulatory role 
in the CNS.  Astrocytes are important for the formation of the blood-brain 
barrier and release a range of different neuronal growth factors (Svendsen, 
2002). In the adult brain, astrocytes affect neurogenesis by instructing 
unspecialized cells to become neurons; they are also involved in regulating 
the production of neural synapses (Ullian et al., 2001; Song et al., 2002).   

Oligodendrocytes
In the CNS, oligodendrocytes are the cells in 
charge of forming the myelin sheath that 
enwraps the axons. The myelin is an extension 
of the oligodendrocyte plasma membrane. It has 
a high content of lipids and therefore functions 
as an electrical insulator, increasing the rate at 
which an axon can conduct an action potential 
(Alberts et al., 2002). Early markers for 

oligodendrocytes are the transcription factors Olig 1 and Olig 2 (Lu et al., 
2000; Zhou et al., 2000) and the cell surface marker O4 (Sommer and 
Schachner, 1981). Recent studies show however, that Olig 2 is also 
expressed by cells differentiating into neurons (Mizuguchi et al., 2001; Zhou 
et al., 2001; Zhou and Anderson, 2002). PDGF receptor  is widely used as 
a marker for oligodendrocyte precursor cells, but has been shown to be 
expressed also by neural stem cells and neural precursor cells (Oumesmar et 
al., 1997; Williams et al., 1997; Forsberg-Nilsson et al., 1998; Andrae et al., 
2001; Erlandsson et al., 2001). Staining of myelin proteins, e.g. 
galactocerebroside (GalC) or cyclic neucleotide phosphodiesterase (CNP), 
identifies mature oligodendrocytes (Raff et al., 1978; Belachew et al., 2001). 
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Figure 6.
Radial glial cells extend 
from the ventricular to the 
pial surface of the cerebral 
cortex. In addition to their 
function in neural migration, 
radial glia are also believed 
to be responsible for cell 
division in the ventricular 
zone during cortical 
development.

Ependymal cells 
Ependymal cells are ciliated cells that line the ventricle 
walls in the adult brain. They have been considered to 
be highly differentiated cells that serve as a barrier 
between the cerebrospinal fluid and the underlying 
parenchyma. In 1999, Johansson et al. demonstrated 
that ependymal cells from the adult brain and spinal 
cord have self-renewal capacity (Johansson et al., 
1999). Ependymal cells have also been shown to 
express stem cell specific markers, such as nestin and 
musashi.   

Radial glia 
The term radial glia was introduced by Rakic in 1972 (Rakic, 1972). He 
describes a cell that extends from the ventricular to the pial surface in the 
fetal primate neocortex, with the cell body located close to the ventricle. 
During CNS development, newborn neurons migrate along radial glia from 
their birthplace in the ventricular zone. There are several markers for radial 
glia, including RC2 , brain lipid binding protein (BLBP), vimentin, nestin 

and the glutamate transporter GLAST (Gregg et al., 2002). Until recently 
radial glia were thought of as specialized nonneural cells of the astroglial 
lineage.  Studies by several groups have now shown that mitotic radial glia 
have the potential to produce neurons and glia and therefore have at least 
some of the characteristics of neural stem cells (Parnavelas and Nadarajah, 
2001; Rakic, 2003). During early cortical development most dividing 
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progenitor cells in the ventricular zone have the morphology of radial glia 
(Noctor et al., 2002). These cells divide asymmetrically to generate neurons 
and new radial glia (Malatesta et al., 2000; Miyata et al., 2001). The recent 
data point to a central role for radial glia in the formation of the nervous 
system, as they may be responsible for both the production of newborn 
neurons and glia and the guidance of daughter neurons to their final 
destinations.

Culture of neural stem cells 
Neural stem cells from embryonic or adult CNS can be grown in vitro in 
monolayers or in floating aggregates, called neurospheres. Both culture 
systems have benefits and drawbacks. Cell contacts as well as soluble 
factors, such as fibroblast growth factor-2 (FGF-2) and epidermal growth 
factor (EGF), are known to be important for maintaining neural stem cells in 
an undifferentiated and proliferating state (McKay, 1997; Rao, 1999; Gage, 
2000). Neurosphere cultures allow the cells to form three-dimensional cell-
cell interactions. Maintaining the cell-cell contacts throughout the culture 
period, by chopping the neurospheres instead of dissociating them, causes an 
increase in the doubling ability of human neural stem cells (Svendsen et al., 
1998). The number of neurons generated from the chopped spheres is also 
increased compared to traditionally passaged neurospheres (Caldwell et al., 
2001). Cell density has been shown to exert a strong influence on neural 
stem cells growing as monolayers. Under high-density conditions, 
differentiating stem cells give rise to neurons, astrocytes and 
oligodendrocytes, but under low-density conditions they exclusively 
differentiate into smooth muscle cells (Tsai and McKay, 2000). Neural stem 
cells in monolayer cultures can be kept as an almost pure stem cell 
population, while neurospheres contain a heterogeneous mix of multipotent 
stem cells and more restricted progenitor populations (Reynolds and Weiss, 
1996; Maric et al., 2003). To be able to study individual neural stem cells, 
the neuroshperes have to be dissociated, while single cells in the monolayer 
cultures can be followed during the expansion procedure. In the studies 
presented in this thesis we have used stem cells from embryonic day 15 rat 
cortex. The cells have been cultured as monolayers on polyornithine- and 
fibronectin-coated dishes in a serum-free medium supplemented with FGF-2.  

Identifying neural stem cell populations in vitro is done by clonal 
analysis, demonstrating that one cell is able to form both neurons, astrocytes 
and oligodendrocytes (Davis and Temple, 1994; McKay, 1997; Gage, 2000). 
In already established culture systems, neural stem cells and mature cell 
types can be identified by their expression of specific cell markers. We have 
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used antibodies to nestin as a marker for neural stem cells. To identify 
neurons, we stained the cell cultures with antibodies to MAP2 or -III
tubulin. Mammalian achaete-scute homolog 1 protein (MASH-1) is a 
member of the proneural basic helix loop helix (bHLH) proteins. It is 
expressed in neural stem cells but is rapidly lost when the cells differentiate 
(Guillemot, 1995; Lee, 1997; Ross et al., 2003). In paper II we measured the 
downregulation in MASH-1 expression, as we needed an early indication of 
differentiation (Enarsson et al., 2002). To identify astrocytes and 
oligodendrocytes, we used antibodies to GFAP and O4 respectively.  

It should be kept in mind that the behavior of neural stem cells in vitro 
could be very different from their behavior in vivo.

Regulation of neural stem cells 

Mitogens for neural stem cells 
Unicellular organisms tend to grow and divide as fast as they can. Their 
proliferation rate is largely dependent on the amount of nutrients around. In 
multicellular organisms, however, the availability of nutrients is not enough 
for the cells to proliferate. These cells need extra stimulatory signals, such as 
growth factors produced by surrounding cells (Alberts et al., 2002). The 
regulation of cell division in the developing mammalian brain is only partly 
understood, but several growth factors with mitogenic effects have been 
reported (Sommer and Rao, 2002; Arsenijevic, 2003).  

In vitro, neural stem cells can be induced to proliferate simply by the 
addition of soluble mitogens to the culture medium (McKay, 1997; Gage, 
2000).  Cells from different regions of the CNS appear to differ in their 
growth factor requirements. Some can be expanded with EGF or FGF-2 
alone, but others require a combination of these factors (Lillien, 1998). It has 
been suggested that neural stem cells grown in the presence of FGF-2 have a 
higher probability of generating neurons than cells propagated in EGF 
(Kilpatrick and Bartlett, 1995; Johe et al., 1996). Early and late neural stem 
cells also differ in their responsiveness to different mitogens (Tropepe et al., 
1999; Zhu et al., 1999; Qian et al., 2000). At early stages of development 
neural stem cells proliferate in response to FGF-2, but not EGF (Burrows et 
al., 1997). In late embryonic and adult stem cells, on the other hand, the 
expression of EGF receptors is upregulated and cells respond to the EGF 
ligand (Reynolds and Weiss, 1992). The switch from FGF-2 to EGF 
responding cells is regulated by antagonistic effects of FGF-2 and BMP 
(Lillien and Raphael, 2000).  
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Heparan sulfate proteglycans (HSPGs) are known to play a critical role in 
the regulation of FGF-2 activity, and heparin has been shown to promote the 
mitogenic effect of FGF-2 in neural precursor cells (Caldwell and Svendsen, 
1998; Ornitz, 2000; Ford-Perriss et al., 2001). It has also been reported that 
FGF-2 requires the cofactor cystatin C  (CCg) (Taupin et al., 2000) and the 
presence of insulin growth factor (IGF) (Arsenijevic et al., 2001) to be 
active. Neural stem cells have an endogenous production of IGF-1, and 
blocking the activity of IGF-1 results in complete inhibition of FGF-2-
mediated proliferation (Raballo et al., 2000).

Neural stem cells from several species other than mice and rat senesce on 
repeated passage, which limits the potential for expansion (Ostenfeld et al., 
2000; Temple, 2001). The addition of leukemia inhibitory factor (LIF) to the 
medium can delay senescence and telomere erosion in human neural stem 
cell cultures (Carpenter et al., 1999).  

Sonic hedgehog (SHH) is well known for its control of numerous 
processes during development as well as acting as a mitogen for embryonic 
neural stem cells (Rowitch et al., 1999; Ruiz et al., 2002). Recently SHH has 
also been shown to induce proliferation of adult neural stem cells (Lai et al., 
2003). Many transcription factors, including Pax6 and Emx2, are also 
required for both proliferation and patterning during neural development 
(Heins et al., 2001; Estivill-Torrus et al., 2002; Panchision and McKay, 
2002). Pax6 is the factor responsible for maintaining the neurogenic 
potential in radial glia (Gotz et al., 2002). Notch signaling is known to 
promote the expansion of stem cells and prevent neurogenic commitment by 
repressing the neurogenic bHLH genes (Panchision and McKay, 2002).  

None of the factors discussed above are pure mitogens. They have also 
been reported to affect neural stem cells in other ways, for instance by 
directing their fate choice or acting as survival factors.  

Factors affecting differentiation of neural stem cells 
How differentiated cell types are generated is one of the central questions in 
development. Differentiation of neural stem cells in vitro will occur simply 
through the withdrawal of the mitogen (Gritti et al., 1996; Johe et al., 1996). 
By adding various growth factors, the commitment or   differentiation into a 
certain cell lineage can be facilitated and thereby alter the proportions of 
neurons, astrocytes and oligodendrocytes in the mature cell population 
(Panchision and McKay, 2002). 

Multipotent stem cells from different ages exhibit dramatically different 
responses to extracellular factors. Notch- and LIF- signaling are involved in 
the maintenance of multipotent stem cells during early embryogenesis, but 
they also promote gliogenesis in stem cells at later stages. LIF and ciliary 
neurotrophic factor (CNTF) have been reported to have identical effects, 
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instructing E14.5 neural stem cells to generate almost exclusively astrocytes, 
but have no gliogenic effect on E12.5 cells (Johe et al., 1996; Bonni et al., 
1997; McKay, 1997; Molne et al., 2000). Paradoxically, CNTF and LIF have 
been shown to promote both gliogenesis and self-renewal in adult stem cells 
(Johe et al., 1996; Shimazaki et al., 2001; Panchision and McKay, 2002). 
Bone morphogenetic proteins have been reported to promote differentiation 
of neural stem cells into neurons in early CNS development, but later switch 
and promote astrocytic differentiation instead (Gross et al., 1996; Li et al., 
1998). In the adult CNS, actions by BMP and noggin are thought to regulate 
the balance between neurons and astrocytes (Doetsch et al., 1999a; 
Johansson et al., 1999; Lim et al., 2000). The transcription factors Olig1 and 
2 are required for the generation of motorneurons during mid-gestation and 
are later involved in the differentiation of oligodendrocytes (Lu et al., 2002; 
Zhou and Anderson, 2002).  

Figure 7. 
Soluble factors affecting neural stem cell proliferation and differentiation.  
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The thyroid hormone, T3, is another instructive factor causing neural stem 
cells to differentiate into oligodendrocytes, but it also facilitates astrocytic 
differentiation, resulting in a mixed glial cell population (Johe et al., 1996). 
Correct timing of differentiation during neural development is thought to be 
regulated by the proneural bHLH proteins, including MASH1 and 
neurogenin (Ngn) (Kintner, 2002). Platelet-derived growth factors (PDGFs) 
-AA, -BB and -AB are involved in the regulation of differentiation of 
precursor cells into neurons (Johe et al., 1996; Williams et al., 1997). We 
have shown that PDGF-AA, rather than being an instructive factor, acts as a 
mitogen during early stem cell differentiation and thereby expands the pool 
of immature neurons (Erlandsson et al., 2001). 

Factors affecting neural migration 
Neural migration, either radial or tangential, involves three steps. The first 
step is the initiation step, when the cell is activated from its stationary state 
to a mobile form. Once motile, the cell must maintain the migratory state and 
respond to guidance cues to find its final position, where it has to end its 
migration. Each of these steps depends on reorganisation of the cytoskeleton, 
as well as the action of various extracellular factors, including adhesion 
molecules, extracellular matrix components, growth factors and 
neurotransmitters (Sobeih and Corfas, 2002). The best-studied extracellular 
matrix (ECM) protein involved in neuronal migration is reelin (Frotscher, 
1997; D'Arcangelo and Curran, 1998). It has been suggested that reelin 
functions by allowing migrating neural cells to detach from the radial glia, as 
they reach the cortical surface, and thereby making it possible for younger 
neurons to pass the older ones (Dulabon et al., 2000).  That would explain 
the inverted layering in cerebral cortex seen in reelin mutants (Rice and 
Curran, 2001). Laminins and HSPGs are other components of the 
extracellular matrix that are known to influence neuronal migration (Liesi et 
al., 1995; Hu, 2001). 
 Integrins and cell adhesion molecules (CAMs) are cell surface molecules 
that have been reported to be involved in the regulation of neural migration. 
Chain migration of neural precursor cells can be inhibited by blocking 
integrin 6 1 (Jacques et al., 1998), and mice lacking NCAM exhibit a 
decreased migration of neural precursor cells along the rostal migratory 
stream (Chazal et al., 2000).  

Neural migration shares many characteristics with axonal pathfinding. 
Like growing axons, migrating neural cells have a short leading process. But 
in contrast to axonal outgrowth, when the cell body remains stationary, the 
cell body of a migrating cell follows the growing process (Lambert de 
Rouvroit and Goffinet, 2001; Sobeih and Corfas, 2002). Soluble factors, 
such as various growth factors and neurotransmitters, create chemical 
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gradients that are critical for both neural migration and axonal pathfinding. 
Within the past few years, members of the semaphorin, netrin, ephrin and slit 
families have been shown to attract or repel specific axons of a broad range 
of neurons (Dickson, 2002). Recent studies show that these molecules are 
also important regulators of cell migration within the CNS (Song and Poo, 
2001; Dickson, 2002). 

Neurotrophins, including brain-derived neurotrophic factor (BDNF) and 
neurotrophin-4 (NT-4), which are known to act as neural survival factors, 
have also been shown have dramatic effects on neural migration (Brunstrom 
et al., 1997; Sobeih and Corfas, 2002). It has been suggested that 
neurotrophins regulate the expression of reelin (Ringstedt et al., 1998). The 
mitogen EGF appears to be important for neural migration. It has recently 
been suggested that the ability of neural cells to migrate depends on their 
level of EGF-receptor expression (Caric et al., 2001). Another growth factor 
that has been shown to be crucial for neural migration is FGF-2. FGF-2 
deficient mice have an abnormal organization of the cerebral cortex, owing 
to failure of the neural progenitor cells to reach their target layer (Dono et 
al., 1998). In vitro studies have shown that PDGF is a migration factor for 
neural stem cells (Forsberg-Nilsson et al., 1998). In paper IV we report that 
stem cell factor, the ligand to Kit, is also a potent chemoattractant for neural 
stem cells (Erlandsson and Forsberg-Nilsson, manuscript). 

