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1 INTRODUCTION 

Parkinson’s disease (PD) represents a selective degenerative process of mainly dopaminergic 

(DA) neurons of the nigrostriatal pathway. Current therapies for PD remain symptomatic, 

lose effectiveness during disease progression, and are associated with adverse side-effects. 

Cell replacement strategies emerged as potential alternative treatments, to replace and 

restore lost functions. Parkinson’s disease is considered particularly suitable for reparative 

interventions, since it affects well-known and described group of cells with well-known and 

described localization in the brain, as well as the availability of well-characterized animal 

models both in rodents and primates, which mimic the cardinal features of the disease.  

A large number of experimental studies have shown functional efficacy of transplantation of 

embryonic mesencephalic tissue to the striatum in animal models of PD and a biological 

mechanisms underlying the observed improvement. However, major problems remain 

unsolved such as the poor availability and lack of standardization of the cell material, 

contributing to high variability in the degree of symptomatic relief, as well as the poor 

survival after transplantation reported in most of the studies. The need for alternative 

sources or improvement of the available ones represents some of the aspects discussed in 

this chapter, which are related to my dissertation work.  
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1.1 Parkinson’s Disease 

Parkinson’s disease is a chronic neurodegenerative disorder that has a prevalence of 

approximately 0.1 % and a mean onset between 50-60 years of age, although earlier onset 

may occur (de Rijk et al., 1997; Wickremaratchi et al., 2009). The major neuropathological 

feature of PD is the progressive and selective loss of DA neurons in the substantia nigra (SN) 

pars compacta (pc) (located in the ventral midbrain) projecting via the medial forebrain 

bundle to the striatum (structure of the basal ganglia – Fig. 1) which leads to the loss of DA 

input. The etiology of PD is associated with genetic defects (e.g., α-synuclein, parkin) in only 

about 10% of the cases (Feany and Bender, 2000; Shimura et al., 2000), whereas in the 

majority of the patients its pathogenesis is unknown (Lotharious and Brundin, 2002). 

Dopaminergic neurons are important regulators of voluntary movement control, emotion-

related behaviour, motivation and cognition. The death of these cells is assumed to play a 

central role in the development of the classic parkinsonism symptoms, such as bradykinesia 

(slowing  down  of  movements),  hypokinesia/akinesia  (scarcity/absence   of   movements),  

 

 

 

 

 

 

 

 

 
Figure 1 – (A) Basal ganglia and associated structures. The picture displays a schematic structure of 

the basal ganglia. The efferents from the substantia nigra to the caudate nucleus and putamen 

(they both form striatum) constitute the nigrostriatal pathway which is severely affected during the 

course of PD (adapted from Bear et al., 1996, p465). (B) Schematic representation of the 

substantia nigra in the ventral midbrain, which is rich in the black pigment neuromelanin.  Nerve 

cells in the SN send out fibers to tissue located in both sides of the brain, where the cells release 

essential neurotransmitters that help control movement and coordination. The nigrostriatal 

pathway is severely affected during the course of PD, as seen by the diminished substantia nigra in 

PD patients (adapted from http://www.pennhealth.com/encyclopedia/encyimages/encymulti/ 

images/en/ 19515.jpg, 2009) 
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rigidity (increased muscle tone), tremor, and postural instability (Olasode, 2001; Wolters, 

2008) as well as depression, dementia, autonomic disturbances and dyskinesias.  Due to 

these symptoms, patients usually show masked faces, reduced dexterity, speech, and 

swallowing disturbances, shuffling gait with short steps, and loss of spontaneous 

movements such as decreased arm swing and reduced blinking and swallowing, causing dry, 

irritated eyes and drooling. Initially considered a sporadic degenerative condition (idiopathic 

PD), this clinical syndrome was also recognized to arise as a result of a variety of genetic 

defects as well as traumatic brain injury, infections, drugs and specific intoxicants, or to be 

the clinical expression of several other neurodegenerative diseases, e.g. multiple system 

atrophy (Calne, 2000). More recently, it has become more commonly recognized that motor 

parkinsonism in PD is accompanied and often preceded by non motor signs and symptoms 

and that there is substantial variability among patients. The symptoms may manifest 

fatigue, hyposmia, pain, autonomic dysfunctions, mood disorders, sleep disorders, cognitive 

deficits and/or dementia with or without delusions and hallucinations (Wolters et al., 2007).   

 

1.2 Current therapies for PD 

The central goal of most therapies for PD is to enhance the levels of dopamine. Currently, 

the main strategy for the treatment of PD is pharmacological, which has shown a constant 

development since the discovery of L-DOPA in the early 1960s. The oral administration of      

L-DOPA represents still the prevailing strategy for the treatment of PD, which is a precursor 

of the neurotransmitter that is taken up by DA neurons and is used to synthesize dopamine.    

However, pharmacological treatment with L-DOPA works initially, reversing dramatically the 

symptoms, as degeneration progresses, the long-term treatment loses effectiveness in 

symptomatic relief, and adverse effects, including drug related dyskinesias occur (Baas, 

2000; Obeso et al., 2000; Winkler et al., 2002). This was the basis for the development of 

several dopamine agonists (in contrast with L-dopa, did not need pre-synaptic conversion to 

dopamine and had much longer elimination half-life) and inhibitors of dopamine breakdown. 

In parallel, important studies about the possible neuroprotective potency of particular drugs 

which could arrest or slow-down the degenerative process, were published (Schapira, 2009; 

Olanow, 2009) and will be described elsewhere in this dissertation (see below 1.5 Survival of 

grafted cells). Recent developments in the therapeutic strategies, such as deep brain 
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stimulation (described the first time by Benabid et al., 1987) not only increased quality of life 

but also longevity in patients suffering PD (Volkmann, 2004). These therapies do not, 

however, alter the progressive course of the disease, nor do alter the rate at which the DA 

neurons degenerate. With these circumstances, becomes clear the need for alternative 

therapeutic tools to treat PD. The goal would be to combine reparative and neuroprotective 

interventions, identifying factors and respective mechanisms that could arrest or slow down 

the degenerative process, generating suitable sources of cells for replacement of the 

degenerated DA neurons, and increasing survival of remaining and/or transplanted DA 

neurons. 

 

1.3 Exogenous Cell Replacement 

In this context, exogenous cell replacement represents a candidate therapy with promising 

potential for late stages of PD. According to animal experiments and clinical trials, 

transplantation of DA neurons prepared from the fetal midbrain revealed survival of the 

grafts and resulted in behavioural recovery and restoration of lost function (Bjorklund and 

Stenevi, 1979; Dunnett et al., 1981; Winkler et al., 2000). Clinical trials have shown that 

transplanted DA neurons can survive and restore lost function in patients with PD (Kordower 

et al, 1998; Piccini et al., 1999; Mendez et al., 2005; Mendez et al., 2008). In open-label trials 

long-lasting symptomatic improvement has been reported in a majority of the grafted 

patients, and some have shown substantial, long-term therapeutic benefit (Lindvall et al., 

1994; Hauser et al., 1999). However several problems remain unsolved, such as the poor 

availability and lack of standardization of the cell material, contributing to high variability in 

the degree of symptomatic relief, including graft-induced dyskinesias (Freed et al., 2001), the 

poor survival after transplantation reported in most of the studies, and the ethical problems 

associated with the use of fetal tissue, which represents a serious obstacle in the 

development of this approach, and makes clear the need for alternative sources or 

improvement of the available ones. The yield of cells generated should allow a suitable 

number of grafted DA neurons to survive over long term, the grafts must become 

functionally integrated into host neural circuitries, DA neurons should re-establish a dense 

terminal network throughout the striatum, releasing dopamine in regulated manner, show 

molecular, morphological and electrophysiological properties of substantia nigra neurons 
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and reverse those motor deficits that resemble symptoms in PD patients (Isacson et. al. 

2003; Correia et al., 2005; Lindvall and Kokaia, 2009). 

 

1.3.1 Alternatives to generate dopaminergic neurons 

It has been demonstrated that cells with DA properties can be successfully generated from 

different sources of stem cells, survive and reverse behavioral deficits after transplantation 

in animal models of PD. The two major different types of stem cells that have been studied 

include pluripotent embryonic stem cells (ESC) and multipotent region-specific stem cells 

isolated from embryonic or fetal central nervous system (CNS), such as midbrain and 

forebrain. In addition, DA neurons have been generated from subventricular zone of adult 

CNS; bone marrow and more recently from induced pluripotent cells (iPS) generated from 

fibroblasts, which can be subsequently differentiated into DA neurons (Fig. 2).  

 

Figure 2 – Alternative sources of stem cells for a cell-based therapy in Parkinson’s disease. These 

sources include pluripotent embryonic stem cells, fibroblast-derived induced pluripotent cells, and 

multipotent region specific stem cells that can be isolated from embryonic tissues, such as 

midbrain, and from the adult such as subventricular zone and bone marrow (adapted from 

http://www.csa.com/discoveryguides/stemcell/ images/pluri.jpg, 2009)   
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1.3.2 Embryonic stem cells  

Embryonic stem cells are pluripotent, therefore can give rise to different types of cells in the 

body including germ cells (Henningson et al., 2003; Henon, 2003). ESC can be expanded for 

many years and differentiated into neuronal stem or precursor cells and subsequently into 

DA neurons (Evans and Kaufman, 1981; Lee et al., 2000; Bjorklund et al., 2002) representing 

an attractive cell source for cell replacement therapy. Mouse ESC have been transplanted 

directly into the striatum or differentiated into DA neurons prior transplantation (Deacon et 

al., 1998; Bjorklund et al., 2002; Kim et al., 2002; Roy et al., 2006). However, ESC raise 

controversial ethical issues due to their origin from the inner cell mass of blastocysts. The 

main concern, even when transplanting ESC-derived DA neuroblasts that have been pre-

differentiated in culture, is the risk of teratoma formation. Since the life expectancy is almost 

normal in PD patients, even a minor risk of tumor formation associated with stem cell 

therapy is unacceptable in this disorder. Facts that, together with the poor survival of human 

ESC-derived DA neurons observed after transplantation in animal models, have so far 

prevented their use in clinical trials (Roy et al., 2006; Sonntag et al., 2007; Snyder and 

Olanow, 2005).  

 

1.3.3 Neural Stem cells from embryonic and adult brains 

Multipotent stem cells are committed stem cells that can self-renew and differentiate, under 

physiological conditions or after injury, to regenerate the tissues in which they normally 

reside and persist throughout adulthood. Neural stem cells (NSC) can be isolated from 

various parts of the brain, such as the midbrain, just before the formation of DA neurons. 

They can be expanded and induced in vitro to differentiate into functional DA neurons 

(Studer et al., 1998; Timmer et al., 2006) as well as other neurons, astrocytes and 

oligodendrocytes. NSC can be cultured as attached primary cultures or expanded and grown 

as neurospheres in appropriate media supplement with mitogenes, and in combination with 

neurotrophic factors, stimulate the survival after grafting (Svendsen et al. 1997; Timmer et 

al., 2006). NSC display less risk of chromosomal aberrations, tumor formations, when 

compared to ESC. However, the use of NSC for cell banking and transplantation might not be 

optimal, since after long-term in culture these midbrain-derived stem cells lose their ability 

to differentiate into DA neurons. Genetic modifications and the use of growth factors in 
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culture medium hypoxic conditions have been used to help these cells to maintain their 

capacity to divide and differentiate (Storch et al., 2001; Martinez-Serrano et al., 2001; 

Timmer et al., 2006; Maciaczyk et al., 2008). As an alternative tool, immortalized cells have 

been generated from primary neuronal progenitor cells (NPCs) or fetal tissue, which can be 

differentiated into neurons or neuron-like cells in culture (discussed in 1.4. Immortalization). 

Interestingly, both in the developing brain and adult brain, which was initially thought to be 

a postmitotic and unable to regenerate, can however occur direct recruitment of 

endogenous NSC from the proliferative regions, such as subventricular zone (SVZ) and 

subgranular zone of the dentate gyrus in the hippocampus (Reynolds and Weiss, 1992; 

Quiñones-Hinojosa et al., 2007; O'Keeffe et al., 2009). 

 

1.3.4 Stem cells in other tissues  

Stem cells from non-neural tissues have also been considered as possible sources for 

grafting. Cells expressing DA markers and with some neuronal properties have been 

generated from bone marrow and skin stem cells (Woodbury et al., 2000; Toma et al., 2001; 

Jiang et al., 2002). Mesenchymal (stromal) stem cells from the adult bone marrow were 

reported by different groups to transdifferentiate into neuronal cells, including DA neurons 

(Jiang et al., 2002). One of the most exciting recent developments was the demonstration 

that somatic cells can be reprogrammed to a pluripotent state. Recently, Wernig and 

colleagues reported that DA neurons can be generated from such iPS, derived from mouse 

fibroblasts, and ameliorate behavioural deficit after transplantation in a rodent PD model 

(Wernig et al., 2008). The absence of immune reaction using these patient-specific DA 

neuroblasts represents the major potential advantage with this approach, which can be 

produced without the use of ESC.  However, several problems such as the risk of tumor 

formation when using DA neurons derived from iPS, which resembles that with ESC, need to 

be clarified. 
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1.4 Immortalized cells 
  

Immortalization represents an alternative expansion method, in which cells are arrested at 

certain stages of development preventing their terminal differentiation. Generate 

immortalize cells that retain all features of primary cells (cells that can renew themselves 

and differentiate into different types of cells under certain conditions, such as DA neurons), 

would represent an important alternative source of material for potential cell-replacement 

therapies as well as to study basic neurobiological processes. Tumor-derived cell-lines, such 

as rat PC12 (van Bergeijk et al., 2007; Obara et al; 2009), human SH-SY5Y (Borland et al., 

2008; Miglio et al., 2009) and others, are routinely used as models to examine 

differentiation, neurite extension, signal transduction, apoptosis, and other cellular 

processes. Immortalized cells are able to overcome senescence and easily reach long-term 

proliferation, (Kitchens et al. 1994; Villa et al. 2000). However, it is indispensable to control 

proliferation and ensure that these cells do not become tumorogenic as far as many 

methods of immortalization use oncogene introduction into cells, including i) v-myc, c-myc, 

N-myc, v-jun (Lo et al., 1991; Lee and Reddy, 1999), ii) viral genes, such as SV40Tag, Ad5 E1a, 

HPV E6/E7, EBV (Counter et al., 1994; Truckenmiller et al., 1998; Kim et al., 2005), and iii) 

catalytic subunit of telomerase – telomerase reverse transcriptase, (TERT; Counter et al., 

1998; Thomas et al., 2000; Roy et al., 2004). Most often simian virus 40 (SV40) large T 

antigen (Tag) and c-myc are used. Genetically identical and homogeneous neural cell lines 

with defined characteristics whether established from progenitor cells, or from primary fetal 

tissue, may best serve the purposes of transplantation or as models for specific functions.    

 

1.4.1 Simian Virus 40  

SV40 is the most well characterized member of the Polyomaviridae family of small DNA 

tumor viruses. SV40 was isolated from rhesus monkey kidney cell cultures used to produce 

polio virus vaccine in 1960 (Sweet and Hilleman, 1960; Meyer et al., 1962). SV40 infects 

several species of monkeys but typically does not cause symptoms or disease. SV40 has been 

shown to induce transformation in human and mouse cells in vitro. As other cell-lines, they 

serve as an important laboratory tool for studying oncogenesis as well as other biological 

processes including differentiation towards DA phenotype. The genome of SV40 encodes 
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seven viral proteins in overlapping reading frames (Reddy et al., 1978; Fanning et al., 1992; 

Poulin and DeCaprio, 2006; Fig. 3).  

 

Fig. 3 - Genome organization of SV40. The viral genome encodes three structural proteins of the 

virus (VP1, VP2 and VP3), two proteins important for the viral cycle (large T antigen and small 

antigen) and two small proteins which the function is unknown (agnoprotein and 17kT). In addition, 

the SV40 genome contains two strong transcriptional promoters, an origin of replication, several 

splicing sites, and a polyadenylation signal (Adapted from Poulin and DeCaprio, 2006). 

 
 

The major oncogenic protein of SV40, large T antigen, binds to and inactivates the tumor 

suppressors p53 and retinoblastoma protein (pRb) which permit cell cycle regulation 

(Stubdal et al., 1996; Poulin and DeCaprio, 2006) and is sufficient to transform a variety of 

primary rodent cells and escape senescence (Bikel et al., 1987; Zhu et al., 1992). Cellular 

distress signals such as DNA strand breaks, absence of growth factors, oncogene activation, 

and hypoxia can serve to activate the p53 and pRb proteins which normally function to 

prevent tumorigenesis, by controlling cellular proliferation and apoptosis. The functional 

inactivation of these tumor suppressor proteins is a common molecular mechanism of 

cancer occurrence with nearly all human cancers having disruptions in these two pathways 

(Levine, 1997; Sellers et al., 1997; Hahn et al., 2002). Similarly, direct inactivation of p53 and 

pRb by binding to SV40Tag causes unregulated cell growth leading to cellular 

immortalization and transformation in certain cell types, e.g. NPCs. 



 

16 

 

16 Genetically modified ventral mesencephalic neuronal progenitor cells 

1.4.2 Midbrain-derived neuronal progenitor cell lines 

Immortalized cell clones have been generated from primary NPCs or fetal tissue, which can 

be differentiated into neurons or neurons-like cells in culture. With regard to the production 

of immortalized cells derived from the ventral midbrain, a conditionally human immortalized 

mesencephalic cell line (MesII) was established taking advantage of a tetracycline-regulated 

gene expression system, allowing a constitutive expression of v-myc in the absence of 

tetracycline (Hoshimaru et al., 1996; Lotharius et al., 2002). Under differentiating culture 

conditions these cells displayed neuronal electrical activity and expression of the rate 

limiting enzyme of the dopamine synthesis, tyrosine hydroxylase (TH) (Lotharius et al., 2002; 

Paul et al., 2007). However, intracerebral grafting of these cells revealed no TH expression 

(Paul et al., 2007). Rat immortalized mesencephalic cells were produced after transfection 

using plasmid vector expressing SV40Tag (Prasad et al., 1994). These cells displayed neuronal 

markers and TH expression in vitro but not in vivo, although intracerebral grafting improved 

partially neurotoxin-induced behavioural deficits (Prasad et al., 1994; Adams et al., 1996; La 

Rosa et al., 1997; Clarkson et al., 1998). A comprehensive analysis of differentiation markers 

of the DA linage, an electrophysiological characterization, and the specific identification after 

intrastriatal grafting of SV40Tag was not performed so far.  

