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1 INTRODUCTION 
 
There are a number of neurological disorders pathogenesis of which is based on the 

lack of a certain chemical compound. Traditional therapies that include drugs that control the 
signs and symptoms of the disorders are usually not so effective and produce undesirable 
side-effects. A potential alternative treatment is cell transplantation to replace damaged cells 
and restore lost functions. If a group of specific cells, producing a chemical compound that 
normally maintains the activity of a brain circuit, degenerates it would impair the function of 
the circuit and decrease in that specific activity what results in the characteristic symptoms of 
the disease. Transplantation of such cells from a donor would serve as an alternative 
exogenous supply of the chemical compound to recover the impaired function of the circuit 
and diminish the symptoms of the disease. 

Parkinson’s disease (PD) has come to serve as the principal test for the neuronal 
transplantation technique because of the following features: 

1. It affects well-known and described group of cells with well-known and described 
localization in the brain, which are dopaminergic nigrostriatal neurons; 

2. There are well-characterized animal models both in rodents and primates, which 
mimic the cardinal features of the disease. 
So a logic idea of replacing lost populations of neurons by grafting viable cells 

(neuronal or non-neuronal engineered) was risen and developed and studies clearly showed 
that grafted cells could survive and promote functional recovery in animal models of PD. In 
this chapter I will touch the aspects and latest achievements related to my dissertation work 
including Parkinson’s disease, animal models of PD, alternative treatment strategies, cell 
sources for neural transplantation, an issue of dopaminergic neurons’ survival, fibroblast 
growth factor-2 as survival promoting factor and gene therapy applications. 

 
1.1 Parkinson’s disease (PD) 
 
PD was first described by James Parkinson in 1817 and it is a common disease with a 

prevalence of approximately 0.1 % and a mean onset between 50-60 years of age, although 
earlier onset may occur (Winkler, 2002). The cardinal symptoms of PD defined by James 
Parkinson (Parkinson, 2002) include: 

o tremor: usually of the hands or feet, which is present at rest and ceases during 
voluntary movement; 

o rigidity: characterized by increased muscle tone, which causes a jerky resistance in the 
passive movement of the patient’s arm; 

o bradykinesia: extreme slowness of movement, which leads to typical “mask-like” 
faces. 
The symptoms usually develop over many years and often unnoticed. The underlying 

neuropathological damage is progressive degeneration of the dopaminergic (DA) neurons 
(neurons that make the neurotransmitter dopamine) in the substantia nigra (SC) pars compacta 
(SNc). SNc is situated in the ventral midbrain and is rich in the black pigment neuromelanin. 
The axons of the DA neurons in the SNc project via the medial forebrain bundle to the 
striatum which is a part of the basal ganglia. The striatum is composed of the putamen and the 
caudate nucleus (Fig. 1). Loss of neurons from this region in the Parkinson's disease brain 
leads to a dopamine deficit, which is treated with drugs such as the dopamine precursor L-
DOPA. 

The total number of midbrain DA neurons was estimated to be approximately 550.000 
cells (Winkler, 2002), which are lost during normal aging at a rate of approximately 5 % per 
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decade (Winkler, 2002). In PD the progression of nigral cell death and the following loss of 
DA innervation in the caudate-putamen (CPU) is accelerated about 10-fold compared to 
healthy controls as observed using [18F]-dopa positron emission tomography (PET) (Dunnett 
et al., 1997; Dunnett and Bjorklund, 1999; Dunnett et al., 2001; Winkler, 2002). It is 
suggested that the disease becomes symptomatic when 50-60 % of nigral DA cells and 60-80 
% of striatal DA content are lost, and furthermore, that the extent of nigral DA cell loss is 
correlated to the severity of the disease symptoms (Dunnett, 1991; Dunnett et al., 1997; 
Dunnett and Bjorklund, 1999; Dunnett et al., 2001; Winkler, 2002). The mechanisms for the 
neurodegenerative process in idiopathic PD have not yet been clarified but a number of 
factors such as oxidative stress, mitochondrial dysfunction or inflammation have been 
suggested to be involved in nigral DA cell death (Dunnett, 1991; Dunnett et al., 1997; 
Dunnett and Bjorklund, 1999; Dunnett et al., 2001; Winkler, 2002). Recently mutations in the 
α-synuclein and parkin genes have been identified in familial PD, suggesting that 
understanding of the function of these genes can provide new insights into the neuropathology 
of PD (Dunnett, 1991; Dunnett et al., 1997; Dunnett and Bjorklund, 1999; Dunnett et al., 
2001; Winkler, 2002). 

 
1.2 Animal models of PD 
 
Animal models of human disease, whether found in nature or caused by genetic, 

chemical, or surgical manipulation, play an important role in providing new insights into the 
disease. They are invaluable for testing new drugs and for investigating disease mechanism. 
Therefore, these models are an important key to find a cure to for these diseases. Three types 
of animal models are being used in a research field (Loescher, 2004): 

1) Disease induced by electrical or chemical means (e.g. lesions); 
2) Disease induced by gene alterations (transgenic, knock-out); 
3) Disease caused by spontaneous mutations in rodents. 

 The majority of PD animal models are the first type, which means that certain 
chemical compounds are used to induce the parkinson-like state in an animal (Betarbet et al., 
2002; Hirsch et al., 2003). Disruption of the nigrostriatal pathway or its target (the basal 
ganglia) is a method commonly used for creating an animal model of PD. Rat, mouse and 
monkey models are available for researchers. In my studies I have used the 6-
hydroxydopamine (6-OHDA) rat model (Ungerstedt, 1968).  

6-OHDA is a toxin specific to dopamine nerve cells. This chemical is similar to 
dopamine in structure. Using stereotaxic surgery in the rat, 6-OHDA is delivered at a number 
of different points along the nigrostriatal pathway; the substantia nigra, the medial forebrain 
bundle or the striatum.  Uptake of 6-OHDA directly into the substantia nigra or into medial 
forebrain bundle leads to the death of near all dopamine nerve cells resulting in complete 
nigrostriatal lesion (Winkler, 2002). In the partial 6-OHDA lesion model, the toxin is injected 
in the striatum and induces a retrograde degeneration of the nigral DA neurons (Kirik et al., 
1998). In the rat, destruction of the nerve cells on one side of the brain creates an imbalance in 
the basal ganglia. Drugs that stimulate receptor sites normally targeted by dopamine (e.g. 
dopamine agonists) or drugs that increase dopamine at the level of the basal ganglia cause the 
rat to turn in a direction opposite to the destroyed side. The direction and number of rotations 
is a measure of the severity of the destruction. This model was developed by Dr. U. 
Ungerstedt in Sweden (Ungerstedt, 1968; Ungerstedt and Arbuthnott, 1970). 

Another animal lesion model of PD is produced by administration of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). Exposure to MPTP results in nigrostriatal 
dopaminergic degeneration in a number of species, including mice, cats and primates 
(Betarbet et al., 2002). Susceptibility to MPTP varies across species and strains of animals. 
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For unknown reasons, rats are resistant to MPTP toxicity and mouse strains vary widely in 
heir sensitivity to the toxin. MPTP is usually systemically administered (subcutaneous, 
intraperitoneal, intravenous or intramuscular). After administration, MPTP crosses the blood-
brain barrier and is metabolized in astrocytes to its active metabolite, 1-methyl-4-phenyl-2,3-
dihydropyridinum ion (MPP+). MPP+ is selectively taken up into dopaminergic neurons via its 
affinity for dopaminergic transporter. The toxicity is believed to result from inhibition of 
complex I of the mitochondrial electron transfer chain leading to oxidative stress (Betarbet et 
al., 2002). 

 
1.3 Treatment Strategies 
 
Treatment of PD can be divided into three major conceptual categories: 

1. symptomatic; 
2. neuroprotective; 
3. neurorestorative. 

 
1.3.1 Symptomatic Treatment 
Current clinical treatment of PD includes replacement of dopamine using the 

dopamine precursor, 1-3, 4-dihydroxyphenylalanine (L-DOPA). L-DOPA is given with a 
peripheral inhibitor of the DOPA-carboxylase enzyme (carbidopa) to reduce peripheral 
conversion to dopamine, crosses the blood-brain barrier, and is decarboxylated to dopamine in 
the brain. Initially, the treatment response is excellent but over a course of several years most 
patients develop therapy-related side effects such as motor fluctuations, abnormal involuntary 
movements and psychiatric disturbances (Hornykiewicz, 1966, 1970, 1973, 1974, 2001; 
Winkler, 2002; Winkler et al., 2002; Olanow et al., 2004). Motor fluctuations comprise a 
wearing off of drug effects (“end of dose deterioration”) and the “on-off” phenomenon with 
unpredictable fluctuations. Abnormal involuntary movements are observed during both 
episodes of good motor performance (“on” phase) and those of poor drug response (“off” 
phase). Abnormal involuntary movements during the “on” phase most often present as peak 
dose dyskinesia, i.e. with increasing L-DOPA and dopamine concentrations the patient 
develop involuntary, unpredictable, random, non-stereotypic movements resembling chorea, 
and after most of the L-DOPA and dopamine is metabolized these dyskinesias will disappear 
(Winkler, 2002; Winkler et al., 2002; Rajput et al., 2004). Prevention and therapy of these 
abnormal involuntary movements is a challenge because their nature poorly understood. The 
appearance of dyskinesias is primarily related to treatment with L-DOPA, especially when it 
given in a pulsatile form (Winkler et al., 2002; Olanow et al., 2004; Rajput et al., 2004). In 
modern PD therapy, prescription of L-DOPA is thus delayed if tolerated by the patient and 
DA agonists, that activate dopamine receptors directly (bromocriptine, pergolide, pramipexole, 
and ropinirole) are given instead (Yadid et al., 1999; Hornykiewicz, 2001; Winkler, 2002). 
Other adjunctive drugs include inhibitors of monoamine oxidase B (MAO) and catechol-O-
methyltransferase (COMT) (Tyce et al., 1990; Olanow, 1993; Youdim and Lavie, 1994; 
Lyytinen et al., 1997; Hamaue et al., 2004; Demarcaida et al., 2006). However, basically all 
patients will require pharmacological therapy with L-DOPA at least during the later stages of 
the disease. 

For patients whose symptoms cannot be adequately controlled with medications 
another approach called deep brain stimulation (DBS) can be used to cope with the symptoms 
of PD (Benabid et al., 2006; Kopell et al., 2006; Perlmutter and Mink, 2006). DBS is a 
surgical procedure used to treat a variety of disabling neurological symptoms such as tremor, 
rigidity, stiffness, slowed movement, and walking problems.  The procedure is also used to 
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treat essential tremor, a common neurological movement disorder.  DBS uses a surgically 
implanted, battery-operated neurostimulator to deliver electrical stimulation to targeted areas 
in the brain that control movement, blocking the abnormal nerve signals that cause tremor and 
PD symptoms.  Generally, these targets are the thalamus, subthalamic nucleus, and globus 
pallidus (Temel and Visser-Vandewalle, 2006). The DBS system consists of three 
components:  the lead, the extension, and the neurostimulator (Rezai et al., 2006).  The lead 
(also called an electrode) is inserted through a small opening in the skull and implanted in the 
brain and the tip of the electrode is positioned within the targeted brain area. The extension is 
an insulated wire that is passed under the skin of the head, neck, and shoulder, connecting the 
lead to the neurostimulator.  The neurostimulator is usually implanted under the skin near the 
collarbone.  In some cases it may be implanted lower in the chest or under the skin over the 
abdomen (Rezai et al., 2006). Once the system is in place, electrical impulses are sent from 
the neurostimulator up along the extension wire and the lead and into the brain.  These 
impulses interfere with and block the electrical signals that cause PD symptoms. DBS does 
not damage healthy brain tissue by destroying nerve cells. 

1.3.2 Neuroprotective Treatment 
The main goal of neuroprotective therapies is to slow down or halt the 

neurodegenerative process and to increase survival of still maintained dopaminergic neurons. 
Recent neuroimaging and autopsy data indicate that there is preclinical period of 4-5 years 
before symptoms appear with the rate of the cell loss about 45 % per decade, what seems 
faster than in advanced stages of the disease (10-20 %) (Dunnett and Bjorklund, 1997; 
Dunnett, 1999; Bjorklund, 2000; Dunnett et al., 2001; Bjorklund et al., 2003; Bjorklund, 
2005). Average DA neurons lost in a normal population is 4.4 % per decade (Dunnett and 
Bjorklund, 1997; Dunnett, 1999; Dunnett and Bjorklund, 1999; Dunnett et al., 2001). Both 
positron emission tomography (PET) and single-proton emission computed tomography 
(SPECT) imaging are able to detect a decline in striatal dopamine function before clinical 
symptoms appear, which make possible to begin neuroprotective intervention during 
preclinical phase (Dunnett and Bjorklund, 1997; Dunnett, 1999; Dunnett and Bjorklund, 1999; 
Dunnett et al., 2001). The pathogenesis of PD includes a number of inter-related pathological 
events, where each of them has its own potential therapeutical agent (Brundin et al., 2000a; 
Dawson and Dawson, 2002; Blandini et al., 2004; Bossy-Wetzel et al., 2004; Forman et al., 
2004; Vila and Przedborski, 2004; Choi, 2005): 

 1. Oxidative stress with excess formation of •NO and O2
- . Oxidative stress is a 

consequence of disturbed homeostasis between production and scavenging of reactive oxygen 
species (i.e., superoxide). The major cellular production of superoxide radicals occurs at 
mitochondrial respiratory chain complexes I and II. Superoxide radicals are also formed by 
activated microglia. Superoxide can generate new reactive oxygen species via dismutation to 
hydroxyl peroxide followed by subsequent reaction with iron to form hydroxyl radicals, 
which are highly toxic. Alternatively, superoxide reacts with nitritic oxide to form 
peroxynitrite, which is highly toxic to cellular components (Dunnett and Bjorklund, 1999; 
Brundin et al., 2000a; Petersen et al., 2000; Dawson and Dawson, 2002). Nitric oxide is 
produced by nitric oxide synthase (NOS), which is calcium-activated enzyme. Moreover, 
auto- and enzymatic oxidation of dopamine also leads to the generation of superoxide and 
hydrogen peroxide (Dunnett and Bjorklund, 1999; Brundin et al., 2000a; Dawson and 
Dawson, 2002). Therefore, it has been proposed that dopaminergic neurons are more likely to 
be susceptible to oxidative stress than other neuronal cell types (Dunnett and Bjorklund, 
1999). The putative agents here are antioxidants and one of them – deprenyl (selegiline) was 
involved in DATATOP clinical trial and showed to be moderately efficient (Dunnett and 
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Bjorklund, 1999). Other drugs include SOD-agonists and lazaroids (trizalad) (Dunnett and 
Bjorklund, 1999). 