Recently, the family of chemokines and chemokine receptors has been 
shown to be important migratory cues in the developing CNS (Reiss et al., 
2002; Lazarini et al., 2003). Furthermore, neurotransmitters play a part in 
modulating the migration of neural cells. For example, GABA has been 
shown to induce migration of cortical stem cells in vitro (Behar et al., 1996; 
Behar et al., 2001). 

FGF

Receptors and ligands  
Fibroblast growth factors (FGFs) constitute a large family of structurally 
related polypeptides found in all animals, from nematodes to humans. There 
are at least 23 members of the FGF family, of which 10 are expressed in the 
CNS (Ford-Perriss et al., 2001; Dono, 2003). The FGFs bind and signal 
through four different tyrosine kinase receptors, FGF receptor 1-4 (FGFR1-
4) (Ford-Perriss et al., 2001; Dono, 2003).  Unlike many other growth 
factors, FGFs do not form dimers, but bind to the receptors as monomeres 
(Johnson and Williams, 1993). The binding of the ligand results in 
dimerization and phosphorylation of the receptor, triggering initiation of an 
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Figure 8. 
The FGF receptor in 
complex with its ligand 
and HSPG.

intracellular signal transduction cascade (Dono, 
2003). The presence of heparan sulfate 
proteoglycans (HSPGs) is crucial for ligand-
binding to the FGF receptors. HSPGs promote and 
stabilize the assembly of the ligand-receptor 
complex. The large HSPG molecules also restrict 
the diffusion of FGF ligands and thereby favor 
interaction with receptors on nearby cells (Yayon 
et al., 1991; Ornitz et al., 1992; Spivak-Kroizman 
et al., 1994; Schlessinger et al., 1995).  

Functions of FGF in the central nervous system 
Several FGF ligands and FGF receptors are 
expressed by neural precursor cells from the 
earliest phases of CNS development (Ernfors et 
al., 1990). The FGFs are involved in a variety of 
biological mechanisms including proliferation, 
migration and survival of neurons and glial cells 
(Vaccarino et al., 1999; Ford-Perriss et al., 2001). 
Furthermore, FGFs influence neural and glial fate 
choice, patterning of different CNS regions, 
cerebellar development and cerebral cortex size 

(Crossley et al., 1996; Qian et al., 1997; Ye et al., 1998; Fukuchi-Shimogori 
and Grove, 2001).  

FGF-2 is the member of the FGF family that has been most extensively 
studied. In contrast to many other FGFs, which have restricted expression 
patterns, FGF-2 is expressed in a variety of different tissues, both during 
development and in adult life (Bikfalvi et al., 1997). FGF-2 is essential for 
normal neurogenesis and has been found in the forebrain as early as 
embryonic day 9 (Powell et al., 1991; Weise et al., 1993). Mice lacking 
FGF-2 exhibit decreased numbers of neurons and glia, whereas injection of 
the ligand into the embryonic subventricular zone produces the opposite 
effect (Vaccarino et al., 1999). It has been shown that FGF-2 increases the 
rounds of cell division, but that it has no effect on the length of the cell cycle 
(Vaccarino et al., 1999). Mice with deficient FGF-2 also show abnormalities 
in the laminar organization of the cerebral cortex and defects in the 
hippocampus and spinal cord (Dono et al., 1998; Ortega et al., 1998).  

FGF-2 is thought to act primarily through FGFR1 (Ornitz et al., 1996). 
The expression pattern of FGFR1 corresponds to that of FGF-2 and FGF-2 
has been shown to bind to FGFR1 with high affinity in vitro (Ford-Perriss et 
al., 2001). FGFR1 knockout mice die between embryonic day 7.5 and 9.5. 
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They show severe defects in cell proliferation and neural tube formation 
(Deng et al., 1994; Yamaguchi et al., 1994; Ciruna et al., 1997).  

In addition to FGF-2, many of the other FGFs are also necessary for 
normal CNS development and maintenance. FGF-8 is highly expressed by 
the isthmus, the organizer that separates the mid and hindbrain and is 
thought to play an important role in the formation of the midbrain and the 
anterior forebrain (Mason et al., 2000). FGF-8 has also been suggested to 
have an effect on neural stem cell proliferation (Lee et al., 1997). FGF-3 is 
essential for the formation of the inner ear and FGF-17 is necessary for 
cerebellar development. High expression levels of FGF-1 have been detected 
in neurons of the adult brain, suggesting that FGF-1 might be involved in 
adult neurogenesis (Ford-Perriss et al., 2001). 

Since FGFs are key regulators of CNS development, it is likely that 
mutations of FGFs or FGF receptors are involved in several human CNS 
disorders. Generation of tissue-specific FGF knockouts will probably help to 
understand of the function of FGFs in the CNS in more detail. 

Cellular effects of FGF-2 
FGF-2 is known to be a potent mitogen for neural progenitor cells in vitro 
(McKay, 1997; Gage, 2000). Furthermore, several reports indicate that FGF-
2 is involved in fate choice and differentiation of neural cells (Abe et al., 
1990; Vicario-Abejon et al., 1995). These studies show that FGF-2 acts 
either alone or in combination with neurotrophins to promote differentiation 
of neural precursor cells (Murphy et al., 1990; Ghosh and Greenberg, 1995; 
Dono, 2003). The differentiation effect of FGF-2 has been shown to be 
concentration-dependent. If FGF-2 levels are low, neural stem cells exhibit a 
neuronal fate, but at higher FGF-2 concentrations they generate both neurons 
and glia (Qian et al., 1997). 
FGF-2 is a survival factor for many different CNS cell types in culture 
(Dono, 2003). No increase in cell death has however been detected in FGF-2 
deficient mice, suggesting that FGF-2 does not act as a survival factor in 
vivo, or that its role may be taken over by other factors (Dono et al., 1998; 
Raballo et al., 2000). As discussed earlier, the severe migration defects in 
FGF-2-/- mice point to a central role for FGF-2 in the regulation of neural 
migration (Dono et al., 1998). 

PDGF  
Platelet-derived growth factor (PDGF) was identified almost 30 years ago as 
a product of platelets, that could stimulate proliferation of fibroblasts, 
smooth muscle cells and glia cells (Kohler and Lipton, 1974; Ross et al., 
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1974; Westermark and Wasteson, 1976). Since then, it has been shown that 
PDGF is produced by a number of different cell types, including endothelial 
cells, epithelial cells, macrophages and neurons (Heldin and Westermark, 
1999; Betsholtz et al., 2001). PDGF is involved in many processes during 
normal embryonic and postnatal development, but has also been linked to 
several pathological processes (Heldin and Westermark, 1999; Betsholtz et 
al., 2001; Heldin et al., 2002).

Receptors and ligands 
For a long time PDGF-A and PDGF-B were thought to be the only existing 
PDGF isoforms. They were noticed to assemble intracellularly and form the 
disulfide-bonded homodimers PDGF-AA and PDGF-BB and the 
heterodimer PDGF-AB (Heldin and Westermark, 1999).  Recently, however, 
two new members of the PDGF family, PDGF-C and PDGF-D, have been 
identified (Li et al., 2000; Bergsten et al., 2001; LaRochelle et al., 2001). 
They differ structurally from the traditional PDGF isoforms, but are 
classified as PDGFs since they bind to the PDGF receptors (Kazlauskas, 
2000; Heldin et al., 2002).  

The PDGF dimers bind to and signal through two structurally similar 
receptor tyrosine kinases, the PDGF - and -receptors (PDGFR  and ). 
The two PDGF-receptors have different ligand-binding capacities. PDGFR
binds PDGF-B and PDGF-D, while PDGFR  binds PDGF-A and PDGF-C, 
but also PDGF-B. Depending on the receptor types present on the cell 
surface of the target cell as well as the PDGF dimers available, the receptors 
will form homo and heterodimers ( , , ), with slightly different 
signaling capabilities (Heldin and Westermark, 1999; Li et al., 2000; 
Bergsten et al., 2001).  

PDGF mutant mice 
Inactivation of the genes for PDGF-A (Bostrom et al., 1996), PDGF-B 
(Leveen et al., 1994), PDGFR  (Soriano, 1997) and PDGFR (Soriano, 
1994) clearly demonstrates an important role for PDGF during embryonic 
development. PDGF-B and PDGFR  knockout mice die during late 
gestation. They show similar phenotypes, with kidney failure (Leveen et al., 
1994; Soriano, 1994) and a defective development of blood vessels (Lindahl 
et al., 1997). In contrast, PDGF-A -/- mice and PDGFR  -/- mice have 
distinct phenotypic differences. Most PDGF-A knockout mice die before 
E10 or soon after birth, but a few survive up to 6 weeks. The mice that 
survive birth are growth-retarded and develop a broad range of defects in 
various tissues, including lung, skin, hair, intestine and testis (Betsholtz et 
al., 2001). In the CNS, the number of oligodendrocytes is severely reduced, 
causing myelination defects (Fruttiger et al., 1999). 
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Figure 9. 
The PDGF receptors and their ligands. 

Inactivation of the -receptor leads to a more severe phenotype than the 
PDGF-A knockout, probably because the receptor also binds the PDGF-B 
and PDGF-C ligands. The PDGFR  -/-mice die between E8 and E16. In 
addition to the defects described for PDGF-A, -receptor knockouts also 
retain severe malformations, such as cleft face and spina bifida (Soriano, 
1997). The phenotypes for PDGF-C and PDGF-D knockout mice have not 
yet been described. 

Expression of PDGF in the central nervous system 
The PDGF receptors and their ligands are both widely expressed in the CNS. 
PDGF-A mRNA is found in the spinal cord of mice at E12 and three days 
later it can also be detected in dorsal root ganglia and in the brain. The 
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expression persists throughout life, and in the adult CNS most neurons 
express PDGF-A (Yeh et al., 1991).  

PDGF-B is expressed by neurons in several regions of the CNS both 
during development and in adults (Sasahara et al., 1992). The earliest 
expression has been noticed in the olfactory system. The PDGF-B levels stay 
high also in the adult olfactory bulb, which is interesting since that is one of 
the regions where adult neurogenesis occurs. 

Expression of the PDGF-C isomer has been found in several regions of 
the developing CNS, including the floor plate of the neural tube and various 
regions in the spinal cord and the brain (Aase et al., 2002; Hamada et al., 
2002). High expression has been detected in the cortex, pontine area and 
chorid plexus of E16 rat embryos (Hamada et al., 2002).  

The expression pattern of PDGF-D is at present less well described. 
PDGF-D has been detected in motorneurons in adult rats and low levels have 
also been found in the subventricular zone during neural development 
(Hamada et al., 2002). 

Expression of PDGF -receptor has been detected in the neural tube of 
mice at E9 (Orr-Urtreger et al., 1992; Schatteman et al., 1992). At E13.5 it 
can be found in the brain, brain stem and spinal cord. PDGFR has been 
reported to be expressed mainly by glial cell types, such as oligodendrocyte 
precursors (Pringle et al., 1992). However, other cells in the CNS also 
express PDGFR . Cultured cortical stem cells from E14-E15 rat embryos 
(Forsberg-Nilsson et al., 1998; Park et al., 1999; Erlandsson et al., 2001) and 
radial glia in the ventricular zone of E8.5 mice (Andrae et al., 2001) have 
been shown to express the -receptor, in addition to the neural stem cell 
marker nestin. Postnatally, PDGFR  expression has also been detected in 
neurons (Oumesmar et al., 1997). 

The PDGF -receptor is expressed by a wide range of neurons throughout 
the brain of newborn rats (Smits et al., 1991).  

Cellular effects of PDGF  
Binding of PDGF to its receptors initiates numerous cellular responses in
vitro including cell proliferation, cell migration, differentiation, actin 
reorganization and protection from programmed cell death (Heldin and 
Westermark, 1999). The  and  homodimeric receptor complexes 
mediate similar mitogenic responses, but differ in their effects on cell 
migration. The  receptor complex induces chemotaxis whereas the 
complex stimulates chemotaxis of certain celltypes, but inhibits it of others. 
The response of the heterodimeric  receptor complex differs from that of 
the homodimeric complexes for example it induces a more potent mitogenic 
effect (Heldin and Westermark, 1999; Heldin et al., 2002).   
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During normal development, paracrine activation appears to be the common 
route of signaling through the PDGF receptors, whereas autocrine 
stimulation has been noticed in many pathological conditions (Heldin and 
Westermark, 1999; Betsholtz et al., 2001).  

One of the most studied effects of PDGF in the CNS is its role in glial cell 
differentiation (Raff et al., 1988; Raff, 1989). It is believed that PDGF 
induces proliferation of glial precursor cells in the developing brain. In 
culture, PDGF in combination with FGF-2 stimulates proliferation of the 
glial precursor, O-2A, and blocks its differentiation into oligodendrocytes 
and astrocytes (Bogler et al., 1990). Furthermore, the addition of PDGF and 
FGF-2 to slowly dividing adult O-2A progenitors converts the cells into 
rapidly dividing precursors (Wolswijk and Noble, 1992). In addition to its 
mitogenic effect, PDGF has also been shown to be a potent chemoattractant 
for O-2A progenitor cells (Armstrong 1990).  

Other possible roles for PDGF in the CNS include general 
neuroprotection (Smits et al., 1991), protection of dopaminergic neurons 
(Othberg et al., 1995), modulations of ion channels involved in synaptic 
transmission (Valenzuela et al., 1997) and neural differentiation (Johe et al., 
1996; Williams et al., 1997; Erlandsson et al., 2001). The effect of PDGF on 
neuronal differentiation was first reported by Johe et al. in 1996 (Johe et al., 
1996). In paper I we present data indicating that PDGF is involved in 
neuronal differentiation, as a survival factor and as a mitogen for immature 
neurons, but that it is not responsible for neuronal fate choice (Erlandsson et 
al., 2001).

PDGF in tumors 
Overactivity of PDGF has been linked to different types of disorders, 
including atherosclerosis, fibrosis, rheumatoid diseases and cancer (Heldin 
and Westermark, 1999). PDGF-A and PDGF-B both have transforming 
capacity, and increased PDGF stimulation during postnatal development has 
been shown to induce brain tumors in marmosets (Deinhardt, 1980) and 
mice (Uhrbom et al., 1998; Dai et al., 2001). Several types of human brain 
tumors, including astrocytomas, glioblastomas and medulloblastomas, 
express PDGF and PDGF-receptors (Hermansson et al., 1988; Mapstone et 
al., 1991; Guha et al., 1995; Hermanson et al., 1996; Smits et al., 1996). In 
numerous cases of glioblastoma, there is an amplification of  PDGF -
receptor (Fleming et al., 1992; Kumabe et al., 1992; Hermanson et al., 1996) 
and increased expression of the receptor causes progression of the tumor to 
higher grades (Hermanson et al., 1996). Many tumors express both the 
PDGF receptors and the ligands, which makes autocrine stimulation possible 
(Guha et al., 1995).  
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Figure 10. 
Kit and its ligand, 
SCF.

Over the last few years, several PDGF antagonists have been developed. 
Some of these are already used in clinical trials, to evaluate their effects on 
human tumors (Eckhardt et al., 1999; Ostman and Heldin, 2001; Buchdunger 
et al., 2002). 

SCF

Receptor and ligand  
Stem cell factor (SCF) is also referred to as the kit ligand, steel factor, or 
mast cell growth factor. Like PDGF, SCF proteins form dimers, but the SCF 

dimer is held together by noncovalent forces 
(Arakawa et al., 1991). SCF binds and signals 
through Kit, a tyrosine kinase receptor that is 
structurally related to the PDGF-receptors and 
the colony-stimulating factor-1 (CSF-1) receptor 
(Yarden et al., 1986; Qiu et al., 1988). In mice, 
Kit and SCF are encoded by the white spotting 
(W) locus (Chabot et al., 1988) and the Steel (Sl)
locus (Geissler et al., 1988) respectively.  

