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ABSTRACT 
 

Directing stem cells and progenitors towards neuronal differentiation 
– implications for experimental therapies for Parkinson’s disease 

 
Anke Brederlau 

Institute of Biomedicine, Department of Medical Chemistry and Cell Biology,  
Sahlgrenska Academy at Gothenburg University, Sweden. 

 
The insight that stem- and progenitor-cells contribute to replacement of nerve cells in the 
adult central nervous system is the basis of modern therapies for structural brain repair. Their 
goal is to protect, support and stimulate endogenous stem cells in areas affected by disease 
and to replace lost cells by transplanting in vitro generated, tailored nerve cells.  

In the present thesis growth factors and signaling molecules were investigated for their 
potential to direct stem- and neural progenitor- cells towards neuronal cell fate. Involved 
signaling pathways were characterized and candidate molecules identified that might be 
beneficial for cell-based therapies in Parkinson’s disease. 

Results show that Bone Morphogenetic Proteins (BMPs) and Growth Differentiation 
Factors increase astroglial differentiation while inhibiting oligodendrocyte maturation in rat 
embryonic mesencephalic culture. None of the factors protect dopaminergic neurons against 
oxidative radicals in vitro. BMP5, 6 and 7, however, promote dopaminergic differentiation by 
directly targeting the neuronal cell population.  

In cultures of adult rat hippocampus-derived progenitors (AHPs), endogenous BMPs 
were found to increase undesired astroglial differentiation via the BMP type I receptors ALK6 
and ALK2. By viral transduction of dominant negative ALK2 or ALK6, respectively, BMP 
signaling was blocked in order to inhibit astroglial cell differentiation. Indeed, the expression 
of glial fibrillary acidic protein (GFAP), a marker for astrocytes, decreased. The number of 
oligodendrocytes increased and neurons were not affected. However, the strategy proved 
impractical since it induced cell death. RT-PCR results indicate that only the ALK6, but not 
the ALK2 receptor, is dynamically regulated in these cultures, suggesting that ALK6 is 
mainly responsible for glial differentiation and survival of AHPs. 

Apoptosis signal-regulating kinase-1 is a ubiquitously expressed enzyme involved in 
apoptosis. Overexpression of its constitutively active form induced neuronal differentiation in 
AHP culture. At the same time GFAP expression was inhibited. The effect is mediated via 
p38 mitogen-activated protein kinase and via inhibition of GFAP promoter activity. 

In order to generate transplantable dopaminergic neurons, human embryonic stem cells 
(hESCs) were cocultured with the stromal cell line PA6, known to instruct mouse and primate 
ESCs towards dopaminergic cell fate. About 11% of hESCs developed into tyrosine hydroxy-
lase-positive (TH-pos) neurons with CNS identity. The hESC-derived neurons displayed 
action potential in vitro. However, they did not induce behavioral recovery after trans-
plantation to the 6-hy-droxydopamine -lesioned rat striatum. Extended differentiation time on 
PA6 in vitro decreased the risk for teratoma formation after transplantation, but did not 
elevate the low number of TH-pos neurons in the graft. 

In conclusion, certain BMPs as well as ASK1 have been identified as molecules that 
increase neuronal differentiation. Their putative role in experimental CNS cell therapies is 
discussed. At the moment, however, the gap between experimental systems and biological 
reality is difficult to overcome. Further investigations that are necessary to reduce safety 
concerns in cell-based treatment strategies are outlined.    



POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

I Sverige finns cirka 15 000 människor med Parkinsons sjukdom. De flesta är över 50 år och 
har långsamt tilltagande symtom i form av stelhet och skakningar som beror på att 
signalsubstansen dopamin saknas i hjärnan. Dopamin produceras av nervceller i 
mellanhjärnan vilka långsamt bryts ned vid Parkinsons sjukdom. Moderna terapier syftar till 
att skydda, stödja eller ersätta dessa celler. De första celltransplantationerna utfördes för 
nästan 20 år sedan. Alla av de idag transplanterade patienterna har erhållit 
dopaminproducerande celler tagna från mellanhjärnan av embryoner. Möjliga alternativa 
cellkällor är embryonala stemceller eller omogna hjärnceller, så kallade progenitorer. Till 
skillnad från mellanhjärnsceller kan de två sistnämnda förökas genom odling. Med hjälp av 
tillväxtfaktorer eller signalproteiner måste de dock först utvecklas till nervceller innan de kan 
transplanteras. Syftet med avhandlingens olika studier var att hitta substanser som kan 
användas i denna process och att förstå deras mekanismer. 

Celler tagna från mellanhjärnan hos råttfoster odlades och behandlades med olika 
tillväxtfaktorer. Faktorerna ”bone morphogenetic protein (BMP) 5, 6 och 7” ökade antalet 
dopaminproducerande celler genom att omvandla omogna nervceller till mogna. Ingen av 
faktorerna kunde dock skydda cellerna mot det toxiska ämnet 6-hydroxydopamin som tycks 
bidra till utvecklingen av nervcelldöd vid Parkinsons sjukdom. 

Hippocampus är ett av de två områden i den vuxna hjärnan där progenitorer finns och en 
ständig nybildning av nervceller pågår. I odlade hippocampala progenitorceller tagna från 
vuxna råttor orsakar BMP-faktorerna en oönskad ökning av stödjeceller (astrocyter), vilket 
kan ha en negativ inverkan på nervcellernas funktion efter transplantationen. För att förhindra 
utvecklingen av stödjeceller blockerades BMP:s signalering genom att introducera icke-
fungerande BMP-receptorer i dessa omogna cellerna. Receptorerna binder BMPs men kan 
inte vidarebefordra signalen till cellerna. Som förväntat avtog antalet stödjeceller medan 
nervcellerna förblev opåverkade. Eftersom blockeringen av BMP också orsakade celldöd 
kommer denna strategi inte att kunna användas för att minska stödjeceller . Studien visade att 
bara en av de tre undersökta BMP-receptorerna, ALK6, regleras dynamiskt av cellerna, vilket 
tyder på att det är ALK6 som ansvarar för stödjecellbildning och dess överlevnad i odlingen 
av hippocampala progenitorer.  

Genom att införa ett annat protein ”apoptosis signalling kinase 1 (ASK1)” i liknande 
cellkultur ökades antalet av nybildade nervceller samtidigt som astrocyter minskades och utan 
att celldöd orsakades. Det kunde påvisas att detta skedde via aktivering av ett enzym, ”p38 
mitogen-aktiverad protein kinas”. Enzymet bidrar till att ett viktigt strukturprotein, 
gliafibrillärt surt protein (GFAP), inte kan bildas i stödjecellerna. 

Dessutom har dopaminproducerande celler framställts från humana embryonala 
stamceller och transplanterats i råtthjärnor till det område där dopamin saknas. Efter 
transplantationen minskade dock antalet dopaminproducerande celler i transplantatet. 
Råttornas rörlighet förbättrades således inte. En möjlig risk med denna terapimetod är att 
dessa celler kan bilda tumörer. Risken minskades genom att, före transplantationen, öka 
cellernas mognadsgrad i kultur. 

Sammanfattningsvis påvisades att BMP5, 6 och 7 så väl som ASK1 har en gynnsam 
effekt på utvecklingen av nervceller i olika stadier och kan få betydelse för experimentella 
terapiformer mot Parkinsons sjukdom. Idag är riskerna med cellterapier dock inte tillräckligt 
studerade och den eventuella kliniska användningen av dessa substanser ligger därför långt 
fram i tiden. I diskussionen föreslås några fortsatta studier som skulle kunna bidra till vidare 
utveckling av cellterapi och dess säkerhet. 
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ABBREVIATIONS 
 
Ad-ASK1-�N adenoviral vector encoding the constitutively active form of ASK1 
Ad-ASK1-KM adenoviral vector encoding the kinase mutant form of ASK1 
AdLacZ adenoviral vector encoding the �-galactosidase reporter gene 
AHPs Adult-derived rat hippocampal progenitors 
ALK activin receptor-like kinase 
AP anterior-posterior 
ASK1 apoptosis signal-regulating kinase 1 
bFGF basic fibroblast growth factor 
bHLH basic helix-loop-helix 
�-gal �-galactosidase 
�-tubIII �-tubulin III 
BMP, BMPR bone morphogenetic protein, bone morphogenetic protein receptor 
BrdU bromodeoyuridine 
ca constitutively active 
CBP CREB binding protein 
cDNA Complementary DNA 
Co-Smad common-partner Smad 
CNS central nervous system 
CREB cyclic AMP-responsive transcriptional enhancer binding protein 
DA dopamine 
DAB 3,3’-diaminobenzidine 
DAergic dopaminergic 
DIV days in vitro 
dn dominant negative 
DNA deoxyribonucleic acid 
DV dorsal-ventral 
E12 embryonic day 12 
EB embryonic body 
EGF epidermal growth factor 
En engrailed 
ERK extracellular signaling kinase 
ESCs embryonic stem cells 
FACS fluorescence-activated cell sorting 
FBS fetal bovine serum 
GABA gamma-aminobutyric acid 
GalC galactocerebroside 
GDF growth differentiation factor 
GDNF glial cell line-derived neurotrophic factor 
GFAP glial fibrillary acidic protein 
Girk2 G protein inwardly rectifying potassium channel 2 
HA hemagglutinin 
Hes Hairy/Enhancer-of-split 
hESCs human embryonic stem cells 
HNu human nuclei 
HPLC high-performance liquid chromatography 
H2O2 hydrogen peroxide 
ICC immunocytochemistry 
Id Inhibitor-of-differentiation 
IHC immunohistochemistry 
I-Smad inhibitory Smad 
JNK Jun-kinase 
LDH lactate dehydrogenase 
LIF leukaemia inhibitory factor 
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Lmx1a LIM homeobox transcription factor 1 alpha 
MAO monoamine oxidase 
Map2 microtubule-associated protein-2 
MAPK mitogen-activated protein kinase 
Mash1 mammalian archaete-scute homologue 1 
MEFs mouse embryonic fibroblasts 
mESCs mouse embryonic stem cells 
MPTP 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine 
mRNA messenger deoxyribonucleic acid 
miRNA microRNA 
moi multiplicity of infection 
mTOR/FRAP mammalian target of rapamycin/FKBP12-rapamycin associated protein 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
NeuN neuronal nuclei 
Ngn neurogenin 
6-OHDA 6-hydroxydopamine 
Olig oligodendrocyte transcription factor gene 
OLPs oligodendrocyte precursors  
P0 postnatal day 0 
PD Parkinson’s disease 
PDGF�R Platelet-derived growth factor-� receptor 
PINK1 serine/threonine-protein kinase  
PI3K phosphatidylinositol 3-kinase 
PORN polyornithine 
p-Smad Phosphorylated Smad 
ROS reactive oxygen species 
R-Smad receptor activated Smad 
RT-PCR Real time polymerase chain reaction 
SDIA stromal cell-derived inducing activity 
Shh Sonic hedgehog 
SN, SNpc substantia nigra, substantia nigra pars compacta 
Sox Sry-related high-mobility-group box   
STAT signal transducer and activator of transcription 
SVZ subventricular zone 
TAK1 TGF-� activated kinase 1 
TF transcription factor 
TGF-�� transforming growth factor-��
TH tyrosine hydroxylase 
TNF-� tumor necrosis factor-� 
TRAF2 tumor necrosis factor receptor associated factor 2 
Trx thioredoxin 
UPS ubiquitin-proteasome system 
VTA ventral tegmental area 
WB western blot 
XIAP X-chromosome-linked inhibitor of apoptosis protein 
 



                                                                                                                   INTRODUCTION   
__________________________________________________________________________________________________________________________________________________________________________________________________________________________________  11 

INTRODUCTION 
 
 

Parkinson’s Disease (PD) 

PD is a neurodegenerative movement disorder that affects about 1% of individuals over the 
age of 60 (reviewed by de Lau and Breteler 2006). The characteristic motor symptoms like 
tremor, rigidity and bradykinesia, arise from the death of dopaminergic (DAergic) neurons in 
the nigrostriatal pathway. The consecutive reduction in striatal dopamine (DA) content leads 
to imbalance in the neuronal network that controls movement. However, the spectrum of 
clinical features is broad and the neurodegenerative process is not restricted to DAergic 
neurons. 

It also affects progenitor cells (Hoglinger et al. 2004), noradrenergic, serotoninergic and 
cholinergic neurons of different brain stem nuclei, neurons of the cerebral cortex, of the 
olfactory bulb and of the autonomic nervous system (Braak et al. 2002). Brains from patients 
with idiopathic PD usually show reactive gliosis and fibrillar aggregations, called Lewy 
bodies, in surviving neurons (Lewy 1912). �

Pathophysiology of PD 
The cause of onset of PD still remains obscure. The relative contribution of genetics is 
debated (Siderowf and Stern 2003, Klein and Schlossmacher 2007). In the largest twin study 
of PD approximately 20.000 white male twins were screened (Tanner et al. 1999). The results 
suggest that genetics do not play a major role in PD with typical age onset but may be 
important in cases with earlier age onset. There are to date at least 11 distinct genetic loci 
associated with PD (reviewed by Klein and Schlossmacher 2007). Currently, only 2-3% of 
idiopathic PD are known to be caused by a single genetic event (Klein and Schlossmacher 
2007). However, it is not excluded that even patients that develop sporadic forms of PD may 
carry certain genes that render them more susceptible to environmental toxins such as heavy 
metals and pesticides (Benmoyal-Segal and Soreq 2006). Regarding the pathophysiology of 
sporadic and familial forms of PD, two major hypotheses are under discussion: DAergic cell 
death could be caused by misfolding and aggregation of proteins or by mitochondrial 
dysfunction and oxidative stress, respectively (Jenner and Olanow 2006, McNaught and 
Olanow 2006, Olanow 2007). These pathogenetic factors are not mutually exclusive but 
interact to amplify each other. One of the major aims in PD research today is to elucidate the 
sequence in which they participate in the process of degeneration. 

Oxidative stress 
The maintenance of redox potential within a cell is imperative for neuronal survival. 
“Oxidative stress” develops when the generation of reactive oxygen species (ROS) (such as 
hydrogen peroxide (H2O2), superoxide radicals, hydroxyl radicals, nitric oxide or 
peroxinitrite) exceeds the rate at which endogenous antioxidant defenses (like the 
antioxidative enzymes superoxide dismutases and glutathione peroxidases) can scavenge 
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oxidants. Lipids, deoxyribonucleic acid (DNA), proteins and other macromolecules are targets 
for oxidative modifications. The consequences are deterioration of cellular structural 
architecture, impairments in signaling and finally cell death. Due to the metabolism of DA 
and a high content of iron and neuromelanin, levels of basal oxidative stress are generally 
high in the substantia nigra (SN) (reviewed by Jenner 2003). The existence of an imbalance in 
oxidative cell metabolism in PD is supported by post-mortem studies that show increased iron 
levels in parkinsonian brains (Sofic et al. 1988, Dexter et al. 1989, Oakley et al. 2007), a 
decreased amount of antioxidative enzymes (Sofic et al. 1992, Sian et al. 1994) and reduced 
activity of mitochondrial complex I (Schapira et al. 1989, Dexter et al. 1994, reviewed by 
Sian et al. 1994, Abou-Sleiman et al. 2006). The latter is important in energy generation and 
ROS detoxification.  

Several proteins affected by PD-related gene mutations have been linked to oxidative 
stress metabolism. Thus, Parkin (Palacino et al. 2004) and Serine/threonine-protein kinase 
(PINK1) (Valente et al. 2004) are important for mitochondrial function. DJ-1 seems to 
function as an intracellular sensor for oxidative stress (Canet-Aviles et al. 2004). However, 
neither DJ-1 nor Parkin-deficiency alone were sufficient to induce the loss of DAergic 
neurons in brains from mice carrying the respective mutation (Kim et al. 2005, Perez and 
Palmiter 2005). 

Proteolytic stress 
The discovery that the mutations in any of the first three PD genes identified, i.e. alpha-
synuclein (Polymeropoulos et al. 1997), parkin (Kitada et al. 1998) or ubiquitin C-terminal 
hydrolase L1 (Maraganore et al. 2004) all interfere with normal protein degradation, aroused 
interest in the concept of proteolytic stress (reviewed by Gasser 2001, McNaught and Olanow 
2006). This implies that intracellular levels of non-functional and potentially toxic proteins 
exceed the cell’s capacity for clearance. This can either be due to increased generation of 
abnormal proteins or to insufficient clearing function of the ubiquitin-proteasome system 
(UPS).  

Alpha-synuclein is an abundantly expressed cytosolic and lipid-binding protein in the 
vertebrate nervous system. It participates in synaptic transport, DAergic neurotransmission 
and the refolding of abnormal proteins (reviewed by Uversky 2007). However, disruption of 
the normal function of alpha-synuclein does not cause neurodegeneration (Abeliovich et al. 
2000). Instead, DAergic cell death is most likely due to insoluble fibrils that are formed by the 
mutated form of alpha-synuclein and that resist UPS clearance (reviewed by Goedert 2001). 
Interestingly, even patients with sporadic PD show impairments in proteosomal degradation 
(McNaught et al. 2003). This could be due to environmental toxins such as polyphenols that 
are potent inhibitors of proteosomal function (Nam et al. 2001).  

Oxidative stress may also contribute to the impairment of protein degradation. For 
example, the alpha subunits of the 26/20S proteasomes are particularly vulnerable to free 
radical-induced damage (Bulteau et al. 2001). On the other hand, a primary impairment of 
proteosomal degradation causes an accumulation of damaged proteins which can in turn, 
induce oxidative stress. Thus, different key components of cell degeneration can form a circle 
that results in similar biochemical changes. For a successful therapeutic concept it would be 
advantageous to know where the process starts.   
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Cell death in PD 

In PD neurons die via apoptosis (Tatton et al. 2003). In contrast to necrosis, apoptosis is an 
active form of cell death. Its biological function under physiological conditions is to remove 
potentially disturbing cells. Thus, it is commonly seen in development where a surplus of 
cells is first generated and then eliminated. The balance between anti-apoptotic and apoptotic 
proteins inside the respective cell decides whether or not the cell will activate the genetically 
encoded suicide program. This involves the synthesis and activation of proteins that actively 
participate in executing cell death. At the end of this process the DNA is fragmented and 
signals inducing phagocytosis are displayed on the cell surface. 

Both oxidative and proteolytic stress are potent triggers of apoptosis (Olanow 2007). 
Since key signaling molecules in the apoptotic cascade are potential targets for clinical 
therapies, one aims to characterize in detail the proteins and steps involved. It has been known 
for a long time that neurodegeneration is accompanied by expression of cell cycle regulators, 
especially G1 checkpoint molecules that participate in the apoptotic process (Liu and Greene 
2001, Nguyen et al. 2002). In recent years evidence has been accumulating that the expression 
of these proteins is partially due to cell cycle reentry. Thus, it has been shown in post-mortem 
Alzheimer’s, and recently even in parkinsonian brains, that a percentage of the respective 
neurons at risk are polyploid (Yang et al. 2001, Hoglinger et al. 2007). Those postmitotic 
neurons have replicated their DNA in S-phase and have then been arrested in a state 
resembling the G2 phase of the cell cycle before undergoing a protracted cell death. While the 
reason and biological significance for this phenomenon is not yet clear, the finding has 
important implications for stem cell research. Cell proliferation is commonly assessed by 
markers for DNA synthesis which according to this recent discovery can no longer be 
interpreted as merely indicative for cell genesis but may actually demonstrate cell death.  