 2. Excitotoxicity. It is found that the output neurons of the subthalamic nucleus 
provide a powerful glutamatergic excitatory input to the SN, and that these neurons are 
hyperactive in animals with lesions of the nigral dopamine system (Olney et al., 1990; 
Ikonomidou and Turski, 1995; Lesch et al., 1996; Beal, 1998; Rodriguez et al., 1998; Doble, 
1999; Rego and Oliveira, 2003). As a result, there is excessive stimulation of ionotrophic 
excitatory amino acid receptors (NMDA) with following increased calcium entry and 
overload of mitochondria, free radical generation, and activation of several potentially 
detrimental enzymes, including NOS (Ikonomidou and Turski, 1995; Lesch et al., 1996; 
Rodriguez et al., 1998; Dunnett and Bjorklund, 1999; Rego and Oliveira, 2003). This may be 
particularly harmful in PD because the defect in mitochondrial complex I make the dopamine 
neurons vulnerable even to physiological concentrations of glutamate (Ikonomidou and 
Turski, 1995; Lesch et al., 1996). Furthermore, there are different types of voltage-dependent 
calcium channels (VDCC) which are present in neurons (in DA neurons as well), that can also 
be involved in calcium-mediated toxicity (Ikonomidou and Turski, 1995; Lesch et al., 1996). 
This form of neuronal cell death has been termed “excitotoxicity” (Ikonomidou and Turski, 
1995; Lesch et al., 1996). The putative agents for this mechanism are those which reduce 
subthalamic overactivity – glutamate-receptor antagonists (remacemide), neuronal NOS 
inhibitors, subthalamical lesions (Palmer et al., 1995; Black et al., 1996; Dunnett and 
Bjorklund, 1999; Petersen et al., 2000; Pisani et al., 2001; Shoulson et al., 2001). 

 3. Inflammatory changes, leading to both apoptotic and necrotic cell death. The 
putative agents for this mechanism include a wide variety of so called neurotrophic factors. 
Neurotrophic factors were originally identified as target-derived compounds that regulate 
neuronal survival and growth during embryonic development. However, these factors also 
have neurotrophic and antiapoptotic effects in the mature nervous system and can rescue 
injured neurons after toxic, mechanical or ischeamic damage in the adult brain. Neurotrophic 
and antiapoptotic factors acting on DA neurons include glial cell line-derived neurotrophic 
factor (GDNF), basic fibroblast growth factor (FGF-2), brain-derived neurotrophic factor 
(BDNF), cilialy neurotrophic factor (CNTF), transforming growth factor-β (TGF-β), 
mesencephalic astrocytes-derived neurotrophic factor (MANF) (Unsicker et al., 1996; 
Winkler et al., 1996; Wilby et al., 1999; Meyer et al., 2001; Yurek and Fletcher-Turner, 2001; 
Wang et al., 2002; Farkas et al., 2003; Petrova et al., 2003; Timmer et al., 2004). 

 
1.3.3 Neurorestorative Treatment  
The main goal of neurorestorative therapies is to restore the number of dopaminergic 

cells by transplanting new ones into the host brain. For that purpose fetal mesencephalic 
tissue derived from 5-9 week-old human embryos was used and it was demonstrated that 
embryonic dopaminergic neurons can survive and function after the transplantation into the 
host brain (Bjorklund, 2000; Brundin et al., 2000b; Brundin et al., 2001; Freed et al., 2001; 
Hagell and Brundin, 2001). In rat models of PD fetal dopaminergic neuroblasts in cell 
suspensions (E13-15) were usually used (Dunnett, 1991; Mayer et al., 1993a; Takayama et al., 
1995; Yadid et al., 1999; Bjorklund, 2000; Gray, 2000; Winkler et al., 2000; Helt et al., 2001; 
Meyer et al., 2001; Dawson and Dawson, 2002). Current research is aimed at:  

a) improving the survival and growth of transplanted dopamine neurons and  
b) finding alternative sources of cells for grafting. 

The main limitations of current cell-transplant procedures are: 
1) Ethical, considering that the material for grafts is obtained from aborted human 

fetuses. In many countries, including Germany, the work and research on human embryonic 
cells (and ESC also) restricted or prohibited (Paul et al., 2002). 
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2) Poor survival of grafted neurons. In current grafting protocols, no more than 1-5 % 
of the expected numbers of grafted DA neurons survive (Brundin and Bjorklund, 1998; 
Dunnett and Bjorklund, 1999; Dunnett et al., 2001).  

3) Large amount of primary embryonic tissue is needed. Tissue from at least 3-4 
embryos, yielding about 100.000-150.000 surviving dopamine neurons, needs to be implanted 
on each side of patient’s brain to induce significant therapeutic improvement (Brundin and 
Bjorklund, 1998; Dunnett and Bjorklund, 1999; Dunnett et al., 2001). 

Therefore, neural transplantation therapy is likely to remain highly experimental 
unless alternative sources of cells could be developed that are efficient, safe and ethically 
acceptable to most people. 

Up to now, several cell types are considered as alternative cell sources for 
neurorestorative strategies (Fig. 2A-C). 

Embryonic stem cells (Fig. 2A) are widely investigated for transplantation 
applications in the brain and spinal cord (Dinsmore et al., 1998; Bjorklund, 2000; Hynes and 
Rosenthal, 2000; Lee et al., 2000; Guan et al., 2001; Rolletschek et al., 2001; Stull and 
Iacovitti, 2001; Wakayama et al., 2001; Arenas, 2002; Bjorklund et al., 2002; Kawasaki et al., 
2002; Le Belle and Svendsen, 2002; Lindvall and Hagell, 2002; Barberi et al., 2003; Lindvall, 
2003; Nakayama et al., 2003; Nishimura et al., 2003; Schulz et al., 2003; Drucker-Colin and 
Verdugo-Diaz, 2004; Kim, 2004; Park et al., 2004; Rolletschek et al., 2004; Roybon et al., 
2004; Yurek and Fletcher-Turner, 2004; Zeng et al., 2004; Zhao et al., 2004; Bjorklund, 2005; 
Correia et al., 2005; Fukuda and Takahashi, 2005; Maxwell and Li, 2005; Sonntag et al., 2005; 
Takagi et al., 2005; Cho et al., 2006; Chung et al., 2006; Lau et al., 2006; Lin and Isacson, 
2006; Morizane et al., 2006; Nishimura et al., 2006; Yamashita et al., 2006; Yamazoe and 
Iwata, 2006; Yue et al., 2006). Because of their ability to give rise to all cells in an organism, 
ESC seem to be an ideal source material to produce a specific cell type. However, many 
developmental steps should be performed to instruct ESC to the desired phenotype. Two 
different procedures, one based on culturing ESC in conditioned medium and the other based 
on co-culture with stromal feeder cells, have led to the induction of a neuronal dopaminergic 
phenotype in mouse ESC in vitro (Lindvall and Bjorklund, 2004a; Snyder and Olanow, 2005). 
The first procedure includes formation of embryoid bodies in serum-added media, then 
directing them to neuronal fate (turning ESC to neuronal progenitor cells (NPC)) and 
expanding NPC population by treating cells with insulin, transferin, selenium and fibronectin 
containing medium and subsequently with FGF-2, Sonic Hedgehog-N (Shh-N) and FGF-8 to 
induce midbrain-hindbrain phenotypes. And finally NPC were differentiated into neurons and 
glia in presence of cAMP and ascorbic acid (Arenas, 2002; Kim et al., 2002; Sasai, 2002; Kim 
et al., 2003a; Kim et al., 2003b; Schulz et al., 2003; Kanda et al., 2004; Roybon et al., 2004; 
Lee et al., 2006; Singla et al., 2006). This procedure gives rise to a wide variety of neuronal 
and glial cells, of which 23 % are dopaminergic neurons. The second procedure is based on 
the ability of stromal feeder layers to induce ESC differentiation in culture in the presence of 
ascorbic acid, and resulted in an amount of 16 % of dopaminergic neurons (Kim et al., 2002; 
Kim et al., 2003a; Kim et al., 2003b; Tada et al., 2003; Perrier et al., 2004; Yamazoe et al., 
2005; Morizane et al., 2006). In this procedure stromal feeder layers play unclear important 
role, maybe via secretion of some molecules that are important in inducing dopaminergic fate. 
Importantly, grafting experiments with ESC-derived dopaminergic cells show the similar low 
survival of cells (0,32 %) after 2 weeks compared to experiments with fetal midbrain 
dopaminergic neurons of E14 (Brundin et al., 2001; Dunnett et al., 2001; Arenas, 2002; 
Dawson and Dawson, 2002; Roybon et al., 2004). 

The use of neural stem cells or neural progenitor cells (Fig. 2B) for transplantation 
may require that cells are pre-differentiated in vitro toward the desired fate (Bjorklund, 2000; 
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Arenas, 2002; Galli et al., 2003; Lindvall et al., 2004). In this case three different approaches 
have been explored (Lindvall et al., 2004): 

1. Committed neuronal progenitors. The idea was to gather ventral mesencephalic 
progenitors (VMP) from fetuses on embryonic day 12, expand them in vitro to increase total 
cell number and then differentiate them to dopaminergic neurons, which can be transplanted 
into the host brain (Studer et al., 1998; Studer et al., 2000; Yan et al., 2001). Therefore these 
precursors were expanded 10-fold in culture in pre-differentiated state in presence of FGF-2 
for 5-7 days. Then, after the removal of mitogen, 18 % of cells where differentiated into 
dopaminergic neurons, this was 30-fold more than in non-expanded cultures. The advantage 
of this method is that it is possible to expand cells up to the number needed for transplantation 
and so less embryos are required for the whole procedure. Disadvantages include:  

a) VMP cells survive only for 2 weeks in culture; 
b) only about 20 % of VMP differentiate into dopaminergic neurons and that is still 

not enough to significantly reduce a number of embryos used for harvesting VMP; 
c) only about 1 % of engrafted dopaminergic neurons survive and this is similar or 

even less comparing with fetal mesencephalic tissue grafts (Arenas, 2002). Thus further 
improvements seem to be required in order to increase both the number of dopamine neurons 
in the cell preparation used for grafting and the number of dopamine neurons that survive 
after grafting. It is also important to develop a cell line of VMP, which could survive for a 
longer period of time. 

 2. Regionally specified progenitors. In this case, rat midbrain progenitors were 
expanded for weeks or months in presence of EGF, in vitro as neurosphere cultures, and then 
differentiated into dopaminergic fate by a combination of cytokines, midbrain fragments and 
striatum-conditioned media (Carvey et al., 2001; Storch et al., 2001). About 50 % of all 
neurons, and 20-25 % of all cells, expressed the tyrosine hydroxylase (TH), which is a marker 
for DA neurons. The cytokine differentiating effect was observed with midbrain but not 
striatal progenitors, suggesting that in this procedure the TH-positive cells were derived from 
lineage-restricted midbrain precursor (Carvey et al., 2001). 

 3. Uncommitted neural progenitors. An immortalized neural stem cell line 
C17-2 was transfected to overexpress the transcription factor Nurr-1, which is critical in the 
development of midbrain dopaminergic neurons (Wagner et al., 1999). Then this modified 
cell line was induced to the dopaminergic fate by presenting to cells unidentified then factors 
from type-I astrocytes. 80 % of the Nurr-1-transdused cells expressed TH, as well as two 
other phenotypic markers, ADH-2 and c-Ret, characteristic for ventral midbrain dopaminergic 
neurons. Moreover, the astrocyte-derived factor(s) can be mimicked by FGF-20 (Grothe et al., 
2004). 

These data suggest that neurons and glial cells can cooperate in both regional 
specification and induction of specific neuronal identities. If so, ideal cell preparation for 
transplantation in PD may consist of a mixture of committed neuronal precursors and 
regionally specified glial cells (Lindvall et al., 2004). 

However, it is still not clear whether these pre-differentiated cells develop all 
functional characteristics of fully differentiated nigral dopaminergic cells after transplantation. 
The transplantation studies in rats suggest that usefulness of in vitro generated neurons will 
depend not only on their ability to adopt a dopaminergic fate but also on their capacity to 
establish synaptic connections with striatal target neurons. It is also obvious that the capacity 
of the host brain to direct the development of uncommited progenitors in a region-specific 
manner is lost or downregulated during postnatal development in exception of two areas: the 
dentate gyrus (DG) and anterior subventricular zone (SVZ), where neurogenesis persists 
during adult life (Galli et al., 2003; Lindvall and Bjorklund, 2004a, b; Lindvall et al., 2004). 
In vitro expanded neural progenitors transplanted into these sites, but not outside, can migrate 
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and integrate along with endogenous cells and differentiate into both neurons and glia (Galli 
et al., 2003; Lindvall et al., 2004). However, there is some evidence that adult brain still keeps 
the ability differentiating the progenitor cells even outside neurogenesis sites after injury. 
Experiments with multipotent neural progenitors implanted into partially lesioned neocortex, 
hippocampus or striatum in adult rodents show that a small amount of transplanted cells 
(about 15 %) is able to differentiate into region specific neuronal cell types (Mueller et al., 
2005; Nakamura et al., 2005). So it seems that even the regions outside the neurogenic zones 
can retain the capacity to direct the differentiation of neural precursors, and these mechanisms 
can be reactivated by types of damage that leave tissue architecture and some of the intrinsic 
neurons intact. 