Functions of SCF in the central nervous 
system
A number of W and Sl mutant mice have been 
identified (Silvers, 1979), which display similar 
phenotypes, including sterility, blood cell 
deficiency and melanocyte deficiency (Williams 
and Lyman, 1991; Galli et al., 1994). SCF and 
Kit have also been shown to be expressed in 
tissues that are not affected by the W or Sl
mutations, such as the lung, digestive tract,     
kidneys and brain. During early embryogenesis, 
SCF is expressed by the floor plate cells of the 
neural tube, followed by the appearance of Kit 

transcripts on the dorsal aspect of the tube. In the developing brain, the 
highest Kit expression has been demonstrated in precursor cell layers, where 
the cells are preparing to undergo differentiation (Keshet et al., 1991). 
Considering their complex expression patterns, SCF and Kit might play an 
important role in the organization of the CNS. 

In the adult brain, high levels of SCF are expressed by neurons in the 
thalamus, cerebral cortex and hippocampus (Matsui et al., 1990; Motro et al., 



26

1991; Wong and Licinio, 1994). Some expression have also been detected in 
the olfactory bulb, but these results have been questioned  (Motro et al., 
1991; Hirota et al., 1992). The highest Kit expression in the adult brain has 
been measured in the cerebral cortex (Motro et al., 1991). Different groups 
of neurons are thought to express either SCF or Kit. In addition to neurons, 
Kit expression has also been detected in oligodendrocyte precursors (Ida et 
al., 1993), astrocytes and microglia (Zhang and Fedoroff, 1997), suggesting 
that SCF/Kit signaling is involved not only in neuron-neuron interactions but 
also in neuron-glia interactions. In paper IV, we show that Kit is also 
expressed by neural stem cells (Erlandsson and Forsberg-Nilsson, 
manuscript).

Both SCF and Kit expression are upregulated in the CNS in response to 
injury (Zhang and Fedoroff, 1999). 

Cellular effects of SCF 
SCF is a survival factor, mitogen and chemoattractant for many cells in the 
hematopoietic system (Glaspy, 1996; Ashman, 1999). In the CNS, SCF has 
been reported to stimulate neurogenesis after cerebral hypoxia and ischemia
(Jin et al., 2002). It has also been suggested that it is involved in the 
modulation of microglia (Zhang and Fedoroff, 1998) and oligodendrocyte 
precursors (Ida et al., 1993). Furthermore, our results in paper IV show that 
SCF is a potent chemoattractant and a survival factor for neural stem cells in 
culture (Erlandsson and Forsberg-Nilsson, manuscript).  

The only neurological defect that has been noticed in Sl/W mutants at 
present is that hippocampal learning is poorer in Sl mutants, compared to 
wildtype littermates (Motro et al., 1996). However, the high expression of 
SCF and Kit in many regions of the CNS indicates that SCF/Kit-signaling 
might be involved in many cellular processes, most of which probably 
remain to be discovered. 

Receptor tyrosine kinase-mediated signaling

Many growth factors, including SCF, FGF and PDGF, bind to receptors with 
thyrosine kinase activity (Heldin et al., 1995; Schlessinger et al., 
2000).These receptor tyrosine kinases (RTKs) constitute one of the largest 
families of signaling receptors and are involved in the regulation of 
numerous cellular processes, such as migration, cell cycle progression, 
survival, proliferation, and differentiation (Davis, 2000). The RTKs are 
transmembrane proteins. Their extracellular domain contains one or several 
copies of immunoglobulin-like domains and is separated from the 
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intracellular kinase domain by a single transmembrane helix (Schlessinger, 
2000).  

To activate a RTK, the ligand usually has to bind simultaneously to two 
adjacent receptor chains, which is probably the reason why many growth 
factors are present as dimers. FGF does not form dimers, but has solved the 
problem by binding to HSPGs on the cell surface or in the extracellular 
matrix and thereby forms multimeres (Yayon et al., 1991; Ornitz et al., 1992; 
Spivak-Kroizman et al., 1994; Schlessinger et al., 1995). After dimerisation, 
the two receptors phosphorylate each other on one or multiple tyrosine 
residues, a process called autophosphorylation (Ullrich and Schlessinger, 
1990; Heldin et al., 1998). The phosphorylated tyrosine residues on activated 
RTKs serve as docking sites for signal transduction molecules containing 
Src homology region 2 (SH2) domains (Heldin, 1995; Pawson, 1995). 

Many signaling proteins also contain another protein-binding domain 
called SH3. Some proteins are composed almost entirely of SH2 and SH3 
domains and function as adaptors which couple tyrosine-phosphorylated 
proteins to other proteins that do not have their own SH2 domains 
(Schlessinger, 1994). The adaptor molecule Grb2 constitutes a link between 
the activated receptor and Ras via the binding of Sos, a guanine nucleotide 
exchange factor. Sos converts membrane-bound Ras to its active GTP-bound 
state (Schlessinger, 1993, 1994; Bos, 1997). Ras is a key molecule in the 
signal transduction pathway and mutations in the ras gene are found in many 
human tumors (Alberts et al., 2002). Activated Ras initiates a cascade of 
seronine/threonine phosphorylations, which have a much longer life-span 
than tyrosine phosphorylations.  

The main signaling cascade following Ras includes the activation of Raf, 
which in turn phosphorylates MAPK-kinase, also termed mitogen-induced 
extracellular kinase (MEK). MEK is an activator of the MAP-kinases, a 
group of proteins including extracellular signal-regulated kinase (ERK) 1 
and 2 (Schlessinger, 2000). Upon activation, ERK1 and 2 translocate into the 
nucleus, where they phosphorylate and activate specific transcription factors 
(Karin and Hunter, 1995; Hunter, 2000). 

The Ras/MAP kinase-signaling cascade is thought to be particulary 
important for mediating mitogenic signals, but has also been shown to 
implicate migration and differentiation (Davis, 2000). The cellular response 
differs between different cell types and differentiation status of the cells. 
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Figure 11.
The Ras/MAP kinase pathway. 
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Neural stem cells in disease 

Neurodegenerative disorders 
Unlike many other tissues, the CNS has a very poor regenerative capacity. 
Although there exist stem cells in the adult brain, these cells have a limited 
ability to generate new neurons after injury. The increasing knowledge about 
neural stem cells raises a hope of new therapies for the treatment of a variety 
of human neurological conditions including Parkinson’s disease, 
Huntington’s disease, multiple sclerosis and ischemic brain injury (Ostenfeld 
and Svendsen, 2003).  

There is a good deal of evidence from animal studies showing that 
neuronal replacement is possible (Bjorklund and Lindvall, 2000). 
Transplantation studies in animal models of Parkinson’s disease have shown 
that grafted dopaminergic cells are able to release dopamine at near-normal 
levels and that the animals show significant behavioral recovery (Annett et 
al., 1994; Herman and Abrous, 1994; Lindvall et al., 1994). Similar results 
have been reached in clinical trials with human patients (Olanow et al., 
1996; Lindvall, 1999). The first double blind sham surgery-controlled study, 
however, only showed significant improvement in patients aged 60 years and 
younger (Freed et al., 2001).  

Promising results have also been obtained from studies of Huntington’s 
disease. Clinical benefits in motor and cognitive functions were noticed both 
in animal models (Kendall et al., 1998; Palfi et al., 1998; Brasted et al., 
1999) and in a few minor clinical trials (Philpott et al., 1997; Bachoud-Levi 
et al., 2000). 

In an animal model of multiple sclerosis, it was recently demonstrated 
that neural precursor cells that are injected into the blood stream of the 
animals are able to cross the blood-brain barrier and migrate to the points of 
inflammation (Pluchino et al., 2003). 

The source of cells for the current clinical trials in humans has been fresh 
fetal tissue. This is clearly unsatisfactory since the cells cannot be 
standardized and there are only limited amounts of tissue available. The use 
of aborted fetuses also raises an ethical question that has been debated 
intensely (Bjorklund and Lindvall, 2000).  Neural stem cells can be 
expanded to generate a large number of cells in vitro. Using cultured neural 
stem cells as a source for transplantation therapies may obviate some of the 
technical and ethical limitations associated with the use of fresh cells 
(Ostenfeld and Svendsen, 2003). Another possibility is to develop strategies 
to activate the endogenous stem cell pool in the brain (Shihabuddin et al., 
1999).
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 It is however necessary to learn much more about the basic biology of 
neural stem cells, before they can be used clinically. 

Cancer
Stem cells and tumor cells have a great deal in common. Tumors start off as 
just a single cell. Like stem cells, this cell acquires an unlimited capacity to 
self-renew. Furthermore, tumors are often heterogeneous and contain cells of 
various degrees of differentiation. 

Several types of CNS tumors are thought to arise from neural stem cells 
or neural progenitor cells. For example, cells of both neuronal and glial 
origin have been found in primitive neuroectodermal tumors (PNETs) (Fung 
et al., 1995). PNETs and other highly malignant tumors, such as high-grade 
gliomas, have also been shown to express the neural stem cell marker nestin 
(Valtz et al., 1991; Dahlstrand et al., 1992). Recently, a novel protein, 
nucleostemin, was described; this protein is present in  neural stem cells and 
tumor cells but not in differentiated cells (Tsai and McKay, 2002). 

Increased knowledge about neural stem cells may give us information 
about the development of CNS tumors. In addition, stem cells have also been 
demonstrated to be a valuable tool in CNS tumor therapy. The migratory 
capacity of neural stem cells within the CNS, makes them excellent cellular 
vectors for gene delivery and expression of therapeutic proteins. When 
implanted into gliomas in adult rodents, neural stem cells have been shown 
to surround the invading tumor border. Moreover, when implanted at distant 
sites, the stem cells migrated over long distances until they reached the 
tumor (Aboody et al., 2000). In a recent study, neural stem cells were 
reported to deliver tumor necrosis factor (TNF) to invasive gliomas in vivo
and thereby induce apoptosis of tumor cells (Ehtesham et al., 2002). 

These data point to a new role for neural stem cells. In addition to being 
important for answering questions concerning neural development and the 
function of the brain, neural stem cells might also have the potential to treat 
CNS diseases, such as neurodegenerative diseases and CNS tumors.  
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Aims of the present investigation 

The general aim of this investigation was to study the effect of growth 
factors on neural stem cell proliferation, differentiation, migration and 
survival. The work has been focused on the regulating role of platelet-
derived growth factor (PDGF) and stem cell factor (SCF), which are both 
widely expressed in the developing central nervous system. The aims of the 
specific papers were to: 

I Clarify the role of PDGF in neuronal differentiation. 
II Investigate the role of ERK in neural stem cell differentiation. 
III Characterize the cell population achieved by PDGF treatment of 

neural stem cells and investigate if neural stem cells have an 
endogenous production of PDGF. 

IV Investigate the effect of SCF on neural stem cell migration, 
differentiation and survival. 
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Results and discussion 

Paper I 
The purpose of this study was to clarify the role of PDGF during neural 
differentiation. In two earlier reports, PDGF has been indicated to play a role 
during the differentiation of stem cells into neurons, but the mechanism 
behind its action was not known (Johe et al., 1996; Williams et al., 1997).  

Multipotent neural stem cells can be maintained in culture in the presence 
of FGF2 and are induced to differentiate into neurons, astrocytes and 
oligodendrocytes by the removal of the mitogen (Johe et al., 1996; McKay, 
1997). During the first few days of differentiation, the addition of exogenous 
agents, such as various growth factors, can change the proportion of the cell 
lineages that are generated. In this study we have examined the effect of 
PDGF-AA on neural stem cells from embryonic rat cortex.  

Western blot analysis was used to characterize the expression and 
phosphorylation of PDGF receptors in the cell cultures during 
differentiation. We show that PDGF -receptor is expressed by proliferating 
neural stem cells and that the expression level is unchanged during 
differentiation. In the absence of exogenous ligand the receptor was not 
active, as measured by receptor phosphorylation. The PDGF -receptor was 
not expressed in stem cell cultures until 4 days of differentiation. In contrast 
to the -receptor, the -receptor was phosphorylated in the absence of 
exogenous ligand. These data suggest that the -receptor is the predominant 
receptor isoform in neural stem cells. The -receptor has been reported to be 
involved in the survival and proliferation of neurons (Smits et al., 1991; 
Giacobini et al., 1993; Nikkhah et al., 1993). It is possible that the 
expression of the -receptor in our cell cultures reflects the maturation of 
neurons.

PDGF stimulation of neural stem cells affects several cellular events. Cell 
counting experiments and 5’-bromo-2’deoxyuridine (BrdU) incorporation 
studies, clearly demonstrate that PDGF-AA acts as a mitogen for neural stem 
cells in the absence of FGF-2. A fourfold increase in the total cell number 
was observed in PDGF-treated cultures compared to untreated cultures, 8 
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days after FGF-2 withdrawal. Furthermore, neural stem cells that have been 
treated with PDGF-AA express the neuronal markers MAP2 and Tuj1, but 
have an immature phenotype, compared to untreated cells. After six days of 
differentiation, MAP2-positive neurons in untreated cultures have a 
relatively mature phenotype, extending long processes. In contrast, MAP2-
positive cells in PDGF-treated cell cultures display a rounded morphology 
and tend to grow in clusters. To investigate if the round, immature cells were 
proliferating, we double-stained the cultures with antibodies to MAP2 and 
BrdU. Almost 22% of the PDGF treated cells were stained with both 
antibodies, compared to 5% in untreated cultures, indicating that PDGF-AA 
is a mitogen for immature neurons. In addition to its mitogenic effect, PDGF 
was also shown to act as a survival factor for neural stem cells in the absence 
of FGF-2. Taken together, our findings suggest that PDGF, rather than being 
an instructive agent during neuronal differentiation, acts as a mitogen and a 
survival factor in the early phase of neural stem cell differentiation, 
expanding the pool of immature neurons. 

Paper II 
FGF is a major mitogen for embryonic neural stem cells in culture. After 
withdrawal of FGF the cells start to differentiate within 24 hours (Johe et al., 
1996; McKay, 1997). In paper I we show that PDGF-AA stimulates cell 
division and survival during early differentiation of neural stem cells, 
expanding a pool of immature neurons (Erlandsson et al., 2001). Thus, FGF-
2 and PDGF-AA affect the stem cells differently, even though they are 
known to signal through the same pathways. In this investigation we 
examined the activated signaling cascades stimulated by FGF-2 or PDGF-
AA treatment. We found a few distinct differences but also similarities in the 
phosphorylation pattern. Both FGF-2 and PDGF-AA stimulated ERK1/2 
phosphorylation in a sustained manner, but the phosphorylation after PDGF 
treatment was weaker. Phosphorylation of ERK1/2 is one of the last steps in 
the Ras/MAP kinase pathway. This pathway is known to be important for 
mitogenic signaling, but has also been suggested to promote differentiation.  

Previous investigations in neural cell lines present somewhat 
contradictory results regarding ERK-activation during neural differentiation. 
Studies in PC12 cells have shown that a sustained activation of ERK is 
sufficient for differentiation, whereas activation of ERK for a brief period 
leads to proliferation (Qui and Green, 1992; Cowley et al., 1994; Fukuda et 
al., 1995; Klesse et al., 1999). In another study prolonged ERK activation 
was shown to be unnecessary for cell differentiation of a hippocampal cell 
line (Kuo et al., 1996; Kuo et al., 1997).   
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In this study, we aimed at clarifying the role of ERK1/2 during early 
neural differentiation in primary cells. To inactivate ERK1/2, we used a 
small molecule inhibitor of MEK, the upstream activator of ERK1/2. When 
neuronal precursor cells become postmitotic, the expression of the proneural 
bHLH transcription factor, MASH1, is rapidly lost. Therefore, we used 
MASH1 downregulation as a marker of early differentiation. We show that 
MASH1 is downregulated also in the presence of the MEK-inhibitor, 
indicating that ERK1/2 phosphorylation is not crucial for early 
differentiation. Furthermore, we show that MAP2-positive cells with a 
neuronal phenotype are also formed in cultures treated with the inhibitor. 
The total cell number in cultures treated with a combination of PDGF-AA 
and the MEK-inhibitor was lower than in cells treated with PDGF-AA alone. 
This indicates that the proliferation and/or survival effects of PDGF-AA 
reported in paper I are abolished by inhibiting the Ras/MAP kinase pathway. 
We therefore suggest that ERK1/2 signaling plays an important role for the 
mitogenic and survival effects of PDGF-AA, but that it is not essential for 
early neuronal differentiation. 