 
 

Apart from the source of cells, the phenotype of the DA neurons used for transplantation 

should resemble classical midbrain DA neurons, and so fulfill important criteria like ability to 

release DA in regulated manner, show molecular, morphological and electrophysiological 

properties of SN neurons, before they should be considered relevant to a clinical therapy. 

The recent increase in knowledge of the transcriptional control of midbrain DA neurons 

during normal development provided important information about the mechanisms 

underlying specification, differentiation and maintenance of the DA neurons (Andersson et 

al., 2006; Burbach and Smidt, 2006; Smidt and Burbach, 2007; Abeliovich and Hammond, 

2007). Manipulation of those mechanisms may allow the generation of higher numbers of 

DA neurons, with the correct phenotype, from different sources of stem cells.  
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1.5 Survival of grafted cells   

In parallel with the generation of proper cell material, the majority of the research groups 

reports about very low survival of grafted cells, as a major limiting factor in cell replacement 

strategies. Technical issues such as the tissue amount, quality, and preparation as well as 

deficient immunosupression may be involved in part in the low survival, thus contributing to 

the variability and/or poor functional outcome after transplantation (Olanow et al., 2003; 

Bjorklund et al., 2003; Winkler et al., 2005). The current information about molecular 

regulation of mechanisms underlying specification, differentiation and maintenance/survival 

of DA neurons, and/or their progenitors during development, did however, encourage 

researchers to develop new strategies based on the manipulation of those mechanisms to 

enhance graft functionality. However, translation of this information into physiological 

understanding and subsequently into clinical therapies remains a challenge. Gene therapy 

strategies became a new powerful tool for molecular therapies, which can decrease the gap 

between molecular neuroscience knowledge and potential clinical treatments (Tinsley and 

Eriksson, 2004; Bergen et al., 2008). PD-targeted gene therapy can be accomplished by 

introduction of genes encoding neurotrophic growth factors or corrective enzymes to the 

injured or diseased neurons, thus complementing the natural survival mechanisms of DA 

neurons, and repairing the DA system (Bowers et al., 1997; Blits and Bunge, 2006). In several 

animal models of PD, gene therapy has achieved dramatic pathologic and functional 

improvements (During et al., 1994; Mandel et al., 1997; Choi-Lundberg et al., 1998; Zhang et 

al., 2004; Gonzalez-Barrius et al., 2006).  

 

1.5.1 Neurotrophic Factors   
A large number of trophic factors have been identified, that play a role in midbrain DA 

neuron maintenance (Krieglstein, 2004; Peterson and Nutt, 2008). Neurotrophic factors 

(NTFs) are naturally occurring proteins that support and protect subpopulations of cells by 

activating cell signaling pathways regulating neuronal survival, differentiation, growth and 

regeneration. In addition, NTFs represent a potential way of modifying neuronal dysfunction, 

astrocytic activation and inflammatory reactions under pathological conditions, representing 

an important tool for regenerative therapies, including PD (Alexi et al., 2000; Patel and Gill, 

2007; Peterson and Nutt, 2008). Typically, a NTF is produced and secreted by target cells, 
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consisting of nerve cells or other cells, and then taken up by the innervating nerve terminals 

to exert local effects and, via retrograde axonal transport, trophic effects on the nerve cell 

body (Olson et al., 1996; Oppenheim, 1989). However, the actions of NTFs are associated not 

only with retrograde transport from the target tissue but also with autocrine and paracrine 

mechanisms (Kokaia et al., 1993; Miranda et al., 1993). Several trophic factors showed 

evidence as potential agents to arrest and restore function of DA neurons. Part of these NTFs 

can be grouped into families based on homology of trophic factors, receptors, and common 

transduction pathways (Petterson and Nutt, 2008):  
 

 Neurotrophin family, includes the largely described brain-derived neurotrophic factor 

(BDNF), neurotrophin 3 (NT-3), neurotrophin 4/5 (NT-4/5) and nerve growth factor 

(NGF), which was the first trophic factor reported to have an effect on nerve cells 

(Cohen et al., 1954). Their variable domains determine the binding affinity to each 

member for a two-component receptor complex: the Trk family tyrosine kinase 

receptors and p75, a tumor necrosis factor receptor.  

 The transforming growth factor beta (TGFβ) super-family is a NTF family which includes 

glial-derived neurotrophic factor (GDNF) family, TGFβ types 1, 2 and 3, neublastin and 

enovin. Along with neurturin, artemin, and persephin, GDNF compose the GDNF family, 

which interacts with two-component receptor complex: GDNF family receptor alpha 

(GFRα) and a receptor tyrosine kinase (RET). 

 A new family of trophic factors, which include currently two members: mesencephalic 

astrocyte-derived neurotrophic factor (MANF) and conserved dopamine neurotrophic 

factor (CDNF) compose the MANF family. MANF and CDNF receptors have not yet been 

described. The importance of these NTFs is that MANF and CDNF appear to have more 

selective and potent effects on DA neurons than any other factors currently known 

(Petrova et al., 2003). 

 In addition to the classic NTFs, several other growth factors have been shown to 

promote the survival of DA neurons, such as fibroblast-growth factor-2 (FGF-2), which 

promoting activity has been characterized in some detail (Otto and Unsiker, 1990; 

Timmer et al., 2007; Grothe and Timmer, 2007). The FGF-2 signal is mediated via four 

high-affinity tyrosine kinase receptors that are crucial for development and regeneration 

of the CNS and peripheral nervous system (PNS).  
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Although NTF-based experimental therapies look promising in animal models of PD, a major 

issue, the delivery of trophic factors to appropriate CNS targets, remains a difficult task 

(Fricker and Miller, 2004; Pan and Kastin, 2004). The most important barrier in treatment of 

CNS disorders is penetration of the blood-brain-barrier (BBB). The large size of the trophic 

factor proteins and their chemical structure makes entry into the CNS after peripheral 

delivery unlikely. Therefore, a search is on-going to find small compounds that mimic NTFs, 

enhance neurotrophic effects, or induce NTFs in the SN. Several low molecular weight 

compounds have been identified that for example increase the production of BDNF in the DA 

neurons from SN, such as salicylic acid, cGMP analogues, okadaic acid, IBMX, dipyridamole 

and glutamate (Chun et al., 2000).  

Another invasive strategy to raise the concentration of therapeutic trophic factors in a target 

tissue is implantation of cells (e.g. NPCs isolated from postmortem fetal brain), programmed 

to make and secrete the trophic factor of interest. This promising approach permits to 

combine restorative strategies to treat PD, such as replacement of lost DA neurons, and 

protective procedures by the use of trophic factors, promoting this way survival of both 

grafted neurons, and remaining host DA cells. Three different approaches can be used: i) co-

culture of generated DA neurons with feeder cells expressing the NTF of interest (Timmer et 

al., 2004; Correia et al., 2007); ii) addition of soluble NTFs into the cultures prior 

transplantation (Sautter et al., 1998); and iii) genetic manipulations of cells to independently 

express and secrete the neuroprotective agents of interest (Behrstock et al., 2006; Parish et 

al., 2008). Although growth factors can exert survival promoting effects when added to the 

graft preparations, it may be more effective to supply the trophic factor to the graft not only 

during preparatory stages but also when the graft is transferred into the host brain. On the 

other side, from clinical perspective, it is desirable the use of culture protocols free of feeder 

cells and that do not involve viral vectors as carries. In this context, donor cells non-virally 

genetically modified, to independently express genes encoding survival-enhancing factors, 

may represent a suitable alternative. One example has been the use of human NPCs 

engineered to secrete GDNF and implanted into the striatum of rats, which migrated so that 

they were distributed throughout the striatum and increased DA neuron survival and fiber 

growth within the striatum (Behrstock et al., 2006). 
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1.6 Aims and overview of Thesis  

In conclusion, major problems in cell replacement strategies include the poor availability and 

lack of standardization of the cell material, and the poor survival after transplantation, and 

contribute to high variability in the degree of symptomatic relief. As consequence basic 

research is working on alternatives to fetal tissue, such as the above-mentioned sources, 

including immortalized neuronal cell lines and, developing new strategies to improve survival 

of grafted cells into animal models.  
 

In the same direction, following points were addressed:   

 

1) Generation of immortalized NPCs from the rat fetal midbrain using SV40Tag as a potential 

alternative cell source with ability to overcome senescence and allowing long-term cultures. 

Generated immortalized cell clones were studied with regard to proliferation ability, 

electrophysiological function, and DA fate in vitro and in vivo after transplantation.  

2) Further development of previous work (Timmer et al., 2006; Cesnulevicius et al., 2006) 

focused on generation of higher amounts of DA neurons and their genetic modification to 

overexpress neurotrophic factors. First, we improved transfection efficiency of NPCs and 

subsequent expression level of different neurotrophic factors by testing different expression 

plasmids encoding the enhanced green fluorescent protein (EGFP). Non viral transfection 

with selected plasmid resulted in a high transfection efficiency and a strong EGFP signal for 

at least 4 weeks in vitro. Furthermore, after grafting those cells into neurotoxin lesioned rat 

brains, a strong EGFP signal was also detected after 12 weeks in vivo.     

3) Finally, by replacing EGFP signal by different neurotrophic factors, we aimed to study their 

effects on differentiation and survival DA neurons in vitro and after intrastriatal 

transplantation. For in vitro evaluation, we are currently setting up different bioassays to 

screen the neurotrophic properties of set candidate factors. Selected factors will be further 

evaluated in vivo with regard to enhancement of graft functionality of DA neurons, and 

subsequently behaviour recovery after intrastriatal transplantation in to the 6-hydroxy-

dopamine (6-OHDA) lesioned rat model of PD.  
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2 MATERIAL AND METHODS 
2.1 Animals and breeding 

Sprague-Dawley (SPRD) rat females purchased from Charles River were paired with breeder 

males just prior to the end of the light cycle. The following morning, each female was 

examined for the presence of vaginal plug which is composed of coagulated secretions from 

male accessory sex glands, resemble a grain of rice. The presence of plug indicates that 

coitus and ejaculation have occurred. When a plug was discovered, the females were 

marked with the date of breeding. The day the plug is observed is considered day 0 of 

gestation. 

  

2.2 Preparation of embryonic tissue 

Ventral mesencephalic (VM) progenitor cells were isolated from fetuses at embryonic day 12 

(E12) of time-mated SPRD rats. For harvesting the cells, rats were exposed to CO2 for 3 

minutes, and the fetuses were collected in cold phosphate-buffered saline (PBS). 

Subsequently, the intact brain was removed. The VM tissue was dissected as described by 

Nikkhah et al.( Nikkhah et al., 1994a; Nikkhah et al., 1994b) based on the cell suspension 

technique according to Björklund et al. (Björklund et al,. 1983). One modification of our 

protocol is that no trypsin was used as described by Timmer et al. (Timmer et al. 2006). The 

dissected VM pieces were incubated in medium composed of Dulbecco’s modified Eagle’s 

medium (DMEM) Ham’s F12 (PAA Laboratories GmbH, Linz, Austria), 0.05% DNase (Roche, 

Basel, Switzerland), 2 mM glutamine (PAA), B27 (Gibco; 1:50) and 1 mM sodium-pyruvate 

(PAA) at 37-C for 20 min. After inactivation of the DNase by adding FCS-containing medium 

the pre-digested tissue was centrifuged for 5 min at 1000 rpm. The pellet was resuspended 

in 1 ml of adhesion medium (see below). The single-cell suspension was obtained by a 

mechanical dissociation using 5–10 times a 1-ml and then 5–10 times a 200-µl pipette. The 

viability was nearly 100% as determined by trypan blue dye exclusion. Afterwards, the 

single-cell suspension was cultured. The 12-day-old embryos have a crown-rump length of 

about 6 mm with about 100,000 (depending on the age: 70,000–150,000) cells/VM. 
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2.3 Cell culture  

Culture of primary VM progenitor cells was performed as described by Timmer et al. 

(Timmer et al. 2006). After dissociation of the tissue, the cells were counted using a cell-

counting chamber (hemocytometer) and adjusted to defined densities and plated on multi-

well culture dishes (6-well plate - 400.000 to 800.000 cells/well; 24-well plate - 80.000 to 

150.000 cells/well; or 96-well plate - 25.000 to 40.000 cells/well), which were pre-coated 

with poly-ornithine (Sigma): 0,1 mg/ml in 15 mM boric acid buffer, pH 8,4; and laminin: 6 

µg/ml; for 24 h at room temperature (RT) and washed twice with distilled water before use. 

The cells were incubated with adhesion medium which consists of DMEM Ham’s F12, 3% 

fetal calf serum (FCS) (PAA), 20 ng/ml FGF-2 (Preprotech Inc; 18 kDa), B27, N2 (Gibco;             

1 ml/100 ml of a 100 x stock solution), 1 mM sodium-pyruvate, 0.25% bovine serum albumin 

(BSA; Sigma), 2 mM glutamine. After 24 hours, the adhesion medium was removed (two 

wash steps with proliferation medium (see below) in order to get rid of the FCS) and then, 

replaced by a serum-free medium in the presence of 20 ng/ml FGF-2 as mitogen 

(proliferation medium: a modification of the adhesion medium, without FCS and B27 

supplement) for 3-6 additional days. Afterwards cells were differentiated for 2–7 days in the 

absence of the mitogen FGF-2, with differentiation medium, containing DMEM/F12, 0.25% 

BSA, B27, 1% FCS, 100 µM ascorbic acid, 2 mM glutamine. Cultures were maintained at 37-C 

in humidified 5% CO2–95% air incubator under normal oxygen conditions (20%). In order to 

de-attach the cells, the surface was rinsed with PBS once, and the cells were removed with 

trypsin/EDTA (PAA) incubation for 3–4 minutes. Trypsinization was stopped by adding 

adhesion medium, and the cells were mechanically removed with a cell scraper. The cell 

aggregates were transferred into falcon tubes and triturated using a shaped glass pipette 

(three to five times). The latter three steps were very critical, especially for transplantation 

purpose. The cells were centrifuged for 5 min with 1000 rpm, and the pellet was 

resuspended in 1 ml of adhesion medium. During these steps (particularly the cell scraping), 

about 10% of the cells got lost. The cells were counted, and the viability was controlled using 

trypan blue exclusion (viability: more than 98%). Cell suspensions were either seeded in 

culture dishes for further culture or processed for different purposes, including cell viability 

assays, transfection, protein and molecular analysis, and transplantation (described below). 
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2.4 Generation and culture of SV40Tag immortalized VM cell clones 

The freshly prepared dissociated VM cells were cultivated for 3 days under proliferation 

conditions and then transfected by nucleofection (described below) with a construct 

containing SV40Tag, pSV3-neo (Fig. 4). After transfection, the cells were grown in 

proliferation medium containing 400 µg/ml G418 for 2 weeks to select the transfected cells, 

and then cloned using limiting dilution. The fastest growing clones were selected and frozen 

for storage. Cell viability and proliferation of selected clones were evaluated by WST-1 assay 

(Roche Diagnostics, Basel, Switzerland, see below).The different SV40Tag immortalized cell 

clones were expanded in proliferation medium as a monolayer, in flasks or multiwell plates 

(Nunc GmbH, Wiesbaden, Germany) precoated with polyornithine (Sigma-Aldrich, 0.1 mg/ml 

in 15 mM boric acid buffer, pH 8.4). For experimental assays, in addition to polyornithine, 

laminin (Sigma-Aldrich, 6 µg/ml) was used to coat the dishes for 24 hours at room 

temperature then washed twice with distilled water before cell seeding. Twenty four hours 

in culture after seeding, adhesion medium was removed and replaced with proliferation 

medium or with differentiation medium depending on the experiment. To test 

differentiation medium composition, 1 mM dibutyryl cyclic AMP (dbcAMP, Sigma-Aldrich) 

and 2 ng/ml GDNF (Tebu-bio) were added to enhance differentiation. 

 

Figure 4: Structure of the pSV3-neo plasmid. The pSV3-neo was constructed from pSV2-neo by 

insertion of an intact SV40 early region. The pSV2neo plasmid is composed of pBR322 origin of DNA 

replication (pBR322 ori) a β-lactamase gene (AMPR); a neo gene (1.4 kb fragment); and the SV40 DNA 

sequence. The SV40 origin of DNA replication (SV40 ori) and SV40 early promoter are present on a 

small fragment immediately 5’ to the neo segment (Southern and Berg, 1982). 
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2.5 Transfection 

Two different methods were used to transfect either primary or immortalized VM progenitor 

cells: chemical transfection with Lipofectamin 2000 reagent (Invitrogen), and nucleofection 

with Nucleofector device (Amaxa GmbH, Germany).   