Another alternative cell source is multipotent adult progenitor cells (MAPC) (Fig. 
2C) of haemopoetic origin. Some research groups showed that MAPC possess the plasticity to 
interconvert between precursors cells originating form the different germ layer (Vescovi et al., 
2002; Keene et al., 2003; Tao and Ma, 2003; Cogle et al., 2004; Corti et al., 2004; Dezawa et 
al., 2004; Lee et al., 2004; Lu et al., 2004; Ortiz-Gonzalez et al., 2004; Krabbe et al., 2005; 
Arnhold et al., 2006; Deng et al., 2006). For example bone-marrow stem cells were 
successfully converted to NPC, expressing the neuronal progenitor cell marker nestin in vitro. 
After differentiation for 21-25 days into neurospheres, these bone-marrow-stem-cell-derived-
NPC showed expression of neuronal and glial markers like microtubule-associated protein 
(MAP2), tubulin-β III, neurofilament, neuron-specific enolase (NSE), glial fibrillary acidic 
protein (GFAP), galactocerebroside (GalC) (Torrente et al., 2002). These NPCs exhibit 
neurogenic properties in vivo. Neuronal progenitors derived from muscle and bone marrow 
were transplanted into the mice striatum and after 5 days performed immunohistochemistry 
(Torrente et al., 2002). The transplanted cells were still detected in striatum. Moreover they 
expressed tubulin-β III and MAP2, but not haemopoetic or muscle markers (Torrente et al., 
2002). The group of Torrente et al. speculated that the prolonged propagation in growth 
factors mediating NSC proliferation may eliminate undesired cells in the donor cell 
population and provide an alternative source for CNS transplantation therapy. Another group 
of researchers established evidence that bone marrow stromal cells, administered 
intravenously to rats after traumatic brain injury, can migrate into brain and improve 
neurological outcome (Lu et al., 2002). All these data show that MAPC have a potential to be 
used as an alternative source of neuronal cells for transplantation therapy. It can be interesting 
to overexpress transcription factors as Nurr-1 and Shh and turn them into dopaminergic fate 
as it was done with ESC. 

To ensure the highest chance for the development of reliable sources of cells for 
transplantation, continued research in both systems is needed. However, if MAPCs really do 
represent a good source for therapeutic cells, the ethical considerations may eventually tip the 
balance in their favor. 

 
1.4 Immortalization 
 
Another expansion method which was a focus of research of different groups is the 

immortalization of cells (Bartlett et al., 1988; Cepko, 1988; Bernard et al., 1989; Lo et al., 
1991; Redies et al., 1991; Baetge, 1993; Frisa et al., 1994; Bongarzone et al., 1996; Lundberg 
et al., 1996; Truckenmiller et al., 1998; Lee and Reddy, 1999; Bai et al., 2004). It has such 
advantages as: 

1) With immortalized cells you can overcome senescence and easily reach long-term 
proliferation, 



 15

2) Immortalized cells remain all features of the primary cells (so immortalized 
progenitors can renew themselves and differentiate into different types of cells under certain 
conditions). 

Disadvantage of this method is that you should control proliferation and make sure 
that cells do not become tumorogenic as far as many methods of immortalization use 
oncogene inroduction to cells. Cells can be immortalized with: 

1) oncogenes: v-myc, c-myc, N-myc, v-jun (Bartlett et al., 1988; Bernard et al., 1989; 
Lo et al., 1991; Lee and Reddy, 1999); 

2) viral genes: SV40 LT, Ad5 E1a, HPV E6/E7, EBV (Redies et al., 1991; Counter et 
al., 1994; Frisa et al., 1994; Truckenmiller et al., 1998; Freed et al., 2005; Kim et al., 2005); 

3) catalytic subunit of telomerase – telomerase reverse transcriptase: TERT (Counter 
et al., 1998; Thomas et al., 2000; Bai et al., 2004; Roy et al., 2004). 

Most often v-myc, SV40 LT and hTERT are used. The group of Truckenmille et al. 
(1998) developed a continuous neural progenitor cell line, AF5, by immortalizing with N-
terminal fragments of SV40 LT (T155g) (Truckenmiller et al., 1998). For over 150 population 
doublings in culture, the growth rate remained steady, cells remained responsive to FGF-2 
and telomerase activity and telomere length were unchanged. However, karyotype analysis 
revealed some chromosomal abnormalities, but they stayed unchanged all the time, 
additionaly no mutations in p53 gene were found (Truckenmiller et al., 1998). Another 
research group transfected the human neuronal progenitors from spinal cord with human 
TERT (Roy et al., 2004). The clonal cell line they received was possible to differentiate. The 
neurons exhibited majority of neuronal markers and, moreover, regionally specific 
populations (e.g. motoneurons) could be identified. No tumor formation potential was 
observed (Roy et al., 2004). All these data show that neural progenitors can be immortalized 
and used for the further manipulations (transfection with growth factors, transplantation into 
animal models, etc.). 

 
1.5 Survival of the grafted DA neurons 
 
The majority of research groups reports about very low survival of grafted neurons. 

Most of the grafted cells are dying within the first days after transplantation. The group of 
Carvey et al. (2001) grafted pre-differentiated cloned dopaminergic neuroblasts (E14.5 MPC-
C9) into 6-OHDA lesioned rats (Carvey et al., 2001; Carvey et al., 2006). The behavioral 
improvement (drug-induced rotation) was similar to that induced by freshly harvested VM 
cells by 6-8 weeks after grafting, but survival of grafted cells was as low as 0,135 % (730 out 
of 540.000), and survival rates were 3,8 times lower than that of VM cells at 8 weeks after 
grafting (Carvey et al., 2001). The group of McKay et al. transplanted expanded and 
predifferentiated E12 VM cells into 6-OHDA lesioned rats (McKay, 2000). They report that 
intrastriatal grafting of only 300.000-400.000 cells resulted in a 75 % reduction in 
amphetamine-induced rotational behavior, but survival after 5 days was 3-5 %, which is very 
similar value to that obtained after grafting of untreated VM tissue. Moreover, only 1.221 out 
of 350.000 cells grafted (0.35 %) were identified as dopaminergic neurons after 3 months 
(McKay, 2000). These data showed that low survival of grafted neurons is a major limiting 
factor in cell replacement strategies. 

Four distinct phases in the whole grafting procedure which could involve cell death 
have been identified: 

1. Retrieval of the embryo; 
2. Dissection and preparation of the donor tissue; 
3. Implantation procedure followed by the immediate period after graft injection; 
4. Later stages of graft maturation. 
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During these phases, cell death processes involving free radicals and caspase 
activation (leading to apoptosis) may be triggered, and an increase in intracellular calcium as 
well. Four different time points after transplantation (6, 10, 14, and 42 days) were examined 
by Brundin et al. and adjacent sections were stained through the host striatum with Fluoro-
Jade (marker for degenerating neurons) and TH antiserum (Brundin and Bjorklund, 1998; 
Brundin et al., 2000a; Brundin et al., 2001). Numerous Fluoro-Jade-stained neurons were 
found in the grafts at 6 and 10 days after transplantation, the number of labeled neurons was 
reduced at 14 days and there were no Fluoro-Jade-positive neurons by the 42-day time point. 
Importantly, the number of surviving DA neurons in the grafts did not change between 6 and 
42 days, indicating that the major cell death had occurred prior to 6 days (Brundin and 
Bjorklund, 1998; Brundin et al., 2000a; Brundin et al., 2001). Therefore, those 
neuroprotective strategies should primarily focus on the transplantation procedure itself and 
on the first week after implantation.  

Growth factors are recognized as important tools for enhancing survival of grafted 
neurons. Three different families of growth factors have been investigated, regarding their 
effect on transplanted dopaminergic neurons: 

1. FGF family (Grothe et al., 2000; Claus et al., 2004a; Claus et al., 2004b; Grothe et 
al., 2004; Timmer et al., 2004; Haastert et al., 2005; Jungnickel et al., 2005; Timmer et al., 
2006); 

2. Transforming growth factor-β (TGF-β) superfamily, including glial cell line-derived 
neurotrophic factor (GDNF) family (Winkler et al., 1996; Bjorklund et al., 1997; Helt et al., 
2001; Meyer et al., 2001; Yurek and Fletcher-Turner, 2001; Wang et al., 2002; Kirik et al., 
2004); 

3. Neurotrophins, including brain-derived neurotrophic factor (BDNF), nerve growth 
factor (NGF), neurotrophin-3 (NT-3) (Winkler et al., 1996; Bjorklund et al., 1997; Helt et al., 
2001; Yurek and Fletcher-Turner, 2001; Wang et al., 2002; Kirik et al., 2004). 

It is shown that FGF-2 promotes survival and development of VM neurons in vitro 
(Beck et al., 1993). In a pioneering article on effects of FGF-2 on nigral grafts Mayer et al. 
(1993) administered FGF-2 either as pretreatment in the cell suspension (phase 2, look above) 
or it was given to the host as repeated intrastriatal infusions (phase 3 and 4) (Mayer et al., 
1993a). Even pre-treatment with FGF-2 has produced significant effect on survival of grafted 
dopaminergic neurons (up to 250 % of control). There was a slightly greater relative effect, up 
to 270% of control, when pretreatment of the donor tissue was combined with repeated 
intrastriatal FGF-2 infusions in the host over 20 days following transplantation (Mayer et al., 
1993a). Takayama et al. (1995) reported even greater increase in the number of surviving TH-
positive neurons, when FGF-2 was continuously delivered from co-implanted fibroblasts 
genetically modified to produce and release FGF-2 (18 kDa) (Takayama et al., 1995). Our 
group showed recently that co-transplantation of FGF-2 overexpressing Schwann cells with 
fetal ventral mesencephalic cells increased survival, reinnervation and functional recovery in 
Parkinsonian rats (Timmer et al., 2004). 

Another putative candidate for enhancing survival of dopaminergic neurons is GDNF, 
a member of the TGF-β superfamily. GDNF was found to promote the survival and 
differentiation of embryonic midbrain cultures (Krieglstein, 2004). Data from in vitro studies 
indicate that GDNF reduces apoptosis of embryonic and postnatal DA neurons. Repeated 
injections of GDNF adjacent to the intrastriatal nigral grafts every 1-3 days for 10-21 days 
increased the survival and fiber outgrowth of the DA neurons (Sullivan et al., 1998; Yurek 
and Fletcher-Turner, 1999). Sullivan et al. (1998) only added GDNF to the cell suspension 
(phase 2) and still observed a significant increase in the number of surviving DA neurons 
(Sullivan et al., 1998). Moreover, Yurek et al. (1999) showed that constant delivery of GDNF 
from osmotic pump for 2 weeks or from implanted polymer-encapsulated genetically 
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modified cells for 6 weeks resulted in improved survival (Yurek and Fletcher-Turner, 1999). 
Typically these studies have demonstrated an increase in survival from 200 % to 1300 % with 
compare of control grafts.  

So we can conclude, that although growth factors can exert survival promoting effects 
when added to the graft preparation, it may be more effective to supply the trophic factor to 
the graft not only during preparatory stages (phase 2) but also when the graft was transferred 
to the host brain (phases 3 and 4). One of the possibilities to achieve that is the transfection of 
donor cells with survival-enhancing factors in order to let cells produce these factors 
themselves thus increasing the survival. 

 
1.6 Fibroblast growth factor-2 
 
FGFs are heparin binding proteins that were initially characterized as mitogenic and 

angiogenic factors. They are involved in various cellular processes such as cell growth and 
differentiation, angiogenesis, cell maintenance, chemotaxis and repair (Gospodarowicz, 1989; 
Klagsbrun, 1989). Interest in FGFs as putative agents for the treatment of CNS injury and 
disease is explained by several reasons:  

1. FGFs show multiple trophic actions on neuronal and glial cells both in vitro and in 
vivo; 

2. FGFs are expressed in the intact nervous system; 
3. The expression of FGFs is altered during injury and disease. 

The FGF family consists of more than 20 members up to date and one of the best 
studied members is FGF-2. Like the majority of family members it lacks a classical signal 
sequence which is considered as a prerequisite for processing via the ER-Golgi secretory 
pathway (Burgess and Maciag, 1989; Mason, 1994; Yamasaki et al., 1996; Mason, 2003). 
Another classical property of FGF-2 is binding to heparin sulfate proteoglycans which 
function as low-affinity FGF binding sites (Klagsbrun and Baird, 1991; Bernfield et al., 1992). 
The extracellular FGF-2 signal mediates in a cell a signal cascade induced by FGF-2 binding 
to the FGF receptors (FGFRs) 1-4. These receptors are considered as high-affinity binding 
sites of transmembrane tyrosine kinase type and occur as several isoforms produced by 
alternative splicing (Jaye et al., 1992; Johnson and Williams, 1993). However, FGF-2 binds 
with different activity to different receptors, e.g. it shows the strongest binding to FGFR1, 
FGFR2 and FGFR3 IIIc isoforms (Ornitz et al., 1996). In developing and adult CNS FGFRs 
display a broad distribution in a distinct pattern (Wanaka et al., 1991; Weise et al., 1993; 
Grothe et al., 2006). High levels of FGFR1 are localized to astrocytes, low levels to 
oligodendrocytes (Gonzalez et al., 1995). Selected neuronal populations, e.g. amygdala and 
substantia nigra, also express FGFR1 (Gonzalez et al., 1995). Another feature of FGF-2 and 
FGFR1 is their localization to the cell nucleus, so intracrine mechanism of FGF-2 action in 
the nervous system is under discussion as well (Maher, 1996; Stachowiak et al., 1997). 