Paper III 
In this study we have characterized the cell population resulting from PDGF 
treatment of neural stem cells in more detail. We investigated whether the 
immature neurons that are formed in the presence of PDGF were able to 
mature after PDGF withdrawal. To examine if the effects seen on neural 
stem cells were specific to PDGF-AA, we also included PDGF-BB in this 
study.  

The cell cultures were treated with PDGF-AA or PDGF-BB for 4 days 
and were then grown in the absence of PDGF for an additional 4 days. As 
described above, neural stem cells expanded in the presence of FGF-2 
differentiate into neurons, astrocytes and oligodendrocytes by the withdrawal 
of the mitogen (Johe et al., 1996; McKay, 1997). Surprisingly, we found that 
PDGF-treated cells do not immediately mature further after the withdrawal 
of PDGF. Thus, in contrast to FGF-2, PDGF seems to allow the cells to start 
their differentiation program, but prevents further maturation. PDGF-BB 
was shown to have a similar, but  less potent effect on the cells than PDGF-
AA. As shown in paper I, PDGF-treated cells stain positively for the 
neuronal markers MAP2 and Tuj1, but are immature and proliferate more 
than cells in untreated cultures (Erlandsson et al., 2001). In this study we 
quantified the number of Tuj1 positive cells after PDGF treatment. Although 
the total cell number is higher in PDGF treated cultures, the proportion of 
Tuj1-positive cells is not altered by PDGF-treatment.
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Moreover, we show that astrocytes, like neurons, express a more 
immature phenotype after PDGF treatment, indicating that PDGF does not 
only affect cells of the neuronal lineage. The addition of instructive agents, 
such as B27, CNTF or T3, induced differentiation of the PDGF-treated cells 
into cells of all three cell lineages. This suggests that PDGF-treated cultures 
are not fully committed and can choose other cell fates in addition to the 
neuronal one. 

In this paper we also present results, showing that neural stem cells have 
an endogenous production of PDGF-BB. We have noticed that during 
differentiation of neural stem cell cultures, induced by mitogen withdrawal, 
a small proportion of the cells continue to proliferate. By adding an inhibitor 
that blocks the tyrosine activity of the PDGF receptors we were able to 
reduce the increase in total cell number, suggesting  that PDGF signaling 
may be involved. We show that the expression of PDGF-BB declines when 
the cells differentiate, but that it is not entirely lost during 8 days of 
differentiation. Double immunoflouresence stainings with antibodies to 
Tuj1, GFAP and O4, showed an overlap with PDGF-BB expression, 
suggesting that it is not restricted to a specific cell type in differentiated 
cultures.

Taken together our results show that PDGF can expand a pool of 
immature cells bearing neuronal markers, but that these cells do not mature 
in the absence of further stimuli. Furthermore, we show that neural stem 
cells have an endogenous production of PDGF-BB, and that blocking of 
autocrine/paracrine PDGF signaling reduces cell division in stem cell 
cultures during their differentiation. 

Paper IV
In paper IV we aimed to study the effect of SCF on neural stem cell 
migration, differentiation and survival.  

Migration of neural stem cells to their final positions is crucial for the 
correct formation of the central nervous system. Neural migration is known 
to be regulated by the action of various extracellular factors, including 
growth factors (Sobeih and Corfas, 2002). From the hematopoietic system it 
is known that SCF and its receptor Kit provide a homing mechanism during 
stem cell migration. SCF has also been reported to be a survival factor and a 
mitogen for many cells in the hematopoietic system (Glaspy, 1996). The 
function of SCF in the nervous system is not fully evaluated, but both the 
ligand and the receptor show complex expression patterns in the developing 
CNS (Keshet et al., 1991). Our results show that almost all neural stem cells 
in culture express Kit. The expression is reduced when the cells differentiate 
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in the absence of mitogen; this reduction is parallel to the decline in nestin 
expression. The cells that still express Kit after some days of differentiation 
are not restricted to a specific cell type, but are found in all cell lineages. 

We have used a microchemotactic assay to study the effect of SCF on 
neural stem cell migration. Our results show that SCF is a potent 
chemoattractant for neural stem cells and that the response is mainly 
chemotactic. Furthermore, we show that the migration effect can be 
neutralized, by using specific antibodies to SCF or tyrosine kinase inhibitors.  

We have previously reported that PDGF is a chemoattractant for neural 
stem cells (Forsberg-Nilsson et al., 1998). In this study we show that SCF, in 
contrast to PDGF, does not act as a mitogen for neural stem cells or affect 
their fate choice. Like PDGF, SCF however acts as a survival factor for 
neural progenitor cells during early differentiation. In conclusion, our data 
point to a role of SCF, as a chemoattractant and a survival factor for neural 
stem cells, that accords well with the reports of SCF and Kit expression 
during neural development. Interestingly, our findings show that SCF may 
have a similar role in neuronal stem cells as has previously been described 
for hematopoietic stem cells. 
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Future perspectives 

It is exciting to speculate what the future will reveal about neural stem cells. 
Many revolutionary and sometimes also debated findings have been 
presented during the last few years, regarding, for instance, stem cell 
plasticity  (Frisen, 2002; Tsai et al., 2002; Greco and Recht, 2003; Liu and 
Rao, 2003) and neurogenesis in the adult human brain (Eriksson et al., 
1998). There is no doubt that knowledge about neural stem cells will help us 
to understand how the nervous system is formed and why that process 
sometimes fail. Today, a great deal of  the research is focused on the 
possibility to use neural stem cells in the treatment of human diseases, such 
as neurodegenerative diseases and cancer. There are however several 
fundamental questions that must be addressed experimentally prior to 
bringing neural stem cells to the clinic. For example, we need to know much 
more about the mechanisms that control the birth, lineage choice and death 
of the stem cells. 

The results presented in this thesis describe how two different growth 
factors, PDGF and SCF, are involved in the regulation of neural stem cells in
vitro.

We have shown that PDGF-AA is a mitogen and a survival factor during 
early neuronal differentiation, expanding a pool of immature cells that can 
be stained by neuronal markers. However, these cells do not mature further 
in the absence of exogenous stimuli. Similar effects were also demonstrated 
for PDGF-BB. Recently, we have also shown that neural stem cells have an 
endogenous production of PDGF-BB. Moreover, we have shown that 
ERK1/2 signaling is not essential for the early differentiation of neural stem 
cells, but that it is probably important for the mitogenic and survival effects 
of PDGF-AA.   

Our studies of SCF demonstrate that this growth factor is a potent 
chemoattractant and a survival factor for neural stem cells, but that it has no 
effect on their proliferation or fate choice.

There are still several questions concerning the effects of PDGF and SCF 
on neural stem cells that remain to be answered. We aim to clarify the role of 
endogenous PDGF-BB and we also plan to investigate whether any of the 
other PDGF ligands are expressed in neural stem cells. By using cDNA 
microarrays, we are identifying genes whose expression is enhanced and 
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suppressed after PDGF stimulation in neural stem cells. This will give us 
information about downstream effects of PDGF treatment and the 
differentiation status of the PDGF-treated cells. We will also continue to 
study the role of PDGF-B in vivo. We have generated transgenic mice that 
express PDGF-B under the control of the nestin enhancer, which leads to a 
directed PDGF-B expression in the developing neuroepithelium. We will 
investigate whether the proportion of various cell types is altered in the CNS 
of these mice and whether the transgenic mice are more prone to develop 
tumors than wild type controls. Previous reports show that increased 
stimulation of PDGF during postnatal development induce brain tumors with 
stem cell characteristics in animal models (Deinhardt, 1980; Uhrbom et al., 
1998; Dai et al., 2001). Our findings that PDGF treated neural stem cells do 
not mature completely, make them interesting from a tumor biology point of 
view.

To follow up our chemotaxis studies, it would be interesting to investigate 
the migratory effect of PDGF and SCF in vivo or in slice cultures that retain 
some three-dimensional structures of the tissue. The ultimate goal with our 
research is to increase our knowledge of neural stem cells, so that they can 
be used clinically in the treatment of CNS diseases, but also to understand 
how various processes in the developing neural system are regulated.  
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Populärvetenskaplig sammanfattning 

Vad är en stamcell? 
Stamceller är omogna celler som förutom att dela sig kan ge upphov till 
olika mogna celltyper och vävnader. De första dagarna efter befruktningen 
består fostret endast av stamceller som delar sig så att fostret växer. Dessa 
stamceller har kapacitet att utvecklas till alla olika celltyper som finns i vår 
kropp. Det finns också kvar stamceller i flera organ hos vuxna djur och 
människor.

Stamceller i det centrala nervsystemet 
Det centrala nervsystemet (CNS) består av hjärna och ryggmärg och 
utvecklas från neuralröret som bildas under fostrets tidiga utveckling. 
Neuralröret är precis som det låter ett rör, som sträcker sig längs hela fostret. 
Det består av neuronala stamceller som delar sig snabbt. Dessa mognar så 
småningom ut till både nervceller och gliaceller (astrocyter och 
oligodendrocyter), som bygger upp det vuxna CNS. Man har tidigare trott att 
inga nya nervceller bildas hos vuxna människor, men nya forskningsrön 
visar att det finns stamceller även i den vuxna hjärnan. 

Det centrala nervsystemets återhämtning efter skada är mycket begränsad. 
Genom att transplantera neuronala stamceller, eller ännu bättre aktivera 
hjärnans egna stamceller, hoppas man kunna behandla skador i CNS, 
orsakade av bl.a. trauma i samband med trafikolyckor eller nervnedbrytande 
sjukdomar såsom MS och Parkinsons sjukdom. 

Det är viktigt att ha kontroll över stamcellerna 
För att på ett effektivt och säkert sätt kunna använda neuronala stamceller 
för behandling av sjuka människor måste man ta reda på hur stamcellernas 
tillväxt och mognad styrs. Man måste veta exakt vad som får cellerna att 
bilda astrocyter, oligodendrocyter eller olika typer av nervceller. Dessutom 
är det nödvändigt att ta reda på hur celler förflyttar sig (migrerar) till olika 
regioner i CNS. Migration av neuronala celler är en viktig process särskilt 
under fosterutvecklingen. Nya nervceller bildas i den innersta delen av 
neuronalröret och migrerar sedan utåt. I vissa delar av hjärnan, t.ex. 
hjärnbarken bildar de migrerande cellerna en komplex lagerstruktur.  
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Stamceller har många likheter med tumörceller. Genom att studera 
neuronala stamceller kan man därför också få viktig information om hur 
hjärntumörer uppkommer. 

Neuronala stamceller kan dela sig och ge upphov till olika mogna 
celltyper när de odlas på laboratoriet. Arbetena i den här avhandlingen 
baserar sig på studier av odlade neuronala stamceller från embryonal 
råtthjärna.

Den centrala frågan i min avhandling är vilka faktorer som påverkar 
neuronala stamceller att dela sig eller att mogna ut till nervceller, astrocyter 
eller oligodendrocyter. Jag har även studerat faktorer som styr hur neuronala 
stamceller migrerar.  

Figur 1. 
Neuronala stamceller är omogna celler som kan utvecklas till både 
nervceller och gliaceller. Det finns två typer av gliaceller, astrocyter och 
oligodendrocyter. 

Faktorer som styr neuronala stamceller 
Neuronala stamceller påverkas av många inre och yttre faktorer, t.ex. olika 
tillväxtfaktorer i omgivningen. Jag har studerat effekten av två olika 
tillväxtfaktorer, platelet-derived growth factor (PDGF) och stamcellfaktorn 
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(SCF), på neuronala stamceller. Båda produceras i CNS under utvecklingen 
och i vuxen ålder. 
 Stamceller som odlas i laboratoriet delar sig när man tillsätter tillväxtfaktorn 
fibroblast growth factor (FGF). När FGF tas bort från odlingsmediet mognar 
cellerna ut till nervceller, astrocyter och oligodendrocyter. Genom att 
behandla cellerna med andra tillväxtfaktorer kan man påverka vilken celltyp 
de mognar ut till. 

PDGF har tidigare visats vara involverad i att styra nervcellers 
mognadsprocess. Vår forskningsgrupp har visat att PDGF i frånvaro av FGF 
stimulerar celldelning av omogna nervceller, samt ökar andelen celler som 
överlever. Cellerna blir överlag mer omogna när PDGF finns i 
cellodlingsmediet och mängden omogna nervceller ökar. Våra senaste 
resultat tyder på att nervcellerna förblir omogna även om PDGF tas bort från 
odlingsmediet. Dessutom har vi upptäckt att cellerna själva tillverkar PDGF, 
men vilken funktion detta PDGF har vet vi ännu inte.  

För att få reda på mer exakt hur olika tillväxtfaktorer påverkar neuronala 
stamceller har vi undersökt vad som händer inuti cellen när PDGF respektive 
FGF binder till cellytan. Det finns flera olika signaleringsvägar från cellytan 
till cellens kärna. Dessa består av en mängd proteiner som kan aktivera 
varandra i en lång kedjereaktion. Våra resultat visar på likheter och 
skillnader i en sådan signaleringsväg beroende på om den aktiverats med 
FGF eller PDGF.

Man vet sedan många år att SCF är viktig för flera celler i blodsystemet. 
Vår forskning tyder på att SCF också är viktig för neuronala stamceller, 
vilket pekar på likheten mellan stamceller från olika organ. Vi har visat att 
SCF är en kraftfull migrationsfaktor för neuronala stamceller, d.v.s. den kan 
locka cellerna att röra sig i en viss riktning. Liksom PDGF ökar SCF också 
cellernas överlevnad, men den påverkar inte cellernas delning eller mognad. 

Resultaten som jag presenterar i min avhandling kan hjälpa oss att förstå 
hur neuronala stamceller fungerar.  
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resor till platser som Öregrund camping och Barcelona, festplanerande och 
vänskap. När Solen Saknar Tellus Susar Anden - tills döden skiljer oss åt.  
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Maria, för spännande bilturer utan vilka jag aldrig fått åka bärgningsbil eller 
träffa mannen med startkablar i sovrummet, för bröllopsprat, barnprat, 
jobbprat, hästprat och annat prat.  

Skärgårdsgänget,  Henrik, Martin, Sussi, Tomas, Sofia, Anders, Oskar,
Maria, Niklas, Therese och Sandra, för härliga vårdagar på St Kalholmen, 
fyllda av matorgier med minimal diskförbrukning, bastubad, vin och 
Alfapet. Jag längtar redan till nästa år! Ett extra tack till Henriks öra utan 
vilket vi hade missat hela Eurovisionsschlagerfestivalen. 

Mammagänget, Gemma, Catrin, Jessika, Linda-Marie och Helena för 
stöd och vänskap under den omvälvande bebisperioden och trevliga 
barnträffar, promenader och pubkvällar sedan dess. 

Tobbe, Fredrik, Monika och Albin för mysiga Nyårsaftnar med alltifrån 
medium till very very very well-done oxfilé. 

Min farmor Birgit för trevliga middagar när vi är på Gotland och för att du 
gav mig mod genom att visa att det visst går att skriva en bok. 

Min morfar Henry för julfirande, släktmiddagar och härliga fjällvandringar.

Mina föräldrar, Bibbi and Torbjörn för att jag vet att ni alltid älskar och 
stöttar mig, för allt roligt vi gjort ihop från resor och utflykter till 
bröllopstårtor och korsord och för alla lata sommardagar tillsammans vid 
stugan.

Min syster, Lisa för trevliga spelkvällar, biobesök av varierande kvalitet, 
tedrickande och för att du är Josefs absoluta favoritmoster som alltid, alltid 
ställer upp. 

Josef, min bästis-bebbe, för att du gör mig så lycklig! 

David för din kärlek och för allt vi har gemensamt. Jag älskar dig. 



45

References

Aase K, Abramsson A, Karlsson L, Betsholtz C, Eriksson U (2002) 
Expression analysis of PDGF-C in adult and developing mouse 
tissues. Mech Dev 110:187-191. 