 

2.5.1 Lipofection 

Freshly prepared dissociated VM neuronal progenitor cells isolated from E12 cells, were 

expanded in 6well plates with density of 600.000–800.000 cells/well, 1 day in 2 ml of 

adhesion media followed for 2 days in proliferation media. At day in vitro (DIV) 3 cells were 

detached, counted and seeded in 96wellplates in a density of 40.000 cells/well in 200µl of 

adhesion media. Cells were further expanded from DIV4 to DIV6 with proliferation media, 

and then replaced by 100 µl of Opti-MEM I (Invitrogen) serum-free and antibiotic-free 

transfection media. At DIV7 transfection using Lipofectamin 2000 was performed according 

to the manufacturer's protocol. For each transfection sample, complexes were prepared as 

follows: a) 0,2 µg DNA were diluted in 25µl Opti-MEM I without serum, and mixed; b) 

Lipofectamin 2000 was mixed before use, and then 0,5 µl were diluted in 25 µl Opti-MEM I 

per sample, and incubated for 5 minutes at RT c) After 5 minutes incubation, diluted DNA 

and diluted Lipofectamin were combined and gently mixed (total volume = 50 µl). The 

mixture was incubated for 20 minutes at RT and then 50 µl of complexes were added to each 

well containing cells and 100 µl of Opti-MEM I without serum. Cells were incubated at 37°C 

in a CO2 incubator overnight (complexes are stable for 6 hours at room temperature, and 

media may be changed after 4-6 hours) and at DIV8, media was changed to differentiation 

media. At DIV10 condition mediums were collected, and at DIV14 cells were fixed for 

immunocytochemistry (ICC).  

 
 

2.5.2 Nucleofection 

Both primary mesencephalic progenitor cultures and SV40Tag immortalized cells were 

transfected by nucleofection with the Nucleofector device (Amaxa). Primary mesencephalic 

cells were transfected with Basic Nucleofector Kit for primary mammalian neurons (Amaxa) 

with the program A-033 as described by Cesnulevicius et al. (Cesnulevicus et al., 2006) and 
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SV40Tag immortalized cells using the program T-20. The transfection was performed 

according to the manufacturer's protocol for adult rat neuronal stem cells. Briefly, primary 

mesencephalic cells and SV40Tag immortalized cells were adjusted to a volume of 2.000.000 

and 1.000.000 cells/ml, respectively. After centrifugation (1000 rpm for 5 minutes) the 

medium was removed. The cells were re-suspended in 100 µl of nucleofection solution and 5 

µg of plasmid DNA. After the pulse, 900 µl of RPMI 1640 medium (Biochrom AG, Berlin)  

containing 10% FCS was immediately added to neutralize the nucleofection solution. Cells 

were counted and the volumes were adjusted for further use.  

 

2.5.3 Expression vectors used 

The following DNA plasmid constructs were used for transfection: pSV3-neo (Southern and 

Berg, 1982), pSUPER.puro (RNAi system, Oligoengine) empty or encoding SV40Tag shRNA 

(pSUPER.puro.SV40Tag), pCI-neo (Promega), p3xFLAG-CMV-14 (Invitrogen), pEF1-myc-His 

vector (Invitrogen). The empty pCAGGS plasmid was a gift of Prof. Niwa (Niwa et al., 1991). 

The pCAGGS-EGFP plasmid was a gift from Dr. Whiteford (Alexopoulou et al., 2008). The 

additional enhanced green fluorescence protein (EGFP) expression plasmids were 

constructed by Dr. Ratzka (Institute of Neuroanatomy, Hannover Medical School) by 

insertion of the EGFP coding sequence, which was isolated from pIRES-EGFP (Clontech), into  

pCI-neo, p3xFLAG-CMV-14 or pEF1-myc-His, resulting in pCI-EGFP, p3xFLAG-EGFP and pEF1-

EGFP-myc clones respectively. The CAG-promoter is composed of a chicken β-actin promoter 

+ cytomegalovirus (CMV) enhancer. Further a pCAGGS-EGFP-FLAG plasmid was constructed 

by Dr. Ratzka, which allows detection of EGFP protein via c-terminal 3xFLAG tag by 

immunocytochemistry and western blotting. Similarly, exchanging the EGFP coding sequence 

by that of GDNF, MANF, CDNF, BDNF, FGF218kd or Wnt5a, the respective pCAGGS expression 

plasmids for FLAG tagged neurotrophic factors were generated.  

 
 

2.6 Cell viability and proliferation assay 
Cell viability and proliferation were evaluated after nucleofection by WST-1 assay (Roche 

Diagnostics, Basel, Switzerland) according to the manufacturer protocol. To each well of the 

96-well plate, each containing 100 µl of medium, 10 µl of WST-1 reagent was added. The 

control well contained medium and WST-1 reagent but no cells. After incubation for 60 
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minutes in the incubator (37°C), the relative absorbance was measured with ELISA reader 

(Mikrotek Laborsysteme GmbH, Overath, Germany) at 490 nm. To estimate proliferation 

rate (doubling time), measurements were performed at different time points (24 hours, 48 

hours and 72h after plating the cells).   

 

2.7 Silencing of SV40Tag immortalized cells  
 

Two shRNA vector constructs in pSUPER.puro (RNAi system, Oligoengine) expressing a 

doublestranded short RNA fragment coupled by a short hairpin loop were generated. For 

each construct two complementary oligonucleotides were synthesized comprising each of 20 

nucleotides of the SV40Tag coding sequence (capital letters), followed by a hairpin sequence 

(small letters in italic) and the same sequence as a reversed complement [ construct 1- 

(sense strand oligonucleotide PC324 - F:5’- gat ccc cgg CCT ACA ATG GTG AGA CAA GTt tca 

aga gaA CTT GTC TCA CCA TTG TAG Gct ttt tgg aaa –3’; antisense strand PC325 - R: 5' – agc 

ttt tcc aaa aag CCT ACA ATG GTG AGA CAA GTt ctc ttg aaA CTT GTC TCA CCA TTG TAG Gcc 

ggg –3’); construct 2- (PC322 - F: 5’- gat ccc cgg CTC CTG TTA ATT GGT ATA ACt tca aga gaG 

TTA TAC CAA TTA ACA GGA Gct ttt tgg aaa –3’; antisense strand PC323 -R:5'– agc ttt tcc aaa 

aag CTC CTG TTA ATT GGT ATA ACt ctc ttg aaG TTA TAC CAA TTA ACA GGA Gcc ggg–3’)]. The 

coding sequence represents nucleotides 1114-1134 and 1056-1075 downstream from the 

pSV3-neo sequence in the constructs 1 and 2 respectively. Annealing of sense and antisense 

oligonucleotides resulted in BglII or XhoI compatible overhangs, which were cloned into BglII 

and XhoI digested pSUPER.puro. The resulting pSUPER.puroSV40Tag plasmids were 

sequenced to verify correctness of cloning. SV40Tag immortalized cells were transfected by 

nucleofection, enriched in a 1mg/ml puromycin containing medium, and the effects on the 

amounts of SV40Tag protein were evaluated by western blot and ICC. An empty vector 

(pSUPER.puro) was used as control.  

 

2.8 RNA extraction and semiquantitative RT-PCR  

RNA was extracted from in vitro expanded E12 VM cells and SV40Tag immortalized VM cells 

(RNeasy MiniKit, Qiagen). Transcription into cDNA was done using M-MLV Reverse 

Transcriptase (Invitrogen). Transcripts of genes involved in DA differentiation were detected 

by RT-PCR in three independent experiments. The different primers used are shown in Table 
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1. PCR conditions were 3 min 94ºC, loop (94ºC, 56ºC, 72ºC; 1 min each), for 25-34 cycles (see 

Table 1). Primers for beta actin gene were used as an internal standard of input cDNA. 

 

2.9 Quantitative RT-PCR of pSV3-neo 

Genomic DNA was isolated from SV40Tag cell clones C1 - C4 by a protease K digest followed 

by isopropanol precipitation. To detect pSV3-neo sequence we used primers, which amplify 

a 65 base pairs (bp) fragment corresponding to the N-terminal region of the Tag gene, 

SV40_1F: 5´-GATGGCATTTCTTCTGAGCAAA-3´ and SV40_1R: 5´-GAATGGGAGCAGTGGTGGAA-

3´ (McNees et al., 2005). As internal reference served a region from the third exon of BDNF, 

a single copy gene located on rat chromosome 3, which was amplified with BDNF_F: 5´-

GGACATATCCATGACCAGAAAGAAA-3´ and BDNF_R: 5´-GCAACAAACCACAACATTATCGAG-3´ 

(Molteni et al., 2002). Quantitative RT-PCR was performed (by Dr. Ratzka) in 96-well plates 

using the 7500 Fast System instrument (Applied Biosystems) running with the standard 

cycling program (50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15´´ and 

60°C for 40´´). Finally, a dissociation curve was calculated for each well, to ensure specificity 

of the PCR product. The 14 µl reaction mix contained 5µl DNA (corresponding to 10 ng 

genomic DNA or dilution series of plasmid DNA), 3 µl primer mix (5.25 pmol of F and R 

primers, respectively) and 7 µl Power SYBR-Green PCR Master Mix (Applied Biosystems). 

Samples were run in duplicates.  

 

2.10 Western blotting    

Harvested cell pellets (either immortalized or physiological) were homogenized with lysis 

buffer containing 1 % sodium dodecyl sulfate (SDS). After vortexing and sonification, the 

solutions were centrifuged (15 min, 15000 rpm, 4°C) and the supernatants were isolated. 

Total protein concentrations were determined by biochronic acid (BCA) assay (Pierce). For 

detection of proteins secreted by transfected cells, 100 µl of cell condition media was 

collected and then centrifuged for 1-1.5h under reduced pressure (Con-1000, Con-Jet II; 

Fr6bel Labortechnik, Lindau, Germany). The dry residues were reconstituted with 15 µl of 

water.  Appropriate amounts of protein were mixed with Laemmli buffer (2x) in a 1:2 ratio, 

and heated at 95°C for 5 min. Equal amounts of proteins were analyzed by SDS 

polyacrylamide gel (12%) electrophoresis (SDS-PAGE) and western blotting onto 
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nitrocellulose membrane hybond ECL (Amersham biosciences) with transfer buffer (20 mM 

Tris, 192 mM Glycin, 20% methanol) at 120V for 1h. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as loading control. C-terminus FLAG-tag, SV40Tag, GDNF, 

TH and GAPDH detections were performed after blocking the membranes (5 % milk powder 

in PBS containing 0.1% Tween 20 [Roth]) using the respective first antibodies (see table 2) 

and an enhanced chemiluminescence system (GE Healthcare).  

 

2.11 Calcium imaging recordings, fast solution exchange 

Cultured neuronal stem cells (SV40Tag clone 2) were placed in a recording chamber (3 ml), 

which was continuously background superfused (10 ml/min). Standard extracellular solution 

contained HEPES 11.6 mM, Na+ 129.1 mM, Cl− 143.8 mM, K+ 5.9 mM, Mg2+ 1.2 mM, Ca2+ 

3.2mM and glucose 10.0 mM at pH 7.3 (NaOH). Coverslips were incubated for 20 minutes in 

an incubator with the membrane permeable ester form of the high-affinity ratio-metric 

calcium dye FURA 2 AM (4μM) and allowed to de-esterify for 15–30 min at room 

temperature (25°C). Fluorescent images were obtained at high spatial resolution (0.09 Am2 

pixel size, Till Vision Imaging System by TillPhotonics, Germany) at recording rates of 5 Hz.  

For the analysis of Ca2+ transients, background subtraction was used and subcellular regions 

of interest were defined over the cytosol, nucleus and neurite. Values are given as mean ± S. 

E. M. To achieve fast application and removal of kainate (KA) without causing perturbation 

of the fluorescence signal, a custom made solution applicator was attached to the objective 

(Achroplan 0.75W, Zeiss, Germany) of the upright microscope (Axioskop 2 FS Plus, Germany). 

The applicator were mounted directly to two canulas (0.2mm inside diameter) as described 

previously (Grosskreutz et al., 2007), however, the canulas were controlled by a self-

constructed two-way valve-system. The perfusion rate was adjusted using a custom water-

column based air pressure system fitted on 125ml reservoir syringes. The applicator was 

started using short 2 s pulses of 100 µM KA. Chemicals were purchased from Sigma, 

Germany. 
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2.12 Lesioning and transplantation  

Adult female Sprague-Dawley rats with 220-240 g weight received two stereotactic unilateral 

6-OHDA (Sigma-Aldrich) injections in the medial forebrain bundle (MFB) under 

ketamine/rompun anesthesia [per animal: 0.25 ml ketamine hydrochloride (5%; 1 ml = 57.67 

mg, 0.1 ml/100 g) plus 0.05 ml xylazine (Rompun; 1 ml = 23.32 mg), intraperitoneally] as 

previously described (Timmer et al., 2004). Transplantation was performed at least 6 weeks 

after lesioning. The SV40Tag cells were transplanted after culturing for i) 12 days under 

differentiation media with or without dbcAMP/GDNF supplement respectively, and ii) 3 days 

in proliferation media following 12 days in differentiation with dbcAMP/GDNF supplement. 

SV40Tag cells were cultured 1 day in adhesion media and 4 days in differentiation before 

transplantation. The cells were deattached, resuspended with 0.05% DNase/DMEM and 

adjusted to a final density of 100.000 cells/µl. The stereotactic intrastrial transplantation was 

perfomed using a glass capillary attached to a 2µl Hamilton syringe as described by Nikkhah 

et al. (Nikkhah et al., 1994b), using the stereotactic coordinates as described by Timmer et 

al. (Timmer et al., 2004). Each rat received 4 deposits of the suspension 1 µl each, into the 

right lesioned striatum. Seven and 14 days after transplantation, the rats were perfused with 

4% paraformaldehyde (PFA). The brains were quickly dissected, afterwards postfixed in 4% 

PFA overnight and passed into 30% sucrose in PBS. Coronal sections were cut on a freezing 

microtome at 30 µm thickness. Cryoprotection was done at -80oC in anti-freeze-medium 

(30% glycerine (v/v), 30% ethylenglycol (v/v), 40% PBS). 

  

2.13 Immunocytochemistry  
The immunocytochemical staining was performed according to Timmer et al. (Timmer et al., 

2006). Cells were fixed with 4% PFA in PBS for 20 min at RT followed by three washing steps 

with PBS. Afterwards, cells were incubated in blocking buffer (PBS containing 0,3% Triton X-

100 and 3% normal goat serum (NGS)) for 60 min at RT. The primary antibodies were diluted 

in blocking solution and incubated overnight at 4°C. Then, following three washing steps 

with PBS, the secondary antibodies were applied to the cultures for 1 hour (in the dark). For 

detection of bound primary antibodies IgG Alexa Fluor 555 and 488 conjugated secondary 

antibodies (see table 2) were applied. Nuclei were visualized by 4,6-diamidino-2-
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phenylindole (DAPI, Sigma-Aldrich) staining when required. Cells were washed again (three 

times with PBS) and then were directly analyzed in the plates using an Olympus fluorescent 

microscope. 

 

2.14 Immunohistochemistry  

Different time points after transplantation surgery, animals were deeply anaesthetized with 

ketamine and rompune and perfused transcardially with 50 ml of 0.9% saline followed by 

250 ml of 4% PFA in PBS. The brains were post-fixed overnight and immersed in 3% sucrose. 

Serial coronal sections were cut on a freezing microtome at 30 μm thickness (3 series). In 

order to detect DA neurons every sixth section was processed for TH immunohistochemistry 

in free-floating manner, using the avidine-biotin-complex (ABC) kit and 3´,3-

diaminobenzidine (DAB) for visualization. The blocking of endogenous peroxidase activity 

and cell permeabilization was performed by incubating the slices with 3% H2O2 / 10% 

Methanol solution in PBS for 10 min in RT. Following three times washing primary antibody 

(monoclonal mouse anti-TH, 1:200, Chemicon) diluted in blocking buffer was applied 

overnight at 4°C. From this point on every step was followed by subsequent three times 

washing with PBS. Then the slices were incubated with biotynilated secondary antibody 

(anti-mouse, 1:200) diluted blocking buffer (containing 1% BSA, 0,3% Triton-X in PBS)for 1 

hour at RT. Freshly prepared ABC (incubation of 30 min before application at RT) was applied 

to the slices for 1 hour at RT. Finally, the staining reaction was developed with 0.05% DAB / 

0.02% H2O2 and ammonium-nickel sulfate, in the dark. The slices were mounted with Corbit 

Balsam and analyzed under the microscope. Transfected (with EGFP) VMP cells were 

detected by fluorescence microscopy. For SV40Tag immunohistochemical staining, 

biotinylated polyclonal rabbit anti-mouse immunoglobulins (Dako), Vectastain Avidin-Biotin-

Complex (ABC) Kit (Linaris), mouse IgG and 3´, 3-diaminobenzidin (DAB) (Sigma-Aldrich) were 

used. 
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2.15 Bioassay neurotrophic factors for DA neurons 
 

2.15.1 Small scale expression of neurotrophic factors for DA neurons 
 

For small scale expression of a set of NTFs and transcription factors, freshly prepared 

dissociated VM neuronal progenitor cells isolated from E12 cells, were expanded in 6well-

plates with a density of 600.000-800.000 cells/well, 1 day in 2 ml of adhesion media followed 

for 2 days in proliferation media. At DIV3 cells were detached, counted and seeded in 

96well-plates in a density of 40.000 cells/well in 200 µl of adhesion media. At DIV7 

transfection using Lipofectamin 2000 was performed as previously described, for 

overexpression of a set of candidate factors to induce differentiation, maturation, and/or 

neuroprotection in DA neurons. The following day, medium was changed to differentiation 

media. At DIV10 condition mediums were collected, and after 7 days in differentiation 

conditions (DIV14) cells were fixed with 4% PFA in PBS for 15 min, and then washed twice 

with PBS. Further, ICC was performed to quantify the effects of NTFs on the number of DA 

(TH-positive cells) neurons, or together with nuclei visualization by DAPI, estimate 

transfection efficiency (ratio FLAG-M2 positive / DAPI positive).  

 

2.15.2 Imaging methods and counting 

The TH-immunoreactive (TH-ir) neurons were analyzed by fluorescence microscopy 

(Olympus IX70) and software AnalySIS Pro (version 3.2, www.soft-iamging.de). Photos were 

taken in a 4x magnification of 5 random fields of the well, representing 1/3 of the total area 

of the well (96-well plates). To avoid regions without homogeneous density of cells, the 

fluorescence channel showing the DAPI stained nuclei was first used. Next the fluorescence 

channel showing the anti-TH staining was used to take the photographs. Analyze of taken 

photos was done using the program ImageJ (version 1.41, http://rsb.info.nih.gov/ij). 