Models for PD  

In this thesis, a widely used toxin, 6-hydroxydopamine (6-OHDA), was applied as a model 
for PD in vitro (Paper I) and in vivo (Paper IV). 6-OHDA is a hydroxylated analogue of the 
neurotransmitter DA. Interestingly, several studies have reported the presence of 6-OHDA in 
both rat and human brains (Curtius et al. 1974), as well as in urine of Levodopa-treated PD 
patients (Andrew et al. 1993). It can thus be considered as an endogenous neurotoxin. 

Several studies have shown that 6-OHDA produces oxidative stress in vivo and in vitro 
(reviewed by Blum et al. 2001). Similar to DA, 6-OHDA is a substrate for monoamine 
oxidase (MAO). In this enzymatic reaction H2O2 is generated. Furthermore, 6-OHDA 
undergoes a rapid and non-enzymatic auto-oxidation. Iron amplifies the formation of 6-
OHDA generated ROS. A number of reports have suggested that 6-OHDA induced toxicity is 
selective for catecholaminergic neurons due to a preferential uptake of 6-OHDA by DAergic- 
and noradrenergic transporter molecules (Luthman et al. 1989, Gordon et al. 1991). However, 
several cell types devoid of catecholamine transporters are also damaged by 6-OHDA, 
showing that the toxin does not need to enter into the catecholaminergic cells to exert its 
deleterious effects (Abad et al. 1995, Blum et al. 2000). In mesencephalic cell cultures, 6-
OHDA toxicity is not selective for DAergic neurons (Lotharius et al. 1999). Cells exposed to 
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6-OHDA die via an apoptotic mechanism (reviewed by Blum et al. 2001). Recently, the 
increased expression of cell cycle related proteins was also demonstrated in the 6-OHDA 
animal model (El-Khodor et al. 2003). Thus, several studies suggest that some of the 
pathophysiological hallmarks of PD are replicated by this model. 

The other important parkinsonism-inducing toxin is MPTP (1-methyl 4-phenyl 1,2,3,6-
tetrahydropyridine). It was discovered in the early eighties when a group of young drug 
addicts developed irreversible parkinsonism after abuse of a synthetic fentanyl derivate which 
contained around 3 % MPTP (1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine) (Langston et al. 
1983). Post-mortem brain investigation confirmed the SN lesion (Davis et al. 1979). Today, 
MPTP is frequently used in animal models for PD (reviewed by Blum et al. 2001, Smeyne 
and Jackson-Lewis 2005). The active metabolite of MPTP, MPP+, inhibits mitochondrial 
complex I, leading to a drop in cellular ATP levels and subsequent cell death. Furthermore, 
MPP+ induces mitochondria dependent and -independent ROS generation. Rats are, however, 
not susceptible to MPTP toxicity and it was therefore not applied in our studies. 

Other existing models are based on known genetic defects or the induction of proteolytic 
stress. Their pros and cons have recently been reviewed (Manning-Bog and Langston 2007).  
 
 

Trophic factors 

Glial Cell Line-Derived Neurotrophic Factor (GDNF)  
According to the historical concept, neurotrophic factors are secreted peptides that support 
growth and survival of neuronal cells (Manning-Bog and Langston 2007). Their withdrawal 
induces neuronal apoptosis and it was therefore speculated that a decrease in expression of  
trophic factors contributes to the pathophysiology of PD (Siegel and Chauhan 2000). To date 
there is no consistent evidence for this theory. On the contrary, models as well as post-
mortem analysis of parkinsonian brains rather show an upregulation of growth factors in the 
affected areas (Mogi et al. 1995, Yurek and Fletcher-Turner 2001). GDNF (Lin et al. 1993), 
for example, the factor most extensively studied in the context of PD, is upregulated in the 
striatum of parkinsonian brains, while the expression of its receptors is unchanged in the 
striatonigral system (Backman et al. 2006). This can be interpreted as an endogenous 
mechanism for protection against oxidative or proteolytic stress.  

GDNF signals increase the synthesis of antiapoptotic proteins via a tyrosine kinase 
receptor that activates intracellular signaling cascades. The phosphatidylinositol 3-kinase 
(PI3K)-Akt signaling cascade or the mitogen-activated protein kinase (MAPK) – extracellular 
signaling kinase (ERK) pathway are typical examples (Brunet et al. 1999, Willaime-Morawek 
et al. 2005). In fact, the latter is involved in GDNF’s protective effect against 6-OHDA in 
nigral DAergic neurons (Zigmond 2006). 

 Apart from providing protection for DAergic neurons in vivo and in vitro (reviewed by  
Gash et al. 1998), GDNF has several other potentially beneficial effects for PD patients: it 
increases the expression of tyrosine hydroxylase (TH) which is the rate limiting enzyme in the 
process of DA production. Furthermore it induces local sprouting and outgrowth of DAergic 
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fibers, an important prerequisite for restoration and transplant integration (Kirik et al. 2000). 
Behavioral recovery after GDNF delivery has been documented in numerous animal models 
of PD (Kirik et al. 2000, Kordower et al. 2000, Grondin et al. 2002). Even one of the first 
clinical trials, a phase I study with 5 patients receiving continuous infusion of GDNF into the 
putamen, showed improvement of motility rating scores (Patel et al. 2005). However, the 
outcome in a following placebo controlled phase II trial was not significantly different 
between the groups after 6 months of infusion (Lang et al. 2006). Cerebral lesions in GDNF 
treated monkeys, and the appearance of neutralizing GDNF antibodies in patients, raised 
safety concerns and contributed to the decision to remove the drug from the market in 2004. 
 
The concept of trophic factors as merely benefiting neuron supporting molecules has 
undergone tremendous changes since the discovery of the first neurotrophic factor, NGF ( 
neurotrophic gowth factor) (Levi-Montalcini 1964). To date, these molecules are 
acknowledged to be multifunctional and contextually acting proteins, affecting but not 
necessarily supporting growth, differentiation and function of principally all known cell types 
of the developing and mature nervous system. Their potentially widespread effects need to be 
carefully investigated before therapeutic application can be considered. 
 

Bone Morphogenetic Proteins (BMPs) 

BMP ligands 
The trophic factors investigated in this thesis, BMPs, are distantly related to GDNF. Both 
BMPs and GDNF belong to the transforming growth factor-� (TGF-�) superfamily, which 
also includes TGF-�, activins/inhibins, Nodal, myostatin and anti-Mullerian hormone 
(Kingsley 1994).  

More than 20 BMP-related proteins have been identified, of which the majority are  
encoded by the human genome (Feng and Derynck 2005, Sullivan and O'Keeffe 2005, Katoh 
and Katoh 2006). Based on their structure and function the BMP family is divided in different 
subgroups (Fig 1) (Kawabata et al. 1998, Sullivan and O'Keeffe 2005).  

BMPs were originally isolated as components of bone extracts that induced ectopic 
cartilage and bone formation when implanted in muscle (Wozney et al. 1988). However, they 
are also highly expressed in the embryonic and adult nervous system (reviewed by Harvey et 
al. 2005). Here they contribute to the specification of cell fate (Mehler et al. 2000, Liu and 
Niswander 2005) and neuronal cell survival (Chen and Panchision 2007). They have, for 
example, been shown to protect DAergic neurons in vitro from 6-OHDA induced oxidative 
stress (Espejo et al. 1999), and to increase survival and DA uptake in rat embryonic 
mesencephalic cultures via unknown mechanisms (Jordan et al. 1997). BMPs are thus 
potentially therapeutic molecules for nigral neurons in PD. However, they also have unwanted 
effects. For example, they induce glial instead of neuronal differentiation in transplanted stem 
cells (Lim et al. 2000). In order to be able to specifically augment or inhibit BMP signaling, 
respectively, the function of key components in their signaling pathways has to be 
understood.  
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(Panchision et al. 2001). It is not known how Smad proteins mediate specific BMP receptor 
subtype signals. Smad 1, 5 and 8 are structurally very similar, and even if studies suggest that 
the BMP type I receptors have differential affinities towards Smad proteins (Aoki et al. 2001), 
those have not been characterized in detail (Miyazono et al. 2005). 

Other signaling cascades activated by BMPs 
Smad proteins are considered to be the main transducers of BMP signaling. However, 
MAPK- and STAT-signaling cascades are also directly targeted by BMPs, and numerous 
other pathways closely interact with BMP effector molecules. 

MAPK signaling 
MAPKs are central regulators of neuronal survival and differentiation. The classic MAPK 
cascade consists of three sequential steps depicted in Fig. 3. The typical growth factor-
mediated activation of a MAPK kinase kinase (MAPKKK) leads to phosphorylation of a 
MAPK kinase (MAPKK) that, in turn, activates a MAPK. Four major families of MAPK have 
been characterized, namely extracellular signal-regulated protein kinases1/2 (ERK1/2) 
(Boulton et al. 1991), p38 (Han et al. 1994, Lee et al. 1994), Jun kinase (JNK) (Derijard et al. 
1994, Kyriakis et al. 1994) and big mitogen-activated protein kinase /ERK 5 (Lee et al. 1995, 
Zhou et al. 1995, reviewed in Junttila et al. 2007).  

 MAPKs have been shown to phosphorylate Smads. Unlike BMP receptors that target 
the C-terminal site of Smads, MAPKs phosphorylate the Smad linker region. They thereby 
inhibit Smads from nuclear translocation and BMPs from exerting any effects. This was first 
reported for the MAPK ERK, that is activated by the epidermal growth factor (EGF) receptor 
(Kretzschmar et al. 1997a). Linker region phosphorylation also increases proteosomal 
degradation of nuclear phosphorylated Smad1 (p-Smad1) via polyubiquitinylation (Zhu et al. 
1999, Sapkota et al. 2007).  

 TAK1 (TGF-� activated kinase 1) is a MAPKKK, activated by BMPs. Interestingly, 
even TAK1-phosphorylated Smads are retained in the cytoplasm (Hoffmann et al. 2005). The 
initial receptor mediated steps in this process are unclear. It has been shown that an adaptor 
protein, designated (XIAP), links TAK1 to ALK3 but not to other type I receptors 
(Yamaguchi et al. 1999, Qi et al. 2004). This might partly explain why the activation of 
different type I receptors results in different biological outcomes. 

Signal Transducer and Activator of Transcription (STAT) signaling 
STAT proteins are transcription factors that are typically phosphorylated and activated by 
cytokine receptors. BMP4 has recently been shown to Smad-independently activate STAT3 
via the serine-threonine kinase mammalian target of rapamycin/FKBP12-rapamycin 
associated protein (mTOR/FRAP) (Rajan et al. 2003). However, maximal STAT activation is 
first observed 8 hours after BMP receptor binding, suggesting some intermediate signaling 
steps that have not yet been characterized.  
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2005, Gazzerro and Canalis 2006). Recently, BMP3 has been identified as a BMP antagonist. 
It sequesters the BMPRII into a non-signaling complex (Gamer et al. 2005).  
 
Thus, the maximal possible BMP signaling is not only determined by the number of 
functional receptors or ligands. Broadly overlapping binding patterns, multiple co-signaling 
molecules and antagonists, crosstalk with other pathways as well as complex feedback 
mechanisms, contribute to a branched network in which the outcome of interventions is diffi-
cult to predict. 
 
 

Apoptosis Signal-Regulating Kinase 1 (ASK1) 

ASK1 signaling 
ASK1 is an ubiquitously expressed enzyme that has the function of a MAPKKK and activates 
both the p38 and JNK pathways (Ichijo et al. 1997) (Fig. 3). ASK1 has been shown to be 
involved in the apoptotic reaction towards various forms of cytotoxic insults. It is activated in 
cells treated with death receptor ligands, such as tumor necrosis factor-� (TNF-�� and Fas 
ligand (Chang et al. 1998, Nishitoh et al. 1998), and in response to oxidative as well as 
endoplasmic reticulum stress (reviewed by Matsukawa et al. 2004).  

The important step in ASK1 is depicted in Fig. 4. Under physiological conditions the 
redox-regulatory protein thioredoxin (Trx) is bound to ASK1 and represses its activity (Saitoh 
et al. 1998). Upon oxidization, Trx dissociates from ASK1 and reciprocally TRAF2 (tumor 
necrosis factor receptor associated factor 2) and TRAF 6 are recruited into a higher mass 
complex. ASK1 becomes active by autophosphorylation of Thr845, a threonine residue within 
the activation loop in one of the monomers. The phosphorylated protein complex is known to 
activate MKKs (Tobiume et al. 2002), that in turn activate p38 and JNK MAPK. 
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Apart from Trx, several other molecules are known to control the activation state of ASK1. 
For example, the 14-3-3 proteins suppress ASK1 activation by binding to phosphorylated Ser-
967 in the 14-3-3- motif of ASK1 (Zhang et al. 1999). Protein phosphatase 5 (PP5) inhibits 
ASK1 by dephosphorylating the activation loop (Morita et al. 2001). Recently, the type I 
insulin-like growth factor receptor kinase, which is important for proliferation and survival in 
many different cell types, has also been shown to inhibit ASK1 activation (Galvan et al. 
2003).  

Biological functions 
Given its important role in apoptosis evoked by oxidative or endoplasmatic reticulum stress, 
ASK1 might be partly responsible for cell death in PD. Thus, at first sight it seems absurd to 
investigate beneficial effects of this molecule in the context of PD or stem cell therapy. 
However, the idea becomes interesting when one considers the fact that ASK1 participates in 
the same MAPK signalling network that is also used by many trophic factors. The MAPK p38 
and JNK have been shown to be involved in both apoptosis and cell differentiation (reviewed 
by Mielke and Herdegen 2000, Takeda et al. 2000, Matsuzawa et al. 2002). Furthermore, 
several molecules participating in the apoptotic signaling cascade are also expressed and 
activated under physiological conditions in the central nervous system (CNS), and play an 
important role in stress adaptation, survival and differentiation (reviewed by Garrido and 
Kroemer 2004). For example, caspases are executors of apoptotic cell death. Caspase-3- 
Knock-out animals do, however, display excess perinatal brain tissue lethality (Kuida et al. 
1996), indicating the vital role of this enzyme and its involvement in the normal 
differentiation process of neurogenesis. The bipartite nature of this response is not completely 
understood.  

In fact, ASK1 did induce neurite outgrowth, neuronal differentiation and survival in 
PC12 cells via the activation of p38 and JNK MAPK (Takeda et al. 2000). Furthermore, it 
was found that calcium signaling molecules regulate the ASK1-p38 MAPK cascade in 
primary neurons (Takeda et al. 2004), suggesting that ASK1 activation is involved in synaptic 
plasticity.  The C.elegans homolog of ASK1, NSY-1, is required for specification of olfactory 
neurons, hinting at a role for ASK1 in neuronal differentiation (Sagasti et al. 2001, Wes and 
Bargmann 2001). Again, it is not totally clear how the decision between life and death is 
made. Differences in kinase expression with respect to quantity and time are known to trigger 
different outcomes (Takeda et al. 2000, Hazzalin and Mahadevan 2002). The signaling result 
is furthermore, determined by the intracellular balance of anti- and proapoptotic programs 
(Matsuzawa and Ichijo 2008). Understanding a mechanism that governs apoptosis versus cell 
differentiation in more detail is clearly an important goal in the development of therapies 
against neurodegenerative diseases. 
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Stem- and progenitor cells 

Since 60% of the nigral cells have died by the time PD is diagnosed, regenerative cell 
therapies are an important part in the treatment. Theoretically, there are two ways to augment 
the SN or the striatum with DAergic cells: transplantation or in situ induction of DA 
producing cells. Both strategies are hampered by the fact that the mature DA producing nigral 
neurons are postmitotic and do not divide. They represent the end point of a complicated 
developmental cascade and can neither be propagated in vitro nor be induced to self-renew in 
vivo.  

The generation of DAergic neurons must therefore be started from an immature cell 
with high proliferative potential that, with the help of known signals is induced to 
differentiate along the DAergic line. Cells from a wide variety of developmental stages and 
brain areas have been considered as possible cell sources and in the work contributing to this 
thesis they are comprised of adult rat hippocampal progenitor cells and human embryonic 
stem cells, as well as rat embryonal mesencephalic cells. Differences between them are 
described in the following paragraphs. 

Definitions 

Cell types 
The fertilized egg has the broadest developmental competence, called totipotency. It can give 
rise to the trophoblast, i.e. tissue that merely supports embryonic cells, as well as to the 
embryonic tissue itself.  In early developmental stages the embryonic component is located on 
the interior of the initially formed cell aggregate, and is therefore referred to as the inner cell 
mass. This is the source of embryonic stem cells (ESCs) (Evans and Kaufman 1981, Martin 
1981). ESCs grow indefinitely in culture as a self-renewing population. They divide 
symmetrically, i.e. at every cell division, both of the generated cells retain stem cell identity 
(Zwaka and Thomson 2005). Furthermore, they have the ability to develop into all the germ 
layers of the organism, an attribute that is defined as pluripotency. Germ layer development 
includes asymmetrical cell divisions that generate genetically different daughter and mother 
cells. 

Neural stem cells develop from cells of one of the three germ layers, the neuroectoderm 
and are regarded as the source of all three major cell lineages present in the CNS. Thus, they 
are also pluripotent but in a more restricted sense than ESCs. Furthermore, they have a self-
renewing capacity throughout the lifetime of their bearer and they produce cells 
indistinguishable from themselves as well as neural progenitor cells.  

Neural progenitor cells proliferate at a high speed and are therefore also called transit 
amplifying cells, but they are incapable of self-maintenance or extended self-renewal. Their 
tissue regenerative capacity is thus exhaustible. However, exposed to the proper mitogens 
they can revert back to a multipotent and self-renewing phenotype (Doetsch et al. 2002). 
Neural progenitor cells can give rise to two different cell lines. Progenitors that generate all 
the three different cell lines, i.e. neurons, astroglial cells and oligodendroglial cells, have been 
identified exclusively in vitro but not in vivo (Gabay et al. 2003). An example of neural 
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progenitor cells are the adult rat hippocampus-derived progenitors (AHPs) (Palmer et al. 
1997) used in Papers II and III.  

Lineage-specific progenitors are cells restricted to one distinct lineage. The term 
precursor is often used for a not well defined proliferating population of cells (Weiss et al. 
1996).  

A committed cell no longer changes its cell fate in response to signals from the 
environment. It undergoes terminal differentiation that is characterized by increased 
expression of genes and proteins important for the fully functional cell. Growth of axons, 
dendrites, synthesis of neurotransmitters and synapse formation indicate maturation.   

Lineages 
According to the historical model, the lineage tree was considered to have two separate 
branches representing the development of the glial and neuronal lineage (Alvarez-Buylla et al. 
2001). The potential to adopt alternate cell fates was thought to be more and more restricted 
the further the cells had proceeded along the respective branches. Thus, neuronal progenitor 
cells would generate neurons while glial progenitors would undergo progressive maturation 
towards postmitotic astro-and oligodendroglial cells, respectively. More recently, it has 
become clear that these developmental routes only apply to some cells in vitro (Gabay et al. 
2003). In vivo, oligodendrocyte and astrocyte precursors do not necessarily develop from a 
common glial progenitor but rather through distinct routes (Rowitch 2004). In fact, studies in 
embryonic spinal chord and forebrain provide evidence for the existence of a common 
precursor for neurons and oligodendroglial cells (He et al. 2001, Jackson et al. 2006, reviewed 
by Rowitch 2004).  