Abe K, Takayanagi M, Saito H (1990) A comparison of neurotrophic effects 
of epidermal growth factor and basic fibroblast growth factor in 
primary cultured neurons from various regions of fetal rat brain. Jpn 
J Pharmacol 54:45-51. 

Aboody KS, Brown A, Rainov NG, Bower KA, Liu S, Yang W, Small JE, 
Herrlinger U, Ourednik V, Black PM, Breakefield XO, Snyder EY 
(2000) From the cover: neural stem cells display extensive tropism 
for pathology in adult brain: evidence from intracranial gliomas. 
Proc Natl Acad Sci U S A 97:12846-12851. 

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P (2002) 
Molecular Biology of the Cell, 4th Edition. New York, USA: 
Garland Publishing, Inc. 

Alison MR, Poulsom R, Jeffery R, Dhillon AP, Quaglia A, Jacob J, Novelli 
M, Prentice G, Williamson J, Wright NA (2000) Hepatocytes from 
non-hepatic adult stem cells. Nature 406:257. 

Altman J, Das GD (1965) Autoradiographic and histological evidence of 
postnatal hippocampal neurogenesis in rats. J Comp Neurol 
124:319-335. 

Andrae J, Hansson I, Afink GB, Nister M (2001) Platelet-derived growth 
factor receptor-alpha in ventricular zone cells and in developing 
neurons. Mol Cell Neurosci 17:1001-1013. 

Annett LE, Martel FL, Rogers DC, Ridley RM, Baker HF, Dunnett SB 
(1994) Behavioral assessment of the effects of embryonic nigral 
grafts in marmosets with unilateral 6-OHDA lesions of the 
nigrostriatal pathway. Exp Neurol 125:228-246. 

Arakawa T, Yphantis DA, Lary JW, Narhi LO, Lu HS, Prestrelski SJ, 
Clogston CL, Zsebo KM, Mendiaz EA, Wypych J, et al. (1991) 
Glycosylated and unglycosylated recombinant-derived human stem 
cell factors are dimeric and have extensive regular secondary 
structure. J Biol Chem 266:18942-18948. 

Arsenijevic Y (2003) Mammalian neural stem-cell renewal: nature versus 
nurture. Mol Neurobiol 27:73-98. 



46

Arsenijevic Y, Weiss S, Schneider B, Aebischer P (2001) Insulin-like 
growth factor-I is necessary for neural stem cell proliferation and 
demonstrates distinct actions of epidermal growth factor and 
fibroblast growth factor-2. J Neurosci 21:7194-7202. 

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O (2002) Neuronal 
replacement from endogenous precursors in the adult brain after 
stroke. Nat Med 8:963-970. 

Ashman LK (1999) The biology of stem cell factor and its receptor C-kit. Int 
J Biochem Cell Biol 31:1037-1051. 

Bachoud-Levi A, Bourdet C, Brugieres P, Nguyen JP, Grandmougin T, 
Haddad B, Jeny R, Bartolomeo P, Boisse MF, Barba GD, Degos JD, 
Ergis AM, Lefaucheur JP, Lisovoski F, Pailhous E, Remy P, Palfi S, 
Defer GL, Cesaro P, Hantraye P, Peschanski M (2000) Safety and 
tolerability assessment of intrastriatal neural allografts in five 
patients with Huntington's disease. Exp Neurol 161:194-202. 

Behar TN, Smith SV, Kennedy RT, McKenzie JM, Maric I, Barker JL 
(2001) GABA(B) receptors mediate motility signals for migrating 
embryonic cortical cells. Cereb Cortex 11:744-753. 

Behar TN, Schaffner AE, Colton CA, Somogyi R, Olah Z, Lehel C, Barker 
JL (1994) GABA-induced chemokinesis and NGF-induced 
chemotaxis of embryonic spinal cord neurons. J Neurosci 14:29-38. 

Behar TN, Li YX, Tran HT, Ma W, Dunlap V, Scott C, Barker JL (1996) 
GABA stimulates chemotaxis and chemokinesis of embryonic 
cortical neurons via calcium-dependent mechanisms. J Neurosci 
16:1808-1818. 

Belachew S, Yuan X, Gallo V (2001) Unraveling oligodendrocyte origin and 
function by cell-specific transgenesis. Dev Neurosci 23:287-298. 

Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH, Alitalo K, 
Eriksson U (2001) PDGF-D is a specific, protease-activated ligand 
for the PDGF beta- receptor. Nat Cell Biol 3:512-516. 

Betsholtz C, Karlsson L, Lindahl P (2001) Developmental roles of platelet-
derived growth factors. Bioessays 23:494-507. 

Bikfalvi A, Klein S, Pintucci G, Rifkin DB (1997) Biological roles of 
fibroblast growth factor-2. Endocr Rev 18:26-45. 

Bjorklund A, Lindvall O (2000) Cell replacement therapies for central 
nervous system disorders. Nat Neurosci 3:537-544. 

Bjorklund A, Svendsen CN (2001) Chimeric stem cells. Trends Mol Med 
7:144-146. 

Bjornson CR, Rietze RL, Reynolds BA, Magli MC, Vescovi AL (1999) 
Turning brain into blood: a hematopoietic fate adopted by adult 
neural stem cells in vivo. Science 283:534-537. 

Bogler O, Wren D, Barnett SC, Land H, Noble M (1990) Cooperation 
between two growth factors promotes extended self-renewal and 
inhibits differentiation of oligodendrocyte-type-2 astrocyte (O-2A) 
progenitor cells. Proc Natl Acad Sci U S A 87:6368-6372. 



47

Bonni A, Sun Y, Nadal-Vicens M, Bhatt A, Frank DA, Rozovsky I, Stahl N, 
Yancopoulos GD, Greenberg ME (1997) Regulation of gliogenesis 
in the central nervous system by the JAK-STAT signaling pathway. 
Science 278:477-483. 

Bos JL (1997) Ras-like GTPases. Biochim Biophys Acta 1333:M19-31. 
Bostrom H, Willetts K, Pekny M, Leveen P, Lindahl P, Hedstrand H, Pekna 

M, Hellstrom M, Gebre-Medhin S, Schalling M, Nilsson M, Kurland 
S, Tornell J, Heath JK, Betsholtz C (1996) PDGF-A signaling is a 
critical event in lung alveolar myofibroblast development and 
alveogenesis. Cell 85:863-873. 

Brasted PJ, Watts C, Robbins TW, Dunnett SB (1999) Associative plasticity 
in striatal transplants. Proc Natl Acad Sci U S A 96:10524-10529. 

Brazelton TR, Rossi FM, Keshet GI, Blau HM (2000) From marrow to 
brain: expression of neuronal phenotypes in adult mice. Science 
290:1775-1779. 

Brunstrom JE, Gray-Swain MR, Osborne PA, Pearlman AL (1997) Neuronal 
heterotopias in the developing cerebral cortex produced by 
neurotrophin-4. Neuron 18:505-517. 

Buchdunger E, O'Reilly T, Wood J (2002) Pharmacology of imatinib 
(STI571). Eur J Cancer 38 Suppl 5:S28-36. 

Burrows RC, Wancio D, Levitt P, Lillien L (1997) Response diversity and 
the timing of progenitor cell maturation are regulated by 
developmental changes in EGFR expression in the cortex. Neuron 
19:251-267. 

Caldwell MA, Svendsen CN (1998) Heparin, but not other proteoglycans 
potentiates the mitogenic effects of FGF-2 on mesencephalic 
precursor cells. Exp Neurol 152:1-10. 

Caldwell MA, He X, Wilkie N, Pollack S, Marshall G, Wafford KA, 
Svendsen CN (2001) Growth factors regulate the survival and fate of 
cells derived from human neurospheres. Nat Biotechnol 19:475-479. 

Cameron HA, McKay RD (2001) Adult neurogenesis produces a large pool 
of new granule cells in the dentate gyrus. J Comp Neurol 435:406-
417.

Caric D, Raphael H, Viti J, Feathers A, Wancio D, Lillien L (2001) EGFRs 
mediate chemotactic migration in the developing telencephalon. 
Development 128:4203-4216. 

Carlen M, Cassidy RM, Brismar H, Smith GA, Enquist LW, Frisen J (2002) 
Functional integration of adult-born neurons. Curr Biol 12:606-608. 

Carpenter MK, Cui X, Hu ZY, Jackson J, Sherman S, Seiger A, Wahlberg 
LU (1999) In vitro expansion of a multipotent population of human 
neural progenitor cells. Exp Neurol 158:265-278. 

Chabot B, Stephenson DA, Chapman VM, Besmer P, Bernstein A (1988) 
The proto-oncogene c-kit encoding a transmembrane tyrosine kinase 
receptor maps to the mouse W locus. Nature 335:88-89. 

Chazal G, Durbec P, Jankovski A, Rougon G, Cremer H (2000) 
Consequences of neural cell adhesion molecule deficiency on cell 



48

migration in the rostral migratory stream of the mouse. J Neurosci 
20:1446-1457. 

Ciruna BG, Schwartz L, Harpal K, Yamaguchi TP, Rossant J (1997) 
Chimeric analysis of fibroblast growth factor receptor-1 (Fgfr1) 
function: a role for FGFR1 in morphogenetic movement through the 
primitive streak. Development 124:2829-2841. 

Clarke D, Frisen J (2001) Differentiation potential of adult stem cells. Curr 
Opin Genet Dev 11:575-580. 

Clarke DL, Johansson CB, Wilbertz J, Veress B, Nilsson E, Karlstrom H, 
Lendahl U, Frisen J (2000) Generalized potential of adult neural 
stem cells. Science 288:1660-1663. 

Corbin JG, Nery S, Fishell G (2001) Telencephalic cells take a tangent: non-
radial migration in the mammalian forebrain. Nat Neurosci 4 
Suppl:1177-1182. 

Cowley S, Paterson H, Kemp P, Marshall CJ (1994) Activation of MAP 
kinase kinase is necessary and sufficient for PC12 differentiation 
and for transformation of NIH 3T3 cells. Cell 77:841-852. 

Crossley PH, Martinez S, Martin GR (1996) Midbrain development induced 
by FGF8 in the chick embryo. Nature 380:66-68. 

D'Arcangelo G, Curran T (1998) Reeler: new tales on an old mutant mouse. 
Bioessays 20:235-244. 

Dahlstrand J, Collins VP, Lendahl U (1992) Expression of the class VI 
intermediate filament nestin in human central nervous system 
tumors. Cancer Res 52:5334-5341. 

Dai C, Celestino JC, Okada Y, Louis DN, Fuller GN, Holland EC (2001) 
PDGF autocrine stimulation dedifferentiates cultured astrocytes and 
induces oligodendrogliomas and oligoastrocytomas from neural 
progenitors and astrocytes in vivo. Genes Dev 15:1913-1925. 

Davis AA, Temple S (1994) A self-renewing multipotential stem cell in 
embryonic rat cerebral cortex. Nature 372:263-266. 

Davis RJ (2000) Signal transduction by the JNK group of MAP kinases. Cell 
103:239-252. 

Deinhardt F (1980) Viral Oncology. New York: Raven Press. 
Deng CX, Wynshaw-Boris A, Shen MM, Daugherty C, Ornitz DM, Leder P 

(1994) Murine FGFR-1 is required for early postimplantation 
growth and axial organization. Genes Dev 8:3045-3057. 

Dickson BJ (2002) Molecular mechanisms of axon guidance. Science 
298:1959-1964. 

Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A (1999) 
Subventricular zone astrocytes are neural stem cells in the adult 
mammalian brain. Cell 97:703-716. 

Dono R (2003) Fibroblast growth factors as regulators of central nervous 
system development and function. Am J Physiol Regul Integr Comp 
Physiol 284:R867-881. 



49

Dono R, Texido G, Dussel R, Ehmke H, Zeller R (1998) Impaired cerebral 
cortex development and blood pressure regulation in FGF-2-
deficient mice. Embo J 17:4213-4225. 

Donovan PJ, Gearhart J (2001) The end of the beginning for pluripotent stem 
cells. Nature 414:92-97. 

Dulabon L, Olson EC, Taglienti MG, Eisenhuth S, McGrath B, Walsh CA, 
Kreidberg JA, Anton ES (2000) Reelin binds alpha3beta1 integrin 
and inhibits neuronal migration. Neuron 27:33-44. 

Eckhardt SG, Rizzo J, Sweeney KR, Cropp G, Baker SD, Kraynak MA, 
Kuhn JG, Villalona-Calero MA, Hammond L, Weiss G, Thurman A, 
Smith L, Drengler R, Eckardt JR, Moczygemba J, Hannah AL, Von 
Hoff DD, Rowinsky EK (1999) Phase I and pharmacological study 
of the tyrosine kinase inhibitor SU101 in patients with advanced 
solid tumors. J Clin Oncol 17:1093-1094. 

Ehtesham M, Kabos P, Gutierrez MA, Chung NH, Griffith TS, Black KL, 
Yu JS (2002) Induction of glioblastoma apoptosis using neural stem 
cell-mediated delivery of tumor necrosis factor-related apoptosis-
inducing ligand. Cancer Res 62:7170-7174. 

Enarsson M, Erlandsson A, Larsson H, Forsberg-Nilsson K (2002) 
Extracellular signal-regulated protein kinase signaling is uncoupled 
from initial differentiation of central nervous system stem cells to 
neurons. Mol Cancer Res 1:147-154. 

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, 
Peterson DA, Gage FH (1998) Neurogenesis in the adult human 
hippocampus. Nat Med 4:1313-1317. 

Erlandsson A, Enarsson M, Forsberg-Nilsson K (2001) Immature neurons 
from CNS stem cells proliferate in response to platelet-derived 
growth factor. J Neurosci 21:3483-3491. 

Ernfors P, Lonnerberg P, Ayer-LeLievre C, Persson H (1990) 
Developmental and regional expression of basic fibroblast growth 
factor mRNA in the rat central nervous system. J Neurosci Res 
27:10-15. 

Estivill-Torrus G, Pearson H, van Heyningen V, Price DJ, Rashbass P (2002) 
Pax6 is required to regulate the cell cycle and the rate of progression 
from symmetrical to asymmetrical division in mammalian cortical 
progenitors. Development 129:455-466. 

Feng Y, Walsh CA (2001) Protein-protein interactions, cytoskeletal 
regulation and neuronal migration. Nat Rev Neurosci 2:408-416. 

Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuolo A, 
Cossu G, Mavilio F (1998) Muscle regeneration by bone marrow-
derived myogenic progenitors. Science 279:1528-1530. 

Ferreira A, Caceres A (1992) Expression of the class III beta-tubulin isotype 
in developing neurons in culture. J Neurosci Res 32:516-529. 

Fleming TP, Saxena A, Clark WC, Robertson JT, Oldfield EH, Aaronson 
SA, Ali IU (1992) Amplification and/or overexpression of platelet-



50

derived growth factor receptors and epidermal growth factor 
receptor in human glial tumors. Cancer Res 52:4550-4553. 

Ford-Perriss M, Abud H, Murphy M (2001) Fibroblast growth factors in the 
developing central nervous system. Clin Exp Pharmacol Physiol 
28:493-503. 

Forsberg-Nilsson K, Behar TN, Afrakhte M, Barker JL, McKay RD (1998) 
Platelet-derived growth factor induces chemotaxis of neuroepithelial 
stem cells. J Neurosci Res 53:521-530. 

Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon 
S, Winfield H, Culver S, Trojanowski JQ, Eidelberg D, Fahn S 
(2001) Transplantation of embryonic dopamine neurons for severe 
Parkinson's disease. N Engl J Med 344:710-719. 

Frisen J (2002) Stem cell plasticity? Neuron 35:415-418. 
Frotscher M (1997) Dual role of Cajal-Retzius cells and reelin in cortical 

development. Cell Tissue Res 290:315-322. 
Fruttiger M, Karlsson L, Hall AC, Abramsson A, Calver AR, Bostrom H, 

Willetts K, Bertold CH, Heath JK, Betsholtz C, Richardson WD 
(1999) Defective oligodendrocyte development and severe 
hypomyelination in PDGF-A knockout mice. Development 126:457-
467.