Neurons were counted manually on each photo by tagging the neuron. Different object 

classes could be counted per image. Therefore, it was possible to count TH-ir cells were the 

cell body was clearly noticeable. These cells were then categorized with regard to the 

number of primary neurites sprouting from the soma of cells; e.g. cells with two neurites 

(these cells are bipolar and immature with thin cell bodies); cells with three neurites (these 

cells are maturing and have bigger cell bodies); and cells with at least four neurites (mature 
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neurons, comparatively big cell bodies classified by their number of neurites).  Data were 

logged automatically and transferred to a spreadsheet (Excel). The ImageJ software supports 

automatic counting. However, it was not possible to resolve individual neurons when they 

are in clusters. Moreover, was not possible to set the filters for the acquisition parameters to 

avoid the inclusion of debris, and therefore gross errors can result. Manual counting seems 

more accurate. In addition, double-counting can be avoided completely, since each cell is 

marked, and different object classes can be marked with different colors. To verify the 

expression of the transfected factors, cells were stained against FLAG, which could be co-

related with the protein expression in cell lysates and respective condition mediums, 

collected after the same culture conditions.  

 

2.15.3 Neuroprotective assays  

To evaluate neuroprotective effects of different factors on DA neurons, 2 different assays 

were tested, including i) exposure to the neurotoxin 6-OHDA and ii) serum deprivation. 

i) Administration of 6-OHDA, a neurotoxin for DA neurons 
 

To evaluate putative neuroprotective effects on DA neurons by expression of NTFs, 6-OHDA-

treatment was performed in cultures after six days under differentiation conditions (as 

described 2.15.1), after which an additional medium change containing 40, 70 or 100 µM 6-

OHDA (stock solution: 10mM 6-OHDA in DMEM) was added to the cultures. Control groups 

received 6-OHDA was replaced by PBS. Cells were then fixed and processed for 

immunocytochemical investigations after 16, 18 or 21 hours after exposure to the toxin 

(Grothe et al., 2000; Yuan et al, 2008).  

ii) Serum deprivation 

Complete serum deprivation has been reported to cause relatively rapid death of DA 

neurons (Takeshima et al., 1994) depending on the growth medium used. Based on this 

effect, we cultured genetically modified VM neuronal progenitor cells as previously 

described (in 2.15.1) however, with modification of the media composition, in means of FCS 

absence. In control groups cell cultures were exposed to the standard differentiation media 

(including 1% FCS serum). After 7 days under these conditions, cells were then fixed and 

processed for immunocytochemical investigations.  
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2.16 Statistical analysis 

Results are expressed as means ± standard deviation. Statistical evaluation was performed 

using GraphPad InStat program (version 3.06). Comparison between the groups were 

performed by using one-way analysis of variance (ANOVA) followed by Tukey posthoc test if 

the data was normally distributed or by Kruskal-Wallis one way analysis of variance on ranks 

followed by Dunn´s posthoc test if the data was not normally distributed.  
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3 RESULTS 
3.1 Characterization and differentiation potential of SV40 large T 

antigen-immortalized rat VM neuronal progenitor cells 
 

3.1.1 Generation of immortalized VM neuronal progenitor cell clones 

Ventral mesencephalic progenitor cells, prepared from E12 rat embryos, were cultured 

according to Timmer et al. (Timmer et al., 2006). After 3 days under proliferation conditions, 

cells were transfected non-virally by nucleofection to express SV40Tag. Following two weeks 

under selection media, clones were obtained by limiting dilution. Presence and expression of 

SV40Tag was monitored in four cultured neuronal progenitor cell clones (C1, C2, C3 and C4). 

Semiquantitative RT-PCR revealed expression of SV40Tag mRNA in the different cell clones 

(Fig. 5A); western blot analysis showed the presence of the SV40Tag protein in the cell 

clones (Fig. 5B). Immunocytochemical staining for SV40Tag was found in cultures of 

immortalized cell clones in vitro (Fig. 5c-f) and after transplantation in the parkinsonian rat 

model (Fig. 10A-B). Moreover, cellular DNA isolated from the four SV40Tag cell clones (C1 – 

C4) revealed beside the high molecular genomic DNA two additional bands at 750 and 1500 

base pairs, which were not present in a control genomic DNA preparation isolated from an 

adult rat (data not shown). As the size of those bands was much smaller compared to the 

supercoiled pSV3-neo plasmid (8.5 kb) also loaded on the gel, those bands most likely 

represent recombined plasmids. Such extra-chromosomally replicated DNA has been already 

reported for cells transfected with the ori containing pSV3-neo plasmid (Ray et al., 1990; 

Legrand et al., 1991). Normalization of the cellular DNA amounts with the single copy gene 

BDNF by quantitative PCR, revealed similar amounts of SV40Tag sequences in line C1, C2 and 

C4, whereas line C3 contained only half the amount (data not shown). 
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Figure 5: Expression of SV40Tag in SV40Tag-immortalized cells. (A) Semi-quantitative RT- PCR shows 

the mRNA expression of SV40Tag. (B) Western blot analysis shows the presence of the SV40 large 

Tag (90kDa) and SV40 small tag (19Kda) proteins in different cell clones. Primary cells (E12) were 

used as negative control. Immunocytochemistry showing SV40 (inserts C’-F’) and Nestin (C-F) 

staining of immortalized cells in vitro. Nuclei were visualised by DAPI. [Clone 1 (C1), clone 2 (C2), 

clone 3 (C3) and clone 4 (C4)]. Scale bar = 50 μm. 
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3.1.2 Reduced doubling time of SV40Tag clones  

To study the proliferation activity, doubling time was evaluated using the WST-1 assay. The 

growth behaviour of the immortalized cell clones was compared to the growth of primary 

mesencephalic progenitor cells. All cell clones analyzed displayed a two-to three-fold lower 

doubling time as compared to the naive E12 cells (Fig. 6A). Doubling time of the 

immortalized cell clones ranged between 13 to 18 hours while for primary E12 cells it was 47 

hours (Fig. 6A). Furthermore, the selected cell clones were passaged for up to 25 times, 

corresponding to more than 120 doubling times, and remained responsive to FGF2, with no 

apparent changes in growth rate. 

 

3.1.3 Expression of markers for specification and early differentiation of DA neurons 

Characterization was performed with regard to a molecular profile of transcription factors 

and other molecules related to DA differentiation (Table 1) using semiquantitative RT-PCR 

and morphological analysis. Primary mesencephalic cultures and immortalized cell clones 

were analyzed under proliferating and differentiating conditions (Timmer et al., 2006). First, 

characteristic profiles for primary mesencephalic progenitor cells were observed after 2 and 

4 days under proliferation, followed by additional 2 and 5 days under differentiation 

conditions, respectively (Fig. 6B). The following genes were analysed: paired box 2 (Pax2), 

LIM homebox transcription factor 1 (Lmx1b), wingless-type MMTV integration site 1 (Wnt1), 

wingless-type MMTV integration site 5 (Wnt5), nuclear receptor subfamily 4, A2 (Nurr1), 

delta-like 1 homolog (Dlk1), engrailed factor 1 (En1), paired-like homeodomain 3 (Pitx3), 

neurogenin 2 (Ngn2), dopamine transporter (DAT) and tyrosine hydroxylase (TH). Under 

differentiation conditions an increased expression level of terminal markers for DA neurons 

such as Pitx3, DAT and TH can be seen. Furthermore, we analysed the immortalized 

mesencephalic cell clones after short culture duration (1 day in adhesion media plus 3 days 

differentiation). Concerning genes involved in specification and early differentiation towards 

DA neurons C2, C3 and C4 revealed a similar profile as compared to the primary VM cultures 

(Fig. 6C), such as the expression of Lmx1b (lower in C3), Wnt1, Wnt5, Nurr1, En1 and Dlk1. 

However, neither expression of Ngn2 nor any of the terminal differentiation markers such as 

Pitx3, TH and DAT were detected (data not shown). Under these conditions, cells remained 

morphologically undifferentiated, which was supported by ICC, were neither neuronal (β-
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tubulin type III) nor glial cells (glial fibrillary acidic protein (GFAP)) were found (data not 

shown), whereas all the cells were SV40 (Fig. 5c-f) and nestin immunoreactive (Fig. 5C-F).  

 

Figure 6: Characterisation of generated SV40Tag-immortalized cell clones. (A) Growth behaviour of 

immortalized cell clones in comparison with primary mesencephalic progenitor cells. Using WST-1 

assay, the actual reagent absorbance of the different cell clones was measured at two different time 

points, with an interval of 24h, and doubling times of the generated cell clones and primary NPCs 

were calculated (C1 n=5, C2 n=3, C3 n=3, C4 n=5,  and E12 n=3). Values represent mean ± SD 

doubling times in hours from n experiments. (B,C) Expression levels of characteristic DA neuronal 

markers during different phases of differentiation towards DA phenotype in vitro. (B) E12 ventral 

mesencephalic NPCs express mRNA for TH, DAT, Pitx3, En1, Wnt1, Wnt5a, Dlk1, Pax2, Nurr1, Lmx1b 

and Ngn2. The expression of Pitx3, DAT and TH significantly increases under differentiation 

conditions. (C) SV40Tag-Immortalized cells clones after 3 days under differentiation conditions, 

displaying differential mRNA expression between the different clones of Pax2, Lmx1b, Wnt1, Wnt5a 

and Dlk1. Whereas Nurr1, En1 are expressed in all clones. β-actin gene was used as an internal 

standard of input cDNA.  
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3.1.4 Differentiation potential of VM immortalized cell clones 

3.1.4.1 Silencing of SV40 large T antigen 

Cell clones were further studied with regard to their differentiation potentials using two 

different conditions. Expression of SV40Tag has been shown to inhibit differentiation 

(Truckenmiller et al., 1998); therefore, our first attempt to induce further differentiation of 

the selected clones was the introduction of a vector encoding SV40Tag shRNA to achieve the 

silencing of SV40Tag expression. Only one cell clone (C1) revealed successful silencing, 

shown by western blotting and ICC for SV40Tag (Fig. 7). Culturing in the presence of 

differentiation mediums, suitable for primary progenitor cells (Timmer et al., 2006), failed to 

trigger DA differentiation (i.e. TH-immunoreactivity, data not shown). However, neuronal 

and glial differentiation occurred under this condition, since β-tubulin type III and GFAP 

immunoreactive cells, respectively, were found (Fig. 8).  

 

3.1.4.2    Application of dibutyryl cyclic AMP and GDNF 

The second differentiation approach was the culture of immortalized cell clones (C2 and C3) 

under differentiation conditions in the presence of dbcAMP and GDNF for 12 days. 

Interestingly, evaluation of the expression of different genes involved in DA neurogenesis, 

revealed one cell clone (C2) displayed an expression pattern similar to DA neurons present in 

culture of primary NPCs, including expression of Pitx3, DAT and TH (Fig. 9I). Additional 

differences were observed when the expression profile of C2 and C3 after 3 days (Fig. 9B) 

was compared with 12 days of differentiation (Fig. 9I). Expression of Pax2, which was 

detected in C3 after 3 days differentiation, is vanished after 12 days differentiation. In 

contrast, expression of Ngn2 was not detected in any cell clone after 3 days, however was 

observed in both C2 and C3 clones after 12 days differentiation. Differences in morphology 

between dbcAMP/GDNF treated and non treated cells, in particular number and length of 

sprouting neurites were observed after nestin staining and phase contrast analysis. Further 

neuronal differentiation (marked by β-tubulin type III immunoreactivity) was found in the 

presence of dbcAMP and GDNF treatment for 12 days (Fig. 9A-H). 
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Figure 7: Transfection with the plasmid pSUPER.puro encoding shRNA for SV40Tag induced 

suppression of SV40 immunoreactivity. (A) Western blot showing downregulation of SV40Tag 

expression 6 days after transfection with pSUPER.puro.SV40Tag, and as control, cells transfected 

with the empty pSUPER.puro were used. Cultures were under puromycin (1mg/ml) treatment for 

selection of transfected cells. GAPDH was used as loading control. Immunocytochemistry revealed a 

clear decrease in SV40Tag immunoreactivity in the majority of cells transfected with 

pSUPER.puro.SV40Tag (C, G). Control cells, transfected with the empty pSUPER.puro were SV40Tag 

immunopositive (B, F). Both groups of cells were treated with puromycin for 6 days after 

transfection. DAPI nuclear stain of the respective field (D-G). Scale bar = 50 µm.  
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Figure 8: Neuronal and glial differentiation after transfection with the plasmid encoding SV40Tag 

shRNA. Increased number of β-tubulin type III immunoreactive cells was observed after 4, 6, 8 and 

12 days after silencing (A, B, C and F respectively). A low number of GFAP immunopositive cells were 

observed after 12 days (E, H). In addition, cells remained nestin positive after 12 days      (D, G). 

Nuclei visualisation by DAPI (G, H and I). Scale bar = 50 µm. 

 

3.1.5 Expression of kainate-regulated calcium permeable glutamate receptors  

Fura-2 fluorescent calcium imaging was used to detect calcium transients in C2 cells (Fig. 9J). 

The method was used to derive functional information on neuronal differentiation and its 

time course. In a first step recording with agonist-free extracellular solution was performed 

to detect spontaneous transients of intracellular calcium concentration as a functional 

correlation of the expression of calcium permeable synaptic glutamate receptors, i.e. a 

marker of neuronal differentiation, and to trace the establishment of synaptic contacts. In 

none of these immortalized NPCs spontaneously occurring intracellular calcium signals were  
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Figure 9: Differentiation following application of dibutyryl cyclic AMP and GDNF. Differences in 

morphology, such as neurite outgrowth, were observed after 12 days differentiation between cells 

without (A-B) or treated with dbcAMP and GDNF (C-D) using nestin staining. Labelling with β-tubulin 

type III after 12d differentiation was only visible in the presence of dbcAMP and GDNF (E-F). Nuclei 

were visualised by DAPI (C, E and G). Phase contrast picture of cells after 4 days incubation with 

differentiation media containing dbcAMP and GDNF, shows the presence of different types of cells 

(I), in contrast with non treated cells (H). A-D pictures, scale bar = 50 µm, E-H pictures, scale bar = 

100 µm. (I) SV40Tag-immortalized cells require dbcAMP and GDNF for DAT and TH mRNA expression 

after 12 days under differentiation. Cell clones C2 and C3 display an expression pattern similar to 

primary progenitor cells in the presence of dbcAMP and GDNF including, in C2, DAT and TH mRNA 

expression. Primers for β-actin gene were used as an internal standard of input cDNA.  

Calcium imaging of SV40Tag-immortalized cell clone 2 in the presence of dbcAMP and GDNF.            

(J) Fura-2 was used as calcium-dependent fluorescence indicator for quantitative calcium 

measurement. (K) Repetitive stimulation of AMPA receptor was achieved by adding kainate (100µM) 

for 2s every 30s by fast solution exchange. Intracellular calcium transients followed by application. 

Scale bar = 100µm.  
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detected (data not shown). However, upon 2s pulsewise application of 100µM KA, a non-

desensitizing agonist at ionotropic AMPA/kainate-type glutamate receptors, revealed 

reproducible calcium transients with a mean increase of intracellular calcium in the presence 

of dbcAMP and GDNF (75. 45 ± 5. 46nM, 10 cells from 3 different experiments, Fig. 9J). The 

presence of extracellular calcium (3.2 mM) was a prerequisite for the occurrence of this 

calcium signals. Thus, an influx of calcium into the recorded NPCs can be assumed. The 

subcellular analysis of three different regions of interest (Fig. 9K) revealed variety between 

calcium baselines. Calcium concentration decayed to 1/3 of the peak in 2.3 ± 0,41s. The 

complete decay to baseline could be demonstrated for all calcium transients recorded points 

and showed sufficient calcium buffering capacity of the cells. The data show membrane 

expression of KA-regulated calcium permeable glutamate receptors. Most probably AMPA-

type glutamate receptor channels account for the signals recorded, which are in good 

correspondence with the data from our previous study on primary neuronal precursor cells 

as described in Timmer et al. (Timmer et al., 2006).  

 

3.1.6 Identification of SV40tag immortalized cells after intrastriatal transplantation 

The behavior of the cell clones was checked after intrastriatal transplantation in 6-OHDA-

lesioned rats. Different cell clones were used for transplantations, including clone 1, 2 and 4. 

Clone 2 was cultured for 12 days in differentiation media with or without dbcAMP/GDNF 

supplement before transplantation. Clones 1 and 4 were cultured for 1 day in adhesion 

media and 4 days in differentiation media after transfection and before transplantation. The 

grafted rats were sacrificed after maximum 14 days. The sections were analyzed 

immunohystochemically with regard to SV40Tag antigen, neuronal and glial markers, as well 

as nestin expression. SV40 immunoreactivity was found in the grafts up to 7 days after 

transplantation (Fig. 10A-B). Further immunohystochemical analyses revealed GFAP and 

nestin positive cell populations in the transplants (Fig. 10C-D). The GFAP and nestin positive 

reactive astrocytes in the glial scar of the host tissue around the graft displayed a different 

morphology compared to that of GFAP and nestin labeled cells within the graft (Fig. 10E). A 

low number of GFAP immunoreactive cells were observed within the graft, which 

corresponds to the data obtained in the in vitro study. Additionally, -tubulin type III positive 

neurons were identified within the grafts (Fig. 10G). 