For the correct description of lineage development it is important that one can clearly 
define the different cell types. Historically, cells were classified by their function, 
morphology and expression of only a few different proteins. This is too simple and can be 
misleading, exemplified by cells expressing glial fibrillary acidic protein (GFAP). For a long 
time GFAP has been regarded as a specific marker for astrocytes (Bignami and Dahl 1974). 
However, not every astrocyte stains positive for GFAP, and not every GFAP-positive (GFAP-
pos) cell is an astrocyte in the classical sense. The degree of correlation between GFAP 
expression and astrocyte-type morphology depends on the brain region. It is now established 
that many postnatal and adult NSCs also express GFAP both in vivo (Doetsch et al. 1999a, 
Doetsch et al. 1999b, Seri et al. 2001, Garcia et al. 2004) and in vitro (Laywell et al. 2000, 
Imura et al. 2003, Morshead et al. 2003). Since some stem cells ultrastructurally resemble 
astrocytes, some authors use the terms “neurogenic” and “nonneurogenic astrocyte”, 
respectively, to distinguish between GFAP-expressing stem cells and the classical astrocytes. 
It is obvious that even these two categories comprise a huge number of subgroups of cells 
which could be further defined by different expression profiles of transcription factors, cell 
membrane proteins, structural proteins etc. In an attempt to describe the similarities and 
differences between different cell types in more detail, Cahoy et al. recently compared 
expression levels of more than 20.000 genes of neural cell types (Cahoy et al. 2008). 
Interestingly, this study revealed that astrocytes and oligodendrocytes are as dissimilar to each 
other as they are to neurons. This finding causes the authors to question the concept of a glial 
cell class. Today, we are far from understanding the implications of these differences. To 
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what extent can we, for example, simplify the characterization of neurons generated for cell 
replacement therapy?   

Cell genesis in the developing brain 
In the early embryonic period the CNS develops from an epithelium composed of rapidly 
proliferating progenitors. This epithelium undergoes morphogenic movements and thereby 
transforms from a neural plate to a neural tube (reviewed by Colas and Schoenwolf 2001, 
Copp et al. 2003) that surrounds the ventricular space. The earliest neural stem cells are 
neuroepithelial cells. They develop from ectodermal cells when the neural plate is formed 
(Kageyama et al. 2005) and give rise to radial glia that constitute the major embryonic neural 
stem cell pool in the ventricular zone (reviewed by Malatesta et al. 2003, Pinto and Gotz 
2007) and even participate in neural development in the adult brain (Alvarez-Buylla et al. 
2001, Bonfanti and Peretto 2007). In late embryonic development the ventricular zone loses 
its role as a primary germinal center. Instead, this task is taken over by the subventricular 
zone (SVZ). 

Neurogenesis begins at embryonic day 12 (E12) in the rat, peaks at E14 and recedes by 
E17 (Parnavelas 1999, Gates et al. 2006). DAergic midbrain neurons belong to one of the first 
neuronal populations generated in the CNS (Sechrist and Bronner-Fraser 1991). Altman and 
Bayer have demonstrated that DAergic neurons become postmitotic in rats at around E12-E15 
(Altman and Bayer 1981). More recently, it was reported that the vast majority of DAergic 
neurons in the SN make their final division on E12. At E13 they begin to extend processes, 
and by E14 many axons have reached their target regions, i.e. the lateral ganglionic eminence 
and the striatal anlagen (Riddle and Pollock 2003, Gates et al. 2006). Between postnatal day 0 
(P0) and P21 a change in synaptical structure in the target area is associated with two waves 
of DAergic cell death, peaking at P2 and P14. Cell death is thought to be a result of a failure 
of these neurons to receive trophic factors from the target region (Oo and Burke 1997, Oo et 
al. 2003).  

Distinct subsets of astro-and oligodendroglial progenitors become specified already at 
the earliest stages of neurogenesis. They take however, a long time to develop mature progeny 
(Pinto and Gotz 2007). Thus in the rat, the peak of astrocyte differentiation occurs between P0 
and P2 and oligodendrocytes mature between P4 and P20 (Levison et al. 1993, Zerlin et al. 
1995, Parnavelas 1999). 

Cell genesis in the adult brain 
In the adult mammalian brain neurogenesis is much more restricted than in the embryonic 
brain. It has convincingly been described in two distinct areas of the adult rodent, primate and 
human brain, namely the subgranular zone of the hippocampal dentate gyrus and the SVZ of 
the lateral’s ventricle lateral wall (reviewed by Gould 2007, Alvarez-Buylla and Lim 2004, 
Ming and Song 2005).  
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Subventricular zone 
In the SVZ, the multipotent stem cells, designated type B cells (Doetsch et al. 1997), are 
slowly proliferating cells expressing GFAP (Doetsch et al. 1999a, Tramontin et al. 2003) and 
the PDGF�R (Platelet-derived growth factor-� receptor), a marker previously used mainly to 
detect oligodendrocyte precursor cells (Jackson et al. 2006). Type B cells are formed by the 
transformation of embryonic radial glia (Merkle et al. 2004). They give rise to type C cells 
which are rapidly dividing GFAP neg immature progenitors. Those, in turn, generate 
neuroblasts, type A cells, that migrate through the rostral migratory stream to the olfactory 
bulb where they differentiate into functional neurons (Curtis et al. 2007). SVZ type B cells 
also generate oligodendrocytes, that in contrast to neuroblasts not only move to the olfactory 
bulb but even to the corpus callosum, striatum and fimbria fornix (Jackson et al. 2006, Menn 
et al. 2006).  

Hippocampus 
The currently favored model of cell genesis in the hippocampus, suggests that the putative 
stem cell is a radial-glia-like GFAP expressing cell that has the electrophysiological 
properties of astrocytes (Seri et al. 2001, Filippov et al. 2003, Fukuda et al. 2003, 
Kempermann et al. 2004). It rarely divides but gives rise to three faster proliferating cell 
types. Their differential but partly overlapping expression of glial and neuronal markers 
suggests that they all belong to the same developing neuronal lineage that supplies the granule 
cell layer with postmitotic neurons (Kempermann et al. 2004). However, proof of a 
developmental continuum between the three cell types does not exist. Furthermore, it is 
unresolved which precursor the postmitotic hippocampal astrocytes have. Thus, evidence is 
lacking that the putative “stem cell” is multipotent, and the second criterion for stem cells 
(lifelong self-renewal) cannot be proven in vivo. Experiments addressing this question in vitro 
gave controversial results. Palmer et al. demonstrated multipotent self-renewing stem cells in 
cell cultures generated from gross dissection of the adult rat hippocampus (Palmer et al. 
1997). When the hippocampus is further subdivided however, stem cells are found in the 
subependyma of the lateral ventricle adjacent to the hippocampus. The hippocampus only 
contains multipotent progenitors (Seaberg and van der Kooy 2002, Bull and Bartlett 2005). 
Migration of cells from those adjacent areas into the hippocampus has never been observed in 
the adult brain. Seaberg et al. suggest that large numbers of progenitors enter the 
hippocampus already perinatally. Since this pool of progenitors decreases over time, 
neurogenesis declines with age in this area.    

Non-neurogenic regions 
Whether or not neurogenesis also exists in other parts of the adult normal brain is highly 
controversial (reviewed by Gould 2007). Cycling self-renewing cells are found dispersed 
throughout the brain parenchyma (Reynolds and Weiss 1992, Dawson et al. 2003, Nunes et al. 
2003). It has been suggested that these cells are multipotent neural stem cells that are biased 
by their environment towards glial production, but that they are potentially neurogenic when 
not hampered by suppressing factors in the surrounding tissue (Reynolds and Weiss 1992, 
Nunes et al. 2003, reviewed by Lie et al. 2004). However, some authors report in vivo 
neurogenesis in other areas such as the adult neocortex or striatum, albeit at about ten times 
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lower frequency than in the neurogenic areas described above (Gould et al. 2001, Dayer et al. 
2005, Cameron and Dayer 2008).  

Substantia nigra 
Zhao et al. suggested that 20 nigral neurons are born each day in the SN of adult mice, a 
number sufficiently high to completely replace the SN during the adult lifetime of a mouse. 
The DAergic neurons were thought to be derived from stem cells lining the ventricular 
system. Importantly, a partial MPTP-induced lesion of the nigral cell population was found to 
increase the number of bromodeoyuridine (BrdU) incorporating DAergic cells two-fold (Zhao 
et al. 2003). Similar results were presented by Shan et al. (2006). Furthermore, chronic DA 
receptor stimulation was recently reported to increase the number of proliferating TH pos 
cells in a 6-OHDA lesion model (Van Kampen and Eckman 2006). However, the three studies 
base their conclusion on BrdU incorporation into TH pos cells, which according to recent 
findings might also represent apoptosis related aberrant re-entry into the cell cycle (Yang et 
al. 2001, Hoglinger et al. 2007). Höglinder et al. found BrdU /TH-double-pos cells only 
shortly after a MPTP lesion, but not 70 days later, which argues against neurogenesis. In the 
same study they also demonstrated that cell-cycle markers were only expressed in neurons 
that had established connections to the striatum and therefore could not be newborn . 

Thus, the existence of in vivo neurogenesis in the adult SN is still highly controversial. 
In contrast, nigral progenitors with neurogenic potential in vitro have been demonstrated 
convincingly (Lie et al. 2002). 

 
 

Molecular mechanisms in neural cell genesis  

Previous paragraphs described that cell fate decisions are influenced by external factors in the 
respective environments. The responsiveness of a given cell at a given time to those 
environmental factors is, however, limited by cell intrinsic programs. Transcription factors 
(TFs) are key molecules in this process. Their expression pattern determines proliferation, cell 
differentiation and cell type specification. Based on their main effect on cell fates, they can be 
divided into subgroups, which are presented below. However, it must be mentioned that the 
same TF can promote different cell fates depending on the cellular context.   

Transcription factors  

TFs promoting proliferation 
TFs, which are important for proliferation, are highly expressed by neural stem cells. They 
keep the stem cell pool undifferentiated until late developmental stages so that cells of full 
diversity can be generated in correct numbers. For example, TFs belonging to the Inhibitor-
of-differentiation (Id) family, inhibit (as their name suggests) the differentiation of 
progenitors into neurons and oligodendrocytes. In mice lacking both Id1 and Id3, cortical 
progenitors exit the cell cycle prematurely and undergo accelerated neuronal differentiation 
(Lyden et al. 1999).  
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Hairy/Enhancer-of-split (Hes) proteins also maintain proliferation by antagonizing proneural 
TFs (Sasai et al. 1992). Their importance is demonstrated by Hes1 (-/-) Hes5 (-/-) 
neurospheres that do not expand properly even in the presence of the otherwise potent 
mitogenic growth factors bFGF or EGF (Ohtsuka et al. 2001). Hes1 and 5 are also targeted by 
signals from the transmembrane protein Notch (Ohtsuka et al. 1999) that mediates lateral 
inhibition. This term describes the phenomenon that a differentiating cell inhibits its neighbor 
from doing likewise. Thus, differentiating neurons express Delta that activates Notch to 
induce Hes expression (Kunisch et al. 1994). The lack of lateral inhibition is thought to be the 
reason for increased differentiation in sparsely cultured cells.  

In neurogenic regions of the adult CNS, Sry-related high-mobility-group box  (Sox) 
genes of the B1 group, i.e. Sox1, Sox2 and Sox3, keep the stem cell pool undifferentiated 
(reviewed by Pevny and Placzek 2005). Interestingly, mutations of mouse Sox2 cause 
neurodegeneration and impair adult neurogenesis (Ferri et al. 2004).  

TFs promoting neuronal cell fate 
The transition from proliferation to neuronal differentiation is governed by a decrease in Hes 
and Id activity, expression of Sox21 that blocks the activity of Sox1-3 (Sandberg et al. 2005) 
and an increase in proneural bHLH TF activity.  

For example, the proneural basic helix-loop-helix (bHLH) genes Mash1 and 
Neurogenin1 (Ngn1) initiate neuronal differentiation by inducing expression of genes like 
NeuroD and Math3 (Cau et al. 1997, Ma et al. 1998, Cau et al. 2002) that cause exit from the 
cell cycle and mediate terminal neuronal differentiation (reviewed by Kageyama and 
Nakanishi 1997)). Mice deficient in NeuroD completely lack the dentate gyrus granule cell 
layer (Miyata et al. 1999). The differential expression of  proneural bHLH factors determines 
which subtype of neuron will be formed (Fode et al. 2000, Wilson and Rubenstein 2000).  

TFs promoting astroglial cell fate  
The developmental neuronal-glial switch can partially be explained by decreasing amounts of 
the proneural TF Ngn1. Ngn1 competes with the glial cell fate inducer STAT for the common 
binding partner p300/CBP that can support transcription from neuronal as well as glial genes, 
depending on the binding partner. The intracellular balance between Ngn1 and STAT then 
determines transcriptional outcome (Sun et al. 2001). However, loss of proneural genes does 
not seem to be enough to cause glial commitment (Nieto et al. 2001). The transcriptional 
programme activated in the gliogenic phase comprises a complex set of transcriptional co-
modulators. Notch signaling, for example, promotes astrocyte differentiation in a number of 
cell types, among them the adult hippocampal progenitors (Tanigaki et al. 2001). Mechanisms 
involved include the direct activation of the GFAP promoter by the intracellular domain of 
Notch, but also the suppression of neuronal cell fate via Hes1 and Hes5 (reviewed by 
Guillemot 2007).  

TFs promoting oligodendroglial cell fate 
The specification of oligodendrocytes is regulated by the bHLH genes Olig1 and Olig2 (Lu et 
al. 2000, Takebayashi et al. 2000, Zhou et al. 2000). In Olig1-/-Olig2-/- double mutants there 
is a total failure of oligodendrocyte formation (Zhou and Anderson 2002). Furthermore, 
oligodendrocyte precursors (OLPs) are transformed into GFAP-pos astrocytes in these 
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animals. To suppress GFAP expression Olig2 binds to p300/CBP-co-activator and thereby 
inhibits complex formation between p300/CBP and STAT, a mechanism reminding of Ngn1 
induced GFAP inhibition (Fukuda et al. 2004). Mash1, previously mentioned in the context of 
neuronal differentiation, also promotes oligodendrocyte development. It is extensively co-
expressed with Olig2 in the embryonic brain, in oligodendrocyte precursors in culture and in 
the white matter of the postnatal brain (Kondo and Raff 2000, Gokhan et al. 2005). Its 
functional importance for oligodendroglial cell fate was shown in Mash1 mutant mice where 
a reduced number of OLPs were found in the olfactory bulb (Parras et al. 2004). 

Id TFs act as dominant negative binding partners for Olig1/2 (Wang et al. 2001, 
Samanta and Kessler 2004) and thereby suppress oligodendrocyte development.  

Epigenetic mechanisms 
Epigenetic mechanisms interfere with transcriptional and translational processes by altering 
the accessibility of genes and RNA, respectively. In that way they control the activity of TFs 
and have an important impact on cell fate development. Due to space limitations only a few 
examples can be given here. More detailed information is provided in recent review articles 
(Kondo 2006, Kosik 2006).  

Genes can be silenced when the DNA is methylated at CpG sites. It has been shown that 
this is an important regulatory mechanism for the timing of gliogenesis. For example, around 
the onset of astrocyte differentiation at E14, a CpG site in the STAT3 binding element in 
GFAP genes is demethylated allowing for STAT3 to bind (Takizawa et al. 2001, Namihira et 
al. 2004). Furthermore, astroglial differentiation is accompanied by histone modifications in 
the GFAP promoter (Song and Ghosh 2004). In neurogenesis the chromatin remodeling 
complex Brg1 has been shown to play a critical role by activating the two proneural genes 
NeuroD and Ngn (Seo et al. 2005). Micro RNAs (miRNAs) guide the cleavage of target 
mRNAs and/or inhibit their translation (reviewed by Harfe 2005). It has been suggested that 
they can modulate more than a third of the coding mRNA in multicellular organisms (Lewis 
et al. 2005). In a recent study evidence was provided that miRNAs are essential for 
maintaining DAergic neurons in the brain (Kim et al. 2007). 
 
 

BMPs’ changing role in neural cell genesis 

At very early embryonic stages cells are known to differentiate into neurons by default. BMPs 
prevent this process (Wilson and Hemmati-Brivanlou 1995) by inducing Id TFs (Ying et al. 
2003). They thereby insure the development of other tissue types in the embryo. Neural cells 
only develop around the organizer, a region that secretes BMP inhibitors. 
At later stages BMPs  participate in specifying neural cell fate (Gross et al. 1996, Li et al. 
1998, Mehler et al. 2000). They increase neuronal differentiation in mid-gestational and 
astroglial differentiation in late gestational neural progenitors, respectively. This changing 
potential is due to the co-activator function of p-Smad that binds the previously mentioned 
p300/CBP molecule at a site distinct from that for Ngn1 and STAT (Sun et al. 2001). Since 
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the concentration of Ngn1 decreases in progenitor cells during development, BMPs’ astroglial 
inducing effect prevails in progenitor cells from later stages and in adulthood. BMPs can also 
increase GFAP expression by phosphorylating STAT (Rajan et al. 2003) or by inducing Hes 
expression (Nakashima et al. 2001).  

The neurogenic regions of the adult brain contain high amounts of BMP antagonists 
(Lim et al. 2000, Ueki et al. 2003) suggesting that neutralization of the gliogenic BMP signal 
is an important mechanism for neuronal development in those areas. It was proposed that the 
BMP antagonist, noggin, being expressed in ependymal cells of the SVZ, inhibits BMP 
signaling in neighboring B cells and thereby permits neuroblast development (Lim et al. 
2000). However, nuclear translocation of p-Smad in B and C cells was recently shown in situ 
(Colak et al. 2008), clearly indicating functional BMP signaling in those cells. Complete 
inhibition of BMP signaling by deletion of the common BMP signal mediator Smad4 resulted 
in increased development of oligodendroglia at the expense of neurogenesis. Thus, Colak et 
al. suggest that BMPs are important for neuroblast development. The authors also imply that 
noggin can actively adjust BMP signaling levels in the SVZ thereby allowing a low degree of 
oligodendrogliogenesis to occur (Colak et al. 2008). Concentration dependant induction of 
differential cell fate is in line with BMPs’ definition as a morphogen and has previously been 
shown in neural stem cell cultures (Chang et al. 2003).   

BMP induced inhibition of oligodendrocyte development and differentiation does not 
only occur in the SVZ. It has been described in multiple brain regions (Gomes et al. 2003) 
and in cultures from postnatal cortical progenitors (Mabie et al. 1997, Samanta et al. 2007) as 
well as adult oligodendrocyte precursor cells (Cheng et al. 2007). The effect is mediated via 
Id TFs  (Samanta and Kessler 2004, Cheng et al. 2007). In cultures of maturing 
oligodendrocytes BMPs decrease the expression of three myelin proteins, PLP (proteolipid 
protein), MBP (myelin basic protein) and CNP (cyclic nucleotide phosphodiesterase) (See et 
al. 2004). 