Fukuchi-Shimogori T, Grove EA (2001) Neocortex patterning by the 
secreted signaling molecule FGF8. Science 294:1071-1074. 

Fukuda M, Gotoh Y, Tachibana T, Dell K, Hattori S, Yoneda Y, Nishida E 
(1995) Induction of neurite outgrowth by MAP kinase in PC12 cells. 
Oncogene 11:239-244. 

Fung KM, Lee VM, Trojanowski JQ (1995) Dynamics of cell proliferation 
and cell death during the emergence of primitive neuroectodermal 
tumors of the immature central nervous system in transgenic mice. 
Am J Pathol 146:1376-1387. 

Gage FH (2000) Mammalian neural stem cells. Science 287:1433-1438. 
Gage FH (2002) Neurogenesis in the adult brain. J Neurosci 22:612-613. 
Galli R, Borello U, Gritti A, Minasi MG, Bjornson C, Coletta M, Mora M, 

De Angelis MG, Fiocco R, Cossu G, Vescovi AL (2000) Skeletal 
myogenic potential of human and mouse neural stem cells. Nat 
Neurosci 3:986-991. 

Galli SJ, Zsebo KM, Geissler EN (1994) The kit ligand, stem cell factor. 
Adv Immunol 55:1-96. 

Geisert EE, Jr., Frankfurter A (1989) The neuronal response to injury as 
visualized by immunostaining of class III beta-tubulin in the rat. 
Neurosci Lett 102:137-141. 

Geissler EN, Ryan MA, Housman DE (1988) The dominant-white spotting 
(W) locus of the mouse encodes the c-kit proto-oncogene. Cell 
55:185-192. 

Ghosh A, Greenberg ME (1995) Distinct roles for bFGF and NT-3 in the 
regulation of cortical neurogenesis. Neuron 15:89-103. 



51

Giacobini MM, Almstrom S, Funa K, Olson L (1993) Differential effects of 
platelet-derived growth factor isoforms on dopamine neurons in 
vivo: -BB supports cell survival, -AA enhances fiber formation. 
Neuroscience 57:923-929. 

Glaspy J (1996) Clinical applications of stem cell factor. Curr Opin Hematol 
3:223-229. 

Goldman SA, Nottebohm F (1983) Neuronal production, migration, and 
differentiation in a vocal control nucleus of the adult female canary 
brain. Proc Natl Acad Sci U S A 80:2390-2394. 

Gotz M, Hartfuss E, Malatesta P (2002) Radial glial cells as neuronal 
precursors: a new perspective on the correlation of morphology and 
lineage restriction in the developing cerebral cortex of mice. Brain 
Res Bull 57:777-788. 

Gould E, Reeves AJ, Graziano MS, Gross CG (1999a) Neurogenesis in the 
neocortex of adult primates. Science 286:548-552. 

Gould E, Reeves AJ, Fallah M, Tanapat P, Gross CG, Fuchs E (1999b) 
Hippocampal neurogenesis in adult Old World primates. Proc Natl 
Acad Sci U S A 96:5263-5267. 

Greco B, Recht L (2003) Somatic plasticity of neural stem cells: fact or 
fancy? J Cell Biochem 88:51-56. 

Gregg CT, Chojnacki AK, Weiss S (2002) Radial glial cells as neuronal 
precursors: the next generation? J Neurosci Res 69:708-713. 

Gritti A, Parati EA, Cova L, Frolichsthal P, Galli R, Wanke E, Faravelli L, 
Morassutti DJ, Roisen F, Nickel DD, Vescovi AL (1996) 
Multipotential stem cells from the adult mouse brain proliferate and 
self-renew in response to basic fibroblast growth factor. J Neurosci 
16:1091-1100. 

Gross RE, Mehler MF, Mabie PC, Zang Z, Santschi L, Kessler JA (1996) 
Bone morphogenetic proteins promote astroglial lineage 
commitment by mammalian subventricular zone progenitor cells. 
Neuron 17:595-606. 

Guha A, Dashner K, Black PM, Wagner JA, Stiles CD (1995) Expression of 
PDGF and PDGF receptors in human astrocytoma operation 
specimens supports the existence of an autocrine loop. Int J Cancer 
60:168-173. 

Guillemot F (1995) Analysis of the role of basic-helix-loop-helix 
transcription factors in the development of neural lineages in the 
mouse. Biol Cell 84:3-6. 

Gussoni E, Soneoka Y, Strickland CD, Buzney EA, Khan MK, Flint AF, 
Kunkel LM, Mulligan RC (1999) Dystrophin expression in the mdx 
mouse restored by stem cell transplantation. Nature 401:390-394. 

Hall PA, Watt FM (1989) Stem cells: the generation and maintenance of 
cellular diversity. Development 106:619-633. 

Hamada T, Ui-Tei K, Imaki J, Takahashi F, Onodera H, Mishima T, Miyata 
Y (2002) The expression of SCDGF/PDGF-C/fallotein and SCDGF-



52

B/PDGF-D in the rat central nervous system. Mech Dev 112:161-
164.

Hatten ME (1990) Riding the glial monorail: a common mechanism for 
glial-guided migration in different regions of the developing brain. 
Trends Neurosci 13:179-184. 

Hatten ME (1999) Central nervous system neuronal migration. Annu Rev 
Neurosci 22:511-539. 

Heins N, Cremisi F, Malatesta P, Gangemi RM, Corte G, Price J, Goudreau 
G, Gruss P, Gotz M (2001) Emx2 promotes symmetric cell divisions 
and a multipotential fate in precursors from the cerebral cortex. Mol 
Cell Neurosci 18:485-502. 

Heldin CH (1995) Dimerization of cell surface receptors in signal 
transduction. Cell 80:213-223. 

Heldin CH, Westermark B (1999) Mechanism of action and in vivo role of 
platelet-derived growth factor. Physiol Rev 79:1283-1316. 

Heldin CH, Ostman A, Ronnstrand L (1998) Signal transduction via platelet-
derived growth factor receptors. Biochim Biophys Acta 1378:F79-
113.

Heldin CH, Eriksson U, Ostman A (2002) New members of the platelet-
derived growth factor family of mitogens. Arch Biochem Biophys 
398:284-290. 

Herman JP, Abrous ND (1994) Dopaminergic neural grafts after fifteen 
years: results and perspectives. Prog Neurobiol 44:1-35. 

Hermanson M, Funa K, Koopmann J, Maintz D, Waha A, Westermark B, 
Heldin CH, Wiestler OD, Louis DN, von Deimling A, Nister M 
(1996) Association of loss of heterozygosity on chromosome 17p 
with high platelet-derived growth factor alpha receptor expression in 
human malignant gliomas. Cancer Res 56:164-171. 

Hermansson M, Nister M, Betsholtz C, Heldin CH, Westermark B, Funa K 
(1988) Endothelial cell hyperplasia in human glioblastoma: 
coexpression of mRNA for platelet-derived growth factor (PDGF) B 
chain and PDGF receptor suggests autocrine growth stimulation. 
Proc Natl Acad Sci U S A 85:7748-7752. 

Hirota S, Ito A, Morii E, Wanaka A, Tohyama M, Kitamura Y, Nomura S 
(1992) Localization of mRNA for c-kit receptor and its ligand in the 
brain of adult rats: an analysis using in situ hybridization 
histochemistry. Brain Res Mol Brain Res 15:47-54. 

Hu E, Tontonoz P, Spiegelman BM (1995) Transdifferentiation of myoblasts 
by the adipogenic transcription factors PPAR gamma and C/EBP 
alpha. Proc Natl Acad Sci U S A 92:9856-9860. 

Hu H (2001) Cell-surface heparan sulfate is involved in the repulsive 
guidance activities of Slit2 protein. Nat Neurosci 4:695-701. 

Huneeus FC, Davison PF (1970) Fibrillar proteins from squid axons. I. 
Neurofilament protein. J Mol Biol 52:415-428. 

Hunter T (2000) Signaling--2000 and beyond. Cell 100:113-127. 



53

Ida JA, Jr., Dubois-Dalcq M, McKinnon RD (1993) Expression of the 
receptor tyrosine kinase c-kit in oligodendrocyte progenitor cells. J 
Neurosci Res 36:596-606. 

Jacques TS, Relvas JB, Nishimura S, Pytela R, Edwards GM, Streuli CH, 
ffrench-Constant C (1998) Neural precursor cell chain migration and 
division are regulated through different beta1 integrins. 
Development 125:3167-3177. 

Jin K, Mao XO, Sun Y, Xie L, Greenberg DA (2002) Stem cell factor 
stimulates neurogenesis in vitro and in vivo. J Clin Invest 110:311-
319.

Johansson CB, Momma S, Clarke DL, Risling M, Lendahl U, Frisen J 
(1999) Identification of a neural stem cell in the adult mammalian 
central nervous system. Cell 96:25-34. 

Johe KK, Hazel TG, Muller T, Dugich-Djordjevic MM, McKay RD (1996) 
Single factors direct the differentiation of stem cells from the fetal 
and adult central nervous system. Genes Dev 10:3129-3140. 

Johnson DE, Williams LT (1993) Structural and functional diversity in the 
FGF receptor multigene family. Adv Cancer Res 60:1-41. 

Kandel E, Schwartz J, Jessel T (2000) Principles of Neural Science, 4th 
Edition.

Karin M, Hunter T (1995) Transcriptional control by protein 
phosphorylation: signal transmission from the cell surface to the 
nucleus. Curr Biol 5:747-757. 

Kazlauskas A (2000) A new member of an old family. Nat Cell Biol 2:E78-
79.

Kendall AL, Rayment FD, Torres EM, Baker HF, Ridely RM, Dunnett SB 
(1998) Functional integration of stratial allografts in a primate model 
of Huntington's disease. Nat Med 4:669-670. 

Keshet E, Lyman SD, Williams DE, Anderson DM, Jenkins NA, Copeland 
NG, Parada LF (1991) Embryonic RNA expression patterns of the c-
kit receptor and its cognate ligand suggest multiple functional roles 
in mouse development. Embo J 10:2425-2435. 

Kilpatrick TJ, Bartlett PF (1995) Cloned multipotential precursors from the 
mouse cerebrum require FGF-2, whereas glial restricted precursors 
are stimulated with either FGF-2 or EGF. J Neurosci 15:3653-3661. 

Kintner C (2002) Neurogenesis in embryos and in adult neural stem cells. J 
Neurosci 22:639-643. 

Klesse LJ, Meyers KA, Marshall CJ, Parada LF (1999) Nerve growth factor 
induces survival and differentiation through two distinct signaling 
cascades in PC12 cells. Oncogene 18:2055-2068. 

Knoblich JA (2001) Asymmetric cell division during animal development. 
Nat Rev Mol Cell Biol 2:11-20. 

Kohler N, Lipton A (1974) Platelets as a source of fibroblast growth-
promoting activity. Exp Cell Res 87:297-301. 

Kornblum HI, Geschwind DH (2001) Molecular markers in CNS stem cell 
research: hitting a moving target. Nat Rev Neurosci 2:843-846. 



54

Krull CE, Kulesa PM (1998) Embryonic explant and slice preparations for 
studies of cell migration and axon guidance. Curr Top Dev Biol 
36:145-159. 

Kumabe T, Sohma Y, Kayama T, Yoshimoto T, Yamamoto T (1992) 
Amplification of alpha-platelet-derived growth factor receptor gene 
lacking an exon coding for a portion of the extracellular region in a 
primary brain tumor of glial origin. Oncogene 7:627-633. 

Kuo WL, Chung KC, Rosner MR (1997) Differentiation of central nervous 
system neuronal cells by fibroblast- derived growth factor requires at 
least two signaling pathways: roles for Ras and Src. Mol Cell Biol 
17:4633-4643. 

Kuo WL, Abe M, Rhee J, Eves EM, McCarthy SA, Yan M, Templeton DJ, 
McMahon M, Rosner MR (1996) Raf, but not MEK or ERK, is 
sufficient for differentiation of hippocampal neuronal cells. Mol Cell 
Biol 16:1458-1470. 

Lai K, Kaspar BK, Gage FH, Schaffer DV (2003) Sonic hedgehog regulates 
adult neural progenitor proliferation in vitro and in vivo. Nat 
Neurosci 6:21-27. 

Lambert de Rouvroit C, Goffinet AM (2001) Neuronal migration. Mech Dev 
105:47-56. 

LaRochelle WJ, Jeffers M, McDonald WF, Chillakuru RA, Giese NA, 
Lokker NA, Sullivan C, Boldog FL, Yang M, Vernet C, Burgess CE, 
Fernandes E, Deegler LL, Rittman B, Shimkets J, Shimkets RA, 
Rothberg JM, Lichenstein HS (2001) PDGF-D, a new protease-
activated growth factor. Nat Cell Biol 3:517-521. 

Laywell ED, Rakic P, Kukekov VG, Holland EC, Steindler DA (2000) 
Identification of a multipotent astrocytic stem cell in the immature 
and adult mouse brain. Proc Natl Acad Sci U S A 97:13883-13888. 

Lazarides E (1980) Intermediate filaments as mechanical integrators of 
cellular space. Nature 283:249-256. 

Lazarini F, Tham TN, Casanova P, Arenzana-Seisdedos F, Dubois-Dalcq M 
(2003) Role of the alpha-chemokine stromal cell-derived factor 
(SDF-1) in the developing and mature central nervous system. Glia 
42:139-148. 

Lee JE (1997) Basic helix-loop-helix genes in neural development. Curr 
Opin Neurobiol 7:13-20. 

Lee SM, Danielian PS, Fritzsch B, McMahon AP (1997) Evidence that 
FGF8 signalling from the midbrain-hindbrain junction regulates 
growth and polarity in the developing midbrain. Development 
124:959-969. 

Lendahl U, Zimmerman LB, McKay RD (1990) CNS stem cells express a 
new class of intermediate filament protein. Cell 60:585-595. 

Leveen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E, Betsholtz C 
(1994) Mice deficient for PDGF B show renal, cardiovascular, and 
hematological abnormalities. Genes Dev 8:1875-1887. 



55

Li W, Cogswell CA, LoTurco JJ (1998) Neuronal differentiation of 
precursors in the neocortical ventricular zone is triggered by BMP. J 
Neurosci 18:8853-8862. 

Li X, Ponten A, Aase K, Karlsson L, Abramsson A, Uutela M, Backstrom G, 
Hellstrom M, Bostrom H, Li H, Soriano P, Betsholtz C, Heldin CH, 
Alitalo K, Ostman A, Eriksson U (2000) PDGF-C is a new protease-
activated ligand for the PDGF alpha-receptor. Nat Cell Biol 2:302-
309.

Liesi P, Hager G, Dodt HU, Seppala I, Zieglgansberger W (1995) Domain-
specific antibodies against the B2 chain of laminin inhibit neuronal 
migration in the neonatal rat cerebellum. J Neurosci Res 40:199-206. 

Lillien L (1998) Neural progenitors and stem cells: mechanisms of 
progenitor heterogeneity. Curr Opin Neurobiol 8:37-44. 

Lillien L, Raphael H (2000) BMP and FGF regulate the development of 
EGF-responsive neural progenitor cells [In Process Citation]. 
Development 127:4993-5005. 

Lim DA, Tramontin AD, Trevejo JM, Herrera DG, Garcia-Verdugo JM, 
Alvarez-Buylla A (2000) Noggin antagonizes BMP signaling to 
create a niche for adult neurogenesis. Neuron 28:713-726. 

Lindahl P, Johansson BR, Leveen P, Betsholtz C (1997) Pericyte loss and 
microaneurysm formation in PDGF-B-deficient mice. Science 
277:242-245. 

Lindvall O (1999) Cerebral implantation in movement disorders: state of the 
art. Mov Disord 14:201-205. 

Lindvall O, Sawle G, Widner H, Rothwell JC, Bjorklund A, Brooks D, 
Brundin P, Frackowiak R, Marsden CD, Odin P, et al. (1994) 
Evidence for long-term survival and function of dopaminergic grafts 
in progressive Parkinson's disease. Ann Neurol 35:172-180. 