 

43 

 

43 Genetically modified ventral mesencephalic neuronal progenitor cells 

 

Figure 10: Identification of SV40tag immortalized cells after intrastriatal transplantation. SV40 

immunoreactive cells were found in the intrastrial transplants 7 days after transplantation surgery 

(A, B). In addition, GFAP (C, arrowheads) and nestin (D) immunoreactive cells were visible within the 

grafts. The two pictures merged (E) and nuclei visualisation using DAPI (F). Immunoreactive β-tubulin 

type III cells (G) were identified in SV40Tag immortalized cell grafts 7 days after transplantation. 

Nuclei were visualised by DAPI (H). 
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3.1.7 Efficient gene transfer into SV40Tag immortalized VM cells 

Primary and SV40Tag immortalized mesencephalic cells where transfected by nucleofection 

and/or lipofection method, using the pCAGGS-EGFP expression vector. To estimate the 

transfection efficiency resulting from both methods, a ratio between the number of EGFP 

fluorescente cells and DAPI positive cells was calculated. Notably, both methods resulted in 

similar efficient transfection, of about 60% for the immortalized cells, while for primary cell 

it was about 47% (Fig. 11). Moreover, we could observe that pre-differentiated  primary E12 

VM neuronal progenitor cells (5 days under differentiation conditions) can be nicely cultured 

on top of a monolayer of SV40Tag immortalized VM progenitor cells, as neurospheres (Fig. 

12A-D). Interestingly, no SV40Tag positive cells are visible were the clusters of DA neurons 

are located (Fig. 12E-F). Moreover, SV40Tag immunefluorescence was observed in the 

cytoplasm of the immortalized cells (Fig. 12I-J, white arrows), which contrasts with the 

typical nuclear localization. However, none of these cells co-expressed the neuronal marker 

β-tubulin type III (Fig. 12I-J). In contrast to the monolayer of immortalized cells (all nestin 

immunopositive), in some nests of primary VM progenitor cells, partial absence of nestin 

immunofluorescence may represent the fully differentiated neurons (Fig. 12G, K). In contrast 

with the TH-positive cells which mainly stay in clusters (Fig. 12A-D), astrocytes (GFAP-

positive cells) are found throughout the monolayer (Fig. 12H-L).  

 

 

 

Figure 11: Efficient gene transfer into SV40Tag immortalized VM cells. ImmunoSV40Tag-

immortalized cells (C2) 48 hours after nucleofection with (A, B) pCAGGS-EGFP (scale bar = 100µm 

and 50µm, respectively). Nuclei were visualised by DAPI. (C) Ratio between the number of EGFP 

fluorescente cells and DAPI positive cells after transfection of immortalized cell clone 2 (both 

nucleofection and lipofection), and primary VM cells (nucleofection). 
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Figure 12: Co-culture primary and SV40Tag immortalized VM cells. Pre-differentiated primary E12 

VM neuronal progenitor cells cultured on top of a monolayer of SV40Tag immortalized VM 

progenitor cells as shown by TH (A-D), and SV40Tag (E-F) immunofluorescence. Cytoplasmatic 

expression of SV40Tag (I-J, white arrows) is observed. None of these SV40Tag-positive cells co-

expressed the neuronal marker β-tubulin type III (I-J). In addition staining of progenitor cells is shown 

by nestin immuno-fluorescence, (G, K). In contrast with the TH-positive cells which mainly stay in 

clusters (A-D), astrocytes (GFAP-positive cells) are found throughout the monolayer (H-L). Cell nuclei 

were visualised by DAPI. [Scale bar = 200µm (A, E, G, K, H, L), 100µm (I), 50µm (C, D, J), 20µm (B, F)]. 
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3.2 Establishment of a novel culture method to generate large 

number of genetically modified ventral mesencephalic cultures 
 

3.2.1 Improved protein expression levels in primary VM neuronal progenitor cultures 
 

In this study different EGFP-plasmids were evaluated, including pCI-EGFP, p3xFLAG-EGFP, 

pEF1-EGFP-Myc and pCAGGS-EGFP; regarding the time and expression level following 

transfection of primary E12 VM neuronal progenitor cultures. From the four tested 

expression vectors, pCAGGS-EGFP which is driven by the CAG-promoter, resulted in the 

highest expression level in neuron-like cells, and in contrast with the other promoters 

tested, where the expression lasted for about 7 days (Fig. 13), the CAG-promoter permitted 

up to 28 days high expression level in vitro (Fig. 13K-L). Moreover, the presence of three 

adjacent FLAG epitopes (Asp-Tyr-Lys-Xaa-Xaa-Asp) downstream of the multiple cloning 

region of the p3xFLAG-EGFP the vector, resulted in increased detection sensitivity using anti-

FLAGTM M2 antibody (Fig. 14A-C). In order to take advantage of both, high-level expression 

using the CAG-promoter and a sensitive detection of the FLAG epitopes, an expression 

vector was generated containing the CAG-promoter and the FLAG-tag in the C-terminus of 

the EGFP or other factor of interest, such as GDNF. Expression FLAG-tagged proteins was 

detected either by immunofluorescence (Fig. 14D-E) or by western blot assay in cell lysates 

and condition media (Fig. 14F-G). Standard concentrations of human recombinant GDNF 

protein can be loaded to estimate concentration of GDNF expressed or released by 

transfected cells (Fig. 14H). 

 

3.2.2 Novel culture protocol resulted in increased survival and faster axonal sprouting 

of neuron-like cells following transfection 

The steps following transfection via nucleofection are critical for a good recover/survival of 

cells. In the present study primary E12 ventral mesencephalic neuronal precursor cells were 

transfected with pCAGGS-EGFP as previously described (Cesnulevicius et al., 2006), however, 

instead of being cultured only on pre-coated surface, transfected cells were seeded on top 

of  non-transfected   VM neuronal   progenitors  from  the  same  preparation,  growing  as  a  
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Figure 13: Expression of different EGFP-plasmids in ventral mesencephalic NPC cultures. Expression 

of EGFP three or seven days after transfection (lipofection) with p3xFLAG-EGFP (A, E), pCI-EGFP (B, 

F), pEF1-EGFP-Myc (C, G) or pCAGGS-EGFP (D, H-J). The CAG-promoter permitted up to 28 days high 

expression level in vitro (K-L). [scale bar = 200µm (A-H), 100µm (I-J), 50µm (K-L)]. 
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Figure 14: Detection of FLAG-tagged proteins with anti-FLAG-M2 antibody. EGFP signal in primary 

VM neuronal progenitor cultures after transfection with p3xFLAG-EGFP (A, C) can be enhanced 

staining against FLAG-tag (B, C). Expression EGFP using the pCAGGS-expression vector (D), can be 

substituted by other factors, such GDNF and detected with anti-FLAG-M2 antibody either by 

immunofluorescence (E) or by western blot assay in cell lysates and condition media (G). Western 

blotting of defined amounts (3,3ng and 10ng) of human recombinant GDNF (rGDNF) protein 

(~16kDa) for estimation of GDNF concentration in cell lysates (prepropeptid ~28kDA and respective 

dimer ~56kDa) and condition media (active form, including glycosylation ~19 kDa and respective 

dimer 36 kDa) of transfected cultures (H). [Scale bar = 200µm (D-E), 50µm (I-L)]. 
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monolayer, as previously described (Timmer et al., 2006). This co-culture format resulted in 

a clear improvement of the survival of transfected neuron-like cell populations (Fig. 15). 

Moreover, transfected cells displayed a dramatic increase in axonal sprouting after a single 

day, requiring much shorter time to exhibit a mature morphology when compared with 

transfected cells cultured in absence of monolayer of non-transfected NPCs (Fig. 15). In 

contrast with the previous protocol, no adhesion media (no serum) was required for a good 

attachment and integration of the transfected cells on the monolayer of naive cells. 

Furthermore, transplantation of co-cultured cells could nicely survive when grafted into the 

unilateral 6-OHDA-lesioned rat model, and as observed in vitro (Fig. 16A-D), a considerable 

number of both TH and EGFP expressing cells where observed up to 12 weeks after 

transplantation (Fig. 16E-G). 

 
 

Figure 15: Improved recovery neuron-like cells following transfection. Expression of EGFP in primary 

E12 VM neuronal progenitor cells 1 and 5 days after transfection (nucleofection) with pCAGGS-EGFP, 

co-cultured with non-transfected VM neuronal progenitors from the same preparation, results in 

increased number of surviving (transfected) cells, and axonal sprouting (A-C, G-I); relatively to 

transfected cells cultured alone in pre-coated surfaces (D-F, J-L). [Scale bar = 200µm (A, D, G, J), 

100µm (B, E, H, K), 50µm (C, F, I, L)]. 
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Figure 16: Improved recovery neuron-like cells following transfection. High numbers of both TH 

positive and EGFP expressing cells in vitro (A-D) and to 2 weeks after transplantation into the 

unilateral 6-OHDA-lesioned rat model (E-G). Some of the TH positive neurons expressed EGFP          

(D, white arrows). [Scale bar = 200µm (F), 100µm (A, B, C), 50µm (D, G)]. 

 

3.2.3 The amount of transfected cells and subsequent protein production can be 

regulated in the established culture protocol, to a physiological concentration 

To optimize the proportion of transfected cells in the whole mixture, which is necessary to 

produce the desired (physiological) neurotrophic effect, expanded E12 VM progenitor cells 

were detached from 1 well at DIV4 (day at which transfected cells are seeded on top of the 

non-transfected cells), to estimate the number of cells in the monolayer of VM progenitor 

cells. In parallel, cells expanded for transfection procedure were detached and nucleofected 

either with pCAGGS-EGFP-FLAG or pCAGGS-GDNF-FLAG. Transfected cells were seeded on 

top of the layer of VM progenitor cells in a proportion of 1/10 (Fig. 17C), 1/5 or 1/3 (Fig. 

17D) of the total number of cells in culture. In addition, the effects of GDNF produced by 

transfected cells were compared with the effects of defined concentrations of recombinant 

GDNF protein, 2 and 10 ng/ml respectively (Fig. 17A-B), on EGFP-transfected cells. Following 

transfection, cells were co-culture for additional 5 days under differentiation conditions and 

ICC was performed against TH. Moreover condition media from the last 3 days in culture 

were collected to estimate biochemically the amount of secreted proteins (evaluation 

ongoing). The difference in the amount of cells expressing EGFP in the cultures with a 

proportion of 1/3 and 1/10 is clear (Fig. 17C-D), however results from western blotting 
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analysis of condition mediums will allow estimation of the amount of protein available in the 

cultures, and adjust to a physiological concentration will be possible. 

 

Figure 17: Regulating amount of transfected cells. Comparison of DA neuron morphology between 

(A) EGFP-transfected cultures (1/10) exposed to defined concentrations of recombinant GDNF 

protein (rGDNF, 10 ng/ml), and (B) GDNF-transfected cultures which produce independently GDNF. 

EGFP-transfected transfected cells seeded on top of the layer of VM progenitor cells in a proportion 

of 1/10 (C) or 1/3 (D) of the total number of cells in culture. [Scale bar = 200µm (C-D), 50µm (A-B)]. 

 

3.2.4 Validation of the method: in vitro part 

To validate the potential of the above-described method in enhancing the engraftment 

functionality of DA neurons in the PD animal model, the EGFP sequence was substituted by 

different NTFs with known potential in neuroprotective and restorative actions, including 

GDNF, CDNF and MANF. Prior to implantation, expression and efficient secretion of selected 

factors was shown in vitro by immunofluorescence of transfected cultures (Fig. 18A-C) and 

western blotting of cell lysates and respective condition media (Fig. 18D-E), using an 

antibody against the FLAG-tag located in the C-terminus of each factor. GDNF (~28 kDa and 

56 kDa), CDNF (~23 kDa), and MANF (~23 kDa), appear in the blot in partly very thick bands 

in the right size (Lindholm et al., 2007; Petrova et al., 2003). The 3xFLAG tag at the c-

terminus of each factor is predicted to add 3,4 kDa to the expected molecular weight. 
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Further evaluation of co-cultures after intrastriatal transplantation into the 6-OHDA-lesioned 

rat model is ongoing. Furthermore, a bioassay to specifically screen the effects of these and 

other factors, in differentiation, maturation, and neuroprotection on DA neurons in vitro, 

has been established, as described in the next point. 

 

Figure 18: Expression and efficient secretion of GDNF, CDNF and MANF.  Detection of FLAG-tagged 

proteins, including MANF, CDNF and GDNF; is shown by Immunofluorescence of transfected cultures 

(A-C, a-c); and western blotting of cell lysates (D) and respective condition media (E), using an 

antibody against the FLAG-tag located in the c-terminus of each factor. GDNF bands in cell lysates of 

transfected cultures represent the prepropeptid form (~28kDA) and respective dimer (~56kDa); and 

in condition media the active form (~19 kDa) and respective dimer (36 kDa). CDNF and MANF bands 

have the same size in cell lysates and condition mediums (~23 kDa). The 3xFLAG tag at the c-terminus 

of each factor is predicted to add 3,4 kDa to the expected molecular weight. [Scale bar = 100µm (A-

C), 50µm (a-c)]. 

 

3.3 Screening of neurotrophic factors for dopaminergic neurons  

In order to find alternative factors that will be eventually used to increase specifically the 

number and/or survival of grafted cells, we have been setting-up a bioassay, using small 

scale expression of neurotrophic factors for DA neurons, to test in vitro the potential ability 

of a set of candidate compounds released by non-virally genetically modified VM neuronal 

progenitor cells overexpressing those proteins. In addition to GDNF, MANF and CDNF, BDNF, 

FGF2 and Wnt5a were cloned into the expression vector driven by the pCAG-promoter. 
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These factors have been reported regarding different effects on DA neurons (Wnt5a, 

differentiation; BDNF, neuroprotection; GDNF, MANF and CDNF, neuroprotection and 

restoration; FGF2, proliferation of precursors and neuroprotection) and thus, suitable to 

establish the bioassay, addressing different parameters, and allowing comparison with 

reported effects, before testing unknown or poorly described factors.  

 

3.3.1 Detection of different neurotrophic factors produced and secreted by transfected 

primary VM neuronal progenitor cultures  
 

Ventral mesencephalic progenitor cells, prepared from E12 rat embryos, were cultured 

according to Timmer et al. (Timmer et al., 2006). After 3 days under proliferation conditions, 

cells were transfected non-virally using lipofection with the above-mentioned candidate 

factors, and then cultured in proliferation media for additional 3 days without changing the 

medium. To detect the presence of BDNF, FGF2 and Wnt5a, immunofluorescence of 

transfected cultures (Fig. 19A-C) and western blotting of cell lysates and respective condition 

media (Fig. 19D-E), was performed. The 3xFLAG tag at the c-terminus of each factor is 

predicted to add 3,4 kDa to the expected molecular weight. All transfected proteins (EGFP, 

BNDF, CDNF, GNDF, FGF218kd and Wnt5a) are localized in the cytoplasm (maybe in vesicles) 

as the cell bodies and neurites are FLAG-stained. In addition FGF218kd expression was 

detected in the nucleus of transfected cells (Fig. 19B). 

 

3.3.2 Neurotrophic actions of different agents expressed by VM progenitor cells 
 

3.3.2.1 Differentiation towards DA phenotype and distribution of primary neurites 

sprouting from the soma of DA neurons  
 
 

Neurotrophic factors expressed by E12 VM progenitor cells, including FGF218kd, Wnt5a, 

CDNF, GDNF and BDNF were first tested with regard to their effects on the number of DA 

(TH positive) neurons generated after a 7 day culture time after transfection (as described in 

2.15.1, Fig. 20). Additionally, counted DA neurons were categorized by TH-positive neurons 

with two neurites (bipolar and immature with thin cell bodies, Fig. 21A), cells with three 

neurites  (maturing,  with  bigger  cell  bodies,  Fig. 21B),  and  cells with at least four neurites  
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Figure 19: Expression and efficient secretion of BDNF, FGF2 (18kd) and Wnt5a.  Detection of FLAG-

tagged proteins, including BDNF, FGF2 (18kd) and Wnt5a is shown by immunofluorescence of 

transfected cultures (A-C, a, c), western blotting of cell lysates (D), and respective condition media 

(E), using an antibody against the FLAG-tag located in the C-terminus of each factor. BDNF bands 

include the preproversion form (~36kDA) in cell lysates of transfected cultures and the active form 

(~18 kDa) and respective dimer (~40 kDa) in condition media. FGF2 and Wnt5a bands have the same 

size in cell lysates and condition mediums (~20 kDa and ~48 respectively). The 3xFLAG tag at the       

c-terminus of each factor is predicted to add 3,4 kDa to the expected molecular weight. [Scale bar = 

100µm (A-C), 50µm (a, c)]. 

 

(mature neurons, comparatively big cell bodies, Fig. 21C), respectively. Cultures transfected 

with the empty vector represented the negative control. Additionally, human recombinant 

GDNF and/or BDNF proteins were added to cultures transfected with the empty vector as 

positive controls. From the different transfected cultures only BDNF induced significant 

increase of DA neurons generated (132 ± 12,9 %) relatively to control (Fig. 20, p<0,05). 

Application of BDNF recombinant protein (40ng/ml) onto cultures transfected with the 

empty vector resulted in similar effect (137,6 ± 20,3 %). Categorized DA neurons from BDNF 

cultures, revealed a decrease bipolar neuron population (35,7 ± 17,9 %, p<0,05), when 

compared to controls (59,4 ± 2,4 %, Fig. 21D). In VM cultures transfected with FGF218kd lower 

numbers of TH-ir cells (75,9 ± 32,7 %) were observed (Fig. 20). Moreover, categorization of 

counted DA neurons from FGF218kd transfected cultures, revealed an increased population of  
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Figure 20: Quantification of TH-positive neurons in transfected cell cultures. Number of TH-

immunoreactive cells were counted from E12 VM cell cultures, transfected with the pCAGGS 

expression vector encoding FLAG-tagged proteins, including EGFP, FGF2(18kd), Wnt5a, CDNF and 

GDNF. Cultures transfected with the empty vector were used as control. Five pictures per well were 

counted (representing 1/3 of the total well area), and two wells per condition were considered per 

replicate. Values represent mean percentage ± SD of TH-positive neurons relatively to the control 

cultures (empty vector) from four independent tissue preparations (n.s. - not significant, p>0,05, *- 

significant, p<0,05). To control effects of GDNF and BDNF overexpression, GDNF and BDNF 

recombinant proteins (rGDNF 20ng/ml and rBDNF 40ng/ml) were added into cultures transfected 

with the empty vector.  