In contrast, BMPs promote the differentiation of postmitotic neurons. Thus, they 
regulate axonal pathfinding (Charron and Tessier-Lavigne 2005) and dendritic growth in 
neurons from cortical (Esquenazi et al. 2002), hippocampal (Withers et al. 2000) and striatal 
neurons (Gratacos et al. 2001). 
 
 

Molecular cues in the development of DAergic neurons 

DAergic cell types 
The final goal of cell replacement therapy in PD is the production of DAergic neurons that 
truly represent SN neurons. Cells with a DAergic phenotype can be found in several different 
neuronal nuclei in the brain. In the mesencephalon they are divided into three different 
groups, i.e. the lateral group of the retrorubral field (A8), cells in the SN pars compacta (pc) 
(A9) and in the medially located ventral tegmental area (VTA) (A10). Compared to all cells 
with a DAergic phenotype, the DAergic cells in the SN and VTA exhibit the most complete 
set of molecules involved in DA synthesis, neurotransmission and metabolism (Vernier et al. 
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2004). They can be distinguished by their molecular pattern. For example, only the meso-
diencephalic DAergic neurons express the homeodomain gene Pitx3 (Smidt et al. 1997, 
Maxwell et al. 2005) and the G protein inwardly rectifying potassium channel 2 (Girk2) has 
been used to identify A9 DAergic neurons in mesencephalic grafts (Schein et al. 1998, 
Thompson et al. 2005). 

The current challenge is to integrate and apply the detailed knowledge of molecular cues 
in nigral DAergic fate decisions to produce transplantable neurons of the A9 subtype. 

Molecular patterning in the mesencephalon 
Mesencephalic DAergic progenitors develop at anatomical locations that are exposed to a 
unique combination of permissive and inductive cell signals. These are derived from four 
different signaling centers that lie on opposite locations of the dorsal-ventral (DV) and the 
anterior- posterior (AP) axis of the neural tube, respectively. Thereby, a Cartesian grid is 
defined in which every cell will receive signals depending on its position in the AP and DV 
coordinates (Rubenstein et al. 1994). The floor plate is the most ventral signaling center. It 
secretes Sonic Hedgehoc (Shh) that has a pivotal role in specifying ventral cell populations 
(Echelard et al. 1993). Together with FGF8 from the isthmus (Crossley et al. 1996, Lee et al. 
1997), which represents the anterior signaling center, Shh can induce DA cell fate in cells 
expressing the TFs Pax2, Pax5 and Otx2 (reviewed by Hynes and Rosenthal 1999). 
Permissive factors, e.g. Wnt1, ensure that the aforementioned TFs are expressed and that 
others, which would prepare the cell for alternative cell fates, are suppressed (Prakash et al. 
2006).  

The recently discovered homeodomain TF Lmx1a is the only one known so far that not 
only permits but even induces DA neuronal cell fate (Andersson et al. 2006b). Lmx1a induces 
the expression of Ngn2 in the mesencephalic midline. In the absence of Ngn2, the DA 
neuronal population is initially reduced to 20%. Postnatally, DAergic neurons recover to 50% 
of the cell number seen in Ngn2 expressing animals, supposedly due to the activity of Mash1 
(Andersson et al. 2006a, Kele et al. 2006). After the last cell division a number of TFs 
important for further differentiation are expressed. The first one is Lmx1b (Smidt et al. 2000) 
which ensures survival. For the acquisition of a mature phenotype, Nurr1 has to be present. In 
its absence, postmitotic DA precursors are initially born but disappear later (reviewed by 
Perlmann and Wallen-Mackenzie 2004). Equally important for proper differentiation is the TF 
Pitx3 (Maxwell et al. 2005) which is specifically expressed in a subset of more mature 
midbrain TH-pos neurons (van den Munckhof et al. 2003). Maintenance of the neuronal 
population in later stages is ensured by the homeobox TFs engrailed1 (En1) and En2 that are 
induced by FGF8, which then control continued FGF8 expression (Liu and Joyner 2001, 
Simon et al. 2001). 

 
 

Embryonic stem cells 

The intrinsic propensity of ESCs for extended proliferation and their neuronal differentiation 
potential is a favorable attribute for the production of large numbers of DAergic cells. 
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Considering the high number of regulatory events in DAergic cell development outlined in 
the previous section, it is surprising that one has been successful in generating DAergic 
neurons from these primitive pluripotent cells.  

Methods have been primarily developed for mouse ESCs (mESCs). Transferring the 
gained experiences to human ESCs (hESC) culture is not totally straightforward. An analysis 
of the transcriptional profile of mouse versus hESCs revealed a similar core molecular 
program but also many differences between the species (Sato et al. 2003). It is currently 
debated whether these inconsistencies arise from different generation time points. Thus, it 
seems that mESCs represent a slightly earlier developmental stage than hESCs (Brons et al. 
2007, Tesar et al. 2007).  

Propagation of ESCs 
Mouse embryonic fibroblasts (MEFs) are frequently used as feeder cells for both mouse and 
hESC propagation (Williams et al. 1988). They have the dual function of serving as a matrix 
as well as providing some of the extrinsic signals needed for self-renewal. When ESCs are 
cultured under feeder free conditions Matrigel and fibroblast conditioned medium are often 
applied to replace the feeder layer (Xu et al. 2001). Since the use of animal derived 
components does not meet safety requirements for clinical application, the ultimate goal is to 
culture cells with material from exclusively recombinant or purified human sources. In fact, 
the successful derivation and maintenance of two hESC lines under these conditions has been 
reported (Ludwig et al. 2006). However, these high standard culture conditions are expensive 
and impractical for experimental work and therefore not yet routinely used. 

Neuronal differentiation of ESCs 
Neuronal differentiation from ESCs in vitro is easily achieved by depriving the cells of 
mitogens applied for propagation. Two conceptually different approaches exist: 

The first is based on the spontaneous formation of embryonic bodies (EBs) in 
suspension culture (Okabe et al. 1996). This process resembles the first steps in 
embryogenesis. In the three dimensional cell aggregates, cells belonging to all three germ 
layers develop (Itskovitz-Eldor et al. 2000). The neural inducing signals are provided by the 
developing cell structures. Lee et al. were the first to demonstrate the generation of A9 
midbrain DAergic neuronal populations from mESCs via EB formation (Lee et al. 2000). This 
method is now generally referred to as “the 5 step protocol” since it includes the expansion of 
undifferentiated ESCs, the formation of EBs, a selection of neural progenitors via plating of 
EBs on tissue surface, the consecutive expansion of neural progenitors with bFGF (and 
laminin) and finally induction of differentiation. 

In the second approach hESCs are dissociated and placed into adherent culture. 
Neuroepithelial cells have been described to develop 14 days after plating on MEF in the 
presence of noggin. They can then be propagated with mitogens. After mitogen-withdrawal 
about 30% of cells express the neuronal marker �-tubulin III (�-tubIII), but only 0.5% co-
express TH (Reubinoff et al. 2001, Ben-Hur et al. 2004).  

Empirically it has been noticed that co-culture with stromal cells such as HepG2 
(Rathjen et al. 1999), PA6 (Mizuseki et al. 2003, Buytaert-Hoefen et al. 2004) and MS5 
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(Perrier et al. 2004) promotes neuroepithelial differentiation. Expression of neuronal markers 
such as �-tubIII and NCAM can be observed already after 2 days in mESCs (Kawasaki et al. 
2000) and after about 6 days in primate ESC when they are co-cultured with PA6 cells 
(Kawasaki et al. 2002). This cell line was originally derived from mouse skull bone marrow 
(Kodama et al. 1982) and interestingly, it favors the differentiation of neural progenitors with 
mid/hindbrain characters. The instructive signals of this stromal cell-derived inducing activity 
(SDIA) are exerted at or prior to Sox1 expression, i.e. at a very early stage in neural 
progenitor specification (Parmar and Li 2007). The TF Wnt5a has recently been shown to 
play an important role in this process (Hayashi et al. 2008) However, the exact molecular 
basis of SDIA activity remains unclear. Both a soluble factor and a direct contact between 
ESCs and stromal cells may be required since even fixed PA6 cells retain neural inducing 
activity (Kawasaki et al. 2000). 

Increasing the numbers of A9 DAergic cells 
Distinct regional identity can also be established by supplementing the culture medium with 
developmental key morphogens or by overexpressing key fate-determining TFs. For example, 
the addition of FGF8 and Shh induce TH and mid/hindbrain related markers in hESC-derived 
neural progenitors (Perrier et al. 2004). Similar to mouse in vivo development, the generated 
cells sequentially express Pax2 and Pax5 and, upon exiting the cell cycle, become positive for 
En1 and TH. In accordance with this Yan et al. showed that Shh and FGF8 exposure of 
hESCs during the process of neuroepithelial specification (i.e. before they express Sox1) 
increases the amount of TH pos cells from 3 to 30% of differentiated cells. However, a 2 
week delay in the factor addition resulted in the development of TH-pos neurons that have the 
characteristics of forebrain olfactory bulb neurons (Yan et al. 2005). This example shows that 
the cells’ intrinsic program rapidly changes over time and induces different responses to the 
same stimuli. Thus, it is easy to misdirect the developing cells by doing the right procedure at 
the wrong time. This is probably why the midbrain specific marker ptx3 is only rarely found 
in DAergic neurons generated from hESCs by similar protocols. In contrast, overexpression 
of the TF Lmx1a in mESCs induces the whole set of midbrain-typical genes in more than 
95% of the developing DAergic neurons (ie Lmx1b, En1, Nurr1, ptcx3) (Andersson et al. 
2006b). Genetic manipulation is, however, not acceptable for clinical application. Therefore, a 
method reported by Roy et al. appears more relevant for practical use. This group exposed 
hESCs to human nigral astrocyte conditioned medium. After 5 weeks about 25% of all cells in 
that study expressed TH and about 70% of these cells were A9 Girk2-pos DAergic neurons 
(Roy et al. 2006). In comparison, DAergic differentiation from hESCs on PA6 cells is about 
twice as fast but the efficiency is highly variable between the cell lines (Buytaert-Hoefen et al. 
2004, Zeng et al. 2004, Park et al. 2005). A modified version of the PA6 protocol has been 
reported to induce DAergic cell fate in 12% of hESCs at the most, and the exact regional 
specification of the TH-pos cells in this study is unclear (Park et al. 2005). 

Tumor formation 
Every available protocol for neuronal ESC differentiation generates cell populations that are 
diverse in terms of both specification and developmental stage. In an ectopic environment the 
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proliferation of undifferentiated ESCs can become deregulated and result in the formation of 
teratomas. These contain a disorganized mixture of differentiated cell types from all three 
germ layers. They can be benign or malignant and are in that case called teratocarcinomas 
(Pierce 1967). It is not totally clear whether genetic alterations are obligatory for ESCs’ 
tumorigenic potential. This is, however likely since many embryonic carcinoma cell lines 
exhibit chromosomal abnormalities, as for example the trisomy of chromosome 6. 
Interestingly, the pluripotency factor Nanog is located on this chromosome (reviewed by 
(Chambers and Smith 2004)). 
 
In summary, DAergic neurons with the true midbrain phenotype can be generated from 
hESCs in amounts sufficient for transplantation. However, even the most efficient protocols 
result in mixed, partially undefined cell populations that raise safety concerns. 
 
 

Cell transplantation in PD 

In PD cells are transplanted ectopically in the easily accessible striatum where DA is needed. 
This is a gliogenic area that does not easily support neural development. The transplanted 
cells should therefore be committed to DAergic cell fate at the time of grafting. Since survival 
in transplants is low (Freed 2002), cells should be available in high numbers in order to allow 
for at least 100000 DAergic neurons to survive in each human putamen (Hagell and Brundin 
2001). In contrast, in rats, as few as 500 surviving grafted TH-pos neurons have been found to 
ameliorate amphetamine-induced circling (Nakao et al. 1994). 

In order to achieve clinical improvement after grafting, neurons should release DA in a 
regulated manner, establish a dense network throughout the striatum, integrate functionally 
and resemble nigral DAergic neurons in their special molecular as well as 
electrophysiological properties (Isacson et al. 2003, Lindvall et al. 2004).  

Fetal ventral mesencephalic cells   
DAergic neurons in dissociated tissue from fetal mesencephalon, fulfill many of the 
mentioned criteria and are the cells used in clinical transplantation. They are committed at 
their site of origin and will, after grafting, simply complete their maturation process into 
functioning DA providing cells. The dissociated tissue contains neurons from the VTA and 
SN regions. It has recently been shown that only the latter establish connections with striatal 
neurons after transplantation (Thompson et al. 2005) which might partly explain the variable 
outcome in transplanted patients. Cell transplantation for the treatment of PD has become 
clinical practice since the early 1990s (reviewed by Isacson 2003). By now, 400 patients have 
been transplanted worldwide. In these patients the grafted neurons survive and are able to 
normalize striatal DA release. Some patients have experienced significant lasting benefits, up 
to 14 years, that have been validated by fluorine-18-labeled dopa PET scanning and 
functional MRI (Kordower et al. 1995, Piccini et al. 1999, Piccini et al. 2000, Isacson 2003). 
However, the outcome of double blind trials was disappointing, showing only modest 
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improvement (Freed et al. 2001, Olanow et al. 2003). These two studies indicated that present 
cell replacement procedures are not optimal. Progress in the field of transplantation has been 
hampered by the limited availability of transplantable cells. More than eight early gestation 
human fetuses per patient are required for clinical improvement. Ethical concerns related to 
the use of material from aborted fetuses and the small amount of available cells raised the 
interest in alternative cell sources that provide expandable cells with neurogenic potential.  

Adult-derived neural progenitors  
Neural progenitors in the adult brain might be a source for allogenic transplants. If cells can 
be derived from the recipient himself immunosuppression will no longer be necessary.   

AHPs have the potential to differentiate into TH-pos cells as shown by transplantation 
experiments to the olfactory bulb. In contrast, transplantation into the gliogenic striatum 
converted them into glial cells (Suhonen et al. 1996). Thus, in order to be able to apply AHPs 
in cell therapies for PD, their pattern of response to the striatal environment has to be 
modified. Theoretically, this could be achieved by blocking glial-inducing pathways or by 
inducing neuronal fate determination before transplantation. 

It is not clear, if it is possible to convert AHPs into TH-pos neurons with a 
mesencephalic phenotype. Proliferating AHPs express transcripts of the FGF- and Shh 
receptors (Sakurada et al. 1999) that are important for DAergic differentiation. However, only 
about 1% of the neuronal cell population has been found to be TH-pos in culture (Sakurada et 
al. 1999, Takahashi et al. 1999). Overexpression of Nurr1 in AHPs increases TH expression 
without affecting neuronal differentiation or the expression of other genes characteristic for 
DAergic neurons (Sakurada et al. 1999).   

In contrast, in progenitors from the SVZ and white matter of the adult rat brain, 
overexpression of Nurr1 resulted in acquisition of the DAergic neurotransmitter phenotype 
and differentiation towards mature DAergic neurons that displayed functionality in vitro and 
survived, integrated, and differentiated into DAergic neurons in vivo. They reversed 
behavioral deficits of parkinsonian rats (Shim et al. 2007). This is so far the only report on 
successful generation of significant amounts of functional DAergic neurons from adult-
derived neural progenitors.  

Embryonic stem cells 
ESCs are considered to be the most promising alternative cell source. For example, mESC-
derived neural progenitors have a 100-fold higher expansion potential than neural progenitors 
from mouse E12.5 mesencephalon. Furthermore, ESC-derived neural progenitors, but not 
mesencephalon-derived progenitors, maintain their potential to generate functional DAergic 
neurons (Chung et al. 2006). Recently, stable expansion of hESC-derived neural progenitors 
over a period of 12 weeks has been reported. Furthermore, these cells kept their 
differentiation potential throughout long-term storage over 2 years and multiple freeze-thaw 
cycles (Hong et al. 2008). Interestingly, very efficient DAergic differentiation can be 
observed when undifferentiated mESCs are transplanted into the striatum of 6-OHDA 
lesioned rats. On an average about 2000 surviving TH-pos cells were detected at 12-14 weeks 
after 2000-4000 mESCs had been grafted (Bjorklund et al. 2002). The cells displayed 
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midbrain markers (calbindin, calretinin, DA, DA-transporter) and induced behavioral 
recovery. However, teratoma formation was observed in 5 of 19 rats, arguing for in vitro 
differentiation prior to implantation. Even in vitro pre-differentiated DAergic neurons from 
mouse and monkey ESCs survive and integrate well in the host brains (Kim et al. 2002, 
Takagi et al. 2005). For example, transplantation of monkey ESC-derived DAergic neurons 
into the monkey striatum relieved motor symptoms, and approximately 17% of transplanted 
cells had differentiated into TH-pos neurons 14 weeks post-implantation (Takagi et al. 2005). 
In contrast, the numbers of TH-pos neurons in striatal transplants of human ESC-derived 
neural progenitors are commonly low (Ben-Hur et al. 2004, Zeng et al. 2004, Park et al. 
2005). Surprisingly, significant survival was achieved in the aforementioned study using 
nigral astrocyte conditioned medium for hESC differentiation (Roy et al. 2006). Twenty-one 
percent of cells expressed TH, and the implanted mice displayed significant behavioral 
improvement. Six percent of the transplanted cells still proliferated 70 d after grafting but no 
tumor formation was observed.  
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OBJECTIVES 
 

Overall aim 

To evaluate growth factors and signaling molecules with regard to their effects on 
differentiation of CNS stem cells and progenitors, to understand their mechanism of action 
and to determine their putative role in experimental therapies for PD. 
 

Specific aims 

1. To assess the effects of BMPs and GDFs on differentiation and survival of rat 
embryonic mesencephalic cells in vitro. 

 
2. To decrease the responsiveness of AHPs to gliogenic cues by blocking BMP signaling 

via dominant negativ BMP type Ib receptors and to evaluate the effects on cell fate 
and receptor regulation. 

 
3. To increase neuronal differentiation in AHPs by manipulating MAPK signaling 

pathways via ASK1 and to define the involved signaling pathways. 
 

4. To characterize the potential of hESCs to generate transplantable TH-pos neurons 
when co-cultured with the mesenchymal cell line PA6. 
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METHODOLOGICAL ASPECTS 
 
 

Ethical approval 
The experimental designs in Papers I and IV were approved by the local ethical committee in 
Gothenburg and Lund, respectively. Experimental procedures and euthanasia were in 
accordance with published guidelines on the use of animals in research (European 
Communities Council Directive 86/609/ECC). 
 

Cell culture  

E14 mesencephalic primary culture (Paper I) 
Time-mated Sprague-Dawley rats were purchased. Due to the breeder’s routine of placing 
breeding pairs together over night the actual age of the embryos could vary up to 12 hours. 
Given the short developmental time window for DAergic cells this was a significant source of 
variability in terms of cell survival and culture composition.  