 
1.6.1 FGF-2 distribution and expression in the intact CNS 

 Most of the FGFs can be found in the developing and adult CNS (Ozawa et al., 1996). 
FGF-2 is expressed both in neurons and glial cells throughout the brain with different 
distribution pattern (Gonzalez et al., 1995). FGF-2 exists in several isoforms which originate 
from alternative translation initiation within a single mRNA species (Florkiewicz and 
Sommer, 1989; Prats et al., 1989). The 18 kDa isoform of FGF-2 initiates at an internal AUG 
codon, whereas the high molecular weight (HMW) isoforoms initiate at CUG codons located 
upstream to the AUG. 18 kDa FGF-2 isoform is mainly found in the cytoplasm but HMW 
isoforms seem to be predominantly expressed in the nucleus (Renko et al., 1990; Florkiewicz 
et al., 1991). The FGF-2 isoforms display a tissue- and spiecies-specific expression in the 
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cytoplasm and nucleus (Brigstock et al., 1990; Grothe et al., 1990; Westermann et al., 1990a; 
Westermann et al., 1990b; Giordano et al., 1991; Blottner et al., 1997; Grothe and Meisinger, 
1997; Meisinger and Grothe, 1997a, b). Moreover, differential expression of isoforms is also 
found in adult brain and during development (Moscatelli et al., 1987; Presta et al., 1988; 
Caday et al., 1990; Giordano et al., 1991; Coffin et al., 1995; Gonzalez et al., 1995; Mocchetti 
et al., 1996); adult rat brain contains FGF-2 isoform of 18, 21 and 23 kDa, but in embryonic 
and neonatal rat brain expression of only 18 and 21 kDa isoforms (Giordano et al., 1991). 
During postnatal development a 23 kDa appears with maximal expression in the adult 
(Giordano et al., 1991). We can speculate that different expression of FGF-2 isoforms could 
be correlated with distinct functions, although there is no direct evidence. This suggestion is 
supported by in vitro demonstrating that overexpression of low molecular weight (18 kDa) or 
high molecular weight (21 to 24 kDa) induces differences in cell growth and cell phenotype 
(Pasumarthi et al., 1994; Pasumarthi et al., 1996; Muller-Ostermeyer et al., 2001). 
 

1.6.2 Expression of FGF-2 in the injured and diseased CNS 
 FGF-2 is also differently expressed in injured brain. Focal brain wounds are 
accompanied by an increase of the FGF-2 immunoreactivity at the lesion site (Finklestein et 
al., 1988). Several studies demonstrated intensified immunoreactivity for FGF-2 and 
increased mRNA levels following transient forebrain ischemia (Kiyota et al., 1991; Takami et 
al., 1992; Kumon et al., 1993). In human Parkinsonian brains where the loss of dopaminergic 
neurons in SNc is the major pathophysiological feature, FGF-2 expression in this region is 
diminished (Tooyama et al., 1993; Tooyama et al., 1994). In MPTP mouse model of PD (see 
chapter 1.2), mRNA levels of FGF-2 are elevated in the striatum but not in the SNc (Leonard 
et al., 1993). Furthermore, iodinated FGF-2 was shown to be anterogradely transported from 
SNc to the striatum (McGeer et al., 1992). Additionally, the neurotoxin-induced reduction of 
DA neurons in the SNc was shown to be significantly higher in FGF-2-deleted mice 
compared to the respective wild types, whereas FGF-2-overexpressing mice revealed DA 
neuron death to a less extent compared to wild types in the same experimental design 
(Timmer et al., submitted). All these data suggest an exceptional role of FGF-2 in 
pathophysiology of neurodegenerative diseases and injury. 
  

1.6.3 Effects of FGF-2 in vitro 
 The observation that FGF-2 displays neurotrophic potential and is mitogenic for 
neuronal and glial cells raised hopes to rescue neurons from cell death after injury and during 
disease, or replace them by differentiating progenitors, so restoring brain function (Dunnett et 
al., 1997; Lindvall and Bjorklund, 2004a). The studies showed that FGF-2 along with 
epidermal growth factor (EGF) regulates the differentiation of neural progenitors in vitro and 
stimulates both proliferation and survival of embryonic cells from the striatum (Cattaneo and 
McKay, 1990). Additionally, it increases proliferation in cultures of rat embryonic 
hemispheres, hippocampus and spinal cord (Santa-Olalla and Covarrubias, 1999; Reimers et 
al., 2001; Maric et al., 2003; Lopez-Toledano et al., 2004; Itoh et al., 2005; Abematsu et al., 
2006). The majority of generated cells display a neuronal phenotype. Therefore these two 
molecules were used as mitogens in NSC expansion protocols. Nevertheless, comparison 
between the effects of FGF-2 and EGF on NSC revealed the ability of FGF-2 to stimulate 
proliferation of multipotential progenitor, giving rise to neurons and astrocytes as well as a 
commited glial precursors, whereas EGF only stimulates the glial precursor (Kilpatrick and 
Bartlett, 1995). Moreover, division and delay of differentiation of dopamine progenitors is 
also influenced by FGF-2 (Bouvier and Mytilineou, 1995). This molecule is also able to 
rescue cells from cell death and stimulates transmitter metabolism of dopaminergic neurons 
(Ferrari et al., 1989; Knusel et al., 1990; Engele and Bohn, 1991; Beck et al., 1993), 
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cholinergic septal neurons (Grothe et al., 1989) and motoneurons (Grothe et al., 1991; Grothe 
and Unsicker, 1992; Piehl et al., 1995). Although FGF-2 can act directly on neurons 
(Unsicker et al., 1992) the neurotrophic effect of the protein is indirect and most likely is 
mediated by glial cells (Engele and Bohn, 1991).  
 

1.6.4 FGF-2 and the treatment of CNS injuries 
 The presented data show that FGF-2 is a promising candidate for the treatment of 
injuries or disorders of nervous system. With regard to a continuous supply they also suggest 
using genetically modified cells for FGF-2 supply rather than to inject or infuse it directly. 
Plasticity of neuronal progenitors after their transplantation to different regions of the brain 
raises the hope that immature neurons generated from cultured stem cells could replace a 
variety of neuronal subtypes (Bjorklund, 2000; Dunnett et al., 2001; Lindvall et al., 2004; 
Roybon et al., 2004; Bjorklund, 2005). Another possible way to take advantage of the 
neurotrophic properties of FGF-2 lies in the context of neuronal transplantation. The clinical 
use of fetal nigral grafts as an intracerebral source of dopamine in Parkinsonian  patientsis 
limited because of the poor survival of the donor tissue as it was mentioned before (see 
chapter 1.5) (Arenas, 2002; Bjorklund et al., 2003; Bjorklund, 2005). Enhancement of the 
graft survival can be achieved by co-grafting of fetal dopaminergic neurons with FGF-2 
source, e.g. genetically modified cells producing FGF-2. Our group showed before that co-
transplantation of FGF-2 overexpressing Schwann cells with fetal mesencephalic cells 
increased survival, reinnervation and functional recovery in Parkinsonian rats (Timmer et al., 
2004), however, co-transplantations of at least two different cell sources are only a makeshift 
and an optimized approach must provide cells of interest directly with (a) neurotrophic 
factor(s) by introducing foreign DNA for ectopic expression. Therefore genetical modification 
of neuronal progenitor cell subpopulations seems to be a promising therapeutic strategy for 
injured CNS and analysis of the neurotrophic capacities of different FGF-2 isoforms could 
provide a more effective FGF molecule for injured central neurons. 
 

1.7 Gene therapy  
  

New findings in the field of molecular regulation of such processes like cell survival, 
proliferation and differentiation of neurons and their progenitors raise a problem of translating 
these data into physiological understanding and subsequently into clinical therapies. In this 
paradigm gene therapy became a new very powerful tool for molecular therapeutics and the 
use of gene therapy is a particularly attractive approach, as it stands as a direct bridge between 
molecular neuroscience discoveries and potential clinical treatments (Tinsley and Eriksson, 
2004). 

Gene therapy strategies can be roughly divided into two classes, depending on whether 
they are aimed at treating inherited or acquired disease (Tinsley and Eriksson, 2004). The first 
involves the repair or replacement of pathogenic genes with their functional homologues. This 
was the original aim of gene therapy, yet remains a complex and difficult goal. This is 
because extensive and long-term expression of therapeutic transgenes is required in order to 
correct the genetic flaw in all affected cells. The second class refers to approaches in which 
the aim is not to correct genetic flaw, but to ameliorate acquired disease. A key aim of this 
type of therapy is to augment the natural survival and repair systems of the body using 
enhanced or altered gene expression. In many ways it is similar to conventional drug therapy, 
except that a defined population of cells within the patient can be used to produce therapeutic 
proteins in situ (Tinsley and Eriksson, 2004). 

Up to date two main gene transfer systems are available for researchers: (i) viral gene 
transfer; (ii) non-viral gene transfer (Gresch et al., 2004; Tinsley and Eriksson, 2004). Viral 
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vectors are more widely used in gene therapy applications. They generally achieve transgene 
expression in a high proportion of target cells. Viruses which have been modified for use in 
animal models of CNS gene therapy include retrovirus (including lentivirus), herpes simplex 
virus, adenovirus and adeno-associated virus (AAV; (Winkler, 2002)). The success of viral 
vectors in clinical trials has been disappointing, and took a major blow when one of the 
subjects in an adenovirus trial died (Beardsley, 2000). Although the death was not a direct 
result of the treatment, the case highlighted the dangers of applying viral vectors to 
susceptible patients. At the same time, these methods suffer from several limitations such as 
the time-consuming and laborious production of vectors, elevated laboratory costs due to high 
level of safety requirements, limitation of insert size and possible immunogenic reaction in 
clinical human trials. In summary, viral vectors currently applied in clinical research do not 
meet demands for a safe gene transfer (Gresch et al., 2004). 

 
1.7.1 Non-viral gene transfer 
There are two main categories of non-viral gene transfer techniques; physical and 

chemical. The physical methods include: 
1. Electroporation (Gehl, 2003); 
2. Ballistic gene transfer (introduces particles coated with DNA into cells) 

(Biewenga et al., 1997; Zhang et al., 2003; Wells, 2004); 
3. Microinjection (DNA transfer through microcapillaries into cells) (Ledley, 

1994; Davis et al., 2000). 
The chemical methods include: 

1. Liposome-based gene transfer or lipofection (Felgner et al., 1987; Wu et al., 
2000); 

2. Calcium phosphate-mediated gene transfer (Chen and Okayama, 1988); 
3. DEAE-dextran transfection technique (Pari and Xu, 2004); 
4. Polyethyleneimine (PEI)-mediated gene delivery (Corso et al., 2005). 

Lipofection is one of the most widely used transfection method in today’s molecular 
and cell biology research labs. Liposomes are small vesicles prepared from a suitable lipid. 
Initially, non-ionic lipids were used for preparing liposomes so that DNA had to be 
introduced within the vesicles following specific encapsidation procedures. The use of 
cationic lipids for the construction of liposomes is a distinct advantage as DNA spontaneously 
and efficiently complexes with these liposomes making encapsidation procedures unnecessary. 
The cationic liposomes have a single lipid bilayer membrane (unilamellar), and they bind to 
cells efficiently. They fuse with the plasma membrane and thereby deliver the DNA 
(complexed with them) into cells. The efficiency of lipid-mediated gene transfection is 
dependent on several steps, including: 1) adsorption of the transfection complex to the cellular 
surface and subsequent uptake of the complex by cells, 2) escape from the intracellular 
endosomes/lysosomes, and 3) translocation across the nuclear membrane and into the cell 
nucleus where transcription occurs. Of these steps, nuclear translocation of genetic material is 
arguably the critical and limiting step for successful transfection. Up to now, transfection 
lipids are able to achieve the first two of these steps with relative efficiency. Disadvantages of 
this method are quite low transfection efficiency in suspension cells and dependence on cell 
division as well as on high rate of endocytosis (Gresch et al., 2004). 

Electroporation is a physical process that transiently permeabilizes prokaryotic and 
eukaryotic cell membranes with an electrical pulse, thus permitting cell uptake of a wide 
variety of biological molecules (Gehl, 2003). Electroporation occurs as a result of the 
reorientation of lipid molecules of the bilayer membrane to form hydrophilic pores in the 
membrane. The distribution of such pores, both in terms of size and number, determine the 
electrical properties of the cell membrane. Changes in pore radius are effected by surface 
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tension forces on the pore wall, diffusion of water molecules into and out of the pore and an 
electric field induced force of expansion. The delivered pulse decays exponentially through 
time, and it is defined by two pulse parameters, the initial field strength (kV/cm) and the time 
constant (τ). Both the field strength and the time constant must be characterized for each cell 
type. The field strength is determined by selecting the voltage (V) that is delivered across the 
cuvette electrode gap (cm). Generally, the larger the cell, the lower the field strength required 
for efficient electroporation. The time constant, τ (msec) = resistance, R (ohms) * capacitance, 
C (µF), in the complete pulse circuit is equivalent to the amount of time it takes for the initial 
voltage (V0) to drop to the value of V0/e; this is a decay time for the pulse to decrease to a 
value of about 37 % of V0 (Gehl, 2003). Major disadvantages of electroporation are the low 
transfection efficiency of primary cells and high cell mortality (Gresch et al., 2004). 