Liu Y, Rao MS (2003) Transdifferentiation--fact or artifact. J Cell Biochem 
88:29-40. 

Lois C, Alvarez-Buylla A (1994) Long-distance neuronal migration in the 
adult mammalian brain. Science 264:1145-1148. 

Lois C, Garcia-Verdugo JM, Alvarez-Buylla A (1996) Chain migration of 
neuronal precursors. Science 271:978-981. 

Lu QR, Sun T, Zhu Z, Ma N, Garcia M, Stiles CD, Rowitch DH (2002) 
Common developmental requirement for Olig function indicates a 
motor neuron/oligodendrocyte connection. Cell 109:75-86. 

Lu QR, Yuk D, Alberta JA, Zhu Z, Pawlitzky I, Chan J, McMahon AP, 
Stiles CD, Rowitch DH (2000) Sonic hedgehog--regulated 
oligodendrocyte lineage genes encoding bHLH proteins in the 
mammalian central nervous system. Neuron 25:317-329. 

Malatesta P, Hartfuss E, Gotz M (2000) Isolation of radial glial cells by 
fluorescent-activated cell sorting reveals a neuronal lineage. 
Development 127:5253-5263. 

Mapstone T, McMichael M, Goldthwait D (1991) Expression of platelet-
derived growth factors, transforming growth factors, and the ros 



56

gene in a variety of primary human brain tumors. Neurosurgery 
28:216-222. 

Maric D, Maric I, Chang YH, Barker JL (2003) Prospective cell sorting of 
embryonic rat neural stem cells and neuronal and glial progenitors 
reveals selective effects of basic fibroblast growth factor and 
epidermal growth factor on self-renewal and differentiation. J 
Neurosci 23:240-251. 

Marin O, Rubenstein JL (2003) Cell Migration in the Forebrain. Annu Rev 
Neurosci.

Mason I, Chambers D, Shamim H, Walshe J, Irving C (2000) Regulation and 
function of FGF8 in patterning of midbrain and anterior hindbrain. 
Biochem Cell Biol 78:577-584. 

Matsui Y, Zsebo KM, Hogan BL (1990) Embryonic expression of a 
haematopoietic growth factor encoded by the Sl locus and the ligand 
for c-kit. Nature 347:667-669. 

McKay R (1997) Stem cells in the central nervous system. Science 276:66-
71.

McKinney-Freeman SL, Jackson KA, Camargo FD, Ferrari G, Mavilio F, 
Goodell MA (2002) Muscle-derived hematopoietic stem cells are 
hematopoietic in origin. Proc Natl Acad Sci U S A 99:1341-1346. 

Menet V, Gimenez YRM, Sandillon F, Privat A (2000) GFAP null 
astrocytes are a favorable substrate for neuronal survival and neurite 
growth. Glia 31:267-272. 

Mezey E, Chandross KJ, Harta G, Maki RA, McKercher SR (2000) Turning 
blood into brain: cells bearing neuronal antigens generated in vivo 
from bone marrow. Science 290:1779-1782. 

Miyata T, Kawaguchi A, Okano H, Ogawa M (2001) Asymmetric 
inheritance of radial glial fibers by cortical neurons. Neuron 31:727-
741.

Mizuguchi R, Sugimori M, Takebayashi H, Kosako H, Nagao M, Yoshida S, 
Nabeshima Y, Shimamura K, Nakafuku M (2001) Combinatorial 
roles of olig2 and neurogenin2 in the coordinated induction of pan-
neuronal and subtype-specific properties of motoneurons. Neuron 
31:757-771. 

Molne M, Studer L, Tabar V, Ting YT, Eiden MV, McKay RD (2000) Early 
cortical precursors do not undergo LIF-mediated astrocytic 
differentiation. J Neurosci Res 59:301-311. 

Momma S, Johansson CB, Frisen J (2000) Get to know your stem cells. Curr 
Opin Neurobiol 10:45-49. 

Morest DK (1970) A study of neurogenesis in the forebrain of opossum 
pouch young. Z Anat Entwicklungsgesch 130:265-305. 

Morshead CM, Benveniste P, Iscove NN, van der Kooy D (2002) 
Hematopoietic competence is a rare property of neural stem cells 
that may depend on genetic and epigenetic alterations. Nat Med 
8:268-273. 



57

Motro B, Wojtowicz JM, Bernstein A, van der Kooy D (1996) Steel mutant 
mice are deficient in hippocampal learning but not long-term 
potentiation. Proc Natl Acad Sci U S A 93:1808-1813. 

Motro B, van der Kooy D, Rossant J, Reith A, Bernstein A (1991) 
Contiguous patterns of c-kit and steel expression: analysis of 
mutations at the W and Sl loci. Development 113:1207-1221. 

Murphy M, Drago J, Bartlett PF (1990) Fibroblast growth factor stimulates 
the proliferation and differentiation of neural precursor cells in vitro. 
J Neurosci Res 25:463-475. 

Nadarajah B (2003) Radial glia and somal translocation of radial neurons in 
the developing cerebral cortex. Glia 43:33-36. 

Nadarajah B, Parnavelas JG (2002) Modes of neuronal migration in the 
developing cerebral cortex. Nat Rev Neurosci 3:423-432. 

Nikkhah G, Odin P, Smits A, Tingstrom A, Othberg A, Brundin P, Funa K, 
Lindvall O (1993) Platelet-derived growth factor promotes survival 
of rat and human mesencephalic dopaminergic neurons in culture. 
Exp Brain Res 92:516-523. 

Noctor SC, Flint AC, Weissman TA, Wong WS, Clinton BK, Kriegstein AR 
(2002) Dividing precursor cells of the embryonic cortical ventricular 
zone have morphological and molecular characteristics of radial glia. 
J Neurosci 22:3161-3173. 

Olanow CW, Kordower JH, Freeman TB (1996) Fetal nigral transplantation 
as a therapy for Parkinson's disease. Trends Neurosci 19:102-109. 

Orlic D, Kajstura J, Chimenti S, Bodine DM, Leri A, Anversa P (2001) 
Transplanted adult bone marrow cells repair myocardial infarcts in 
mice. Ann N Y Acad Sci 938:221-229; discussion 229-230. 

Ornitz DM (2000) FGFs, heparan sulfate and FGFRs: complex interactions 
essential for development. Bioessays 22:108-112. 

Ornitz DM, Yayon A, Flanagan JG, Svahn CM, Levi E, Leder P (1992) 
Heparin is required for cell-free binding of basic fibroblast growth 
factor to a soluble receptor and for mitogenesis in whole cells. Mol 
Cell Biol 12:240-247. 

Ornitz DM, Xu J, Colvin JS, McEwen DG, MacArthur CA, Coulier F, Gao 
G, Goldfarb M (1996) Receptor specificity of the fibroblast growth 
factor family. J Biol Chem 271:15292-15297. 

Orr-Urtreger A, Bedford MT, Do MS, Eisenbach L, Lonai P (1992) 
Developmental expression of the alpha receptor for platelet-derived 
growth factor, which is deleted in the embryonic lethal Patch 
mutation. Development 115:289-303. 

Ortega S, Ittmann M, Tsang SH, Ehrlich M, Basilico C (1998) Neuronal 
defects and delayed wound healing in mice lacking fibroblast growth 
factor 2. Proc Natl Acad Sci U S A 95:5672-5677. 

Ostenfeld T, Svendsen CN (2003) Recent advances in stem cell 
neurobiology. Adv Tech Stand Neurosurg 28:3-89. 

Ostenfeld T, Caldwell MA, Prowse KR, Linskens MH, Jauniaux E, 
Svendsen CN (2000) Human neural precursor cells express low 



58

levels of telomerase in vitro and show diminishing cell proliferation 
with extensive axonal outgrowth following transplantation. Exp 
Neurol 164:215-226. 

Ostman A, Heldin CH (2001) Involvement of platelet-derived growth factor 
in disease: development of specific antagonists. Adv Cancer Res 
80:1-38. 

Othberg A, Odin P, Ballagi A, Ahgren A, Funa K, Lindvall O (1995) 
Specific effects of platelet derived growth factor (PDGF) on fetal rat 
and human dopaminergic neurons in vitro. Exp Brain Res 105:111-
122.

Oumesmar BN, Vignais L, Baron-Van Evercooren A (1997) Developmental 
expression of platelet-derived growth factor alpha-receptor in 
neurons and glial cells of the mouse CNS. J Neurosci 17:125-139. 

Overturf K, al-Dhalimy M, Ou CN, Finegold M, Grompe M (1997) Serial 
transplantation reveals the stem-cell-like regenerative potential of 
adult mouse hepatocytes. Am J Pathol 151:1273-1280. 

Palfi S, Conde F, Riche D, Brouillet E, Dautry C, Mittoux V, Chibois A, 
Peschanski M, Hantraye P (1998) Fetal striatal allografts reverse 
cognitive deficts in a primate model of huntington disease. Nat Med 
4:963-966. 

Panchision DM, McKay RD (2002) The control of neural stem cells by 
morphogenic signals. Curr Opin Genet Dev 12:478-487. 

Park JK, Williams BP, Alberta JA, Stiles CD (1999) Bipotent Cortical 
Progenitor Cells Process Conflicting Cues for Neurons and Glia in a 
Hierarchical Manner. J Neurosci 19:10383-10389. 

Parnavelas JG, Nadarajah B (2001) Radial glial cells. are they really glia? 
Neuron 31:881-884. 

Pawson T (1995) Protein modules and signalling networks. Nature 373:573-
580.

Perry VH, Gordon S (1988) Macrophages and microglia in the nervous 
system. Trends Neurosci 11:273-277. 

Petersen BE, Bowen WC, Patrene KD, Mars WM, Sullivan AK, Murase N, 
Boggs SS, Greenberger JS, Goff JP (1999) Bone marrow as a 
potential source of hepatic oval cells. Science 284:1168-1170. 

Pevny LH, Sockanathan S, Placzek M, Lovell-Badge R (1998) A role for 
SOX1 in neural determination. Development 125:1967-1978. 

Philpott LM, Kopyov OV, Lee AJ, Jacques S, Duma CM, Caine S, Yang M, 
Eagle KS (1997) Neuropsychological functioning following fetal 
striatal transplantation in Huntington's chorea: three case 
presentations. Cell Transplant 6:203-212. 

Pluchino S, Quattrini A, Brambilla E, Gritti A, Salani G, Dina G, Galli R, 
Del Carro U, Amadio S, Bergami A, Furlan R, Comi G, Vescovi 
AL, Martino G (2003) Injection of adult neurospheres induces 
recovery in a chronic model of multiple sclerosis. Nature 422:688-
694.



59

Potten CS, Loeffler M (1990) Stem cells: attributes, cycles, spirals, pitfalls 
and uncertainties. Lessons for and from the crypt. Development 
110:1001-1020. 

Powell PP, Finklestein SP, Dionne CA, Jaye M, Klagsbrun M (1991) 
Temporal, differential and regional expression of mRNA for basic 
fibroblast growth factor in the developing and adult rat brain. Brain 
Res Mol Brain Res 11:71-77. 

Pringle NP, Mudhar HS, Collarini EJ, Richardson WD (1992) PDGF 
receptors in the rat CNS: during late neurogenesis, PDGF alpha-
receptor expression appears to be restricted to glial cells of the 
oligodendrocyte lineage. Development 115:535-551. 

Qian X, Davis AA, Goderie SK, Temple S (1997) FGF2 concentration 
regulates the generation of neurons and glia from multipotent 
cortical stem cells. Neuron 18:81-93. 

Qian X, Shen Q, Goderie SK, He W, Capela A, Davis AA, Temple S (2000) 
Timing of CNS cell generation: a programmed sequence of neuron 
and glial cell production from isolated murine cortical stem cells. 
Neuron 28:69-80. 

Qiu FH, Ray P, Brown K, Barker PE, Jhanwar S, Ruddle FH, Besmer P 
(1988) Primary structure of c-kit: relationship with the CSF-1/PDGF 
receptor kinase family--oncogenic activation of v-kit involves 
deletion of extracellular domain and C terminus. Embo J 7:1003-
1011. 

Qui MS, Green SH (1992) PC12 cell neuronal differentiation is associated 
with prolonged p21ras activity and consequent prolonged ERK 
activity. Neuron 9:705-717. 

Raballo R, Rhee J, Lyn-Cook R, Leckman JF, Schwartz ML, Vaccarino FM 
(2000) Basic fibroblast growth factor (Fgf2) is necessary for cell 
proliferation and neurogenesis in the developing cerebral cortex. J 
Neurosci 20:5012-5023. 

Raff MC (1989) Glial cell diversification in the rat optic nerve. Science 
243:1450-1455. 

Raff MC, Lillien LE, Richardson WD, Burne JF, Noble MD (1988) Platelet-
derived growth factor from astrocytes drives the clock that times 
oligodendrocyte development in culture. Nature 333:562-565. 

Raff MC, Mirsky R, Fields KL, Lisak RP, Dorfman SH, Silberberg DH, 
Gregson NA, Leibowitz S, Kennedy MC (1978) Galactocerebroside 
is a specific cell-surface antigenic marker for oligodendrocytes in 
culture. Nature 274:813-816. 

Rakic P (1972) Mode of cell migration to the superficial layers of fetal 
monkey neocortex. J Comp Neurol 145:61-83. 

Rakic P (2003) Elusive radial glial cells: Historical and evolutionary 
perspective. Glia 43:19-32. 

Rakic P, Cameron RS, Komuro H (1994) Recognition, adhesion, 
transmembrane signaling and cell motility in guided neuronal 
migration. Curr Opin Neurobiol 4:63-69. 



60

Rakic P, Stensas LJ, Sayre E, Sidman RL (1974) Computer-aided three-
dimensional reconstruction and quantitative analysis of cells from 
serial electron microscopic montages of foetal monkey brain. Nature 
250:31-34. 

Rao MS (1999) Multipotent and restricted precursors in the central nervous 
system. Anat Rec 257:137-148. 

Reiss K, Mentlein R, Sievers J, Hartmann D (2002) Stromal cell-derived 
factor 1 is secreted by meningeal cells and acts as chemotactic factor 
on neuronal stem cells of the cerebellar external granular layer. 
Neuroscience 115:295-305. 

Reynolds BA, Weiss S (1992) Generation of neurons and astrocytes from 
isolated cells of the adult mammalian central nervous system. 
Science 255:1707-1710. 

Reynolds BA, Weiss S (1996) Clonal and population analyses demonstrate 
that an EGF-responsive mammalian embryonic CNS precursor is a 
stem cell. Dev Biol 175:1-13. 

Rice DS, Curran T (2001) Role of the reelin signaling pathway in central 
nervous system development. Annu Rev Neurosci 24:1005-1039. 

Richards KL, McCullough J (1984) A modified microchamber method for 
chemotaxis and chemokinesis. Immunol Commun 13:49-62. 

Rietze R, Poulin P, Weiss S (2000) Mitotically active cells that generate 
neurons and astrocytes are present in multiple regions of the adult 
mouse hippocampus. J Comp Neurol 424:397-408. 

Rietze RL, Valcanis H, Brooker GF, Thomas T, Voss AK, Bartlett PF (2001) 
Purification of a pluripotent neural stem cell from the adult mouse 
brain. Nature 412:736-739. 

Ringstedt T, Linnarsson S, Wagner J, Lendahl U, Kokaia Z, Arenas E, 
Ernfors P, Ibanez CF (1998) BDNF regulates reelin expression and 
Cajal-Retzius cell development in the cerebral cortex. Neuron 
21:305-315. 

Ross ME, Walsh CA (2001) Human brain malformations and their lessons 
for neuronal migration. Annu Rev Neurosci 24:1041-1070. 

Ross R, Glomset J, Kariya B, Harker L (1974) A platelet-dependent serum 
factor that stimulates the proliferation of arterial smooth muscle cells 
in vitro. Proc Natl Acad Sci U S A 71:1207-1210. 