The embryonic midbrain was dissected according to Shimoda 1992 (Shimoda et al. 
1992). At this stage of development it is not possible to separate VTA and SN. Thus the 
generated cultures contain neurons and glial precursors from both of these regions and, 
depending on the accuracy of dissection, possibly even cells from adjacent developing areas. 
Contamination of meningeal cells that inhibit neuronal growth was reduced by frequent 
changes of dissection buffers and instruments. Tissue pieces were processed through 
successive steps of enzymatic dissociation (0.1% trypsin) and careful mechanical trituration 
with fire-polished Pasteur pipettes in neuronal medium (see Table 1). Finally, larger 
undissociated cell aggregates were removed to obtain a single cell suspension.  

In order to assure cell attachment after plating, 5% fetal bovine serum (FBS) was added 
to the neuronal medium. Exposure to FBS was kept as short as possible by changing to 
serum-free medium at day 1 in vitro  (DIV1) (day of plating assigned DIV0). On the 
consecutive days complete medium changes were avoided because they interfered with cell 
survival. Instead, fresh medium was added every 3rd day. 

To achieve results more relevant for mature neurons (see discussion) cells were allowed 
to differentiate in culture for 6 d before they were exposed to growth factors or 6-OHDA. 

Adult-derived hippocampal progenitors (Papers II and III) 
These cells were kindly provided by Dr. F. Gage, La Jolla, USA. Cells have been generated 
by gross dissection of the adult rat hippocampus (Palmer et al. 1995, Palmer et al. 1997). As 
stated in the introduction their exclusively hippocampal origin is controversial. They have 
been clonally derived from primary cultures and shown to be able to differentiate into all 
three major cell types of the CNS.  Sister clones established from the same culture retained a 
multipotent phenotype through multiple rounds of division and a normal diploid karyotype for 
up to 35 population doublings which corresponds to approximately 15 passages. 
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Culture Cell 
density 

Coating Name Basal 
culture 
medium 

Supplements  
(final concentration) 

E14 
mesence -
phalic 
primary 
culture 

1 x 105  
cells/cm2 

PORN plating  
medium 

1:1 mixture 
Dulbecco’s 
modified 
Eagle`s 
medium 
(DMEM) : 
Ham`s F12 
(Sigma) 

N1 supplements (Sigma),  
2.5 �g/ml insulin from bovine 
pancreas, 2.5 �g/ml human transferrin 
(partially iron-saturated), 2.5 ng/ml 
sodium selenite, 8 �g/ml putrescine, 
3.65 ng/ml progesterone. 

0.125% bovine serum albumin (Sigma),  
2 mM L-glutamine 
100 U/ml penicillin  
50 �g/ml streptomycin  
1 mM sodium pyruvate 
5% FBS 

E14 
mesence -
phalic 
primary 
culture 

1 x 105  
cells/cm2 

PORN neuronal 
medium 

1:1 mixture 
DMEM : 
Ham`s F12 
(Sigma) 

N1 supplements (Sigma) 
5 �g/ml insulin from bovine pancreas, 
5 �g/ml human transferrin (partially 
iron-saturated), 5 ng/ml sodium 
selenite, 16 �g/ml putrescine, 
7.3 ng/ml progesterone. 

0.25% bovine serum albumin (Sigma),  
2 mM L-glutamine 
100 U/ml penicillin  
50 �g/ml streptomycin  
1mM sodium pyruvate 

adult rat 
hippo -
campal 
progenitor 
culture 

0.5 x 104  
cells/cm2 

PORN proliferation 
medium 

1:1 mixture 
DMEM : 
Ham`s F12 
(Sigma) 

N2 supplements (Life Technology) 
5 �g/ml recombinant insulin, 
100�g/ml human transferrin, 
5.22 ng/ml Selenit,16 �g/ml  
Putrescine, 6.3 ng/ml Progesterone 

2 mM L-glutamine 
20 ng/ml human  bFGF 

adult rat 
hippo - 
campal 
progenitor 
culture 

0.8–2.7 x 
104  
cells/cm2 

PORN/ 
laminin 

Differen-
tiation 
medium 

1:1 mixture 
DMEM : 
Ham`s F12 
(Sigma) 

N2 supplements (Life Technology) 
as above 

2 mM L-glutamine 
 

human 
embryonic 
stem cell 
culture 

not 
specified 

MEF hESC 
medium 

knockout  
D-MEM 
(Vitrolife) 

20% knockout serum replacement (KSR) 
5 mM L-glutamine 
1% non-essential amino acids 
0.1 mM 2-mercaptoethanol 
100 U/ml penicillin G 
4 ng/ml bFGF 

human 
embryonic 
stem cell 
culture 

2 x 103 
cells/cm2 

PA6 or 
PORN/ 
laminin 

hESC 
differen -
tiation 
medium 

Glasgow 
minimum 
essential 
medium 
G-MEM 
(Gibco) 
 

8% KSR 
1 mM pyruvate 
0.1 mM non-essential amino acids 
0.1 mM 2-mercaptoetanol 
Comment:  
L-glutamine is contained in G-MEM 

  
Table 1: cell culture conditions 
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After expansion in mitogenic concentrations of bFGF these cultures contain a mixed 
population of self-renewing stem cells as well as uni- and multipotent progenitors. A majority 
of cells (>80%) express the intermediate filament nestin. They have a population doubling 
time of 36-48 h in the presence of bFGF.  

AHPs were used between passage 10 and 20 in order to minimize the risk of 
contamination with aneuploid cells. Cells were maintained in bFGF containing medium on 
polyornithine (PORN) coated plastic surfaces (see Table 1). Since confluency in the presence 
of bFGF induces oligodendroglial differentiation, cells were regularly passaged before 
reaching subconfluency. In experimental cultures bFGF was omitted. Medium was added 
every 3rd day. At plating, cell densities had to be adjusted depending on the expected time in 
vitro (ranging from 2-10 DIV) in order to avoid extremely dense or sparse cultures at fixation, 
respectively. To exclude that variations in cell density influenced cell fate, representative 
cultures for the respective densities were evaluated at DIV6. No differences in the percentage 
of microtubule-associated protein-2- (MAP2ab), GFAP-, or galactocerebroside- (GalC) pos 
cells were detected.  

Human embryonic stem cell culture (Paper IV) 
hESCs (line SA002.5, Cellartis AB, Gothenburg, Sweden) were grown on mitomycin C-
treated early passage MEFs in hESC medium (see Tab 1). Colonies were mechanically 
passaged every 4-5 days. For this purpose undifferentiated colonies were selected under the 
microscope and cut into small pieces, approximately 200 x 200 μm. 

For differentiation experiments colonies were dissected as described above, incubated in 
type IV collagenase and then carefully dissociated by 3 strokes with a 1 ml pipette. Clusters 
of 2-30 cells were plated on PA6 feeders in hESC differentiation medium. Cell density and 
efficient removal of serum-containing PA6 cell medium was a key component in efficiently 
generating neurons from ESCs. After plating hESCs were left undisturbed for 5 days. Half 
medium changes were done from DIV6 onwards every 3rd day. After 14 days whole colonies 
were separated enzymatically from the PA6 cells using papain. In this way the feeder cell 
layer remained intact. The colonies were washed off and plated on PORN/Laminin coated 8-
well-glass-chamberslides (4-5 colonies/ well).  

In contrast, for transplantation experiments, colonies were dissociated into single cells 
using Accutase cell detachment solution. Viability of the cells before transplantation was 
assessed by trypan blue staining. To see whether neuronal cells had survived the dissociation 
procedure, small aliquots of the cell suspension used for transplantation were plated on 
chamberslides in hESC differentiation medium, allowed to attach and fixed 24 hours later. 

 

Assays to characterize neuronal maturity (Paper IV) 

Dopamine analysis 
The DA content of hESC was electrochemically detected by high-performance liquid 
chromatography (HPLC). Cell lysates were collected from hESCs co-cultured with PA6 for 
16, 20 and 23 days, respectively, and after filtration, run through a reverse phase C18 column. 
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Patch clamp recording 
For assessment of function, hESCs had been grown on PA6 for 2 weeks and thereafter for 1-2 
weeks on PORN/laminin coated chamberslides. Neuronal colonies were identified using 
infrared-differential interference contrast video microscopy. Whole-cell patch-clamp 
recordings were performed on 61 hESCs from 6 different cultures. Cells were chosen by their 
typical neuronal morphology and their accessibility for the patch-clamp electrodes. Cells with 
a more mature neuronal phenotype were often surrounded by a matrix-like sheath which 
prevented the contact between the patch-clamp electrode and the cell membrane. Therefore, 
mature neurons are probably underrepresented in our recordings. For the same reason it was 
not possible to investigate cells that had been differentiated in vitro for more than 4 weeks.  
 
Electron microscopy 
Electron microscopy was performed on cells from the same culture and time points as the 
patch clamp experiments to obtain information about the ultrastructure of the neurons.  
 

Transgene expression systems  

Gene delivery by chemical agents (Paper III) 
The commercially available lipid-based transfection agent FuGENE6 (Roche) was used to 
introduce reporter plasmids and expression vectors into AHPs via endocytosis. The ratio 
between transfection reagent and DNA was 1.7. The transfection efficiency was evaluated by 
transfecting the cells with a reporter plasmid carrying the gene for �-galactosidase (�-gal) and 
subsequent staining for �-gal. Expression of �-gal was detected in 10-20% of AHP cells. 

Gene delivery by adenoviral vectors (Papers II and III) 
All viral vectors used are constructed from adenovirus typ 5. They belong to the first 
generation of adenoviral vectors and are replication defective by deletion of the viral E1 
region (Saito et al. 1985, Miyake et al. 1996). They were propagated on E1 complementing 
293 cells to produce high titer stocks. 

The recombinant Ad encoding Lac-Z (Ad-Lac-Z), the hemagglutinine (HA)-tagged 
kinase mutant ASK1 (Ad-ASK1-KM) and the constitutively active ASK1 (Ad-ASK1-�N) 
were constructed as described (Saitoh et al. 1998). The ASK1-�N construct generates a 
constitutively active ASK1 since the binding domain for its repressor Trx is deleted. In the 
ASK1-KM construct the kinase domain is mutated and defective while the Trx-binding 
domain is unaltered. 

Adenovirus encoding the HA-tagged constitutively active (ca) or dominant negative 
(dn) ALK2, ALK3 and ALK6 receptor has been described (Zou et al. 1997, Fujii et al. 1999). 
Ca BMP type I receptors have increased kinase activity and phosphorylate Smad1/5/8 in the 
absence of a ligand or BMPRII. They were obtained by substitution of a single amino acid 
within the activation domain. In dn BMP type I receptors a single amino acid is substituted in 
the ATP-binding site so that Smad-phosphorylation is not possible. Importantly, the 
extracellular part is intact and can bind a ligand as efficiently as a native receptor. 



                                                                                         METHODOLOGICAL ASPECTS   
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

41 

Compared to other viral delivery systems adenoviral vectors have the advantage that the viral 
DNA translocates into the intact nucleus and the transgene therefore can be expressed in both 
dividing and non-dividing cells. However, the viral DNA does not integrate into the somatic 
DNA leading only to transient gene expression. Adenovirus carrying the �-gal reporter gene 
(AdLacZ) was used to evaluate infection efficiency. Staining for �-gal revealed that up to 
95% of cells were infected at a low multiplicity of infection (moi) of 10. More intense 
staining at higher mois indicated a higher virus load per cell. In all following experiments 
AdLacZ was included as a negative control. We tracked transgene expression by the HA-tag 
coupled to all constructs. As early as 60 minutes after infection the adenovirus begins to 
transcribe its genome in the host cell. Expression peaked within the first 24-48 hours after 
infection and decreased continuously over the following days. 
 

Evaluation of proliferation and viability 

[3H]thymidine incorporation (Papers I and III)   
[3H]thymidine incorporation is a common method to assess proliferation in cell culture. It is 
based on the incorporation of radioactively labeled thymidine into DNA during the S-phase of 
the cell cycle. The radioactivity detected by a �-counter is proportional to the amount of 
dividing cells. Values are, however, not related to total cell numbers. High amounts of 
radioactivity in comparison to control, reflect proliferation only if the assay is carried out 
shortly after the addition of the experimental compound. If the assay is delayed it might 
reflect increased survival, proliferation or both. If the experimental compound induces cell 
cycle stop and thus a decrease in radioactivity, neither the early nor the late measurement of 
radioactivity can distinguish between cell death and differentiation. It is therefore important to 
combine [3H]thymidine incorporation assays with other tests for viability and cell death.  

In Paper I [3H]thymidine incorporation was carried out 32 hours after the addition of 
BMP ligands to the cultures. The cells were pulsed with 0.5 �Ci of [methyl-3H]thymidine per 
ml medium for 4 hours, washed and precipitated with 5% trichloracetate on ice. Precipitates 
were dissolved in 1M NaOH, neutralized with 1 M HCl and transferred to vials containing 
szintillation fluid where the radioactivity was measured. Samples were analyzed in 
quadruplicate. Immunocytochemistry was performed in sister cultures to distinguish between 
cell death and differentiation. 

In Paper III [3H]thymidine incorporation was combined with the MTT assay (see 
below). 

MTT assay (Paper III) 
The MTT assay is a method to assess viability. It reflects the ability of mitochondria in viable 
cells to reduce 2-(4,5-dimethyldiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), a light 
yellow compound, to a dark blue product, formazan MTT, that can be quantified 
spectrophotometrically. Even this assay is preferentially carried out soon after exposure to the 
experimental compound because in analogy to [3H]thymidine incorporation signal strength is 
influenced by changes in total cell numbers. Thus, cultures in Paper III were evaluated on the 
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2nd day after viral infection, considering that maximum protein expression from the viral 
genome was achieved at 1 day after infection. Cells were cultured for 4 hours in the presence 
of MTT-solution. Solubilization buffer was added for another 30 minutes to dissolve the 
formazan crystals before absorbance was measured at 570 nm. Cells from 3-4 different 
culture wells per group were analyzed. 

Since mitochondria from apoptotic cells retain functional enzymes during the apoptotic 
process, it was important to rule out that cells infected with low mois of Ad-ASK1-�N 
undergo secondary necrosis at a later stage. The latter was excluded by using the LDH-assay. 

Lactate Dehydrogenase (LDH) assay (Papers II and III) 
In order to monitor cell death we used a colorimetric method for measuring LDH, a stable 
cytosolic enzyme that is released into culture medium upon cell lysis. In analogy to the MTT 
assay the amount of LDH in culture supernatants is assessed with a coupled enzymatic assay. 
LDH induces the conversion of a tetrazolium salt (INT) into a red formazan which exhibits a 
specific measurable absorption maximum. In contrast to the [3H]thymidine or MTT assay, 
LDH release can be compared between samples with different cell densities since it is related 
to the total amount of LDH in each sample, determined by measuring LDH release after cell 
lysis. Thus, we could carried out this assay on day 4 after viral infection, a time point when 
the effect of secondary necrosis would have been visible. All photometric measurements lay 
in the linear part of the absorbance curve and samples with “medium only” were included as 
background control. The detection limit of the LDH assay was approximately 2000 cells 
corresponding to 3.5% of cells on a 24 well plate at day of plating. Three wells per 
experimental group were evaluated. 

Cell cycle analysis by fluorescence-activated cell sorting (FACS) (Paper III) 
DNA content in the virus infected cell cultures was analyzed 2 d after infection. For that 
purpose nuclear chromatine was purified using the Cycle TEST PLUS DNA kit (Becton 
Dickinson). Thus, the cell membrane was dissolved with a nonionic detergent, cell skeleton 
and nuclear proteins were eliminated with trypsin, the cellular RNA was enzymatically 
digested, and nuclear chromatine was stabilized with spermine before staining with 
fluorescent DNA binding propidium-iodide. Samples were analyzed using a FACS Calibur 
flow cytometer. For correct results it is essential that cell nuclei are passed one by one 
through a channel where the amount of fluorescence (that is proportional to the DNA content) 
is measured. In order to reduce cell doublets that could falsely be counted as one cell in G2 
phase, samples were filtered before analysis. Doublets that remained in the samples were 
identified by their slightly longer passage time through the laser beam. By plotting pulse 
width against signal intensity it was possibility to exclude doublets from the analysis by 
gating. At least 10.000 cells were counted per sample and 3 samples per group. 

Immunohistochemical methods (Papers I and IV) 
Immunohistochemical staining for BrdU allows the detection of cell proliferation on a single 
cell level. BrdU is a thymidine analogue that, similar to the radioactively labeled 
[3H]thymidine, is incorporated into the DNA during S-phase. In Paper I 10 �M BrdU was 
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added to the culture at various time points 20 hours before fixation. In Paper IV rats were 
injected intraperitoneally with 50 mg/kg BrdU 3 times at 8-hour intervals 24 hours prior to 
sacrifice. Fixation and staining shortly after BrdU exposure reflect cell proliferation. If this 
procedure is delayed BrdU-pos cells might represent progenies that have inherited the marker 
from their parent cell but are not proliferative at the time of fixation. Potential sources of 
artefacts are dying cells that enter into an abortive cell cycle. Therefore, BrdU staining should 
be combined with methods visualizing apoptosis (Cooper-Kuhn and Kuhn 2002, Kuan et al. 
2004, Hoglinger et al. 2007). 

Hoechst staining (Papers I, II and III) is a simple method to visualize chromatin by the 
intercalating dye Hoechst 33258. Condensed nuclei typical for apoptotic cells or mitotic 
figures seen in dividing cells can then be counted under the microscope and reflect cell death 
and cell division, respectively, at the time of fixation. 
 

Methods for protein detection 

Immunohistochemistry (IHC) (Papers I-IV) 
Immunohisto- or cytochemistry (ICC) applies primary antibodies specific to the protein or 
antigen of interest, which then react with secondary antibodies coupled to a detection system. 
This method visualizes the location of the antigen. It is therefore especially suitable for 
investigation of cell development in which cell morphology changes over time.  

Two different detection systems were applied: in DAB-staining a peroxidase is coupled 
to the antigen-antibody complex. It catalyzes a color-producing reaction with 3,3’-
diaminobenzidine (DAB) and produces a brown precipitate at the location of the protein. 
Since the staining is not subject to fading this method is convenient when the total number of 
cells of only one cell population is to be evaluated. When relative cell numbers or two 
different proteins were analyzed a fluorescent detection system was used combining two 
different fluorophores with non-overlapping fluorescent spectra. Cell nuclei were labeled with 
Hoechst 33258. In both detection procedures unspecific binding of the secondary antibody 
was blocked with bovine serum albumin and with serum of the animal species, in which the 
secondary antibody was raised.  

In order to test the specificity of the primary antibody the latter was replaced by the 
respective serum, resulting in negative staining. Furthermore, specificity was judged from the 
staining pattern that showed typical morphology and distribution of the protein. A third 
control consisted of immunoblots showing that the antibody recognizes a protein of the 
appropriate molecular weight.  Since staining intensity can vary between staining sessions, all 
cultures intended for comparative evaluation were processed at the same time. Fixation and 
buffer exchanges during the staining procedure were carefully performed so as not to risk bias 
in cell counts by detachment of less adherent cells.  

A list of primary antibodies used is given in Table 2  
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Antibody Species Antigen 
detected 

Marker for Appli-
cation 

Dilution Reference Supplier 
(Cat. No.) 