Two years ago a new highly effective non-viral method for gene transfer into primary 
cells called nucleofection was developed by Amaxa Biosystems (Cologne, Germany (Gresch 
et al., 2004)). This method is an electroporation-based method in which a combination of a 
specific nucleofector solution and specific electrical parameters achieve delivery of plasmid 
DNA into the cell nucleus. It was successfully applied to hematological and immunological 
cells (Mertz et al., 2002; Lai et al., 2003; Martinet et al., 2003) and to embryonic and adult 
stem cells (Lakshmipathy et al., 2004; Lorenz et al., 2004; Kobayashi et al., 2005; Leclere et 
al., 2005; Aluigi et al., 2006). Up to now there are only few reports of gene delivery to 
primary neurons by using the recently developed nucleofector technology (Dityateva et al., 
2003; Gresch et al., 2004; Leclere et al., 2005; Gartner et al., 2006). Cell-type specific 
combinations of electrical current and solutions make the technology unique in its ability to 
transfer polyanionic macromolecules directly into the nucleus. Therefore, even cells with 
limited potential to divide such as neurons are made accessible for efficient gene transfer 
(Gresch et al., 2004). So far, this technique has been applied to primary mammalian (fetal, 
neonatal and adult) and avian neuronal types, including hippocampal, cerebellar granule, 
cortical, sympathetic neurons and also to neuronal stem cells from spinal cord. However, 
there are no reports about nucleofection of early neuronal progenitors from the brain. 
Advantages of nucleofection method include (Gartner et al., 2006):  

1. Easy, fast and safe to use. 
2. Transfection efficiency is reproducible and allows biochemical assays to be performed. 
3. Transfection is performed before cell plating and protein expression is usually 

observed 1-2 hours after transfection. 
4. Long-term expression allows the study of protein function in later developmental 

processes such as protein/receptor trafficking, synaptogenesis and synaptic plasticity. 
 
Disadvantages include (Gartner et al., 2006): 

1. Large amounts of cells (minimum 1x106) are needed for nucleofection. 
2. Transfection efficiency depends on the neuronal type.  
3. Success dependent on the type of construct used. 
4. Decrease of expression can be observed in long-term experiments. 
5. Early expression of some transgenes may interfere with cell attachment or with other 

developmental events preceding the process of interest. 
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1.8 Aims of the present study 
 

• To compare different non-viral transfection methods and to establish an efficient one 
for fast and safe gene transfer to primary ventral mesencephalic progenitor cells. 

• To transfect primary ventral mesencephalic progenitor cells with both, a reporter gene 
(EGFP / DsRed) and with an efficient growth factor gene (FGF-2). 

• To analyze whether transfection of cells alters the culture composition, changes their 
morphology, their properties or their expansion and differentiation potential.  

• To determine whether these manipulated cells can survive transplantation.    
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2 MATERIALS AND METHODS 
 

2.1 Preparation of embryonic tissue 
The experiments of this work were performed with time-mated Sprague-Dawley rats 

(SPRD) purchased from Charles River. Ventral mesencephalic (VM) progenitors were 
obtained from fetuses at embryonic day 11.5-12 (E11.5-12). The VM tissue was dissected as 
described by Nikkhah et al. (Nikkhah et al., 1994b; Nikkhah et al., 1994c) based on the cell 
suspension technique according to Björklund et al. (Bjorklund et al., 1983). After collecting 
embryos from uteri, the head was separated from the body and transferred into sterile Petri 
dish filled with Hank’s buffer for further manipulations. Under the microscope, the midbrain 
tube was separated from the rest of the brain and the ventral part was dissected. The dissected 
pieces of the ventral mesencephalon (VM) were incubated in Dulbecco´s modified Eagle´s 
medium (DMEM)/Ham´s F12 (PAA Laboratories GmbH, Linz, Austria), containing 0.05% 
DNase (Roche, Basel, Switzerland), 2mM glutamine (PAA Laboratories), B27 (Gibco; 1:50) 
and 1mM sodium-pyruvate (PAA Laboratories) at 37° C for 20 min. The incubation was 
stopped by adding the same medium, containing no DNase but 10 % FCS and the suspension 
was spun at 1,000 rpm for 5 min. The pellet was re-suspended in 1 ml of medium I (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 200µl Eppendorf pipette. The yield from 11.5-12 days old 
embryos resulted in about 100,000 (depending on the age: 70,000-150,000) cells per VM. The 
viability was nearly 100 % as determined by trypan blue dye exclusion. 
 

2.2 Cell culture 
The cell culture was performed as described by Timmer et al. (Timmer et al., 2006). 

After dissociation of the tissue, cells were counted using a cell-counting chamber 
(hemocytometer) and adjusted to the final number of 2,000,000 – 3,000,000 cells/ml. Then 
every one ml of suspension was seeded on 25 mm2 cell culture dish (Nunc GmbH) with 
additional 5 ml of medium I (DMEM/Ham´s F12, 3% fetal calf serum (FCS) (PAA), 20ng/ml 
FGF-2 (Preprotech Inc; 18kD), B27, N2 (Gibco; 1ml/100ml of a 100x stock solution), 1mM 
sodium-pyruvate, 0.25% bovine serum albumine (BSA; Sigma) and 2mM glutamine). The 
vitality and attachment on the substrate surface of precursors after isolation and cell seeding is 
a very critical step with respect to the proliferation capacity. The highest proliferation rates 
were achieved seeding them on a polyornitine/laminin substrate. Precoating of culture dishes  
with polyornithine (Sigma, 0.1 mg/ml in 15 mM boric acid buffer, pH 8.4) and laminin 
(Sigma, 6µg/ml) was performed in distilled water for 24 hours at room temperature and 
washed afterwards twice with distilled water. A high FCS concentration is also very important 
for seeding of cells.  

After 24 hours in vitro, medium I was removed and replaced by serum free medium II 
which is a modification of medium I (without FCS and B27 supplement). Cells were 
cultivated for the next 3 days. The day with medium I was considered as day in vitro 0 (DIV0). 
On DIV3 (for FACS and transplantation on DIV6), medium II was removed from the flasks, 
the surface was rinsed once with PBS and cells were detached from the surface with 
trypsin/EDTA (PAA Laboratories) for 3-4 min. Trypsinization was stopped by adding serum-
containing medium I. Afterwards cells were counted, the right volumes adjusted and 
transfection procedure was performed (see below). After transfection, cells were seeded onto 
96 microtiter plates with a density of 15,000; 30,000 or 60,000 cells in 100 µl/well or again in 
culture dishes and incubated for 24 hours with medium I for attachment. Then medium I was 
replaced by medium II for the next 4 days of proliferation (to expand transfected culture). For 
differentiation of transfected progenitor cultures medium II was changed to medium III 
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containing no mitogen (DMEM/F12, 0.25% BSA, B27, 1% FCS, 100 µM ascorbic acid, and 2 
mM glutamine) at day five in vitro. Cells were incubated with medium III for the next 6 days. 
No antibiotics were used and cells were not passaged between proliferation and differentiation. 
Cultures were maintained at 37°C in humidified 5% CO2 – 95% air incubator under normal 
oxygen conditions (~20%). For FACS analysis and transplantation, respectively, transfected 
cells were seeded in culture dishes.  
 

 
2.3 Transfection 
Three different methods were analyzed using primary mesencephalic progenitor 

cultures: chemical transfection with Lipofectamin 2000 reagent (Invitrogen), electroporation 
using EasyjecT Optima electroporator (EquiBio, UK), and nucleofection with Nucleofector 
device (Amaxa GmbH, Germany). DNA plasmid constructs used for transfection: pEGFP-N2 
(Clontech), pDsRed-N2 (Clontech), pCIneo-FGF18kDa (Muller-Ostermeyer et al., 2001), 
pDsRed-23kDa-FGF-2, pEGFP-23kDa-FGF-2 (Claus et al., 2003; Claus et al., 2004a), and 
pCIneo as a control (Promega). 

Lipofection. The procedure was performed according to the manufacturer’s protocol. 
Optimization test was performed once to find the optimal ratio of DNA and Lipofectamine 
2000 reagent. After gathering cells from fetal VM and making single-cell suspension (see 
above) they were seeded on 96 microtiter plates with density of 30.000 cells/well. Cells were 
expanded in culture till they reached the confluence of 90-95% (about 2 days). Then the 
medium I was removed and DNA and Lipofectamine 2000 reagent mixes in OptiMEM I 
medium (Gibco) were added to the wells (amounts and ratio see below). Cells were incubated 
for 24 hours in culture conditions, then the mixes were removed and medium I was added 
again. The “rapid” transfection protocol in 96 microtiter plates was also used to have similar 
conditions compared to other methods. Briefly, prior to cell seeding DNA and reagent mixes 
were prepared in 96 microtier plates. Each well contained 50 µl OptiMEM I medium (Gibco) 
solution with 0.5 µg of DNA were mixed with 0.5 µl of Lipofectamine 2000 reagent (DNA: 
reagent ratio = 1:1). Cells after detachment (see above) were adjusted to the volume of 60,000 
cells/100 µl in medium I and then 100 µl of the cell suspension was added to each well on the 
day of transfection. Cells were incubated for 24 hours. After incubation the medium was 
replaced by serum free medium II and cells were cultured as described above. 

Electroporation. In order to test the capability of physical transfection to deliver 
efficiently DNA to primary ventral mesencephalic progenitor (VMP) cells, we used an 
electroporation technique under high voltage and low capacitance settings: EasyJecT 
electroporator was set to voltage of 350 V, and capacitance parameter varied from 75 µF to 
1500 µF to establish an optimal setup.  The optimal parameters were: 350 V, 75 µF, 100 µg 
DNA/500,000 cells, DIV3 as the day for transfection and 4 days of further proliferation. After 
detachment (see above) cells were adjusted to the volume of 500,000 cell/ml in medium I. 
Afterwards cells were spun down by 600 rpm for 5 min and medium was removed. 400 µl of 
electroporation buffer (50 mM K2HPO4*3H2O [11.41 g], 20 mM K-acetate [1.96 g], pH = 
7.35), 10 µl magnesium sulfate (1 M MgSO4*7H2O, pH = 6.7), 100 µg of DNA were added 
and cells were re-suspended. No incubation on ice before or after electroporation procedure 
was done. After giving the pulse, 500 µl of medium I was added for neutralization of 
electroporation buffer and cells were seeded on the 96 well plates with density of 30,000 
cells/well. After incubation for 24 hours the medium was replaced by serum free medium II 
and cells were cultured as described above. It is important not to vortex or mix cells after the 
pulse, while it can cause decreased cell survival. 

Nucleofection. For nucleofection of primary mesencephalic progenitor cultures, Basic 
Nucleofector Kit for primary mammalian neurons was used (Amaxa GmbH). In the beginning 
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two programs were chosen: A-033 and O-005, both of them were designed for transfection of 
primary neurons. The program A-033 showed better results in transfection efficiency and was 
chosen for further experiments. The transfection protocol was performed according to the 
manufacturer’s protocol for adult rat neuronal stem cells. Briefly, after detachment cells were 
adjusted to the volume of 2,000,000 cell/ml in medium I. Afterwards cells were spun down by 
600 rpm for 5 min and medium was removed. 100 µl of nucleofection solution and 5 µg of 
DNA were added and cells re-suspended. After the pulse, 500 µl of RMPI 1640 medium 
(Biochrom AG), containing 10% FSC were immediately added for neutralization of 
nucleofection solution. Then, cells were seeded on 96 microtiter plates with the final density 
of 15,000 or 30,000 cells/100 µl. 
 

2.4 Immunocytochemistry (ICC) 
ICC was performed in 96 microtiter plates. Cells were fixed with freshly prepared 4% 

paraformaldehyde in PBS for 30 min at room temperature (RT) following three washing steps 
with PBS. Afterwards they 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 antibody was 
diluted in blocking solution and incubated overnight at 4oC. Then, following three washing 
steps with PBS, the secondary antibody was applied to the cultures for 1 hour (in the dark). 
Cells were washed again (three times with PBS) and then were directly analyzed in the plates 
using an Olympus fluorescent microscope. The following primary antibodies were used: anti-
tyrosine hydroxylase (TH) 1:200 (Chemicon, CA), anti-nestin 1:550 (Chemicon, CA); anti-
glial fibrillary acidic protein (GFAP) 1:400 (Sigma, MO); anti-β-tubulin type III 1:140 
(Upstate, NY); anti-fibroblast growth factor-2 (FGF-2) (Grothe et al., 1990) 1:500. Detection 
of bound primary antibody was done with either Cy2 (1:200) or Cy3 (1:600) conjugated 
secondary antibodies. Nuclei were visualized by 4-, 6-diamidino-2-phenylindole (DAPI, 
Sigma) staining when required. 
 

2.5 Immunohistochemistry (IHC) 
One week 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% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were post-fixed 
overnight and immersed in 20% sucrose. Serial coronal sections were cut on a freezing 
microtome at 30 µm thickness (3 series). In order to detect dopaminergic neurons every third 
section was processed for TH-IHC 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 washes with 
PBS, the slices were incubated in blocking buffer containing 2% BSA, 0.3% Triton-X and 5% 
horse serum (HS) in PBS for 1 hour at RT. Afterwards the primary antibody (monoclonal 
mouse anti-TH, 1:200, Chemicon) diluted in blocking buffer was applied overnight at 4oC. 
From this point every step was followed by subsequent three times washes with PBS. Then 
the slices were incubated with  biotynilated secondary antibody (anti-mouse, 1:200) diluted in 
blocking buffer 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 in the dark. The slices were mounted from PBS 
and analyzed under the microscope. Transfected (with EGFP) VMP cells were detected by 
fluorescence microscopy. The green fluorescence was enhanced by immunostaining of the 
slices with anti-GFP (see chapter 2.13). 
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2.6 Cell-ELISA 
Cell-ELISA was performed in 96 microtiter plates. Cells were fixed with ice-cold 

methanol for 10 min in – 20oC, followed by three times washing with PBS. Then the cultures 
were incubated for 10-15 min with 1% H2O2 in water to suppress endogenous peroxidase 
activity. After permeabilization, the nonspecific binding was blocked by incubation with PBS 
containing 10% horse serum, 1% BSA and 1% Triton X-100. Following washing steps with 
PBS, cells were incubated overnight at 4°C with the primary monoclonal antibodies in PBS 
containing 1% NGS, 1% BSA and 0.1% Triton X-100. The following dilutions were used: 
anti-TH 1:200; anti-β-III-tubulin 1:140, anti-GFAP 1:600, anti-nestin 1:550 and anti-FGF-2 
1:300. Specificity controls included the omission of primary antibodies. Afterwards, the 
cultures were rinsed three times with PBS and the bound antibodies detected using a 
peroxidase-based avidin-biotin complex (ABC) according to the manufacturer´s instructions 
(Elite ABC kit, Vectastain). In brief, the secondary antibody, biotinylated anti-mouse IgG, 
was diluted 1:200 in PBS containing 1% BSA and cells then incubated for 45 min at RT. 
ABC complex was added for 45 min at room temperature and after extensive washes with 
PBS, 2,2'-azinobis (3-ethyl-benzthiazoline-6-sulfonic acid) (ABTS, Vectastain) was added as 
a substrate for color development. The relative absorbance was measured at 405 nm 
(Mikrotek Laborsysteme GmbH, Germany). Data were corrected for blank values obtained in 
the absence of the first antibody (Grothe et al., 2000). In one set of experiments expression of 
phenotypic markers was analyzed in transfected and non-transfected cultures in both 
proliferation and differentiation phases. In other experiments the over-expression of FGF-2 
after transfecting cells was evaluated quantitavely.  