 

bipolar neurons (73,5 ± 12 %) relatively to control group (Fig. 21D). Regarding CDNF 

transfected cultures, no significant differences were observed on DA neuron number (Fig. 

20), however, a slide decrease (45,9 ± 10,5 %) in the population of immature TH-ir cells was 

observed (Fig. 21D). The Wnt5a transfected cultures, contrarily to expected (Parish et al., 

2008) did not result in increased number of DA neurons (Fig. 20); however there was a 

decrease in bipolar neurons (36,8 ± 6,3 %, p<0,05), as compared to controls (Fig. 21D). 

Finally, GDNF transfected cultures had a tendency to generate higher numbers of DA 

neurons (117,1 ± 10,3 %), however not significant (Fig. 20). Regarding categorized DA 

neurons, similar to what observed with define concentrations of GDNF recombinant protein 

(10 and 20ng/ml), GDNF transfection resulted in a dramatic increase of TH-ir cells with at 

least four primary neuritis (44,9 ± 7,5 %, p<0,01), and almost no bipolar cells could be 
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observed (17,8 ± 7,6 %, p<0,01, Fig. 21D). Briefly, only BDNF transfected cultures revealed a 

significant increase in the yield of DA neurons. GDNF, BDNF and Wnt5a treatments induced a 

maturing effect on DA neurons, being more dramatic in GDNF cultures.    
 

 

Figure 21: Distribution of primary neurites sprouting directly from the soma. Dopaminergic neurons 

were counted and categorized by TH-positive cells with (A) two neurites (blue), (B) with three 

neurites (red), and (C) cells with four or more neurites (green). (D) Values represent mean 

percentage ± SD of the different categories of TH-positive cells in E12 VM cell cultures transfected, 

with EGFP, FGF2(18kd), Wnt5a, CDNF and GDNF, from four independent tissue preparations (n.s. -  

significant, p>0,05, *- significant, p<0,05, **- p<0,01). To control effects of GDNF proteins secreted by 

transfected cells, defined concentrations of GDNF recombinant protein (rGDNF 10ng/ml and 

20ng/ml) were added to cultures transfected with the empty vector.  



 

57 

 

57 Genetically modified ventral mesencephalic neuronal progenitor cells 

 

3.3.2.2 Neuroprotective and / or neurorestorative effects on DA neurons 
 

Neuroprotective and/or neurorestorative effects of different factors were evaluated under 

two different conditions, i) exposure to the neurotoxin 6-OHDA and ii) serum deprivation. 

i) Administration of 6-OHDA, a neurotoxin for DA neurons 
 

To evaluate putative neuroprotective effects on DA neurons by expression of neurotrophic 

factors, 6-OHDA-treatment was performed in cultures after six days under differentiation 

conditions, after which an additional medium change containing 40, 60 or 100 µM 6-OHDA 

was added to the cultures (Fig. 22A). Control groups received PBS. Immunocytochemical 

investigations after 16 or 18 hours after exposure to the toxin revealed no substantial 

decrease in the number of TH-positive cells. However, 21 hours after exposure, cultures with 

60 and 100 µM 6-OHDA, resulted in a decrease of 37 and 60 %, respectively, of the number 

of TH-positive cells (Fig. 22B), while 40 µM 6-OHDA permitted recovery as the number of TH-

positive cells increased from 18h to 21h exposure time (Fig. 22A). Effects of neurotrophic 

factors secreted by transfected cultures preventing cell death and subsequent restoration of 

DA neurons will be evaluated using the current assay.  

 

 

 

i) Serum deprivation 

Complete serum deprivation has been reported to cause relatively rapid death of DA 

neurons (Takeshima et al., 1994). On the same basis, to evaluate the protective effects 

derived from the factors secreted by transfected cells, serum deprivation conditions (FCS-

free differentiation media) were used. As control, cell cultures were exposed to the standard 

differentiation media (including 1% FCS serum). Quantification of DA neurons (TH-positive 

cells) was done after 7 days under these conditions in MANF, GDNF and CDNF over-

expressing cultures. EGFP transfected cell cultures were used as control group (Fig. 23D). 

However, in this single experiment no significant changes on TH-positive cell number were 

observed. Visual evaluation of cultures, reveled lower number of cells surrounding the 

neuronal nests in the absence of serum (Fig. 23A-B) when compared with serum-containing 

cultures (Fig. 23C). Further evaluation and quantification will be necessary.  
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Figure 22: Testing neuroprotection against 6-OHDA toxin. Non-transfected cells were treated with 

6-OHDA, 0 µM (control), 40 µM, 60 µM and 100 µM for 16h, 18h and 21h after a 7 day in vitro 

period. TH-immunoreactive cells were counted in the whole well. (A) Values represent mean ± SD of     

3 wells. (B) Values represent mean percentage of surviving cells relatively to the control group, with 

no 6-OHDA exposure. 
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Figure 23: Neuroprotective effects against serum deprivation. EGFP-transfected cultures under 

serum deprivation are shown in (A) by DAPI cell nuclei visualisation, and (B) by β-tubulin type III 

immunoreactivity. Under these conditions, few cells are observed surrounding the neuronal nests, 

which contrasts with the FCS-containing cell cultures, shown in (C) by DAPI cell nuclei visualisation. 

[Scale bar = 200µm (A, C), 100µm (B)]. (D) E12 VM cell cultures, transfected with the pCAGGS 

expression vector encoding the FLAG-tagged proteins EGFP (control), MANF, GDNF, and CDNF were 

cultured 7 days either in FCS-free differentiation media (serum deprivation, blue) or in FCS-containing 

medium (control, red), following transfection. Five pictures per well were counted (representing 1/3 

of the total well area), and two wells per condition were considered per experiment. Values 

represent mean number of TH-positive neurons per well after culturing with (red) or without (blue) 

FCS-containing media.  
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4 DISCUSSION 
 

Cell replacement strategies represent a potential alternative treatment, to restore lost 

functions in PD. A large number of experimental studies have shown functional efficacy of 

transplantation of embryonic mesencephalic tissue to the striatum in animal models of PD 

and a biological mechanism underlying the observed improvement (Bjorklund and Stenevi, 

1979; Dunnett et al., 1981; Winkler et al., 2000). However, major problems remain unsolved 

such as the poor availability and lack of standardization of the cell material, contributing to 

high variability in the degree of symptomatic relief, as well as the poor survival after 

transplantation reported in most of the studies as major limiting factors in cell replacement 

strategies (Olanow et al., 2003; Bjorklund et al., 2003; Winkler et al., 2005). In the present 

work we aimed to overcome some of these issues, starting with the (1) generation and 

characterization of immortalized mesencephalic NPCs, as a potential alternative cell pool 

which could rise above the limited mitotic competence and lack of standardization usually 

observed in primary NPC cultures. In parallel we addressed the survival issue (2) establishing 

a novel protocol which combines the generation of high numbers of DA neurons with an 

efficient non-viral gene transfer method, providing independent gene expression of 

neurotrophic factors or other key genes for differentiation and survival for the generating 

DA neurons. Finally, we report preliminary results from a (3) screening of the effects on DA 

differentiation, survival and maturation of a set candidate factors in vitro which will be 

selected for further evaluation in vivo after intrastriatal transplantation in to the 6-OHDA-

lesioned rat model.  
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4.1 SV40 large T antigen-immortalized rat VM neuronal progenitor cells 
 

In the present study we have generated immortalized mesencephalic progenitor cell clones, 

as a potential alternative pool of cells, and analyzed their proliferation ability and molecular 

pattern with regard to markers related to the DA cell fate. Although treatment with dbcAMP 

and GDNF promoted DA differentiation including expression of DAT and TH mRNAs in one 

cell clone, the cells were not immunoreactive for DAT and TH. In addition, these cells 

displayed neuronal properties in the presence of kainate as revealed by calcium imaging. 

Intrastriatal transplantation into 6-OHDA lesioned rats revealed SV40Tag (up to 7 days post 

grafting), GFAP, nestin, and β-tubulin type III immunoreactive cells. Finally, we showed the 

potential of the generated cell clones to be used as model to study neurotrophic factor-

derived effects on DA neurons, due to their molecular profile, and the possibility to 

efficiently modify genetically these cells to overexpress NTFs, representing a rich source of 

key signals for specification, differentiation, maturation and survival of DA neurons.  

 

4.1.1 Generation and characterization of immortalized neuronal progenitor cell clones 

The SV40Tag is commonly used to immortalize mammalian cells, including progenitor cells 

(Ahuda et al., 2005; Cantalupo et al., 2009). Immortalized cells are able to overcome the 

natural senescence in culture found in primary progenitor cells, and permit long term 

proliferation. These cells should remain the features of primary cells such as renewal and 

ability to differentiate into different types of cells, e.g. DA neurons. In addition to previous 

reports where SV40Tag immortalized rat mesencephalic cells were studied in vivo and in 

vitro (Prasad et al., 1994; Adams et al., 1996; La Rosa et al., 1997; Clarkson et al., 1998), we 

show here a detailed molecular analysis of markers of the DA lineage. Under short 

differentiation period, analysis of RT-PCR products revealed that different SV40Tag cell 

clones express Lmx1b, Pax2, Wnt1, Wnt5a, Nurr1, En1 and Dlk1 which are specifically 

involved in the different phases of DA neuron development. Lmx1b is involved in regional 

specification of the midbrain-hindbrain area, and is essential for generation of properly 

differentiated DA neurons within the midbrain (Adams et al., 2000; Smidt et al., 2000; 

Asbreuk et al., 2002; Matsunaga et al., 2002). Pax2 appears in the developing midbrain 
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(Simon et al., 2003). Expression of Wnt1 and Wnt5a is crucial for establishment of the 

midbrain-hindbrain area and specification of DA neurons, since they prevent other neuronal 

types to be generated. Wnt1 mostly controls the proliferation of midbrain DA precursors and 

only to a minor extent their differentiation into TH-expressing DA neurons, whereas Wnt5a 

was reported to be a more potent factor for the differentiation of these precursors into DA 

neurons, with little effect on their proliferation (Castelo-Branco et al., 2003; Prakash et al., 

2006; Parish et al., 2008). Dlk1 is also important in the specification of ventral midbrain 

progenitor derived DA neurons which is expressed just prior to differentiation into DA 

neurons and prevents premature expression of DAT (Christophersen et al., 2007; Bauer et 

al., 2008; Jacobs et al., 2009). Nurr1 is induced in postmitotic DA precursors regulating 

several proteins that are required for dopamine synthesis and regulation, such as TH and 

DAT (Sakurada et al., 1999; Zetterstrom et al., 1997; Jacobs et al., 2009). En1 is necessary for 

generation, maturation and maintenance of the DA neuron population in later stages of 

embryonic development (Simon et al., 2001; Albéri et al., 2004). Pitx3 has a role in early 

maintenance of neurons within SN, is involved in terminal differentiation and is present in all 

midbrain DA neurons (Smidt et al., 1997; Nunes et al., 2003; Jacobs et al., 2009). Ngn2 is 

necessary for the normal production of postmitotic DA progenitors within the midbrain and 

acquirement of generic neuronal properties. Ngn2 is regulated in dividing mesencephalic 

progenitors, however, is normally maintained in postmitotic precursors (Kele et al., 2006), 

suggesting additional functions in maturing cells (for review see; Simon, 2003; Andersson et 

al., 2006; Abeliovich and Hammond, 2007; Smidt and BurBach, 2007). In this context, the 

expression of these factors suggests that the generated clones have the ability to 

differentiate into neurons with a DA phenotype when further stimulated.  

 

4.1.2 Differentiation potential of VM immortalized cell clones 

As in some cases, the oncogenes used to create cell lines are reported to interfere with 

expression of mature phenotypes and differentiation (Truckenmiller et al., 2002), we 

established a silencing strategy to knock down SV40Tag expression, using a system for stable 

expression of short interfering RNAs (Brummelkamp et al., 2002). From the different cell 

clones analysed in this study, only C1 revealed successful silencing, proved by western 
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blotting and ICC for SV40Tag. Silencing alone was not sufficient to induce further DA 

differentiation. None of the cell clones were further screened to identify single cells that 

cause the desired reduction in the SV40Tag expression. Moreover, transfected cells that 

survive antibiotic selection may not have significant reduction in expression of the target 

gene. Instead they may have found a way to diminish the effects of a reduction in the target 

gene expression by compensating in another fashion or by shutting down expression of the 

shRNA. This could be the reason for incomplete silencing in the C1, and for the other cell 

clones which fail to reveal any downregulation. Therefore, to improve SV40Tag silencing, it 

could be useful to isolate subclones from selected cells and screen the SV40Tag expression. 

Nevertheless, silencing resulted in an increasing number of ß-tubulin type III cells in C1, 

however, no TH-positive cells could be detected.  

Alternatives to this system have been explored by other groups, such as the use of inducible 

promoters (Hoshimaru et al., 1996; Lotharius et al., 2002; Paul et al., 2007), which can be 

manipulated allowing the cells to differentiate. Another approach involves modification of 

the oncogene itself. Temperature-sensitive mutants of SV40Tag, such as tsA58, have been 

used to this end (Jat and Sharp, 1989). The full-length SV40Tag contains domains which 

interact with, bind to, or inactivate cellular proteins, such as p300, Hsc70, retinoblastoma, 

p53, among others, which are crucial for growth, differentiation and maintenance (Stubdal 

et al., 1996; Poulin and DeCaprio, 2006). As alternative, a truncated SV40Tag called T155g 

(Truckenmiller et al., 1998) has been developed with reduced ability to interfere with 

molecular mechanisms that may affect expression of neuronal phenotypes and 

differentiation.  

Long-term differentiation in the presence of dbcAMP/GDNF, a combination which had been 

successfully used for differentiation, for example, of a human immortalized mesencephalic 

cell line (Paul et al., 2007), resulted in a molecular pattern comparable to primary cells 

including DAT and TH expression. However, so far studied, SV40Tag clones are not able to 

acquire the complete phenotype including DAT and TH immunoreactivity. These cell clones 

could be a helpful tool for further studies regarding putative differentiation signals for DA 

neurons. In addition, they display still multipotent properties and have the ability to 

differentiate under certain conditions into neural and glial cells types.  
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In addition to previous studies using SV40Tag immortalized ventral mesencephalic cells 

(Prasad et al., 1994; Adams et al., 1996; La Rosa et al., 1997; Clarkson et al., 1998) we have 

demonstrated electrophysiological properties which are similar to primary mesencephalic 

cells (Timmer et al., 2006). Recent studies suggest that calcium-permeable excitatory amino 

acid receptors may play an important role in many developmental processes including 

dendritic differentiation, synaptogenesis, axonal pathfinding and activity-dependent 

plasticity or excitotoxicity-related disorders (Konig et al, 2001). From the day 14 under 

conditions of differentiation the membrane expression of ionotropic glutamate receptor 

channels was proved by intracellular calcium imaging in combination with a fast agonist 

application technique. Our results demonstrate that immortalized ventral mesencephalic 

cells express calcium-permeable AMPA receptors modulating an intact intracellular 

homeostasis and would be therefore able to undergo further developmental processes.  

 
4.1.3 Identification of SV40tag immortalized cells after intrastriatal transplantation 

It was demonstrated previously that up to 6 months after intrastriatal transplantation of 

SV40Tag immortalized cells into 6-OHDA lesioned rats no tumor formation was evident (La 

Rosa et al., 1997) and, moreover, neurotoxin-induced neurological deficits were partially 

improved (Clarkson et al., 1998). However, none of previous studies using immortalized VM 

cells revealed TH-ir cells after grafting (La Rosa et al., 1997; Clarkson et al., 1998; Paul et al., 

2007). In the present study, in addition to the TH immunostaining, which showed no positive 

cells as well, further cellular characterization of the transplants was performed. In contrast 

to La Rosa et al. (La Rosa et al., 1997), who reported SV40Tag immunoreactive cells only 1 

day after grafting, we could detect SV40Tag positive cells up to 7 days after intrastriatal 

transplantation.  Evidence has been shown, that cell death following transplantation mostly 

occurs within the first days (Zawada et al., 1998; Brundin and Bjorklund, 1998; Brundin, 

2001). Therefore, although a long-term survival of grafted cells must be ensured, evaluation 

and improvement of survival should primarily focus on transplantation procedure itself and 

on the first week after implantation. According to the different cell markers, we identified ß-

tubulin type III stained neurons within the transplants. Also nestin and GFAP 

immunoreactive cells were found and could be discriminated from the wall around the graft 

containing nestin and GFAP positive reactive astrocytes. Although the grafted cell clone 
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should be able to differentiate into DA neurons because of its molecular equipment, the 

environment seems not to be suitable for the final differentiation step. Transplantation of 

genetically modified cell clones expressing missing signals could promote a better survival, 

differentiation and maturation of grafted cells (Hyman et al., 1991; Tomac et al., 1995; 

Lindholm et al., 2007; Peterson and Nut, 2008). 

 

4.1.4 Potential applications of generated immortalized cell clones 

Furthermore, the generated clones could be used for other purposes like neurotoxicity, 

neuroprotection and infection studies (Clarkson et al., 1999; Takenouchi et al., 2009).  We 

have shown in the present study, the possibility to efficiently transfect non-virally the 

SV40Tag immortalized cells, which allow for example, over-expression of NTFs relevant for 

DA cell differentiation and maintenance. In addition, as shown before, the generated clones 

do express part of the genes involved in specification and differentiation towards DA 

phenotype, representing this way a rich source of signals for specification, differentiation, 

maturation and survival of DA neurons which could be evaluated both in vitro in a co-culture 

format, and in vivo when co-transplanted with primary fetal VM cells. In contrast to previous 

co-transplantation experiments where genetically modified fibroblasts or Schwann cells 

were co-transplanted (Timmer et al., 2004; Takayama et al., 1995), in the present scenario 

the cells would have the same provenience.  
 