Nestin Mouse 
monoclonal 

Rat nestin, 
intermediate 
filament VI 

Neural 
progenitors 

ICC (IF) 1 : 500 
 

Gilyarov 
2008 

BD 
Pharmingen 
(556309) 

MAP2ab Mouse 
monoclonal 

Bovine 
microtubule-
associated 
protein 2ab 

Postmitotic 
neurons 

ICC (IF) 
ICC (DAB) 

1 : 100 
1 : 1000 

Binder et al. 
1986 

Sigma 
(M1406) 

�-tubIII Mouse 
monoclonal 

Human �-
tubulin III 

Neural 
progenitors, 
postmitotic 
neurons 

WB 1 : 500 Banerjee et al. 
1990 

Sigma 
(T8660) 

�-tubIII Rabbit 
polyclonal 

�-tubulin III as above ICC (IF) 
IHC 

1 : 500 
1 : 500 

as above Nordic 
BioSite (PRB 
-435P-100) 

NeuN Mouse 
monoclonal 

Cell nuclei 
from mouse 
brain 

Postmitotic 
neurons 

IHC 1 : 250 Mullen et al. 
1992 

Chemicon 
(MAB377) 

TH Mouse 
monoclonal 

Tyrosine 
hydroxylase 
from PC12 
cells 

Catecholamin
ergic neurons 

IHC 1 : 500 Semenenko et 
al. 1986 

Chemicon 
(MAB358) 

TH Mouse 
monoclonal 

Rat tyrosine 
hydroxylase 

as above ICC (IF) 
ICC (DAB) 

1 : 500 
1 : 10000

as above Sigma 
(T2928) 

TH Rabbit 
polyclonal 

Rat tyrosine 
hydroxylase 

as above IHC 1 : 400 as above Chemicon 
(AB5986) 

5-HT Rabbit 
polyclonal 

serotonin Serotonin-
ergic neurons 

IHC 1 : 10000 Dabadie et al. 
1992 

ImmunoStar 
(20080) 

Peripherin Rabbit 
polyclonal 

Rat 
peripherin, 
intermediate 
filament III 

Neurons of 
the peripheral 
nervous 
system 

ICC (IF) 
IHC 

1 : 2000 
1 : 2000 

Leonard et al. 
1988, Brody 
et al. 1989 

Chemicon 
(AB1530) 

GAD67 Mouse 
monoclonal 

Glutamate 
decarbosylase 
67 (recomb 
peptide) 

GABAergic 
neurons 

IHC 1 : 500 Kaufman et 
al. 1991 

Chemicon 
(MAB5406) 

ChAT Goat 
polyclonal 

Human 
placental 
choline acetyl 
transferase 

Cholinergic 
neurons 

IHC 1 : 100 Bruce et al. 
1985 

Chemicon 
(AB144) 

GFAP Mouse 
monoclonal 

Pig spinal 
cord glial 
fibrillary 
acidic protein, 
IF III 

Mature 
astrocytes, 
CNS stem 
cells 

ICC (IF) 
WB 

1 : 100 
1 : 800 

Debus et al. 
1983, Eng 
1985, Doetsch 
et al. 1999 

Sigma 
(G3893) 

GFAP Rabbit 
polyclonal 

Cow glial 
fibrillary 
acidic protein 

as above ICC (IF) 
ICC (DAB) 
WB 

1 : 400 
1 : 1000 
1 : 2000 

Castellano et 
al. 1991�

DAKO 
Cytomation 
(Z0334) 

S100�� Rabbit 
polyclonal 

Bovine brain 
S100��

Mature 
astrocytes 

IHC 1 : 1000 Van Eldik and 
Watterson 
1981 

Swant (37) 

GalC Mouse 
monoclonal 

Synaptic 
plasma 
membrane 
from bovine 
hippocampus 

Pre-
myelinating 
and myeli-
nating oligo-
dendrocytes 

ICC (IF) 
ICC(DAB) 

1 : 100 
1 : 1000 

Raff et al. 
1978, Ranscht 
et al. 1982 

Chemicon 
(MAB342) 

NG2 Mouse 
monoclonal 

Human mela-
noma cells 

Oligodendro-
glial  
precursor 

IHC 1 : 50 Wilson et al. 
1981 

R&D Systems 
(MAB2585) 
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Table 2. Comprehensive list of antibodies used in this thesis  
 

Gel electrophoresis and Western blot (WB) (Papers I-III) 

WB is a method that in contrast to IHC allows the semiquantitative analysis of protein 
expression levels. 
Cells were lysed on ice in Triton-X 100 based lysis buffer, containing phosphatase and 
protease inhibitors. The protein concentration was measured and equal amounts of proteins 
were loaded onto a polyacrylamide gel where the proteins of interest were separated from 
whole cell lysates by gel-electrophoresis on the basis of their size. Proteins were then 
electroblotted onto an adhesive nitrocellulose membrane by semi-dry transfer and detected 

Antibody Species Antigen 
detected 

Marker for Appli-
cation 

Dilution Reference Supplier 
(Cat. No.) 

Alk6 Rabbit 
polyclonal 

Alk6  BMP type Ib 
receptor 

WB 1 �g/ml ten Dijke et 
al. 1994 

gift from Dr 
CH Heldin 

p38 Rabbit 
polyclonal 

Human p38 p38 �-, �-, 	-
subform 

WB 1 : 1000 Rouse et al. 
1994 

Cell 
signalling 
(9212) 

Phospho 
 p38 

Rabbit 
polyclonal 

Phospho-
peptide of 
human p38 
MAPK 

Phosphoryla-
ted p38 
MAPK  

WB 1 : 1000 Rouse et al. 
1994 

Cell 
signalling 
(9211) 

Stat3 Rabbit 
polyclonal 

Mouse Stat3 Stat3 WB 1 : 1000 Zhong et al. 
1994a 

Cell 
Signalling 
(9132) 

Phospho  
Stat3 

Rabbit 
polyclonal 

Phospho-
mouse Stat3 

p-Stat3 WB 1 : 1000 Zhong et al. 
1994b 

Cell  
Signalling 
(9131) 

SED  
(Smad2) 

Rabbit 
polyclonal 

Linker region 
of Smad2 

Smad2 WB 1 : 500 Nakao et al. 
1997 

gift from Dr 
CH Heldin 

Phospho  
Smad1/5/8 

Rabbit 
polclonal 

C-terminal 
residue of 
Smad1 

Phosphory-
lated C-tail of 
Smad1 

ICC (IF) 
WB 

1 : 500 
1 : 2000 

Persson et al. 
1998 

gift from Dr 
CH Heldin 

HA Mouse 
monoclonal 

Influenza 
hemaggluti-
nine protein 

Hem-
agglutinine 
(Adenovirus 
infection) 

WB 1 : 500 Surdej and 
Jacobs-
Lorena 1994 

Roche 
(2013819) 

BrdU Mouse 
monoclonal 

Bromo-
deoxyuridine 

DNA 
synthesis 

ICC (IF) 1 : 1000 Campana et 
al. 1988 

Sigma 
(B2531) 

BrdU Rat 
monoclonal 

Bromo-
deoxyuridine 

as above IHC 1 : 100 Campana et 
al. 1988 

Nordic 
Biosite 
(OBT0030) 

actin Mouse 
monoclonal 

 C-terminal 
peptide con-
served in all 
actin isoforms 

Protein 
loading 
(internal 
control) 

WB 1 : 500 Lazarides and 
Weber 1974 

Sigma 
(A4700) 

HNuc Mouse 
monoclonal 

Human nuclei Nuclei of 
human cells 

IHC 1 : 200 Beck 1968 Chemicon 
(MAB4383) 

�-feto-
protein 

Mouse 
monoclonal 

Human �-
fetoprotein 

Germline 
tumours 

IHC 1 : 20 Bellet et al. 
1984 

R&D Systems 
(MAB1368) 

Oct3/4 Mouse 
monoclonal 

Human 
Oct3/4 

Pluripotent 
cells 

IHC 1 : 500 Scholer et al. 
1990, 
Cauffman et 
al. 2006 

SantaCruz 
Bio-
technology 
(sc-5279) 
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with antibodies, shown as bands of a specific molecular weight. In order to be able to 
compare the amount of protein expression between different samples �-actin staining was 
performed. The expression level of this protein is expected to be stable in different 
experimental settings. Whether this is true for all conditions has been extensively discussed 
(reviewed by Ruan and Lai 2007, Tanic et al. 2007). Using Image Gauge software (Fujifilm) 
staining intensity of protein bands was measured and related to the �-actin band of the 
respective sample.  

Immunoprecipitation 
In immunoprecipitation the protein of interest is first separated from the cell lysate by a 
specific antibody directly or indirectly coupled to agarose beads that allow precipitation of the 
antigen-antibody complex. The precipitate is then loaded onto a gel, transferred to a 
membrane and visualized by antibodies as described above. This method is more sensitive 
than WB and it was used in Paper II to detect Smad2 and its phosphorylation, respectively.  
 

In vitro kinase assay (Paper II) 
In vitro kinase assays provide information about the functionality or enzymatic activity of 
kinases. In analogy to the procedure described above kinases are enriched from whole cell 
lysates by immunoprecipitation. We were interested in the kinase activity of dn and ca BMP 
receptors. Since all of these receptor constructs contained an HA-tag we used an anti-HA 
antibody coupled to sepharose beads for receptor separation. The immunoprecipitates were 
then incubated with radiolabeled ATP. After gel-electrophoresis, phosphorylation was 
detected by a plate reader (FLA2000, Fuji). The positive control in this assay was the ca 
receptor. The negative controls consisted of kinase precipitates of Ad-dnALK3 buffer treated 
samples, as well as solely antibody-sepharose complexes (“LacZ”). 
 

Real-time polymerase chain reaction (RT-PCR) (Papers II and III) 
For the detection of subtle dynamic changes in gene expression RT-PCR is the method of 
choice due to its high sensitivity. Total RNA was isolated from cells in culture by the 
guanidinium thiocyanate method of Chomczynski (Chomczynski and Sacchi 1987) and 1 �g 
of RNA was reversely transcribed into complementary DNA (cDNA). Specific fragments of 
this cDNA were then amplified by cyclic repetition of DNA denaturation, primer annealing to 
the resulting single strand DNA molecules and extension of the DNA sequence. The resulting 
products were detected as bands of a specific size on an ethidium bromide stained agarose gel. 
The method allows the semiquantitative comparison of mRNA amounts in different samples. 
This is, however, only possible if the PCR reaction is stopped while fragment amplification is 
still exponential in all samples and the resulting fragment number high enough to be detected 
by the relatively insensitive ethidium bromide staining. In order to find these conditions 
cDNA amounts in the initial reaction mixture were carefully titrated for each primer pair and 
the number of extension cycles was adjusted. To assure that samples initially contained equal 
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amounts of cDNA and that reaction efficiency and loading of the gel were comparable 
between samples, the cDNA for �-actin was amplified and its band used as a reference. For 
discussion of its reliability see section VI.2. and the following references (Ruan and Lai 2007, 
Tanic et al. 2007) 

The sequences of the respective primer pairs are depicted in table 3. Resulting PCR 
products in Paper II were sequenced to confirm specificity of the primers. In every reaction 
we included one sample that did not contain any cDNA in order to control for unspecific 
reactions and purity of the reaction mixture. No product was detected in these samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. List of nucleotide primers used in the present thesis 
 
 

Analysis of promoter activity by luciferase assay (Paper III) 
Luciferase assays are based on the transfection of expression vector plasmids that contain the 
promoter of interest coupled to the gene for luciferase. Luciferase is an enzyme that catalyzes 
a light producing reaction when luciferin substrate is added. After cell lysis the emitted light 
can be quantified by photometric measurement and correlates to promoter activity.   

To assess the activity of the p38-, Mash1- or GFAP-promoter, respectively, cells were 
transfected with the respective expression vector constructs 4 hours prior to infection with 
adenovirus. The negative control consisted of an empty vector containing luciferase but no 
promoter. Luciferin substrate was added 36 hours after infection and photometric 
measurement carried out immediately afterwards. In some cultures growth factors were added 
at the peak of transgene expression, i.e. 24 hours after infection and light emission was 
analyzed 12 hours later. In order to correct for differences in transfection efficiency between 
culture wells, samples were transfected with AdLacZ. Photometric measurements were then 

Gene Primer sequence Paper 

Actin 5’-AAG ATG ACC CAG ATC ATG TTT GAG 
5’-AGG AGG AGC AAT GAT CTT GAT CTT II-IV 

ActRII 5’-CTG GAT ATC TAG CGA CAA C 
5’-ACG ACA CTC CCG TTA TAC AC II 

ActRIIb 5’-GAG ACT ATG TCA CGA GGC C 
5’-CTC GGT AGT TGA AGG TCT CT II 

Alk2 5’-TCT GTG CTA ATG ATG GCT CTC C 
5’-TTC TGC GAT CCA GGG AAG GAT TTC II 

Alk3 5’-GGA GGA ATC GTG GAG GAA TAT 
5’-CAT ACG CAA AGA ACA GCA TGTC II 

Alk6 5’-CGG CTG AAT CAC AAC CAT TTG G 
5’-CTA GAC ATC CAG AGG TGA CAA CAG II 

BMP 2/4 5’-TAT GTG GAC TTC AGT GAT GTG G 
5’-CAG AGT CTG CAC TAT GGC ATG GTT II 

BMP 5/6/7 5’-TGG CAG GAC TGG ATC ATT GCA C 
5’-ATG GCG TGG TTG GTG GCA TTC AT II 

BMPRII 5’-GGA GAA ATC AAA AGG GGA C 
5’-CCT ATG TCT TAC AAC TGT CC II 

Mash1 5’-GGA ACT GAT GCG CTG CAA AC 
5’-CCT GCT TCC AAA GTC CAT TCC III 
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standardized to �-gal staining. To correct for differences in cell density between samples, 
results were related to the protein content in each well. The samples were analyzed in 
triplicate or quadruplicate.  
 

Chemical inhibitors (Paper IV) 
SB 203580 and SB 202190 were purchased from Calbiochem and used at a final 
concentration of 10 �M. They were added to the cell culture at the timepoint of infection and 
in long-term experiments every 2nd day. They are specific inhibitors of the p38 MAPK. 
According to the supplier SB 203580 does not inhibit JNK or p42MAPK even at 100��M. 
This is in line with results published by Davies et al. (Davies et al. 2000). However, this 
group described unspecific inhibition of LCK, GSK3� and PKB� kinases by SB 203580 at 
10��M.  To confirm the results obtained by the inhibitors we inhibited p38 MAPK by p38DN 
(dominant negative) expression vectors in parallel experiments.   
 

In vivo experiments (Paper IV) 

6-OHDA lesion and rotational testing 
Adult female Sprague-Dawley rats received an injection of 6-OHDA into the right median 
forebrain bundle causing DAergic deinnervation of the striatum. Coordinates were set 
according to Paxinos and Watson (Paxinos et al. 1985). Three to four weeks after the toxin 
injection the extent of the lesion was assessed by rotational testing. Intraperitoneal injections 
of amphetamine have previously been shown to induce stable ipsilateral turning behavior in 
rats with a more than 90% DA depleted striatum (Thomas et al. 1994). Rats that displayed 
stable rotational scores of >5 ipsilateral net turns/min were selected for transplantation. 
Behavioral recovery from graft released DA is expected to be seen first several weeks after 
grafting. Rotational testing was therefore repeated 2, 4, 8 and even 13 weeks after 
transplantation. 

Transplantation 
In order to prevent graft rejection, rats received daily intraperitoneal injections of the 
immunosuppressant cyclosporin A starting one day before transplantation. For transplantation 
2 �l of a solution containing DNAse (to avoid cell aggregation) and 100.000 viable single 
cells were injected into the DA-depleted striatum 5-6 weeks after the 6-OHDA lesion. Cells 
had been harvested immediately before transplantation and were kept on ice until grafting. 
 

Microscopical analysis and cell quantification 
In all experiments including microscopic evaluations the investigator was blinded to 
experimental design. Cell numbers were assessed in at least three repeated experiments.  
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Light microscopy (Papers I and III) 
To evaluate the effect of BMPs on different cell populations in Paper I (staining for TH, Galc 
and GFAP in time course and dose-response experiments) absolute cell numbers were 
counted. In that way we avoided the possibility that proliferation or death of another cell type 
might suggest declining or increasing cell numbers in the population of interest, respectively. 
These counts were carried out under an inverted light microscope on DAB stained monolayer 
cell cultures in 6 different wells on 96 well plates at a 100 x magnification.  

In Paper III neurite outgrowth was assessed in DAB stained cultures on chamber slides 
under a standard light microscope. For this purpose all MAP2ab-pos cells with a process 
longer than one cell diameter were counted and related to the total number of MAP2ab-pos 
cells. Three thousand cells were counted in 3 different wells. 

Fluorescent microscopy (Papers I-IV) 
BMP responsiveness was evaluated by counting the percentage of TH- or MAP2ab-pos cells 
that displayed nuclear translocation of p-Smad. For this purpose cultures were labeled with 
fluorescent antibodies and analyzed under a Nikon diaphot fluorescent microscope. Pictures 
were taken with a digital camera. Exposure to fluorescent light was restricted to durations 
insensitive for background fluorescence. In order to detect colocalization between p-Smad 
and cell nuclei, the overlap of Hoechst-pos nuclei and p-Smad staining was assessed in 
merged views on the screen. In at least three different culture wells a total number of 500 
MAP2ab- and 200 TH-pos cells were counted in 15-20 randomly chosen fields of view under 
a 400 x magnification. 

In Papers II and III the number of GFAP-, galC,-and MAP2ab-pos cells were evaluated 
in monolayer cultures on chamber slides by fluorescent microscopy (400 x magnification). 
Their numbers were related to total cell numbers by counting a total number of 9000 Hoechst-
pos cells in 3 different culture wells in at least 5 randomly chosen fields of view.  

In contrast to cell counts in Papers I-III that were done in monolayer culture, cell counts 
for in vitro differentiation experiments in Paper  IV had to be done in whole colonies since a 
dissociation and replating procedure would have negatively selected for more immature non-
process-bearing cells. However, cell counts in whole colony also result in a bias. Using a 
conventional fluorescent microscope one predominantly assesses cells on the surface of the 
colonies while cells in the centre of the colonies are not visible or accessible. Assuming that a 
cell maturity gradient exists with the most mature cells on the outside of the colonies, 
differentiated cells might be over-represented in our cell counts.   

Confocal microscopy (Paper IV) 
Rat brain sections were analyzed under a Leica confocal microscope that makes it possible to 
focus on structures deep down in thick sections and to reconstruct three dimensional images. 
In that way one can visualize cells lying on top of each other that in two-dimensional 
microscopy might have appeared as one cell.  

To assess cell numbers of human nuclei- (HNu), BrdU-, TH- or neuronal nuclei (NeuN)-
pos cells in the transplants graft areas in each consecutive section were delineated. Using an 
Olympus CAST- Grid system, cells for the respective staining were counted in 1% of the 



 METHODOLOGICAL ASPECTS 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
50 

delineated area in fields of view randomly chosen by the automatically moving microscope 
stage.  
 

Statistics 

Data from cell cultures in Papers I-IV were considered to be parametric and thus significance 
was determined by submitting data to one-way analysis of variance (ANOVA) with cell 
number as the dependent variable. Significance of between-group differences was determined 
by the Scheffé post-hoc test. 