.  
2.7 Cell viability and proliferation assay 
Cell viability and indirect proliferation were evaluated after nucleofection by WST-1 

assay (Roche; (Francouer, 1996)) according to the manufacturer’s protocol. Briefly, 10 µl of 
WST-1 reagent were added to each well of 96-well plate containing 100 µl of medium. The 
blank well contained medium and WST-1 reagent but no cells. After incubation for 105 min 
in the incubator the relative absorbance was measured with ELISA reader (Mikrotek 
Laborsysteme GmbH, Germany) at 450 nm. To achieve viability curves, different points of 
time (6 hours, 48 hours, 5 days, 7 days and 11 days after nucleofection) were selected. In 
some experiments cell-ELISA for FGF-2 expression was performed on the same cells 
following the test. 
 

2.8 Cell proliferation assay 
Cell proliferation was evaluated after nucleofection by BrdU incorporation ELISA 

(Roche) according to the manufacturer’s protocol. Briefly, on different time points after 
nucleofection (18 hours, 48 hours, 5 days, 7 days and 11 days) cells were labeled with anti-
BRDU 1% labeling solution for 2 hours in humidified 37oC culture conditions. Afterwards 
they were fixed with fixation solution for 30 min at RT, followed by application of secondary 
antibody (anti-POD) for 90 min at RT. Then cells were washed three times with washing 
solution and 100 µl of reaction developing substrate was added for 30 min at RT. The reaction 
was stopped with 25 µl of 1 M sulphuric acid solution. The values were immediately obtained 
with ELISA reader at 450 nm. 
 

2.9 Western blotting 
Western blotting was done after homogenization and separation of cells using 1% SDS 

PAGE. Protein was received from expanded cells (either immortalized or physiological) after 
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nucleofection with FGF-2 18 kDa isoform. Same amounts of protein were loaded on each gel. 
Actin detection served as a loading control. Detection of FGF-2 was done using a monoclonal 
anti-FGF-2 antibody (1:250, Transduction laboratories) and the enhanced chemiluminescence 
system ECL (Santa Cruz Biotechnology) followed by detection in the documentation system 
LAS-3000 (Fuji). 
 

2.10 Cell counting 
EGFP-positive cells or red fluorescent cells (DsRed-positive) were counted to measure 

a transfection rate 24-48 hours after transfection. Cells were counted at 10-fold magnification 
using an inverse Olympus fluorescent microscope. Five fields were randomly selected in 
every well and at least 4-6 wells were counted for each sample. Transfection rate was 
calculated from relation between EGFP or DsRed- positive and DAPI-positive cells, 
respectively. The number of TH-positive cells was measured as relative grades since these 
cells after differentiation gather into the clusters and it is hard to obtain the exact number. 
Following grades were used: 5+, preferably large and small clusters of TH-positive cells in 
the culture; 4+, preferably large clusters; 3+, preferably small clusters and separate cells; 2+, 
preferably separate cells; 1+, only few TH-positive cells in the culture. All experiments were 
at least triplicates. 
 

2.11 Fluorescence Activated Cell Sorting (FACS) analysis 
Primary VMP cells were collected as described above. Prior to nucleofection cells 

were expanded in culture for 6 days in proliferation conditions. Afterwards cells were 
transfected with EGFP and re-seeded for following proliferation or differentiation. Either 
proliferated or differentiated transfected cells were taken for further analysis. Cells were 
detached with trypsin/EDTA as described above. The medium was removed with phosphate-
buffered saline (PBS), medium I was added and 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). Cells were spun for 5 min with 1,000 rpm and the pellet 
was re-suspended in 1 ml of medium I. During these steps (particularly the cell scraping), 
about 10% of cells got lost. Cells were counted and the viability (about 98 %) was controlled 
by trypan blue exclusion. After counting they were dissociated in PBS so that cell suspension 
was clear and contained no aggregates.  

Analysis of EGFP expression was performed using the FL1 channel of a FACSCalibur 
flow cytometer (BD Biosciences). Non-transfected cells served as negative controls to 
determine the background fluorescence. Cell debris was excluded from analysis by forward- 
and side-scatter gating. Data were analyzed using the software Cell Quest Pro software (BD 
Biosciences Pharmingen). 
 

2.12 Generation of immortalized VMP cells 
The freshly prepared dissociated VMP cells (see above) were cultivated for three days 

in proliferation conditions and afterwards nucleofected with the construct containing T-large 
antigen of SV40 (pSV3neo). After transfection cells were grown in selection medium II, 
containing 400 µg/ml G418 for two weeks and then cloned using limiting dilution. 10 fast 
growing clones were obtained and frozen for storage. 
 

2.13 Transplantation and evaluation of the graft 
Animals and Lesion Surgery. Female Sprague-Dawley rats weighing 220-260g at the 

time of the first surgical intervention were housed two to a cage under a 12h light/dark cycle 
with free access to food and water. All animals received complete unilateral 6-
hydroxydopamine (6-OHDA) medial forebrain bundle (MFB) lesions and intrastriatal 
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transplants. Experimental protocols were approved by the Bezirksregierung Hannover, 
Germany, and meet the guidelines of the Tierschutzgesetz (i. d. F. v. 25.05.1998). All animals 
received two stereotaxic injections of 6-OHDA using a 10-µl Hamilton syringe into the right 
mesostriatal pathway at the following coordinates (in mm with reference to bregma and dura): 
First, 2.5 µl of 6-OHDA (3.6 µg/µl in 0.2 mg/ml L-ascorbate-saline) at: AP: -4.4, LAT: -1.2, 
VERT: -7.8, tooth bar: -2.3. Second, 3 µl of 6-OHDA at AP: -4, LAT: -0.8, VERT: -8, tooth 
bar: +3.4. The injection rate was 1 µl/min and the cannula was left in place for an additional 3 
min before slowly retracting it. Two months after 6-OHDA lesion, transplantation surgery 
was performed.  

Anesthesia. The adult animals received intraperitoneal injections of ketamine/rompun 
[per animal: 0.25 ml ketamine hydrochloride (5%; 1 ml = 57.67 mg, 0.1 ml / 100g) plus 0.05 
ml xylazine (Rompun; 1 ml = 23.32 mg)]. 

Transplantation. The VMP cells were expanded in a culture as described above. On 
DIV6 they were nucleofected with EGFP and cultured for additional 4 days in proliferation 
conditions. Cells were detached using no trypsin. The medium was removed with phosphate-
buffered saline (PBS), medium I was added and 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 for transplantation 
purpose. Cells were spun for 5 min with 1,000 rpm and the pellet was re-suspended in 1 ml of 
medium I. During these steps (particularly the cell scraping), about 10% of cells got lost. 
Cells were counted and the viability (about 98 %) was controlled by trypan blue exclusion. 
Cells were spun (5 min, 1,000 rpm) and re-suspended with medium II (differentiation; but 
here without FCS) in the final volume with 0.05% DNase/DMEM. After resuspending 1µl 
contained about 100,000 cells/µl. Using a glass capillary (outer diameter 50-70 µm) attached 
to a 2µl Hamilton syringe stereotaxic implantation was performed into the right striatum 
where adults received two deposits (medial and lateral) of the suspension with 1 µl each 
(about 1,000,000 cells in total). The injection rate was 1µl/min and the cannula was retracted 
shortly after injection (Nikkhah et al., 1994c). One week after grafting, the rats were perfused 
with 4% paraformaldehyde, coronal sections were cut on a freezing microtome at 30 µm 
thickness and TH immunohistochemistry was done (Timmer et al., 2006). The sections were 
also immunostained with monoclonal anti-GFP antibody (1:200, Roche), and visualized by 
Cy2 (1:200) secondary antibody. 
 

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

performed using SigmaStat program (Vers. 2.0; Jandel). Comparisons between the groups 
were performed by using one-factor 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. If 
only two groups were compared, two tails t-test for normally distributed data or Mann-
Whitney test for not normally distributed data was performed. P values of < 0.05 were 
considered significant. 
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3 RESULTS 
 

3.1 ELECTROPORATION 
 

3.1.1 Transfection with reporter genes and characterization of transfected 
cultures in proliferation phase 

As a first approach I examined whether it is possible to transfect primary ventral 
mesencephalic progenitor cells using physical transfection means. For this purpose standard 
electroporation technique was used and I concentrated on finding appropriate optimal physical 
parameters. To test the transfection efficiency, two different reporter genes were used; DsRed 
(red fluorescent protein) and GFP (green fluorescent protein). Cells transfected with DsRed 
showed a more intense, contrasting and constant fluorescence signal occupying the entire cell 
including cytoplasm, nucleus and processes (Fig. 3A), whereas GFP expressing cells showed 
different levels of fluorescence intensity, which varied from low intense, blurring cells, where 
only parts of cells could be seen, to high intensity with clearly visualized processes (Fig. 3B). 
Transfected cells displayed a normal morphological appearance when they were investigated 
under phase-contrast microscopy 3 days after transfection (Fig. 3A-B). To evaluate 
transfection efficiency quantitatively, DsRed and GFP positive cells were counted 48 hours 
after transfection. The percentage of GFP positive cells was significantly higher compared to 
DsRed positive cells (Fig. 3C; GFP: 8.1 ± 1.55 %; DsRed: 3.2 ± 1.49 %; p < 0.01). This 
could be explained by different correctly and incorrectly folded protein ratio of DsRed and 
GFP, which is lower (what leads to greater incorrectly folded protein amount and thus to 
lower numbers of fluorescent cells) in DsRed case but not in GFP (Shaner et al., 2005).  
 To confirm whether I succeeded to transfect neural progenitor cells, nestin 
immunocytochemistry was performed with transfected cultures (Fig. 4A). The 86.9 ± 7.2 % 
of the transfected cells were immunopositive for nestin (Fig. 4B), a specific marker for 
immature cells of neural origin indicating high progenitor richness within the VMP cultures. 
As immunostaining showed, DsRed fluorescence in transfected cells also co-localized with 
nestin and DAPI nuclear expression (Fig. 4A). However, the amount of DsRed-transfected 
nestin-positive precursors was rather low, keeping in mind that transfection efficiency (with 
pDsRed-N2) of overall cultures was not higher than 4 % (Fig. 4B). 
 

3.1.2 Optimizing the transfection protocol 
The transfection efficiency could be increased by optimization of the protocol. 

Electroporation occurs when an applied external field exceeds the capacity of the cell 
membrane. The formation of permeable areas happens in the frame in less than a second 
whereas resealing happens over minutes (for review see (Gehl, 2003)). The most important 
physical parameters influencing electroporation procedure are pulse time and amplitude of a 
pulse (voltage). Our equipment (EasyjecT electroporator) generated standard pulse waves (not 
square wave pulses) thus not allowing us to manipulate with pulse time and amplitude 
separately. However, with the knowledge that the pulse time can be calculated for an ideal 
system using the following formula: τ = R * C (where τ (tau) is pulse time; R is the resistance 
and C is the capacitance, expressed in Farad) we could assume that increase in capacitance 
would lead to increase of pulse time (when the resistance setting is constant), possibly 
resulting in enhanced transfection efficiency.   

In our experiments the range of the capacitance parameter varied from 75 µF up to 
1500 µF, while voltage (amplitude) and resistance were constant, 350 V and 300 Ohms 
respectively, resulting in pulse time from 20 ms to 400 ms.  Immunofluorescent microscopy 
showed that after application of a pulse the total cell number decreased proportionally with 
increase of capacitance. Moreover, the number of TH-immunoreactive cells decreased even 
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more dramatically, indicating exceptional sensitivity of this cell type to external 
environmental changes (Fig. 5A). Although augmentation of capacitance resulted in an 
increase of the transfection efficiency from 3.2 ± 1.49 % to 7.1 ± 4.51 % (transfection with 
DsRed reporter), it was not significant (Fig. 5B; p > 0.05). We also analyzed the relation 
between capacitance variables and TH positivity of electroporated culture, and it revealed 
strong negative correlation (Fig. 5C; Pearson correlation, R = -0.829, p < 0.001). All this data 
resulted in an optimal electroporation setup for primary VMP cells with voltage of 350 V and 
capacitance of 75 µF. 
 

3.1.3 Transfection with reporter genes and characterization of transfected 
cultures in the differentiation phase 

After the transfection and subsequent differentiation (see Materials and Methods) 
cultures were evaluated with respect to culture composition. Precursors from midbrain 
normally differentiate into dopaminergic neurons, which express TH; other types of neurons, 
predominately GABAergic; and astrocytes (Martinez-Serrano et al., 2001).  