In conclusion, production of these immortalized cell clones and respective characterization 

aimed the generation of a potential alternative pool of cells which could rise above the 

limited mitotic competence and lack of standardization usually observed in primary NPC 

cultures. Here we demonstrated their multipotente properties since these cells i) can 

differentiate into neural and glial cell types as under certain conditions, they displayed GFAP 

and β-tubulin type III immunoreactivity, respectively, ii) do express mRNA for crucial genes 

involved in neurogenesis of DA neurons, iii) express calcium-permeable AMPA receptors 

modulating an intact intracellular homeostasis and would be therefore able to undergo 

further developmental processes. Furthermore, the generated cell clones may be used as i) a 

suitable model to study molecular events occurring during the specification and 

differentiation towards DA phenotype, and ii) a rich source of key signals (including 

neurotrophic factors) when co-cultured  with primary VM neuronal progenitor cells.  
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4.2 Gene therapy to enhance engraftment functionality of DA neurons 

Apart from the source of cells used to generate DA neurons, a poor survival of those DA 

neurons following transplantation in PD patients and animal models, has been reported in 

the majority of the research groups as a major limitation factor on cell replacement 

strategies (Olanow et al., 2003; Bjorklund et al., 2003; Winkler et al., 2005). Recent findings 

in the field of molecular regulation of mechanisms underlying specification, differentiation 

and maintenance/survival of DA neurons, and/or their progenitors during development 

(Simon, 2003; Andersson et al., 2006; Abeliovich and Hammond, 2007; Smidt and Burbach, 

2007) have encourage researchers to develop new strategies based on the manipulation of 

those mechanisms, not only to overcome the survival issue, but also to generate higher 

numbers of DA neurons. However, translation of this information into physiological 

understanding and subsequently into clinical therapies remains a challenge. In this context, 

gene therapy strategies became a new powerful toll for molecular therapeutics, which can 

decrease the gap between molecular neuroscience knowledge and potential clinical 

treatments (Tinsley and Eriksson, 2004; Bergen et al., 2008). PD-targeted gene therapy can 

be accomplished by introduction of genes encoding neurotrophic growth factors or 

corrective enzymes to the injured or diseased neurons, thus complementing the natural 

survival mechanisms of DA neurons, and repairing the DA system. In several animal models 

of PD, gene therapy has achieved dramatic pathologic and functional improvements (During 

et al., 1994; Mandel et al., 1997; Choi-Lundberg et al., 1998; Zhang et al., 2004; Gonzalez-

Barrius et al., 2006). Furthermore, gene silencing strategies such as RNA interference (RNAi) 

can be implemented to reduce the expression levels of toxic proteins associated with 

neurological disease (Davidson and Paulson, 2004; Forte et al., 2005; Rodriguez-Lebron and 

Gonzalez-Alegre, 2006). Although different viral vectors have shown their potential as gene 

carriers to neurons, their use as therapeutic agents is limited by their toxicity and 

immunogenicity, their broad tropism, and the cost of large-scale formulation. Non-viral 

vectors represent an attractive alternative, since they offer improved safety profiles 

compared to viruses, are less expensive to produce, and can be targeted to specific neuronal 

subpopulations. On the other hand, most non-viral vectors suffer from significantly lower 

transfection efficiencies than neurotropic viruses, and the resulted expression is transient, 
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which could represent an important limitation for neuroprotective strategies. However, 

when used to complement restorative cell-based procedures, those neuroprotective 

strategies should primarily focus on transplantation procedure itself and on the first week 

after implantation, since there is evidence that cell death following transplantation mostly 

occurs within the first days (Zawada et al., 1998; Brundin and Bjorklund, 1998; Hagell and 

Brundin, 2001). Therefore, transient expression of therapeutic agents using non-viral 

transfection methods is a suitable tool not only to arrest cell death of host neurons, but also 

to enhance functional engraftment of in vitro generated DA neurons.   

  

4.2.1 Efficient non-viral gene transfer into neuronal progenitor cells 

Despite the development of various transfection methods, the transfer of DNA into post-

mitotic cells, such as neurons, remains a difficult task. Moreover, most non-viral vectors 

suffer from significantly lower transfection efficiencies than neurotropic viruses, limiting 

their utility in neuron-targeted delivery applications. Previously in our lab, different non-viral 

transfection methods were tested to establish a fast, efficient and safe gene transfer to 

primary VM progenitor cells including lipofection, electroporation and the novel 

nucleofection method (Cesnulevicius et al., 2006). Nucleofection, a specialized form of 

electroporation (Gresch et al., 2004; Gartner et al., 2006), permitted the highest transfection 

efficiencies in primary mammalian neurons, while simultaneously maintaining high cell 

viability, moreover population composition and differentiation potential was not altered 

(Cesnulevicius et al., 2006). However, the success of this technique remains highly 

dependent on the type of construct used. In the present study EGFP expression plasmids 

containing different promoters were evaluated, including pCI-EGFP, p3xFLAG-EGFP, pEF1-

EGFP-Myc and pCAGGS-EGFP; regarding the time and expression level following transfection 

of primary E12 VM neuronal progenitor cultures. From the four tested expression vectors, 

pCAGGS-EGFP which is driven by the pCAG-promoter resulted in the highest expression level 

in neuron-like cells. For the other promoters expression could be observed after 1-2 hours 

following transfection, however, a typical decline in expression was observed after about 4 

days, becoming residual after 7 days, while expression the pCAG-promoter permitted at 

least 28 days high expression level in vitro. Although no longer times were evaluated in this 
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study in vitro, EGFP expression was found 9 and 12 weeks after intrastriatal transplantation 

of the pCAGGS-EGFP transfected cells (Ieva Kalve, personal communication). Moreover, the 

same nucleofection protocol pCAG-promoter has been recently reported to allow expression 

of foreign genes in human NPCs for up to 6 months (Dieterlen et al., 2009), confirming the 

potential of this protocol. Finally, the inclusion of a Flag-tag in the c-terminus of each 

neurotrophic factor facilitates the detection of the different factors using a single antibody.  

 

4.2.2 Improved survival of transfected neuron-like cells 

Another important issue in transfection procedures, concerns the number of cells dying 

following transfection, with more evidence in neuron-like cells. About 50% of the primary 

progenitor cells die due to both transfection procedure itself and detrimental effects of 

axotomy during harvesting. In the present work we aimed to improve the environment 

following transfection, and subsequently improve the recovery of transfected cells, in 

addition to an efficient generation of DA neurons. In our lab it has been previously 

established a protocol to expand VM precursors in vitro up to 40-fold, which can be 

efficiently differentiated into DA neurons (Timmer et al., 2006). Using this protocol, cells are 

expanded and subsequently differentiated without passaging the cells. In contrast, the 

nucleofection procedure requires that the cells are in suspension, which itself contributes to 

some degree of cell death, and neurons are specially affected. Here we show, that co-culture 

of genetically modified primary NPCs following transfection, with non-transfected NPC from 

the same preparation day, on the basis of the previous protocol (Timmer et al., 2006), 

resulted in a clear improvement of the survival of transfected neuron-like cells. Interestingly, 

under these conditions transfected cells needed significantly shorter times to display a 

mature morphology when compared with the protocol previously described (Cesnulevicius 

et al., 2006), where transfected cells were seeded directly onto pre-coated surfaces. In 

addition, no adhesion media (no serum) is required for a good attachment and integration of 

the transfected cells on the monolayer of non-transfected cells. The fast recover of 

transfected cells makes transplantation of those cells shortly after transfection possible, 

when expression and subsequent secretion of overexpressed factors is highest. In addition, 

this method allows regulating the amount of transfected cells in the cell mixture, which 
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makes an adjustment to a physiological concentration of the NTFs possible. Furthermore, 

transplantation of co-cultured cells did nicely survive when grafted into the unilateral 6-

OHDA-lesioned rat model, and a considerable number of both TH and EGFP expressing cells 

where observed up to 12 weeks after transplantation (Ieva Kalve, personal communication). 

Ongoing experiments aim to define the optimal time point for transplantation (following 

transfection in co-culture format) into the unilateral 6-OHDA-lesioned rat model. Ideally, the 

cultured cells should have differentiated into postmitotic DA neurons with short neuronal 

processes at the time of grafting. This would reduce the presence of proliferating 

progenitors and would minimize the detrimental effects of axotomy during harvesting, what 

thereby, potentially enhance TH neuron survival in the grafts (Li et al., 2008).  
 

In conclusion, this part of the study describes a novel method to generate simultaneously 

large numbers of DA neurons and high numbers of transfected cells, not requiring other 

sources of cells as feeders for the survival signals. However, substitution of EGFP (which 

expression was nicely shown both in vitro and in vivo) with neurotrophic factors or other key 

agents, is necessary to validate the potential of this method to further investigate DA 

neurogenesis with regard to an enhanced graft survival, and subsequent better functional 

recovery.  

 

4.3 Substitution of EGFP signal by neurotrophic factors for DA neurons 

A pilot experiment using well described neurotrophic factors, including GDNF, MANF and 

CDNF, has been started to validate the potential of this method to enhance graft 

functionality of DA neurons in the PD animal model. GDNF was identified and purified from 

glioma cell line, B49, by its ability to promote survival of midbrain DA neurons (Lin et al., 

1993; Airaksinens and Saarma, 2002). GDNF is expressed throughout the CNS, including 

striatum, and at lower levels in SN (Choi-Lundberg and Bohn, 1995; Tomac et al., 1995), and 

is essential in the development of the brain, including for the outgrowth and morphology of 

DA neurons in the midbrain and striatum (Granholm et al., 2000). Several in vitro and in vivo 

studies have been shown that GDNF exerts distinct neurotrophic effects on both intact and 

injured nigrostriatal DA neurons (Lin et al., 1993; Burke et al., 1998; Oo et al., 2003). GDNF 

administration to the DA axon terminals was shown to preserve and induced regeneration in 
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striatal DA axon terminals, which is crucial for the recovery of motor function (Bjorklund et 

al., 2000; Oo et al., 2003). GDNF represents the most well described neurotrophic factor up 

to date, and therefore an appropriate agent to validate our novel protocol. MANF was 

initially derived from a rat mesencephalic type-1 astrocyte cell line (Panchision et al., 1998). 

In vitro studies revealed that MANF selectively promotes the survival and sprouting of 

mesencephalic DA neurons (Petrova et al, 2003), having no effects in the GABAergic or 

serotonergic neurons. Moreover, intrastriatal injection of MANF was recently shown to 

protect DA nerves from 6-OHDA-induced degeneration, and more importantly, to restored 

the function of the nigrostriatal DA system (Voutilainen et al., 2009). CDNF, the second 

member from the MANF family, was detected in several brain regions and was found to be 

most intense in the hippocampus and thalamus, however also detected in the striatum and 

SN (Lindholm et al., 2007). Importantly, virally applied CDNF was shown to induce behavior 

recovery and restored the function of DA neurons in vivo at least as efficient as GDNF. The 

importance of these NTFs is that MANF and CDNF appear to have more selective and potent 

effects on DA neurons then any other factors currently known, making them promising 

agents for the treatment of PD and the transplantation approach (Petrova et al., 2003). In 

contrast to most of the NTFs identified where only neuroprotective effects are reported, 

GDNF, MANF and CDNF show evidence of restorative functions on damaged or diseased DA 

neurons.  

 

4.4 In vitro screening of neurotrophic factors for DA neurons 

In parallel to the validation of the above-described method, we are searching for alternative 

neurotrophic factors that will be eventually used to increase specifically number and/or 

survival of grafted cells by reducing or arresting the rate of degeneration of DA neurons. 

Therefore, in the last part of this study, we have been setting-up a bioassay using small scale 

expression of neurotrophic factors for DA neurons, to test in vitro, the potential ability of a 

set of candidate compounds released by non-virally genetically modified VM neuronal 

progenitor cells overexpressing those proteins.  

Initially, it is important to reproduce the effects from reported factors, which will serve as 

base of comparison to the alternative compounds, and ensure that our bioassay is adequate. 
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However, as described by Takeshima and colleagues (Takeshima et al., 1996), the 

experimental procedures used by different laboratories to screen putative compounds differ 

widely, and comparison of the results obtained is difficult. Some important experimental 

variables include age of fetal tissue used, dissection technique used to isolate the ventral 

mesencephalon, handling of the tissue during dissection, technique used to dissociate the 

cells, use of serum, surface coating used, supplements used in the culture medium, age of 

the culture at the time of analysis, percentage of DA neurons present in the culture, irregular 

distribution of cells at the time of analysis, and use of imaging techniques in the analysis 

(Takeshima et al., 1996). In addition, the transfection method, time of transfection, 

percentage of transfected cells, expression time, and subsequent production of the protein, 

represented additional sources of variability in our approach. For this reason, before taking 

any conclusions regarding the specific effects of neurotrophic factors on DA neurons, the 

first step has been to minimize those variables, and set up a reproducible assay.  

In addition, previous studies had mainly reported on neurotrophic factors-mediated effects 

after exogenous application and not after endogenous overexpression in VM cells. Here, we 

report pilot results involving the effects of six different factors, including the above-

mentioned GDNF, CDNF and MANF, as well as BDNF, FGF2 and Wnt5a. These factors have 

been reported in other studies having different effects on DA neurons (Wnt5a, 

differentiation; BDNF, neuroprotection; GDNF, MANF and CDNF both neuroprotection and 

restoration; FGF2, proliferation of precursors and neuroprotection) and thus, suitable to 

establish the bioassay, addressing different parameters, and allowing comparison with 

reported effects, before testing unknown or poorly described factors.  

 

BDNF and its receptor trkB are widely expressed throughout the adult and aging brain, 

including midbrain DA neurons and the striatum (Seroogy et al., 1994; Numan and Seroogy, 

1999; Zhang et al., 2007), suggesting that BDNF may function as an autocrine or paracrine 

factor. BDNF has been shown to be required for proper number of DA neurons during 

development in the SN (Baquet et al., 2005). Moreover, it has been shown that BDNF 

protects DA neurons both in vitro and in animal models of PD from neurotoxic effects of 

MPP+ and 6-OHDA (Hyman et al., 1991; Spina et al., 1992; Frim et al., 1994; Shults et al., 

1995; Krieglstein, 2004). Up to know there are no studies suggesting that BDNF has a 
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restorative action on DA system in experimental animals, however, seems evident its high 

potential on the generation, morphology and neuroprotection of DA neurons. 

FGF-2 is a physiologically relevant neurotrophic factor in the nigrostriatal system, thus a 

promising candidate for the establishment of alternative therapeutic strategies in PD. FGF-2 

and its high-affinity receptors (FGFR) display an expression in the developing, postnatal, and 

adult SN and in the striatum (Grothe and Timmer, 2007). Exogenous application promoted 

survival, neurite outgrowth and protection from neurotoxin-induced death of DA neurons 

both in vitro and in vivo (Meyer et al., 1993a; Mayer et al., 1993b). In animal models of PD, 

co-transplantation of fetal DA cells with FGF-2 expressing cells increased survival and 

functional integration of the grafted DA neurons resulting in improved behavioral 

performance (Timmer et al., 2004). Following neurotoxin-induced lesion of DA neurons, FGF-

2-deleted mice displayed a higher extent of DA neuron death whereas in FGF-2 

overexpressing mice more DA neurons were protected. In the adult organism, FGF-2 cannot 

be compensated by other factors under lesion conditions suggesting a central role for this 

molecule in the nigrostriatal system (Timmer et al., 2007). 

The last factor in focus in this pilot screening study is the Wnt5a. Wnt5a is a VM glia-derived 

soluble factor capable of inducing DA differentiation in primary VM progenitor cell 

preparations in vitro by inducing Nurr1-positive precursor into DA neuron (Wagner et al., 

1999; Castelo-Branco et al., 2003; Prakash et al., 2006; Castelo-Branco et al., 2006). Wnt5 

induces neuritogenesis and expression of critical transcription factors, such as Lmx1a, Nurr1 

and Pitx3 (Parish et al., 2008). Moreover, exposure of VM neuronal stem cells to these 

development cues, including Wnt5a, resulted in enhanced functional engraftment in the PD 

mouse model (Parish et al., 2008).  

 

4.4.1 Expression and detection of factors in/from transfected cultures 
 

Prior to implantation into the animal model or in vitro screening of the selected factors, we 

were able to show their expression and efficient secretion by transfected cell cultures, thus 

ensuring their availability to induce trophic effects on DA neurons. The inclusion of C-

terminal localized FLAG-tag in the different factors facilitated and enhanced the detection of 

the different factors, as shown by immunofluorescence of transfected cultures and western 

blotting of cell lysates and respective condition mediums, using an antibody against the 
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FLAG-tag. Comparison of the effects resulting from these tagged proteins with cells exposed 

to untagged protein is necessary to guarantee that their biological activity is not affected 

through the C-terminal FLAG-tag. In present study, such comparative stimulations were done 

using human recombinant proteins of GDNF and BDNF at defined concentrations, and 

constructs missing the FLAG-tag.  

 
 

4.4.2 Effects on DA differentiation and distribution of primary 
neurites sprouting 
 

Neurotrophic factors expressed by E12 VM progenitor cells were first tested with regard to 

their effects on the number of DA neurons generated. Additionally, counted DA neurons 

were categorized regarding the number of primary neurites sprouting from the soma of TH-

positive neurons. Furthermore, as most of the neurotrophic factors here tested are known 

by their neuroprotective effects on DA neurons, two different assays were tested, including 

exposure to the neurotoxin 6-OHDA and serum deprivation.  