For transplantation data in Paper IV the non-parametric Kruskal-Wallis test was applied. 
For post hoc analysis between two groups at the same time point and between two time points 
within the same group, we used the Mann-Whitney U test.  
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RESULTS 
 

Bone Morphogenetic Proteins but not Growth Differentiation Factors 
induce dopaminergic differentiation in mesencephalic precursors (Paper I) 
 
Here we characterized the effect of BMPs on different cell types in E14 rat mesencephalic 
culture. According to the ICC performed on DIV8 the dominant cell type in native cultures is 
MAP2ab-pos neurons. They make up about 65% of total cells. Five to 6% of total cells stain 
positive for TH, 9% for nestin, 5% for GalC and only about 0.5% of cells are positive for 
GFAP. 

Apart from BMP3, which did not display any detectable effect on the culture, the factors 
tested induced comparable responses in glial cells. Thus, when BMP5, 6, 7 and GDF5 and 6 
were added to the culture medium at DIV6 all of these proteins significantly increased the 
number of GFAP-pos astrocytes (30-50 fold) already at the low concentration of 10 ng/ml 
(Fig. 5A). At the same concentration a significant 30-50 % decrease in the number of GalC-
pos oligodendrocytes was seen. The latter was even more pronounced at 100 ng/ml (Fig. 5C).  

Judging from [3H]thymidine incorporation assays all the factors had a biphasic effect on 
cell cycle phases, i.e. they were increasing the rate of cell proliferation at low concentrations 
(around 3 ng/ml) while inducing differentiation at high concentration (100 ng/ml) (Fig. 4).   

Surprisingly, only factors from the 60A subgroup, i.e. BMP5, 6 and 7, increased the 
number of TH-pos cells dose-dependently. The increase became statistically significant at a 
concentration of 100 ng/ml for BMP5 and 6 and at 30 ng/ml for BMP7 (Fig. 1). 

Another striking difference was the amount of p-Smad translocation. Whereas only 
about 2.5% of the MAP2ab-pos cells stained positive for p-Smad after stimulation with 100 
ng/ml GDF5, the same concentration of BMP5 and BMP 7 induced positive staining in 37 and 
47% of MAP2ab-pos cells, respectively (Fig. 6). Smad phosphorylation was also observed in 
34 and 50% of TH-pos cells after treatment with BMP5 and 7, respectively (Fig. 7). 
Importantly, nuclear Smad translocation was detectable already 10 minutes after exposure of 
the cells to the factors, indicating a direct effect of BMPs on neuronal and DAergic cell 
populations.  

However, the increase in TH-pos cell numbers could not be detected until 32 hours after 
BMP5, 6 or 7 had been added. Therefore, the underlying mechanism was unlikely to be a 
simple increase in TH expression which one would expect to occur earlier. Considering the 
fact that TH-pos cell numbers increased under differentiating conditions it was highly likely 
that BMPs promoted the maturation of DAergic precursor cells. An alternative explanation 
was that BMPs supported the survival of cells that die in control cultures. However, 
monitoring cell numbers in control cultures over time revealed that TH-pos cell numbers were 
not declining but increasing until DIV9. Thereafter, TH-pos cells in both controls and BMP 
treated cultures decreased (Fig. 3), arguing against a survival promoting effect. In order to 
investigate this more closely cell cultures were exposed to the toxin 6-OHDA for 24 hours. 
This resulted in a 40-60% decrease in TH-pos cells that could not be prevented by any of the 
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factors tested (Fig. 9), arguing against both a survival promoting and antioxidative effect of 
BMPs and GDFs.  
 
 

The Bone Morphogenetic Protein type Ib receptor is a major mediator of 
glial differentiation and cell survival in adult hippocampal progenitor cell 
culture (Paper II) 
 
The initial purpose of the experiments in this Paper was to reduce glial differentiation and to 
increase the number of neurons in AHP culture by blocking BMP signaling. We chose this 
approach because a previous study had demonstrated that antagonizing BMP signaling via 
noggin, generated a higher number of neurons from SVZ cells (Lim et al. 2000). Furthermore, 
ALK6 had been suggested to be the BMP type I receptor that is responsible for differentiation 
(Panchision et al. 2001) in mesencephalic and cortical embryonic culture. Therefore, we were 
interested in whether the overexpression of dnALK6 would result in different effects 
compared with overexpression of dnALK3 in AHPs.  

Overexpression of both caALK3 and caALK6 dramatically increased the number of 
GFAP-pos cells that morphologically resembled type I astrocytes (Fig. 3). Furthermore, both 
receptors were able to increase cell survival in AHP cultures depleted of BMPs (Fig. 11).  

In dominant negative receptors the intracellular receptor kinase domain is non-
functional. The extracellular part is unaltered and therefore traps BMPs and depletes them 
from the medium. Since ligand binding patterns between receptors are overlapping, the 
overexpression of one dominant negative receptor will always deprive other BMP receptors of 
their ligands. Therefore, this method does not allow for an exact definition of each receptor’s 
function but rather shows its role in the cellular context. The latter is determined by the 
amount and type of BMPs in the medium as well as the BMP receptor expression. 

When non-functional dnALK6 was overexpressed at different concentrations and BMP6 
was added to the culture, no Smad phosphorylation could be detected at high mois, suggesting 
that all BMP6 ligands were trapped by the dnALK6 receptor. In contrast, Smad 
phosphorylation after BMP2 addition was not completely abolished even at the highest 
dnALK6 expression levels, suggesting a predominant affinity for BMP6 towards the ALK6 
receptor and a higher affinity of BMP2 towards the other type I receptors (Fig. 6B-D). 
Surprisingly, the overexpression of dnALK3 did not decrease but rather enhanced Smad 
phosphorylation. Thus, we could detect a weak but clearly present p-Smad band in dnALK3 
infected cultures even in the absence of BMP stimulation (Fig. 6A). RT-PCR revealed that 
dnALK3 overexpression induced an increase in ALK6 mRNA (Fig. 5D) suggesting that the 
Smad signal is generated by endogenous BMPs that even under overexpression of the 
dnALK3 receptor have a stronger preference for the ALK6 receptor.  The expression of 
mRNA for the ALK3 receptor was unaffected by overexpression of dnALK6 (Fig. 5A). 
mRNA expression levels for BMPs were not altered by overexpression of any of the dn 
receptors, suggesting that the increase in ALK6 mRNA was not secondary to a higher 
concentration of endogenous ligands. 
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Regarding cell differentiation we found that blocking BMP signaling by overexpression of 
high amounts of dnALK6 did not affect neuronal differentiation as judged by neuronal 
markers. WB as well as ICC showed that GFAP expression was clearly reduced in these 
cultures (Fig. 8) while the number of mature GalC-pos oligodendrocytes increased (Fig. 10). 
Furthermore, cell survival assessed by nuclear morphology and LDH release was impaired. In 
contrast, in dnALK3 infected cultures containing higher amounts of active ALK6 receptors 
than AdLacZ infected controls, cell survival and GFAP expression were increased (Fig. 11).  

Overexpression of dnALK2 showed that BMP ligand affinity was most similar between 
ALK2 and ALK6 and the biological effect resembled dnALK6 overexpression. Similar to 
observations in dnALK3 infected cultures, overexpression of dnALK2, induced increased 
levels of endogenous ALK6 receptor mRNA. However, this lacked any functional effect since 
potential ligands for this receptor were trapped in the non-functional ALK2 receptor complex 
(Fig. 12). 
 
 

ASK1 inhibits astroglial development via p38 MAP kinase and promotes 
neuronal differentiation in adult hippocampus-derived progenitor cells 
(Paper III) 
 
In this Paper we assessed the effect of ASK1 on survival and differentiation in AHP culture 
by overexpressing a ca form of ASKI (ASK1-�N).  

We found that low expression levels of ASK1-�N decreased proliferation. In a fraction 
of cells ASK1-�N induced growth arrest in the G2/M phase of the cell cycle. Cell viability 
assessed by the amount of LDH in the culture medium as well as by the MTT assay was 
affected only at higher expression levels of ASK1-�N (Fig. 2).  

Cultures overexpressing moderate amounts of ASK1-�N showed increased neuronal 
differentiation that was apparent 4 days and significantly 9 days after infection of AHPs with 
the expression vector. Thus, the number of cells staining positive for MAP2ab increased as 
well as the percentage of neurite-bearing MAP2ab-pos cells. Furthermore, the activity of the 
promoter for the proneural gene Mash1 was significantly elevated in cultures overexpressing 
ASK1-�N (Fig. 3). Conversely, the number of GFAP-pos cells as well as the amount of 
GFAP protein assessed by WB was found to be decreased in these cultures (Fig. 5). 
Consistent with this, ASK1-�N depressed the activity of the GFAP promoter in a 
concentration dependent manner (Fig. 6). GFAP expression levels could not be restored by 
the addition of BMP or LIF, growth factors that are known to instruct neural progenitors to 
adopt a glial cell fate (Fig. 7). No effect on the number of GalC-pos oligodendrocytes was 
found. 

In order to investigate signaling mechanisms responsible for the observed effects, 
cultures were transfected with a GFAP promoter construct that contained a mutated and 
therefore inactive STAT binding site. Interestingly, ASK1-�N was able to repress the activity 
of the STAT mutated promoter with the same efficiency as the wild type GFAP promoter 
suggesting that STAT signaling is not involved in the ASK1-�N mediated GFAP suppression 
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in AHP culture (Fig. 8). Blocking p38 kinase signaling by treating the cultures with its 
inhibitor SB203580 inhibited ASK1-�N from both increasing neuronal differentiation and 
decreasing GFAP expression. This was further confirmed by transfection of AHP cultures 
with a construct for dn p38 that also inhibited the repressive effect of ASK1-�N on the GFAP 
promoter (Fig. 9).  
 
 

Transplantation of human embryonic stem cell-derived cells to a rat model 
of Parkinson's disease: effect of in vitro differentiation on graft survival 
and teratoma formation (Paper IV)  
 
In Paper IV hESCs were investigated for their potential to generate transplantable TH-pos 
neurons in co-culture with the mesenchymal cell line PA6. Previous studies from other groups 
had reported a widely varying efficiency of DAergic neuron differentiation between different 
human cell lines and no data existed concerning teratoma formation. 

Cell counts of hESC cultures that had been grown on PA6 for 2 weeks and then 
transferred to PORN/laminin coated chamberslides revealed that approximately 11% of all 
cells expressed the DAergic marker TH at any investigated time point, i.e. 2.5, 4 and 6 weeks 
after plating (Fig. 1A-H). Neurons were shown to generate action potentials of both mature 
and immature response patterns (Fig. 1I-J) and to possess functional synapses 3-4 weeks after 
plating (Fig. 1K, L). 

In order to avoid excessive dendrite formation, cells for transplantation experiments 
were not exposed to PORN/laminin but kept on PA6 throughout the culture period. Even 
under these conditions hESCs developed mature DAergic neuronal features. Thus, HPLC 
revealed the production of DA in cultures at 20 and 23DIV but not at 16DIV.  

Two weeks after grafting a stereological analysis of the transplants revealed 
significantly more human cells in the striatum of rats that had received cells from shorter 
differentiation time points. In fact, in group 1 and group 2 (i.e. cells transplanted after 16 and 
20 days of differentiation on PA6) cell numbers in the grafts exceeded the amount of cells 
initially implanted suggesting proliferation after grafting. This was not the case for transplants 
with cells differentiated for 23 days (Fig. 3A). Surprisingly, even those contained 
proliferating cells as assessed by BrdU staining (Fig. 3D) and accordingly, even in this group 
human cells increased on average to 5 times the number of implanted cells 13 weeks after 
transplantation (Fig. 3A). However, teratoma formation was not observed in group 3 while 
82% and 25% of rats from group 1 and 2 respectively, developed teratoma. Moreover, 
teratomas in group1 were growing faster than in group 2 resulting in the earlier demise of rats 
in group1 compared to group 2 (Fig. 3H). 

Grafts of cells that had been grown on PA6 for a longer time tended to contain lower 
percentages of postmitotic NeuN-pos neurons (Fig. 4A). The low number of only 10-50 TH-
pos cells in transplants from any group and time point was in line with the lack of behavioral 
recovery (Fig. 2).  
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DISCUSSION 
 
 
 
In the studies presented in this thesis, we elucidate basic mechanisms and phenomena in 
neural differentiation. The applied growth factors, receptors and cells are considered to have a 
putative role in experimental therapies in PD. In the following paragraphs I will discuss the 
rationale for the experimental set-ups and the significance of generated results in the broader 
perspective of translational research. 

The limitations of in vitro systems  
In Paper I we intended to characterize the effect of BMP on mature mesencephalic cells, 
however, adult DAergic neurons do not survive culturing procedures. Postnatal cultures of the 
mesencephalon have been described (Bourque and Trudeau 2000) but neurons have to be 
grown on a layer of astrocytes. These feeder cells add undefined factors and were therefore 
not applied in our study. As a compromise we dissected tissue at earlier stages and allowed a 
maturation process to occur in vitro. However, it is unclear to which developmental stage the 
cells corresponded when BMPs were added at day 6 after plating. One can assume that they 
mimic the differentiation pattern seen in vivo. This is known for early embryonic cortical 
stem cells in clonal density culture, where neurons are generated first and astrocytes 
differentiate later (Qian et al. 2000). Even layer specific cortical neurons appear in the same 
order and at a similar time as in vivo (Shen et al. 2006). Thus, cortical stem cells follow a 
genetic program independent of extrinsic signals. No comparable studies exist for the 
mesencephalon. It is known that early DAergic mesencephalic cells develop their correct in 
vivo identity depending on their position in the cell-cell context. When the latter is disrupted 
at E14 the vast majority of DAergic neurons are already postmitotic and “intrinsically deter-
mined” to proceed along the DAergic line. In our cultures differentiation increased over time. 
Thus, neurons developed an increasingly complex fiber network and the number of nestin-pos 
cells decreased. The astroglial marker GFAP appeared first around DIV6 and at about the 
same time oligodendrocytes expressed the postmitotic marker GalC. Thus, the consecutive 
differentiation of neuronal and glial cells was preserved. To judge from GalC staining even 
the timing of glial differentiation seemed to correlate with in vivo development where GalC 
expression is first detected around E19–20 and increases around birth (Hardy and Reynolds 
1991). Thus we inferred that our cultures corresponded to the perinatal developmental stage. 
However, it would have been valuable to investigate TF expression and to conduct 
electrophysiological studies in order to characterize the degree of maturity in more detail. 
Given the differences between the in vitro and in vivo environment, it is most likely that there 
exists no exact in vivo correlate to the mixture of cells encountered in primary mesencephalic 
culture.  

Interpretation and extrapolation of results would be easier if medium components were 
better defined. We may be able to specify the ingredients of our serum-free culture medium 
but we do not grasp the complex mixture of molecules secreted by all the different cell types 
during the first 6 DIV before adding BMPs. Keeping in mind the extreme context-dependency 
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of the BMP family members, the undefined conditions demand extra caution when 
generalizing our results, however, they have been reproduced by other groups. For example, 
our finding that BMP family members exert a direct effect on mesencephalic TH-pos neurons 
has recently been supported (Sullivan and O'Keeffe 2005, Wood et al. 2005). It has also been 
confirmed that GDF5 is not a potent neurotrophic factor for TH-pos neurons when cultured 
for several days. In contrast, when added on the day of plating, its effect is comparable to that 
of GDNF (reviewed by Sullivan and O'Keeffe 2005). This difference might depend on 
GDF5’s preference for the ALK6 receptor (Nishitoh et al. 1996, Nickel et al. 2005) that is 
downregulated in culture over time. Interestingly, the expression of GDF in vivo is highest at 
E14 and lowest around birth (O'Keeffe et al. 2004). Thus, the weak response to GDF that we 
observed in our presumed perinatal culture might be physiological. The predictive value of 
this culture model for effects on adult or mature nigral cells is, however, unclear. 

   
AHP cultures were used in order to generate transplantable cells. A relevant question in the 
context of translational research is how comparable are these cultures to human hippocampal 
progenitors. The answer is not straightforward since derivation protocols differ markedly. The 
AHPs were derived from macroscopically dissected adult rat hippocampus. Tissue blocks had 
been enzymatically digested and differentiated cells removed by serial passaging. The 
resulting cultures served as maternal populations for clonal cell lines. Obviously, this proce-
dure contains several sources of variance: the tissue dissections, serum batches, cell types in 
the initial and subsequent cell suspensions, secreted molecules and concentrations of bFGF, 
all might affect cell population selection. It is even more difficult to standardize cell 
preparations from human tissue, since most of the samples are obtained from epilepsy surgery 
(Johansson et al. 1999, Kukekov et al. 1999, Roy et al. 2000, Suslov et al. 2002, Hermann et 
al. 2006) and presumably contain varying amounts of sclerosis. It is known that glial cells are 
activated in those areas, neurogenesis is increased and the migration pattern of progenitors 
altered (Cohen et al. 2003, Crespel et al. 2005, Parent 2007). Thus, cell composition might be 
divergent from healthy tissue and also differ between samples. One can conclude that to date 
there is no prototypic culture of human hippocampal progenitors that could serve as a 
reference for rat AHPs. 

 A second question is whether those cells that have been successfully programmed in 
vitro will keep their cell fate after transplantation in vivo. In Papers II and III our intention 
was to induce committed neuronal progenitors that would resist cell fate modulators in the 
striatum. Unless transplantation experiments are carried out we will not be able to judge 
whether we have succeeded. It is promising that BMP6, a strong glial inducing factor in the 
striatum, did not have a negative impact on the neuronal population. However, culture 
conditions in these experiments do not resemble the striatal environment. 

How significant discrepancies between the in vitro and striatal in vivo environment can 
be was demonstrated by hESC cultures in Paper IV. Here, DAergic neurons were efficiently 
derived from hESCs in vitro. However, after transplantation, TH-pos cells either did not sur-
vive or ceased to express TH.  
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        In summary, cell culture systems provide the possibility to characterize in detail 
mechanisms in cell biology. However, results depend on culture conditions and the 
developmental stage of the cells and are therefore difficult to generalize. 

GFAP as a marker for astrocytes  
As described in the introduction, GFAP can no longer be regarded as a reliable marker for 
astrocytes since GFAP also labels stem cells. Yet, in our studies this protein has been 
considered to mainly represent astrocytes. It would have been more correct to use the 
descriptive term “GFAP-pos cells” throughout the papers. However, in Paper I the 
terminology is of minor importance since we studied embryonic mesencephalic cells, and 
stem cells in the embryonic brain are known to be GFAP-negative radial glial cells. In 
contrast, in Papers II and III, GFAP-pos cells were initially most likely a heterogenous 
population of astrocytes and stem or precursor cells. Nevertheless, medium, coating and cell 
density in our AHP cultures promoted differentiation. Thus, the number of stem cells would 
decrease over time and the increase in GFAP that we observed in control cultures can 
therefore most likely be ascribed to differentiation of astrocytes. In Paper II, it would have 
been interesting to stain with additional markers such as nestin or Sox2 for stem cells, and 
S100� for mature astrocytes. GFAP expression increased in dnALK3-infected cultures that 
expressed a higher number of functional ALK6 receptors, thus being more responsive to BMP 
signals. Since it is known that BMPs can dose-dependently promote proliferation or 
differentiation, respectively, it cannot be excluded that GFAP-pos stem or precursor cells 
were induced to divide. However, BMPs have so far not been shown to exert a mitogenic 
effect on hippocampal precursors at any concentration. Also, ALK6 has been shown to be the 
BMP type I receptor that is responsible for differentiation, as opposed to ALK3 that mediates 
proliferation in embryonic cultures. Furthermore, stem cells are known to divide only rarely, 
and for this reason they were unlikely to account for the significant elevation in GFAP in 
these cultures. 