In my experiments I showed the presence of all three populations of differentiated 
VMP cells by immunocytochemistry: β-III tubulin positive neurons including TH positive 
ones and GFAP positive astrocytes (Fig. 6A-C). We found transfected cells in each cell 
population; however, the majority of them were astrocytes (Fig. 6C), while only a few 
transfected TH positive neurons were detected (Fig. 6A).  

Using the established optimal conditions, we analyzed population composition of the 
electroporated VMP cultures regarding proliferation and after differentiation by cell-ELISA 
(Fig. 7A-B). In non-transfected cultures TH positive neurons and astrocytes, but not β-III 
tubulin positive neurons or nestin positive progenitors increased in number after 
differentiation. TH positive neurons in non-transfected cultures increased from 12.6 ± 3.4 % 
to 29.4 ± 4.02 % and in electroporated cultures from 12.8 ± 3.36 % to 27.3 ± 4.08 % 
respectively (p < 0.001). Similarly astrocyte population increased from 12.2 ± 3.73 % to 37.7 
± 5.88 % in non-transfected cultures and from 10.9 ± 4.67 % to 42.8 ± 3.87 % in 
electroporated cultures respectively (p < 0.001). The amount of TH positive cells did not 
differ between non-transfected and electroporated cells (p > 0.05), whereas more astrocytes 
have been found in electroporated cultures compared to non-transfected ones (p < 0.05). We 
found less β-III tubulin positive neurons after differentiation; non-transfected cultures showed 
a β-III tubulin positivity decrease from 48.9 ± 9.96 % to 42.0 ± 3.09 % (p > 0.05) and 
electroporated cultures from 60.7 ± 12.45 % to 41.3 ± 4.28 % respectively (p < 0.001, Fig. 
7A). There was no reduction of nestin positive progenitors in non-transfected cultures (38.9 ± 
11.5 % during proliferation and 38.6 ± 5.49 % after differentiation, p > 0.05), whereas in 
electroporated cultures the amount of nestin positive cells was reduced from 44.0 ± 7.33 % to 
34.7 ± 7.93 % (p < 0.05, Fig. 7A) after differentiation. 

The differentiation potential of primary VMP cells was not altered by electroporation; 
the relative amount of TH positive neurons in neuronal population increased from 25.7 % 
(proliferation phase) to 70.1 % (differentiation phase) in non-transfected controls, whereas in 
electroporated cultures from 21.1 % to 66.2 % respectively (Fig. 7B).  

These results suggested the conclusion that physical transfection under optimal 
parameters do not interfere with intrinsic properties of target cells to differentiate into 
restricted phenotypes.  
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3.2 LIPOFECTION 
 

3.2.1 Transfection with reporter genes and characterization of transfected 
cultures in proliferation phase 

To compare the physical transfection method with the chemical liposome-based 
approach, Lipofectamine 2000 reagent (Invitrogen) was used for transfection of primary VMP 
cells. Small unilamellar liposomes interact spontaneously with DNA to form lipid-DNA 
complexes with 100% entrapment of the DNA. The reagent facilitates fusion of the complex 
with the plasma membrane of tissue culture cells, resulting in both uptake and expression of 
the DNA. The technique is simple, quite effective for both transient and stable expression of 
transfected DNA in cell lines. Depending upon the cell line, lipofection is from 5- to greater 
than 100-fold more effective than either the calcium phosphate or the DEAE-dextran 
transfection technique (Felgner et al., 1987). However, lipofection of primary cells and 
especially of neural phenotype still remains a challenge. I have used both, standard and 
“rapid” procedure of transfection protocol (see chapter 2.3). Similarly to electroporation 
protocol, cells were transfected with two different reporter genes; DsRed and GFP. However, 
DsRed fluorescence in lipofected cells was not as brilliant as in electroporated cells (Fig. 8A), 
thus suggesting that protein expression and/or folding could be influenced by transfection 
method. Transfected cells displayed a normal morphological appearance when they were 
investigated under phase-contrast microscopy 3 days after transfection (Fig. 8A).  

Immunostaining of transfected cultures revealed that DsRed fluorescence in 
transfected cells also co-localized with nestin and DAPI nuclear expression confirming that 
transfected cells were neural precursors (Fig. 8A). The 79.7 ± 1.07 % of the transfected cells 
were immunopositive for nestin (Fig. 8B), confirming high progenitor richness of the fetal 
mesencephalic cell preparation. However, the amount of DsRed-transfected nestin-positive 
precursors was rather low, keeping in mind that transfection efficiency (with pDsRed-N2) of 
overall cultures was not higher than 1 % (Fig. 8B). Transfection efficiency with pEGFP-N2 
was compared to transfection with pDsRed-N2 leading to 10-fold higher percentage of 
transfected cells in the first case (Fig. 8C; GFP: 10.7 ± 1.47 %; DsRed: 1.1 ± 0.95 %, p < 0.001).  

According to the GFP transfection data, we can conclude that transfection efficiency 
of electroporation and lipofection is similar, as shows analysis of GFP-positive cells. 
Difference showed by counting DsRed expressing cells is not because of peculiarities of 
transfection methods rather than because of internal properties of DsRed protein folding 
(Shaner et al., 2005).   

Having this in mind, differentiation of lipofected cultures was the next logical step. 
Culture composition of differentiated transfected cells (see chapter 2.4) was evaluated by 
immunocytochemistry. Similarly as with electroporated cultures, both main populations of 
differentiated VMP cells were present; astrocytes (GFAP-positive) and neurons (β-III tubulin-
positive; Fig. 9A-B). However, no transfected TH-positive neurons were found, whereas 
some β-III tubulin positive neurons (Fig. 9A) and preferably astrocytes expressed GFP (Fig. 
9B).  

 
3.2.2 Optimizing the transfection protocol 
In order to improve the transfection efficiency, DNA concentration used for DNA-

liposome complex formation was manipulated. Concentrations of plasmid DNA (pEGFP-N2) 
varied from 0.25 µg to 1 µg per sample (in 96 microtiter plates). The transfection efficiency 
was not improved by enhancing the concentration of DNA (data not shown). Moreover, the 
changes in plasmid DNA concentration did not correlated with survival of TH-positive cells 
(R2 = 0.02, p > 0.05; Fig. 10). The number of survived TH-positive cells did not depend on 
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the DNA concentration settings and varied from 2+ to 5+ (Table 1) even in control non-
transfected cultures worsening reproducibility of experimental design (Fig. 10). 
 

3.3 ELECTROPORATION vs. LIPOFECTION 
 

3.3.1 Transfection stability and proliferation 
The next parameter evaluated in our experiments with regard to comparative 

characterization of non-viral transfection protocols was the transfection stability. Viral 
transfection effectively produces either transient or stable transfection while non-viral gene 
delivery frequently results rather in transient than in stable gene expression. To assess this 
parameter, VMP cells were transfected using either electroporation or lipofection protocol 
with GFP and cultivated for about two weeks under proliferation and differentiation 
conditions as described in Material and Methods. At the end of the differentiation phase 
transfected cell samples were analyzed microscopically under low magnification. Analysis 
revealed that only a small portion of transfected cells still produced green fluorescence in 
electroporated cultures (Fig. 11A), whereas lipofected cultures contained obviously higher 
amount of fluorescent cells (Fig. 11B). These findings suggest that liposome-based 
transfection produced more stable protein expression than electroporation-based transfection. 

For extensive characterization of transfection protocols it was necessary to evaluate 
influence of transfection procedure on cell proliferation. To accomplish this task cells were 
counted 3 days (proliferation phase) and 11 days (differentiation phase) after transfection (Fig. 
11C). Analysis revealed that during proliferation lipofected cultures showed higher cell 
numbers than electroporated ones, but this was most probably due to different procedure 
protocols; i.e. lipofection was carried on adherent cultures whereas electroporation was 
performed on cell suspension. Three days after transfection 55.8 ± 16.3 % of the 
electroporated cells and 228.2 ± 79.8 % of lipofected cells were detected compared to control 
group (cells of control group were detached and re-seeded but not transfected, Fig. 11C); 
however, this difference was not significant (p > 0.05). At the end of the differentiation phase 
(11 days after transfection, 6 days in differentiation medium) there was no difference in cell 
numbers anymore (Fig. 11C), suggesting that neither transfection method alters proliferation 
potential of primary mesencephalic precursors.  
 

3.3.2 Transfection with the plasmid coding FGF-2/DsRed fusion protein and 
characterization in vitro 

In addition to the transfection of reporter genes, I was interested in delivering a "gene 
of interest" to our primary VMP cells. This approach should confirm the efficacy of non-viral 
transfection methods and additionally show that these methods are capable effectively express 
a gene and produce a target protein, not altering its expression pattern. Thus the production or 
overexpression of a target protein would gain new features to a cell. Therefore, we have 
transfected cells with FGF-2. The 23 kDa isoform of FGF-2, which is normally expressed 
exclusively in the nucleus (Claus et al., 2003; Claus et al., 2004a), was fused with DsRed 
coding sequence (pDsRed-23kDa-FGF-2). The primary VMP cells were transfected with this 
vector either by electroporation or lipofection, and expression pattern was compared 48 hours 
after transfection. Fluorescence microscopy did not show any differences in 23 kDa-FGF-2 
expression; both groups revealed nuclear localization of the protein, confirming that 
expression pattern was not altered (Fig. 12A-B). Electroporated cultures were stained with 
DAPI to depict nuclei, and analysis showed co-localization of DsRed and DAPI nuclear 
staining (Fig. 12A). Moreover, when both electroporated and lipofected cultures were stained 
against nestin, analysis revealed nestin-positive cells expressing nuclear DsRed 48 hours after 
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transfection (Fig. 12A-B). These data confirmed that “gene of interest” could be efficiently 
delivered by both electroporation-based and liposome-based transfection approach. 

 
3.3.3 Co-transfection with 18 kDa-FGF-2 and GFP 

 The priority goal of our experiments was to efficiently transfect VMP cells with FGF-
2 and influence their proliferation and viability. Therefore, genetic modifications of these 
cells with low molecular weight isoform of FGF-2 (18 kDa, see chapter 1.6) offered an 
opportunity to increase a proliferation rate of transfected cells (Dono, 2003). After we showed 
that FGF-2/DsRed gene could be successfully delivered and expressed in primary VMP cells, 
the next steps were to transfect cells with 18 kDa isoform of FGF-2 and follow the 
transfection efficiency by co-transfecting with GFP using both electroporation and lipofection; 
groups transfected with empty vector served as controls. The FGF-2 groups showed 
transfection rates of 10.0 ± 3.7 % (electroporation) and 10.5 ± 2.2 % (lipofection; p > 0.05; 
Fig. 13A); while control vector groups were transfected with 8.1 ± 4.6 % and 11.0 ± 4.4 % 
respectively (p > 0.05; Fig. 13A). This analysis revealed that transfection efficiency was not 
influenced by genetic modification with FGF-2 neither in the case of electroporation nor in 
lipofection. Evaluation of the FGF-2 expression levels 3 days after transfection by cell-ELISA 
showed that electroporation resulted in slight overexpression; FGF-2 level in non-transfected 
cells was assumed as 100 %. Protein expression in the FGF-2-transfected cultures reached 
122.8 ± 22.0 % (p < 0.05) and in control vector group – 111.5 ± 28.8 % (p > 0.05; Fig. 13B). 
Lipofection failed to produce overexpression of FGF-2 in the primary VMP cells; protein 
expression level in FGF-2 group was 105.3 ± 38.5 % (p > 0.05) and in control vector group – 
128.8 ± 49.7 % (p > 0.05; Fig. 13B).  
 Electroporated cultures were investigated further for FGF-2 18 kDa isoform influence 
on cell proliferation. Transfected cultures were exposed for BrdU incorporation and stained 
with anti-BrdU antibody; cells transfected with empty vector served as controls (Fig. 13C). 
Fluorescent microscopy did not reveal any changes in BrdU incorporation in FGF-2 group, 
compared to control vector group 2 days after transfection, suggesting that such a slight 
overexpression could not be enough to detect functional effects on cells.   
 

3.4 NUCLEOFECTION 
 

3.4.1 Transfection with GFP and characterization of transfected cultures in 
proliferation phase 
 Neither electroporation nor lipofection resulted in efficient gene delivery to primary 
VMP cells. However, electroporation resulted in slight but significant overexpression of FGF-
2. Our results suggested that further modification of this approach could grant us desirable 
effects. Therefore, the next method I used for transfection of primary VMP cells was 
nucleofection, recently developed electroporation-based method which was successfully 
applied for some primary cell types including embryonic stem cells and neural stem cells 
(Dityateva et al., 2003; Gresch et al., 2004; Kawabata et al., 2004; Lakshmipathy et al., 2004; 
Leclere et al., 2005; Richard et al., 2005; Siemen et al., 2005). This method was not tested yet 
on midbrain neural precursors, which are known to be extremely difficult to transfect.  
 To compare it with aother methods I used the same approach as before and transfected 
VMP cells with GFP to assess transfection efficiency and stability. In order to evaluate the 
transfection efficiency, transfected cultures were stained with DAPI for visualization of nuclei 
and quantified (Fig. 14). Microscopically GFP fluorescence of nucleofected cells did not 
differ from the one of electroporated cells; similarly a wide range from high intensive 
fluorescent cells to low intensive blurring cells was present (Fig. 14A). However, the number 
of transfected cells was tremendously higher; the counting showed 47.6 ± 8.6 % of cells were 
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GFP-positive (Fig. 14B), improving the transfection efficiency almost 5-fold if compared to 
standard electroporation or lipofection (Fig. 14B). Regarding to transfection stability, 
nucleofection was rather transient than stable. GFP fluorescence assay was performed 24 
hours and 11 days after transfection and it revealed that 30.8 ± 9.6 % of GFP expression was 
still present after almost two weeks (p < 0.001; Fig. 14C) and this was enough to produce 
overexpression of FGF-2 as the following experiments showed (see below). 
 After successful transfection of primary midbrain precursors with high efficiency, the 
next step was to show that nucleofection as a method does not alter intrinsic markers of these 
cells. For this purpose GFP-transfected and non-transfected cells were assessed with RT-PCR 
on expression of following dopaminergic markers (Grothe et al., 2004; Timmer et al., 2006); 
dopamine receptors 1-3 (D1R, D2R, D3R), orphan transcription factor Nurr1, which is 
essential for directing neural precursors towards dopaminergic phenotype (Law et al., 1992; 
Zetterstrom et al., 1997; Castillo et al., 1998; Lee et al., 2002; Hermanson et al., 2003; Kim et 
al., 2003b; Kim et al., 2003c; Ojeda et al., 2003; Grothe et al., 2004; Perlmann and Wallen-
Mackenzie, 2004; Arenas, 2005; Jankovic et al., 2005; Michelhaugh et al., 2005; Chu et al., 
2006), vesicular monoamine transporter (VMAT), tyrosine hydroxylase (TH) and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a template control. Analysis showed 
that all these markers were expressed in nucleofected cells, indicating that intrinsic features of 
target cells were not altered (Fig. 15). 
 