Ross SE, Greenberg ME, Stiles CD (2003) Basic helix-loop-helix factors in 
cortical development. Neuron 39:13-25. 

Rowitch DH, B SJ, Lee SM, Flax JD, Snyder EY, McMahon AP (1999) 
Sonic hedgehog regulates proliferation and inhibits differentiation of 
CNS precursor cells. J Neurosci 19:8954-8965. 

Ruiz IAA, Palma V, Dahmane N (2002) Hedgehog-Gli signalling and the 
growth of the brain. Nat Rev Neurosci 3:24-33. 

Sakakibara S, Imai T, Hamaguchi K, Okabe M, Aruga J, Nakajima K, 
Yasutomi D, Nagata T, Kurihara Y, Uesugi S, Miyata T, Ogawa M, 
Mikoshiba K, Okano H (1996) Mouse-Musashi-1, a neural RNA-



61

binding protein highly enriched in the mammalian CNS stem cell. 
Dev Biol 176:230-242. 

Sasahara A, Kott JN, Sasahara M, Raines EW, Ross R, Westrum LE (1992) 
Platelet-derived growth factor B-chain-like immunoreactivity in the 
developing and adult rat brain. Brain Res Dev Brain Res 68:41-53. 

Schatteman GC, Morrison-Graham K, van Koppen A, Weston JA, Bowen-
Pope DF (1992) Regulation and role of PDGF receptor alpha-
subunit expression during embryogenesis. Development 115:123-
131.

Schlessinger J (1993) How receptor tyrosine kinases activate Ras. Trends 
Biochem Sci 18:273-275. 

Schlessinger J (1994) SH2/SH3 signaling proteins. Curr Opin Genet Dev 
4:25-30. 

Schlessinger J (2000) Cell signaling by receptor tyrosine kinases. Cell 
103:211-225. 

Schlessinger J, Lax I, Lemmon M (1995) Regulation of growth factor 
activation by proteoglycans: what is the role of the low affinity 
receptors? Cell 83:357-360. 

Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, 
Yayon A, Linhardt RJ, Mohammadi M (2000) Crystal structure of a 
ternary FGF-FGFR-heparin complex reveals a dual role for heparin 
in FGFR binding and dimerization. Mol Cell 6:743-750. 

Shihabuddin LS, Palmer TD, Gage FH (1999) The search for neural 
progenitor cells: prospects for the therapy of neurodegenerative 
disease. Mol Med Today 5:474-480. 

Shimazaki T, Shingo T, Weiss S (2001) The ciliary neurotrophic 
factor/leukemia inhibitory factor/gp130 receptor complex operates 
in the maintenance of mammalian forebrain neural stem cells. J 
Neurosci 21:7642-7653. 

Shingo T, Gregg C, Enwere E, Fujikawa H, Hassam R, Geary C, Cross JC, 
Weiss S (2003) Pregnancy-stimulated neurogenesis in the adult 
female forebrain mediated by prolactin. Science 299:117-120. 

Silvers WK (1979) The coat colors of mice. A model for mammalian gene 
action and interaction. New York: Spring-Verlag. 

Smith AG (2001) Embryo-derived stem cells: of mice and men. Annu Rev 
Cell Dev Biol 17:435-462. 

Smits A, Kato M, Westermark B, Nister M, Heldin CH, Funa K (1991) 
Neurotrophic activity of platelet-derived growth factor (PDGF): Rat 
neuronal cells possess functional PDGF beta-type receptors and 
respond to PDGF. Proc Natl Acad Sci U S A 88:8159-8163. 

Smits A, van Grieken D, Hartman M, Lendahl U, Funa K, Nister M (1996) 
Coexpression of platelet-derived growth factor alpha and beta 
receptors on medulloblastomas and other primitive neuroectodermal 
tumors is consistent with an immature stem cell and neuronal 
derivation. Lab Invest 74:188-198. 



62

Sobeih MM, Corfas G (2002) Extracellular factors that regulate neuronal 
migration in the central nervous system. Int J Dev Neurosci 20:349-
357.

Sommer I, Schachner M (1981) Monoclonal antibodies (O1 to O4) to 
oligodendrocyte cell surfaces: an immunocytological study in the 
central nervous system. Dev Biol 83:311-327. 

Sommer L, Rao M (2002) Neural stem cells and regulation of cell number. 
Prog Neurobiol 66:1-18. 

Song H, Poo M (2001) The cell biology of neuronal navigation. Nat Cell 
Biol 3:E81-88. 

Song H, Stevens CF, Gage FH (2002) Astroglia induce neurogenesis from 
adult neural stem cells. Nature 417:39-44. 

Soriano P (1994) Abnormal kidney development and hematological 
disorders in PDGF beta- receptor mutant mice. Genes Dev 8:1888-
1896. 

Soriano P (1997) The PDGF alpha receptor is required for neural crest cell 
development and for normal patterning of the somites. Development 
124:2691-2700. 

Spivak-Kroizman T, Lemmon MA, Dikic I, Ladbury JE, Pinchasi D, Huang 
J, Jaye M, Crumley G, Schlessinger J, Lax I (1994) Heparin-induced 
oligomerization of FGF molecules is responsible for FGF receptor 
dimerization, activation, and cell proliferation. Cell 79:1015-1024. 

Stuhmer T, Puelles L, Ekker M, Rubenstein JL (2002) Expression from a 
Dlx gene enhancer marks adult mouse cortical GABAergic neurons. 
Cereb Cortex 12:75-85. 

Svendsen CN (2002) The amazing astrocyte. Nature 417:29-32. 
Svendsen CN, ter Borg MG, Armstrong RJ, Rosser AE, Chandran S, 

Ostenfeld T, Caldwell MA (1998) A new method for the rapid and 
long term growth of human neural precursor cells. J Neurosci 
Methods 85:141-152. 

Taupin P, Ray J, Fischer WH, Suhr ST, Hakansson K, Grubb A, Gage FH 
(2000) FGF-2-responsive neural stem cell proliferation requires 
CCg, a novel autocrine/paracrine cofactor. Neuron 28:385-397. 

Temple S (2001) The development of neural stem cells. Nature 414:112-117. 
Terada N, Hamazaki T, Oka M, Hoki M, Mastalerz DM, Nakano Y, Meyer 

EM, Morel L, Petersen BE, Scott EW (2002) Bone marrow cells 
adopt the phenotype of other cells by spontaneous cell fusion. 
Nature 416:542-545. 

Toma JG, Akhavan M, Fernandes KJ, Barnabe-Heider F, Sadikot A, Kaplan 
DR, Miller FD (2001) Isolation of multipotent adult stem cells from 
the dermis of mammalian skin. Nat Cell Biol 3:778-784. 

Tropepe V, Sibilia M, Ciruna BG, Rossant J, Wagner EF, van der Kooy D 
(1999) Distinct neural stem cells proliferate in response to EGF and 
FGF in the developing mouse telencephalon. Dev Biol 208:166-188. 

Tsai RY, McKay RD (2000) Cell contact regulates fate choice by cortical 
stem cells. J Neurosci 20:3725-3735. 



63

Tsai RY, McKay RD (2002) A nucleolar mechanism controlling cell 
proliferation in stem cells and cancer cells. Genes Dev 16:2991-
3003. 

Tsai RY, Kittappa R, McKay RD (2002) Plasticity, niches, and the use of 
stem cells. Dev Cell 2:707-712. 

Tucker KL (2001) In vivo imaging of the mammalian nervous system using 
fluorescent proteins. Histochem Cell Biol 115:31-39. 

Uchida N, Buck DW, He D, Reitsma MJ, Masek M, Phan TV, Tsukamoto 
AS, Gage FH, Weissman IL (2000) Direct isolation of human 
central nervous system stem cells. Proc Natl Acad Sci U S A 
97:14720-14725. 

Uhrbom L, Hesselager G, Nister M, Westermark B (1998) Induction of brain 
tumors in mice using a recombinant platelet-derived growth factor 
B-chain retrovirus. Cancer Res 58:5275-5279. 

Ullian EM, Sapperstein SK, Christopherson KS, Barres BA (2001) Control 
of synapse number by glia. Science 291:657-661. 

Ullrich A, Schlessinger J (1990) Signal transduction by receptors with 
tyrosine kinase activity. Cell 61:203-212. 

Vaccarino FM, Schwartz ML, Raballo R, Nilsen J, Rhee J, Zhou M, 
Doetschman T, Coffin JD, Wyland JJ, Hung YT (1999) Changes in 
cerebral cortex size are governed by fibroblast growth factor during 
embryogenesis. Nat Neurosci 2:246-253. 

Valenzuela CF, Kazlauskas A, Weiner JL (1997) Roles of platelet-derived 
growth factor in the developing and mature nervous systems. Brain 
Res Brain Res Rev 24:77-89. 

Valtz NL, Hayes TE, Norregaard T, Liu SM, McKay RD (1991) An 
embryonic origin for medulloblastoma. New Biol 3:364-371. 

van der Kooy D, Weiss S (2000) Why stem cells? Science 287:1439-1441. 
Vicario-Abejon C, Johe KK, Hazel TG, Collazo D, McKay RD (1995) 

Functions of basic fibroblast growth factor and neurotrophins in the 
differentiation of hippocampal neurons. Neuron 15:105-114. 

Weise B, Janet T, Grothe C (1993) Localization of bFGF and FGF-receptor 
in the developing nervous system of the embryonic and newborn rat. 
J Neurosci Res 34:442-453. 

Weissman IL (2000a) Stem cells: units of development, units of 
regeneration, and units in evolution. Cell 100:157-168. 

Weissman IL (2000b) Translating stem and progenitor cell biology to the 
clinic: barriers and opportunities. Science 287:1442-1446. 

Westermark B, Wasteson A (1976) A platelet factor stimulating human 
normal glial cells. Exp Cell Res 98:170-174. 

Williams BP, Park JK, Alberta JA, Muhlebach SG, Hwang GY, Roberts TM, 
Stiles CD (1997) A PDGF-regulated immediate early gene response 
initiates neuronal differentiation in ventricular zone progenitor cells. 
Neuron 18:553-562. 

Williams DE, Lyman SD (1991) Characterization of the gene-product of the 
Steel locus. Prog Growth Factor Res 3:235-242. 



64

Wolswijk G, Noble M (1992) Cooperation between PDGF and FGF converts 
slowly dividing O-2A adult progenitor cells to rapidly dividing cells 
with characteristics of O-2A perinatal progenitor cells. J Cell Biol 
118:889-900. 

Wong ML, Licinio J (1994) Localization of stem cell factor mRNA in adult 
rat hippocampus. Neuroimmunomodulation 1:181-187. 

Yagita Y, Kitagawa K, Sasaki T, Miyata T, Okano H, Hori M, Matsumoto M 
(2002) Differential expression of Musashi1 and nestin in the adult 
rat hippocampus after ischemia. J Neurosci Res 69:750-756. 

Yamaguchi TP, Harpal K, Henkemeyer M, Rossant J (1994) fgfr-1 is 
required for embryonic growth and mesodermal patterning during 
mouse gastrulation. Genes Dev 8:3032-3044. 

Yarden Y, Escobedo JA, Kuang WJ, Yang-Feng TL, Daniel TO, Tremble 
PM, Chen EY, Ando ME, Harkins RN, Francke U, et al. (1986) 
Structure of the receptor for platelet-derived growth factor helps 
define a family of closely related growth factor receptors. Nature 
323:226-232. 

Yayon A, Klagsbrun M, Esko JD, Leder P, Ornitz DM (1991) Cell surface, 
heparin-like molecules are required for binding of basic fibroblast 
growth factor to its high affinity receptor. Cell 64:841-848. 

Ye W, Shimamura K, Rubenstein JL, Hynes MA, Rosenthal A (1998) FGF 
and Shh signals control dopaminergic and serotonergic cell fate in 
the anterior neural plate. Cell 93:755-766. 

Yeh HJ, Ruit KG, Wang YX, Parks WC, Snider WD, Deuel TF (1991) 
PDGF A-chain gene is expressed by mammalian neurons during 
development and in maturity. Cell 64:209-216. 

Ying QL, Nichols J, Evans EP, Smith AG (2002) Changing potency by 
spontaneous fusion. Nature 416:545-548. 

Yoshida M (2001) Intermediate filament proteins define different glial 
subpopulations. J Neurosci Res 63:284-289. 

Zhang SC, Fedoroff S (1997) Cellular localization of stem cell factor and c-
kit receptor in the mouse nervous system. J Neurosci Res 47:1-15. 

Zhang SC, Fedoroff S (1998) Modulation of microglia by stem cell factor. J 
Neurosci Res 53:29-37. 

Zhang SC, Fedoroff S (1999) Expression of stem cell factor and c-kit 
receptor in neural cells after brain injury. Acta Neuropathol (Berl) 
97:393-398. 

Zhao M, Momma S, Delfani K, Carlen M, Cassidy RM, Johansson CB, 
Brismar H, Shupliakov O, Frisen J, Janson AM (2003) Evidence for 
neurogenesis in the adult mammalian substantia nigra. Proc Natl 
Acad Sci U S A. 

Zhou Q, Anderson DJ (2002) The bHLH transcription factors OLIG2 and 
OLIG1 couple neuronal and glial subtype specification. Cell 109:61-
73.



65

Zhou Q, Wang S, Anderson DJ (2000) Identification of a novel family of 
oligodendrocyte lineage-specific basic helix-loop-helix transcription 
factors. Neuron 25:331-343. 

Zhou Q, Choi G, Anderson DJ (2001) The bHLH transcription factor Olig2 
promotes oligodendrocyte differentiation in collaboration with 
Nkx2.2. Neuron 31:791-807. 

Zhu G, Mehler MF, Mabie PC, Kessler JA (1999) Developmental changes in 
progenitor cell responsiveness to cytokines. J Neurosci Res 56:131-
145.



Acta Universitatis Upsaliensis
Comprehensive Summaries of Uppsala Dissertations

from the Faculty of Medicine
Editor: The Dean of the Faculty of Medicine

Distribution:
Uppsala University Library

Box 510, SE-751 20 Uppsala, Sweden
www.uu.se, acta@ub.uu.se

ISSN 0282-7476
ISBN 91-554-5714-2

A doctoral dissertation from the Faculty of Medicine, Uppsala University,
is usually a summary of a number of papers. A few copies of the complete
dissertation are kept at major Swedish research libraries, while the sum-
mary alone is distributed internationally through the series Comprehen-
sive Summaries of Uppsala Dissertations from the Faculty of Medicine.
(Prior to October, 1985, the series was published under the title “Abstracts of
Uppsala Dissertations from the Faculty of Medicine”.)


	Abstract
	List of Papers
	Contents
	Abbreviations
	Background
	Introduction
	Stem cells
	Definition of a stem cell
	Stem cell plasticity

	Neural development
	Cell migration during neural development
	Radial migration
	Tangential migration
	Studying neural migration

	Cells in the central nervous system
	Neural stem cells
	Neurons
	Oligodendrocytes
	Ependymal cells
	Radial glia

	Culture of neural stem cells
	Regulation of neural stem cells
	Mitogens for neural stem cells
	Factors affecting differentiation of neural stem cells
	Factors affecting neural migration

	FGF
	Receptors and ligands
	Functions of FGF in the central nervous system
	Cellular effects of FGF-2

	PDGF
	Receptors and ligands
	PDGF mutant mice
	Expression of PDGF in the central nervous system
	Cellular effects of PDGF
	PDGF in tumors

	SCF
	Receptor and ligand
	Functions of SCF in the central nervous system
	Cellular effects of SCF

	Receptor tyrosine kinase-mediated signaling
	Neural stem cells in disease
	Neurodegenerative disorders
	Cancer

	Aims of the present investigation
	Results and discussion
	Paper I
	Paper II
	Paper III
	Paper IV

	Future perspectives
	Populärvetenskaplig sammanfattning
	Vad är en stamcell?
	Stamceller i det centrala nervsystemet
	Det är viktigt att ha kontroll över stamcellerna
	Faktorer som styr neuronala stamceller

	Acknowledgements
	References