Will BMPs have a role in future therapies for PD? 
In experimental animal studies proteins of the BMP family have clearly been shown to have 
positive effects on TH-pos neurons. Rats receiving a nigral injection of GDF5 directly before 
a 6-OHDA induced lesion developed less functional deficits and had higher numbers of TH-
pos cells in the SN compared with control animals receiving buffer (Sullivan et al. 1999).  
Harvey et al. showed that BMP7 decreased rotational scores and increased TH-pos striatal 
fiber density when injected into the SN prior to induction of a median-forebrain-bundle lesion 
(Harvey et al. 2004). The authors conclude that BMP7 protects DAergic neurons which would 
contradict our in vitro finding. Another possible interpretation of Harvey’s results is, 
however, that BMP7 induces TH expression in otherwise TH-negative cells. The factors were 
injected into only one side, and for this reason the contralateral side is, strictly speaking, not a 
proper control. Interestingly, when BMP7 was injected into the lateral ventricle 1 w after a 6-
OHDA induced lesion, an increase in TH positivity was observed even in the contralateral 
non-lesioned side (Zuch et al. 2004). The latter is consistent with our results showing a BMP 
induced increase of TH-pos cell numbers in both 6-OHDA- treated and -untreated cultures. In 
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our cultures this was due to increased differentiation. The mechanism responsible for elevated 
TH-pos cell numbers in vivo remains unclear (Zuch et al. 2004).  

For any practical application it is important to know whether BMPs protect or differen-
tiate TH-pos cells or simply increase TH transcription. In PD DAergic cell death occurs 
slowly. For this reason, protective agents have to be delivered continuously over several 
months or years. Existing in vivo studies do not cover a comparably long time period. If 
increased DAergic differentiation is the prevailing mechanism for increased TH-pos cell 
numbers, shorter BMP exposure might be effective. However, there is no clear evidence for a 
responsive target population - immature DAergic precursors - in the adult human SN. Fur-
thermore, even if those progenitors exist, it remains unclear whether they can be functional. 
Would they establish connections to the striatum? 

Our results in Papers I and II indicate that BMPs are pleiotrophic agents. Thus, an 
intracerebral delivery of BMP will most likely have side effects on other cell populations. We 
and others have shown that BMPs inhibit oligodendroglial differentiation. It is commonly 
accepted that oligodendrocyte progenitors exist dispersed throughout the adult brain. We do 
not know whether these progenitors contribute to myelination in mature nervous tissue. How-
ever, it concerns us that chronic exposure to BMPs will impair oligodendroglial development. 
Furthermore, it has been suggested that cell genesis in the SVZ is dependent on a delicate 
balance between BMPs and their antagonists (Lim et al. 2000, Colak et al. 2008). In line with 
this, we found that AHPs differentiate into glial cells upon excessive BMP signaling. Thus, 
target delivery of BMPs would have to be carefully restricted to the SN in order not to result 
in adverse effects in neurogenic regions. This is a difficult task. 

Another point deserving attention is BMPs’ concentration-dependent effect. How BMPs 
spread after intracerebral delivery is not well known. Presumably, their concentration declines 
the longer the distance from the injection site. We have described that low concentrations 
have a proliferative effect in embryonic mesencephalic culture. Whether the same is true for 
the adult brain in vivo is not clear. However, the readiness of BMPs to induce mitosis 
demands caution when any in vivo application is considered.  

A significant finding was that high concentrations of BMPs induce differentiation in 
neuronal as well as glial precursors. p-Smad is translocated into the nucleus 10 minutes after 
exposure to BMP. Thus, bathing cells in BMP-containing solution shortly before transplanta-
tion might improve transplant integration. A previous study has indeed demonstrated 
increased transplant survival of GDF5-treated embryonic mesencephalic cells (Sullivan et al. 
1998). It remains to be seen whether similar effects can be achieved when hESC-generated 
DAergic precursors are exposed to BMPs. In this context BMPs’ putative cytostatic effect 
might be beneficial. Unwanted proliferation of insufficiently differentiated cells has been 
described in Paper IV and is a frequently encountered problem in ESC therapy. It has been 
shown that BMP treatment of cells from glioblastoma – an aggressive brain tumor – results in 
inhibition of proliferation, induction of differentiation and reduces their tumorigenic potential 
(Piccirillo et al. 2006). In analogy, one might be able to increase maturation in hESC-
generated cell suspensions before grafting. However, more recent work has shown that glioma 
cells lacking functional ALK6 receptors converted otherwise cytostatic BMP signals to 
proliferative signals (Lee et al. 2008). Thus, in heterogeneous cell suspensions such as those 
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resulting from hESC differentiation, BMP-induced responses have to be carefully monitored 
before application.  

Is ASK1 a putative therapeutic molecule? 
Our results demonstrate that ASK1 mediates both neuronal differentiation and apoptosis 
dependent on the amount of transgene expression. We were able to reliably define non-toxic 
concentrations of adenoviral infection in vitro but the window to induce differentiation versus 
cell death was very narrow. A follow-up study from our lab showed that this range is even 
narrower when ASK1 is combined with other neuronal differentiation-inducing agents (Elmi 
et al. 2007). Thus, in a therapeutic application the amount of ASK1 expression would have to 
be extremely tightly controlled. It will be of interest to further analyze the downstream 
signaling cascade of ASK1 in order to understand how it divides into pro-differentiating and 
pro-apoptotic signals. ASK1 could then be replaced by those downstream effector molecules 
that lead to differentiation. 

Our FACS data show that a significant fraction of cells in ASK1-differentiated cultures 
are arrested at the G2/M stage of the cell cycle. This is usually observed when DNA damage 
inhibits cells from undergoing mitosis. Terminal differentiation, in contrast, is characterized 
by cell cycle arrest at the G1 stage. Interestingly, genotoxic stress has been shown to inhibit 
muscle progenitors from differentiation. In those cells DNA damage activates a transcrip-
tional checkpoint leading to cell cycle arrest in either the G1 or the G2 phase (Puri et al. 
2002). A similar mechanism could apply for the decrease of GFAP observed in our AHP 
cultures. This is a slightly provocative hypothesis in need of further investigation. At this 
stage, we do not know if glial progenitors form a part of the G2/M arrested cell group. Analy-
sis of cell cycle markers in the various subpopulations would be worthwhile. One would like 
to exclude that the ASK1 induced neurons are G2/M arrested due to DNA damage. To show 
that they develop into functional neurons will also be important. 

It is too early to answer the question of whether ASK1 is a potential cell-therapeutic 
molecule. Judging from current results it is more likely that one of the downstream molecules 
will be applicable. Future studies on this topic could reveal new insights into how basic 
mechanisms of neural cell differentiation are coupled to cell cycle stages.  

Can AHPs serve as a source for experimental cell therapies in PD? 
The finding that dividing cells with neurogenic potential exist in the adult human brain 
evoked enthusiastic ideas about novel regenerative therapies. Adult neural progenitors were 
considered as a source for both endogenous neurogenesis and autologous transplantation. 
Experiments aimed at manipulating AHPs for cell therapies have not however been entirely 
optimistic. 

With respect to endogenous neurogenesis, SVZ cells were shown to repopulate the 
neighboring striatum with new neurons after ischemic lesions (Arvidsson et al. 2002). In 
contrast, the migration pattern of AHPs seems to be restricted to the dentate gyrus and the 
hilus of the hippocampus (Picard-Riera et al. 2004). Furthermore, evidence exists that new 
neurons in the hippocampus do not arise from stem- but rather from progenitor cells. The 
latter have a more restricted potential to divide and might thus easily be depleted by excessive 
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mitotic stimulation. Finally, it is potentially hazardous to blindly induce new neurons in vivo, 
thereby interfering with the cytoarchitecture of the cortex and presumably predisposing the 
individual for seizures.  

We have focused on transplantation approaches and aimed at increasing neuronal 
differentiation from AHPs. Cells in Paper II did not survive, but in Paper III we succeeded in 
elevating the number of differentiated and determined neurons. However, experiments were 
not designed to change the neuronal subtype and - not surprisingly - the generated neurons did 
not express TH. We have not characterized the expression pattern of TFs in ASK1-induced 
neurons in detail and we do not know how plastic these cells are. Given the complex 
regulatory mechanisms involved in nigral DAergic cell development it is however, unlikely 
that they could be directed towards a DAergic cell fate. In fact, no successful production of 
TH-pos neurons from AHPs has been described so far. Both rat and human hippocampal 
progenitors mainly differentiate into GABAergic and glutamatergic neurons (Palmer et al. 
1997, Hermann et al. 2006). Conditions known to increase DAergic differentiation as, for 
example, the addition of Shh and FGF8 to the culture medium did not induce TH-pos neurons 
from adult human hippocampal progenitors. Co-culture of those cells with PA6 increased 
neuronal differentiation without any impact on transmitter subtypes (Hermann et al. 2006). 
Not only the restricted differentiation potential but also long population doubling times (8 –14 
days for hAHPs) (Hermann et al. 2006) argue against AHPs as the preferable cell source. 
Furthermore, their proliferative capacity decreases with age – a not totally insignificant fact 
with respect to allogenic transplantation in PD where the patients are around 60 years old at 
the time of diagnosis. Finally, the anatomical location of the hippocampus does not make it 
particularly easy to obtain tissue samples for cell generation. 

SDIA-induced differentiation of hESCs 
Compared to adult neural progenitors hESCs have a higher proliferative capacity and can be 
more readily differentiated into DAergic neurons. It is maybe more correct to say “ESCs 
readily differentiate into DAergic neurons” since this process is as yet not well controlled.  

When we started to work with hESCs the SDIA method seemed advantageous since it 
was fast and efficient. It is not unlikely though that the fast differentiation of DAergic neurons 
has negative side effects. It might increase the risk of tumor formation in the graft since other 
developing cell types do not have the time to sufficiently differentiate in vitro. This 
hypothesis is supported by our experiments that show a significant decrease in tumor forma-
tion and graft proliferation with increasing in vitro differentiation time. Comparable results 
were recently achieved by Ferrari et al. for primate ESCs (Ferrari et al. 2006). In our experi-
ments all animals transplanted with cells from the longest culture period (i.e. group 3) 
survived without any tumors. Teratomas might, however, have developed at a later time point. 
Thus, it is not feasible to define a clear-cut safety threshold for in vitro differentiation time. 
Our rats had to be immunosuppressed to tolerate the graft. Possibly, tumor formation is less of 
a problem if isogenic cells are transplanted and the recipient’s immune system is functional.  

With respect to the neuronal population, our results were unsatisfactory. It is a 
commonly faced problem that numbers of TH-pos neurons are low after grafting. It has been 
suggested that this is partially due to the lack of mature glial cells in hESC generated 
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transplants (Zietlow et al. 2008).  In the embryonic mesencephalon, glial cells differentiate 
later than neurons. Thus, it seemed possible that increased in vitro differentiation before trans-
plantation would lead to astroglial maturation and consequently have a positive impact on the 
survival or TH expression of DAergic neurons. This was not the case. Judging from the more 
complex fiber network and DA content in the cultures, differentiation over time proceeded as 
expected. However, GFAP expression did not increase. In light of recent results showing that 
glial differentiation starts around  DIV50 in hESC culture this is not surprising (Joannides et 
al. 2007). Considering the time differences between neuronal and glial development in hESC 
culture, mixed glial-neuronal grafts might be achievable only when starting from different cell 
preparations. It will be interesting to evaluate the expression of markers for glial progenitors 
in our cultures over time. Obviously, we need to gain a more detailed understanding of the 
sequential induction and differentiation of neural cell types in this culture system. 

The exact subtype of the generated DAergic neurons in Paper IV is also unclear. RT-
PCR analysis of another hESC line that had been cultured under comparable conditions but 
was not included in the Paper, showed expression of Nurr1 and Lmx1b TFs. Yet, it remains 
unclear whether the generated neurons resembled nigral DAergic A9 cells. It is thus difficult 
to speculate on the underlying reasons for the in vivo outcome. Did the DAergic neurons not 
survive? Did the TH-pos cells acquire the wrong subtype or were they not intrinsically 
determined to the DAergic phenotype and thus dedifferentiated in vivo? These questions will 
have to be addressed in the future. However, the PA6 co-culture system can only serve to 
elucidate basic mechanisms in hESC DAergic differentiation. Due to contamination from 
xenomaterial the generated cells will not be usable in clinical approaches. 

Implications for future therapies of PD? 
Experiments in this thesis were designed to investigate basic cell biological principles of 
putative therapeutic molecules. The significance of the respective findings has been presented. 
However, as pointed out, results obtained in vitro are only indirectly applicable to in vivo 
conditions. Furthermore, discrepancies between the rodent and human brain are not yet 
defined in detail. Thus, our results can not have any direct clinical relevance at the moment. 
Instead, they add important details to our understanding of neural and DAergic cell dif-
ferentiation. They have also generated new questions and concerns that were discussed in the 
previous paragraphs. Those are an important part of the findings. The rare clinical trials of 
stem cell therapies illustrate the gap between what is feasible on an experimental level and 
what is actually safe in real life. The context dependency of every signaling event makes 
prediction of effects in the human brain next to impossible. Given that putative cell- and 
growth factor therapies will induce irreversible changes in the patients’ brain, risks are 
excessively high at the moment. Traditional Phase I trials are not readily feasible.  

When will we understand sufficiently well to judge that these therapeutic interventions 
are likely to be safe? 
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Future aspects 
Possible future investigations directly extending on results presented in this thesis have been 
mentioned in the previous discussion. Some aspects that will bring cell therapy closer to 
clinical practice are described below. 

Towards clinical application of ESCs  
Significant practical problems have to be solved before it will be possible to manufacture and 
apply hESCs as a drug. Cell suspensions best suited for engraftment will have to be defined in 
terms of cell type composition and differentiation stage. Detailed knowledge about the 
molecular characteristics of each step along the differentiation path will be important. To date 
we know very little about cell surface markers differentially expressed at different stages. 
Those markers might eventually enable us to specifically select the cells of interest.  

The necessary removal of all xeno-material from production processes will imply cell 
growth in suboptimal conditions. It might impose additional stress on the cells and therefore 
decrease their stability. Cells will thus have to be carefully monitored for putative acquisition 
of genetic, epigenetic and mitochondrial changes. ESCs can grow to form benign tumors even 
without being transformed. It might increase safety to equip ES cells with suicide genes.  
The administration of a prodrug could then trigger the elimination of those cells.  

An interesting line of research is the derivation of “personalized ESC-like cells” from 
somatic cells of the graft recipients. Different approaches to achieve this goal have recently 
been reviewed (Klimanskaya et al. 2008).  

Novel image techniques are mandatory to track the growth of transplanted cells 
longitudinally and quantitatively. In this context, the discovery of a novel biomarker that 
allows the identification of neural progenitor cells in the human brain with magnetic 
resonance spectroscopy is revolutionary if validated (Manganas et al. 2007). 

Growth factor therapy 
When GDNF was removed from the market in 2004 enthusiasm about growth factors as a 
putative therapy in PD decreased. However, most likely, growth factors will have to 
complement cell therapy to both protect the implanted cells and to increase their integration. 
The negative outcome of clinical trials with GDNF made researchers more aware of possible 
problems. Future experimental designs will have to address how to achieve adequate concen-
trations of factors in specific brain regions while preventing them from spreading to non-
target areas. Ideally, one would apply trophic factors with a profile highly specific for 
DAergic neurons. So far, no such factor is known. Another possibility is the target delivery of 
growth factors with viral vectors. In fact, clinical safety trials for adeno-associated virus 
mediated delivery of GAD (glutamic acid decarboxylase, an enzyme involved in glutamate 
metabolism) to the subthalamic nucleus of PD patients did not show any evidence of severe 
toxic or adverse effects in a 1 year follow-up (Kaplitt et al. 2007). By inserting the right 
promoter into these vectors one might even target specific cell types to produce the trophic 
factor. Regulatable vectors that make it possible to switch off transgene expression in case of 
severe side effects are highly sought after for clinical use but not yet available. 
 



                                                                                                                         DISCUSSION 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________    63 

Endogenous neurogenesis in PD   
Currently, stimulating adult neurogenesis in the SN does not seem to be a therapeutic option. 
The in vivo genesis of DAergic neurons in this part of the adult brain has not been unequivo-
cally demonstrated. However, well established neurogenic areas like the hippocampus and the 
SVZ might be impaired by the pathological process in PD. Thus, impaired spatial memory 
(Pillon et al. 1997), depression (reviewed in Brandstadter and Oertel 2003)) and olfactory 
dysfunction (Ponsen et al. 2004) are common in PD patients and they often precede motor 
signs. The envisioned link between these symptoms and impaired neuronal development is 
speculative at the moment. However, there is evidence for reduced neurogenesis in the SVZ 
and hippocampus in post-mortem PD brains and the significance of this observation needs to 
be explored. Furthermore, DA receptors are differentially expressed on progenitor cells 
(Hoglinger et al. 2004), suggesting that DAergic drugs currently in use might provide more 
than symptomatic release.  
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CONCLUSIONS 
 
 
 
1. BMP5, 6 and 7 but not BMP3, GDF5 or 6 promote DAergic differentiation of 

embryonic mesencephalic precursors via a direct mechanism on the neuronal 
population. BMP5, 6, 7 and GDF5, and 6 increase the differentiation of astrocytes and 
inhibit maturation of oligodendrocytes to a comparable extent, whereas BMP3 does not 
exert any detectable effect. None of the tested factors protect against 6-OHDA induced 
oxidative stress in vitro. 

 
2. Endogenous BMPs promote survival and astrocyte differentiation via the ALK6 and 

ALK2 receptor in AHP culture. The interruption of BMP signaling via a depletion of 
endogenous ligands from the medium induces cell death and decreases the number of 
astrocytes, while oligodendrocytes increase. No effects on neurons are observed. The 
ALK6 receptor is dynamically regulated and its expression increases when BMP-
mediated Smad phosphorylation decreases.  

 
3. ASK1 induces neuronal differentiation and inhibits GFAP expression in AHPs in vitro. 

The effect is sustained in the presence of potent astroglial inducers. It is mediated via 
p38 MAPK and a STAT3-independent suppression of the GFAP promotor.  

 
4. Co-culture with PA6 instructs about 11 % of hESCs to develop into TH-pos neurons 

with CNS identity. PA6 generated neurons display action potential of both mature and 
immature phenotypes in vitro, suggesting functionality. However, after transplantation 
into the DA depleted rat striatum, TH-pos cells are rare and lesion-induced motor 
deficits are not reversed. Prolonged differentiation time on PA6 decreases the risk of 
teratoma formation after transplantation but does not increase the number of TH-pos 
neurons in the graft. 
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