The biological effects of the GDNF produced by transfected cells were not significant in the 

number of generated DA neurons. However, categorization of counted cells revealed a 

dramatic increase in the population of TH-positive neurons with more than three primary 

neurites and bigger cell soma, as compared with control cultures. Similar effects were also 

seen in cultures stimulated with define concentrations of recombinant GDNF protein (10 

ng/ml and 20ng/ml). These morphologic changes have also been reported by Lin et al. 

(1993), however, up to now, GDNF-transfected cells via non-viral method have not been 

tested in a cell-implantation approach. In total contrast to GDNF treated cultures, mainly 

bipolar TH-ir cells with immature morphology were observed on FGF-218kd transfected cell 

cultures. Moreover, lower numbers of DA neurons were quantified as compared with 

controls. It is well known that exogenously applied FGF-2 proteins support survival of DA 

neurons in the culture system of embryonic VM cells, representing a key factor to expand 

NPCs, and maintain their ability to differentiate towards DA neurons (Sensenbrenner et al., 

1994; Reuss et al., 2003). As a mitotic agent, may arrest the cells in an immature stadium. In 

CDNF and Wnt5a-transfected cultures, where efficient production and secretion of the 

respective factors was detected, no clear effects were observed in the number of DA 
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neurons generated compared to controls, and only a slide decrease in the population of 

bipolar neurons was observed. From all the factors evaluated, BDNF transfected cultures 

provided the highest yields of DA neurons. Similar results were observed when BDNF 

recombinant protein (40ng/ml) was added to cultures transfected with empty vector. 

Moreover, in cultures treated with BDNF, either produced by transfected cells, or the 

recombinant protein, TH-positive cells appear slightly more ripen (more neurites, bigger cell 

body) than the ones that were transfected with the empty plasmid, however that effect was 

not as dramatic as observed after GDNF treatment. All together, the most evident effects 

were seen on GDNF-transfected cultures where dramatic maturing effects were observed, 

and the contrasting effect FGF-2-transfected cultures. BDNF transfected cultures resulted in 

significant increase in the yield of DA neurons, while the results obtain for the other factors 

did not differ significantly from control cultures.  

Several groups have shown that VM-derived glial cells, also present in our cultures, are 

capable of inducing DA differentiation in vitro (Engele et al., 1991; Engele and Bohn, 1991; 

Engele et al., 1996; Castelo-Branco et al., 2006). Furthermore, several NTFs were identified 

and isolated from glial cells (Lin et al., 1993; Panchision et al., 1998). Therefore, the presence 

of this population of cells in the cultures may mask the effects specifically induced by the 

factors of interest. Moreover, with exception to Wnt5a, which main feature is associated 

with induction of DA differentiation in primary VM progenitor cells, the other factors 

evaluated are mostly known by their potential in neuroprotective and/or restorative actions, 

and thus neuroprotective models may be more adequate to screen the effects of those 

factors. For that reason two different assays were tested, including exposure of DA neurons 

to different concentrations of the neurotoxin 6-OHDA, and serum deprivation conditions. 

Application of 6-OHDA is characterized by a progressive axonal degeneration of the midbrain 

DA neurons (Sauer and Oertel, 1994; Przedborski et al., 1995). The use of the 6-OHDA gives 

the opportunity to investigate both the effects of trophic factors in preventing cell death 

while exposed to the toxin, as well as restorative properties during degeneration phase (Lee 

et al., 1996; Björklund et al., 1997). Serum deprivation has been reported to cause relatively 

rapid death of DA neurons (Takeshima et al., 1994) depending on the growth medium used. 

Based on this effect, serum deprivation (FCS-free differentiation media) has been tested, as 

alternative to the 6-OHDA neurotoxin assay, to evaluate protective properties from 
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candidate factors. Treatment with 6-OHDA (100µM) resulted in about 60% decrease in the 

number of DA neurons in primary VM neuronal progenitor cultures after 21 hours. Longer 

incubation times may result in a higher extent of degeneration, allowing evaluation of NTF-

derived protective effects in a bigger scale of degeneration. In addition, evaluation following 

the neurotoxin treatment will allow studying putative restorative effects. Concerning serum 

deprivation treatment, no significant differences were observed in transfected cell cultures 

when compared to serum-containing cultures. In this experiment cells were exposed to FCS 

at the platting step. There is evidence that even small amounts of serum in the cultures are 

able to induce selective survival of TH-positive neurons, usually associated with the 

proliferation of type-I astrocytes, and the percentage of TH-positive neurons increase over 

time (Takeshima et al., 1994). The effects of such cells on DA neurons may mask the specific 

NTF-derived effects, therefore, further experiments should omit FCS in all stages of the 

culture. In addition omission of other supplements in the culture medium may better 

comprise the differentiation and survival of DA neurons, providing a better model to study 

NTF effects. In both neuroprotection models, single experiments were performed, thus, 

further optimization is necessary. Combination of both methods (6-OHDA treatment and 

serum deprivation) will also be considered in further experiments. In addition to the 

presented parameters, we plan evaluation of other maturation effects on DA neurons, such 

as neurite length and soma size; as well as identification of factors with anti-apoptotic and 

proliferation effects, which can provide additional important information for selection of 

factors and subsequent in vivo evaluation. Combination of factors with different properties 

may improve the overall outcome.  
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5 CONCLUSIONS 
In conclusion, we reported the production of SV40Tag immortalized cell clones and 

respective characterization. With this attempt we aimed the generation of a potential 

alternative pool of cells which could rise above the limited mitotic competence and lack of 

standardization usually observed in primary NPC cultures. Here we demonstrated their 

multipotente properties since these cells i) can differentiate into neural and glial cell types as 

under certain conditions, they displayed GFAP and β-tubulin type III immunoreactivity, 

respectively, ii) do express mRNA for crucial genes involved in neurogenesis of DA neurons, 

iii) express calcium-permeable AMPA receptors modulating an intact intracellular 

homeostasis and would be therefore able to undergo further developmental processes. 

Furthermore, the generated cell clones may be used as i) a suitable model to study 

molecular events occurring during the specification and differentiation towards DA 

phenotype, and ii) a rich source of key signals (including neurotrophic factors) when co-

cultured  with primary VM neuronal progenitor cells.  

 

In a second part of this work, NPCs of the ventral midbrain were transfected via 

nucleofection, with the pCAGGS-EGFP expression plasmid, which resulted in a high 

transfection efficiency and strong EGFP signal for at least 4 weeks in vitro. Furthermore, 

after grafting these cells into neurotoxin lesioned rat brains, a strong EGFP signal was 

detected up to 12 weeks in vivo. Culture of transfected cells with non-transfected NPC from 

the same preparation day resulted in a clear improvement of the survival of transfected 

neuron-like cells and induced fast axonal sprouting. 

Finally, current experiments in which we replaced EGFP signal by different factors will allow 

i) validating the established protocol, and studying their effects on differentiation and 

survival of transplanted DA neurons and, ii) setting up different bioassays to screen in vitro 

neurotrophic properties of different factors which will be eventually used to enhance graft 

functionality and subsequent behaviour recovery after intrastriatal transplantation into the 

6-OHDA lesioned rat model for PD.   
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6 TABLES 
Table 1: Nucleotide sequences of forward (F) and reverse (R) primers used for 

semiquantitative RT-PCR, size of the PCR-product and the number of cycles are listed.  

ES 

 
Abbreviations: TH, Tyrosine hydroxylase; DAT, Dopamine transporter; Pitx3, Paired-like 

homeodomain 3; En1, Engrailed factor 1; Wnt1, Wingless-type MMTV integration site 1; 

Wnt5, Wingless-type MMTV integration site 5; Dlk1, Delta-like 1 homolog; Pax2, Paired 

Box 2; Nurr1, Nuclear receptor subfamily 4, A2; Lmx1b, LIM homebox transcription 

factor 1; Ngn2, Neurogenin 2 and β-actin. 

a These primers were taken from Raye et al. (2007)  

b These primers were taken from Volpicelli et al. (2004) 

c These primers were taken from Chakrabarty et al. (2007) 
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Table 2: Name, origin, company, antigen coupling and dilutions of antibodies 

used for western blot and immunocytochemistry are listed. 
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7 ABBREVIATION LIST 
BBB - blood-brain-barrier  

BDNF – brain-derived neurotrophic factor  

C - clone  

CDNF - conserved dopamine neurotrophic factor  

CMV - cytomegalovirus  

CNS – central nervous system  

DA - dopaminergic  

DAT - dopamine transporter  

dbcAMP - dibutyryl cyclic AMP  

DIV - day in vitro  

Dlk1 - delta-like 1 homolog  

DMEM - Dulbecco’s modified Eagle’s medium  

E - embryonic day  

En1 - engrailed factor 1 

EGFP – enhanced green fluorescence protein  

ESC – embryonic stem cells  

E12 - embryonic day 12 

FCS - fetal calf serum  

FGF-2 - fibroblast growth factor 2 

GAPDH - Glyceraldehyde-3-phosphate 

dehydrogenase  

GDNF - glial-derived neurotrophic factor  

GFAP - glial fibrillary acidic protein 

GFRα - GDNF family receptor alpha  

iPS – induced pluripotent cells  

KA - kainate  

Lmx1b - LIM homebox transcription factor 1  

MANF - mesencephalic astrocyte-derived 

neurotrophic factor  

MFB - medial forebrain bundle  

NGF - nerve growth factor  

Ngn2 - neurogenin 2  

NGS - normal goat serum  

NPCs - Neuronal progenitor cells  

NSC – neuronal stem cells  

NTF – neurotrophic factor  

NT-3 - neurotrophin 3  

NT-4/5 - neurotrophin 4/5  

Nurr1 - nuclear receptor subfamily 4, A2  

Pax2 - paired box 2  

PBS - phosphate-buffered saline  

pc – pars compacta  

PD - Parkinson’s disease’s  

PFA - paraformaldehyde  

Pitx3 - paired-like homeodomain 3  

PNS - peripheral nervous system  

pRb - retinoblastoma protein 

RET - receptor tyrosine kinase  

RT - room temperature  

SN – substantia nigra  

SVZ – subventricular zone  

SV40 – Simian virus 40 

SV40Tag - SV40 large T antigen 

TGFβ - transforming growth factor beta  

TH - tyrosine hydroxylase  

TH-ir – TH-immunoreactive  

VM - Ventral mesencephalic 

nt1- wingless-type MMTV integration site 1  

Wnt5 - wingless-type MMTV integration site 5  

6-OHDA - 6-hydroxydopamine  
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8 SUMMARY  

Parkinson’s disease (PD) is characterized by a selective degeneration of dopaminergic (DA) neurons 

of the nigrostriatal pathway. One potential therapeutic strategy for PD represents the 

transplantation of in vitro differentiated DA neurons into the striatum of the patients. Such cells can 

be derived from neuronal progenitor cells (NPCs), which have been isolated from fetal brains. 

However, the use of NPCs for cell banking and transplantation might not be optimal since their 

mitotic competence is limited.  

As an alternative approach I characterized in the first part of my thesis the proliferation ability and 

DA fate of SV40 large T antigen (SV40Tag) immortalized NPCs isolated from the ventral 

mesencephalon of rat embryos. Selected clones were characterized with regard to i) expression of 

molecular markers of the DA lineage, ii) differentiation potential, iii) calcium imaging in the presence 

of kainate, and iv) immunohistochemistry after intrastriatal transplantation into adult rats. Attempts 

to silence the expression of SV40Tag by shRNA failed to trigger differentiation into DA neurons, 

nevertheless differentiated cells of the neuronal and glial cell lineage were detected 12 days after 

SV40Tag suppression, indicating that SV40Tag cells are multipotent. GDNF/dbcAMP treated cells 

displayed morphological maturation and revealed neuronal properties in the presence of kainate as 

shown by calcium imaging studies. In addition, treated cells do express mRNAs of dopamine 

transporter and tyrosine hydroxylase (TH), however, no immunoreactive TH positive neurons were 

found. After intrastriatal transplantation into 6-hydroxydopamine (6-OHDA) lesioned rats, SV40Tag 

immunoreactive cells were found in addition to GFAP, nestin, and β-tubulin type III positive cells, 

however, no TH positive cells were detected. The SV40Tag cell clones can be efficiently non-virally 

transfected as shown by over-expression of enhanced green fluorescence protein (EGFP). Thus, for 

further applications, SV40Tag cells clones engineered to produce neurotrophic factors in substitution 

of EGFP could be used as tool to enhance differentiation of primary neurons in vitro or, survival and 

maturation of grafted primary cells, when used in a co-culture format.  

In the second part of this work primary NPCs isolated from the ventral midbrain of rat embryos were 

used. Transfection with a non-viral EGFP-expression plasmid resulted in a high transfection efficiency 

and strong EGFP signal for at least 4 weeks in vitro. Furthermore, after grafting these cells into 

neurotoxin lesioned rat brains, strong EGFP signals were detected up to 12 weeks in vivo. Similar 

plasmids encoding for candidate neurotrophic factors (BDNF, CDNF, GDNF, FGF-218kd, MANF, Wnt5a) 

were used for small scale expression assays with primary NPCs. Different bioassays were established, 

such as i) number of DA neurons generated, ii) maturation stages of the DA neurons (number of 

neurites), iii) number of DA neurons surviving after 6-OHDA treatment, and iv) number of DA 

neurons generated under serum deprivation conditions. Main results from this experiments include i) 

significant increase in the number of DA neurons in BDNF-transfected cell cultures, and ii) maturating 

effect of GDNF on DA neurons, contrasting with delayed maturation in FGF-218kd transfected cell 

cultures.  
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9 ZUSAMMENFASSUNG 
Die Erkrankung Morbus Parkinson (MP) ist durch eine selektive Degeneration von dopaminergen 

(DA) Neuronen der nigrostriatalen Nervenbahn gekennzeichnet. Eine mögliche Therapiestrategie 

beim MP stellt die Transplantation von in vitro differenzierten DA Neuronen in das Striatum der 

Patienten dar. Solche Zellen lassen sich beispielsweise aus neuronalen Vorläuferzellen (NVZ), die aus 

embryonalen Gehirnen isoliert wurden, generieren. Jedoch sind NVZs für die Zell-Lagerung und 

Transplantation nur eingeschränkt geeignet, da ihre Zellteilungsfähigkeit eingeschränkt ist. 

Als alternativen Ansatz dazu, habe ich im ersten Teil meiner Arbeit die Teilungsfähigkeit und das DA 

Potential von SV40 large T Antigen (SV40Tag) immortalisierten NVZs, die aus dem ventralen 

Mittelhirn von Ratten Embryonen isoliert wurden, untersucht. Ausgewählte Klone wurden 

charakterisiert nach i) Expression von molekularen Markern für die DA Differenzierung, ii) 

Differenzierungspotential, iii) Kalzium-Imaging nach Kainat Zugabe, und iv) Immunohistochemischer 

Färbung nach Transplantation in das Striatum adulter Ratten. Jedoch führte selbst eine verminderte 

SV40Tag Expression mittels shRNA-silencing nicht zur erhofften DA-Differenzierung bei diesen Zellen. 

Jedoch konnte dabei eine Differenzierung zu Neuronen als auch Glia-Zellen nach 12-tägiger SV40Tag 

Suppression beobachtet werden, was auf eine Multipotenz der SV40Tag Zellen hindeutet. Eine 

Behandlung mit GDNF/dbcAMP bewirkt eine morphologisch erkennbare Reifung der Zellen und nach 

Zugabe von Kainat lassen sich neuronale Eigenschaften mittels Kalzium-Imaging nachweisen. Des 

Weiteren exprimieren solcherart behandelte Zellen mRNAs für den Dopamintransporter und die 

Tyrosin Hydroxylase (TH), jedoch lassen sich weiterhin keine immunreaktiven TH-positiven Neurone 

nachweisen. Nach intrastriataler Transplantation bei 6-Hydroxydopamin (6-OHDA) geschädigten 

Ratten konnten neben SV40Tag immunoreaktiven Zellen auch GFAP, Nestin und ß-III Tubulin positive 

Zellen nachgewiesen werden, jedoch ebenfalls keine TH-positiven Zellen. Des Weitern lassen sich 

SV40Tag Zellklone effizient nicht-viral transfizieren, wie die Überexpression des enhanced green 

fluorescence protein (EGFP) zeigt. Für zukünftige Anwendung könnten SV40Tag Zellen dazu 

verwendet werden, um Neurotrophe Faktoren anstellen von EGFP zu exprimieren und somit bei Co-

Kultivierung mit primären Neuronen deren DA-Differenzierung in vitro, bzw. deren Überleben nach 

Tansplantation, zu verbessern.  

Im zweiten Teil der Arbeit wurden primäre NVZ die aus dem ventralen Mittelhirn von Ratten 

Embryonen isoliert wurden untersucht. Diese Zellen lassen sich mit einem nicht-viralen EGFP-

Expressionsplasmid effizient transfizieren und zeigen ein starkes EGFP Signal für mindestens 4 

Wochen in vitro und bis zu 12 Wochen in vivo nach intrastriataler Transplantation. Ähnliche 

Plasmide, welche für Neurotrophe Faktoren (BDNF, CDNF, GDNF, FGF-218kd, MANF, Wnt5a) codieren, 

wurden für Expressionsversuche mit primären NVZs verwendet. Dazu wurden verschiedene 

Bioassays etabliert, wie i) Anzahl der gebildeten DA-Neurone, ii) Reifungsstadien der DA-Neurone 

(Anzahl an Neuriten), iii) Überleben von DA-Neuronen nach 6-OHDA Behandlung, und iv) Anzahl der 

gebildeten DA-Neurone nach Serum-Mangel. Dabei konnten für BDNF-exprimirende Kulturen eine 

erhöhte Anzahl an DA-Neuronen, bei GDNF transfizierten eine verstärkte DA-Reifung und bei FGF-

218kd transfizierten Kulturen eine verminderte DA-Reifung festgestellt werden. 
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