3.4.2 Transfection with reporter genes and characterization of transfected 
cultures in differentiation phase 

Similarly to the cell culture protocols after electroporation or lipofection, the 
nucleofected cultures were further expanded for 4 days and differentiated for 6 days, and 
immunocytochemistry was performed. Mainly three populations within the differentiated 
VMP cultures were obvious; moreover, the amount of TH-positive neurons was similar to 
non-transfected cultures (Fig. 16A), confirming on protein level that nucleofection procedure 
does not alter dopaminergic phenotype. Among transfected cells few TH-positive neurons 
were found (Fig. 16B); however, even transfection with high efficiency could not improve the 
number of transfected TH-positive neurons. Other neurons were visualized by β-III tubulin 
(Fig. 16C) and astrocytes were visualized by GFAP (Fig. 17D). Similarly to the other non-
viral transfections I have used, predominantly astrocytic population of VMP cells was 
transfected by nucleofection.  

 
3.4.3 Nucleofection with FGF-2 
3.4.3.1 Overexpression of FGF-2 confirmed on cellular and protein levels 
With the previous results we showed that nucleofection produces high transfection 

rates and does not alter intrinsic properties of the target cell, conserving the dopaminergic 
phenotype. The next focus of my experiments was to genetically modify primary VMP cells 
with FGF-2 isoforoms using this transfection method. 

In the first approach, cells were transfected with a vector coding for a fusion protein of 
23 kDa-FGF-2 and GFP, what allowes confirming the synthesis of FGF-2 in the target cells. 
The transfection was followed by immunocytochemistry against FGF-2 (Fig. 17). 
Fluorescence analysis showed that an appropriate number of the FGF-2 positive cells had a 
nuclear green fluorescence signal (Fig. 17A). Co-localization of endogenous FGF-2, 
displayed by FGF-2-immunoreactivity, and exogenous FGF-2, visualized by GFP 
fluorescence, confirms overexpression of FGF-2 on the cellular level. 

Further immunofluorescence analysis showed no differences in FGF-2 
immunoreactivity between non-transfected and nucleofected cells neither in proliferation 
phase nor after differentiation (Fig. 17B-D). Cells showed identical pattern of FGF-2 
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expression. As I expected cells in proliferation phase (Fig. 17B-C) morphologically were 
larger in size than those in differentiation phase (Fig. 17D). Those findings were later 
confirmed by flow cytometry analysis (see chapter 3.4.4). Additionally, in proliferation phase 
at least two different cell populations with regard to FGF-2 cellular localization were 
distinguished; i.e. cells with predominantly nuclear FGF-2 localization which did not co-
localized with nestin (Fig. 17E, arrowheads) and cells with predominantly cytoplasmic FGF-2 
localization which co-localized with nestin (Fig. 17E, arrow).  

Since I showed that FGF-2 is effectively delivered by nucleofection and it is 
synthesized in VMP cells, the next step was to confirm these findings on the protein level. For 
this purpose Western blotting and FGF-2 cell-ELISA were performed with cells transfected 
with 18 kDa isoform. Western blotting was performed 24 hours after transfection; cells 
transfected with empty vector (CV), sham-transfected (Non-tf (N)) and non-transfected cells 
served as negative control groups; whereas PC12 cells, overexpressing 18 kDa-FGF-2 and the 
VMP cells, transfected with 23 kDa-FGF-2/GFP (Tagged) served as positive controls (Fig. 
18A). Western blot analysis confirmed the overexpression of 18 kDa isoform in FGF-2-
transfected cells, whereas in all negative controls this band was not found. Moreover, in the 
Tagged group a band around 50 kDa was obvious (FGF-2 23 kDa isoform + 27 kDa GFP; Fig. 
18A), additionally confirming effective overexpression. For quantitative analysis of 
overexpression levels FGF-2 cell-ELISA was performed in proliferation phase (3 days after 
transfection) and in differentiation phase as well (11 days after transfection); endogenous 
FGF-2 expression of non-transfected cells was assumed as 100 %. Analysis revealed 
significantly higher FGF-2 levels (181.5 ± 19.4 %) in FGF-2 transfected group than in control 
vector transfected group (154.4 ± 21.3 %, p < 0.05; Fig. 18B). However, in differentiation 
phase FGF-2 expression dropped to the levels of 153.4 ± 60.5 % and 130.6 ± 47.2 % 
respectively, but overexpression of FGF-2 was still significant compared to non-transfected 
controls (p < 0.05; Fig. 18C), suggesting that overexpression lasts longer about two weeks.  
 

3.4.3.2 Functional analysis of FGF-2 overexpression in primary midbrain 
precursors in vitro  

In order to investigate the possible effects of endogenous overexpression of FGF-2 on 
primary VMP cells, cells transfected with the 18 kDa isoform of FGF-2 were analyzed with 
regard to cell viability and proliferation. At first, the behavior of transfected VMP cells was 
analyzed under phase-contrast microscopy during two different culture conditions; at 
proliferation and differentiation phases (Fig. 19). Three groups were compared; cells 
overexpressing FGF-2 18 kDa isoform (Fig. 18A), cells transfected with empty control vector 
(Fig. 19B) and non-transfected cells served as physiological control (Fig. 19C). During 
proliferation phase the groups showed no difference in cell behavior, expanding rapidly and 
occupying the whole well (cells were seeded to be around 40-50 % confluent). No changes in 
cell morphology were detected as well. However, after differentiation the non-transfected 
cells showed clustering behavior and substantial cell loss (Fig. 19C), whereas cells 
overexpressing FGF-2 did not show such a behavior (Fig. 19A). However, cells transfected 
with control vector also did not show cell loss or clustering (Fig. 19B). 

As the next step I performed WST-1 test (see chapter 2.7) in a time frame of 11 days 
to analyze cell viability and survival of the experimental cell groups mentioned above (FGF-2, 
control vector and non-transfected, which are handled in the same manner but not 
nucleofected). Five time points were selected for the analysis; 6 hours after transfection, to 
evaluate cell survival directly after transfection, 48 hours after transfection, 5 days after 
transfection (the end of proliferation phase), 7 days and 11 days after transfection (the end of 
differentiation phase; Fig. 20). Analysis of the viability curves showed that the non-
transfected cells displayed a peak increase of cell number at 5th day at the end of proliferation 
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phase, followed by smooth decrease in cell numbers, what nicely corresponds to our phase-
contrast microscopy analysis (cell clustering behavior; Fig. 19C). Contrary, the curves of the 
two other cell groups (FGF-2 transfected and control vector transfected) displayed constant 
linear increase in cell numbers; however, unexpectedly cells overexpressing FGF-2 showed 
the lowest viability (Fig. 20). To analyze these results in details the absorbance values of non-
transfected cell group were considered as 100 % (as physiological control) at every time point 
to exclude the influence of spontaneous proliferation. Analysis showed that the toxicity of the 
nucleofection method was more than 50 %; 6 hours after nucleofection 47.3 ± 12.9 % of cells 
transfected with empty control vector survived, if compared to non-transfected controls (p < 
0.05; Fig. 20). Cells overexpressing FGF-2 showed even lower viability (35.6 ± 18.3 % 
survived); however, there was no significant difference between the transfected groups (p > 
0.05). This situation did not change within the first 2 days; 48 hours after transfection the cell 
number in FGF-2 transfected group was 39.9 ± 19.1 % and in control vector group 51.1 ± 
10.0 % (p > 0.05) of those in non-transfected group. However, at the end of proliferation 
phase (at the 5th day after transfection) cells transfected with control vector showed an 
increase in cell number up to 71.4 ± 30.5 %, whereas FGF-2 transfected cells increased only 
up to 45.7 ± 24.3 % (p < 0.05). On the 7th day after transfection, when cells has been exposed 
to differentiation medium already for two days, this significant difference disappeared; the 
cell numbers in FGF-2 group reached 70.3 ± 27.2 % and in control vector group 92.5 ± 43.4 
% of those in non-transfected group (p > 0.05).  At the end of differentiation phase, the cell 
number of the FGF-2 group reached the level of the non-transfected group (107.4 ± 26.3 %; 
Fig. 20). 

As the next approach I analyzed the proliferation rate of modified progenitor cultures 
by applying BrdU-ELISA assay and compared it to control groups. Controls included cells 
transfected with empty vector, sham-transfected and physiological control of non-transfected 
cells. In the following experiments a group of cells transfected with 23 kDa-FGF-2/GFP was 
also included for analysis. Five time points (18 hours, 48 hours, 5 days, 7 days and 11 days) 
were selected for a time frame to create proliferation curves. Analysis of proliferation curves 
revealed that 18 hours after transfection BrdU incorporation of the groups, transfected with 
FGF-2, was lower than that of those, transfected with control vector or sham, indicating 
negative impact of FGF-2 overexpression on cell proliferation (Fig. 21). All the curves 
followed the same pattern as the proliferation curve of the non-transfected group (Fig. 21), 
however, differences were obvious only during proliferation phase. To analyze these results in 
detail, the absorbance values of non-transfected cell group were considered as 100 % (as 
physiological control) at every time point to exclude the influence of spontaneous 
proliferation. The results revealed that 18 hours after transfection the BrdU incorporation 
level (which reflects the amount of mitotic cells) was significantly reduced in all the 
nucleofected groups including controls, indicating a general early negative effect of 
nucleofection procedure on VMP cells. Proliferation rates were 64.2 ± 9.2 %, 64.5 ± 10.2 %, 
83.2 ± 8.7 %, 84.3 ± 14.6 % for FGF-2, Tagged, control vector and sham-transfected groups 
respectively (Fig. 21). The groups, transfected with constructs carrying FGF-2 gene (pCIneo-
FGF18kDa and pEGFP-23kDa-FGF-2) displayed significantly lower proliferation as controls, 
indicating negative effects of FGF-2 overexpression. These effects were short-lasting, 48 
hours after transfection only the FGF-2 group displayed significant difference in proliferation 
rate compared to other groups (46.8 ± 17.6 %, 60.7 ± 14.8 %, 64.6± 16.5 %, 70.2 ± 9.8 % for 
FGF-2, Tagged, control vector and sham-transfected groups respectively; Fig. 21). At the end 
of proliferation phase (day 5) there was no difference anymore and this tendency remained in 
differentiation phase as well (Fig. 21). The proliferation rate in differentiation phase reached 
the level of spontaneous proliferation, reflected by non-transfected cells, and was about 100 % 
in all the groups (Fig. 21). 
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In order to assess the 18 kDa-FGF-2 overexpression profile during the cell culture 
protocol we performed FGF cell-ELISA and WST-1 assay in the same cultures. The 
absorbance values of FGF cell-ELISA were paired with corresponding values of the WST-1 
assay to exclude the influence of cell number differences. Analysis showed that already 6 
hours after nucleofection FGF-2 overexpression reached 427.8 ± 213.5 % of the level of non-
transfected controls (p < 0.001; Fig. 22). However, cells transfected with empty control vector 
also showed an increase in FGF-2 expression up to 268.8 ± 66.15 % of the level of non-
transfected controls (p < 0.001; Fig. 22) indicating that nucleofection itself causes an increase 
in FGF-2 expression too. This could be through interactions with heat shock proteins (HSP) 
family (Piotrowicz et al., 1997) or because of FGF-2 release from the dead cells. The assay 
showed that FGF-2 overexpression continuously decreased during the cell culture protocol 
and in differentiation phase reached the level of non-transfected cells (Fig. 22). These 
findings are congruent with the results of GFP fluorescence assay (Fig. 14) indicating the 
transient expression of introduced vector. Detailed analysis of FGF-2 transfected cultures 
showed that the FGF-2 expression levels during the proliferation phase were significantly 
higher than those in the differentiation phase (Fig. 22; p < 0.05). 

Our previous results indicated that overexpression of 18 kDa-FGF-2 has at the 
beginning a negative influence on survival and proliferation rate of the VMP cells. To 
distinguish whether this effect is specific or because of overflowing cells with a protein we 
transfected the VMP cells with decreasing concentrations of plasmid DNA, from 5.0 µg 
(standard concentration) to 0.05 µg. (Fig. 23A-C). To confirm the regressing FGF-2 
expression in transfected cells, we used a cell line of immortalized VMP cells for transfection 
and performed Western blotting 24 hours after transfection. Western blot analysis showed that 
after transfection with 3.0 µg plasmid DNA the FGF-2 expression was reduced to 29.7 ± 
10.86 % (Fig. 23A; p < 0.01), whereas at lower concentrations an overexpression was no 
more detectable. The same results were achieved after transfection of physiological primary 
VMP cells (Fig. 23A). To assess the effects of diminished overexpression on cells on a 
functional level I performed BrdU incorporation assay. The results did not show any 
differences in the cell proliferation between the transfected groups (Fig. 23B); indicating that 
high overexpression of FGF-2 18 kDa isoform is not a reason for reduced proliferation of 
transfected VMP cells. 

The next step was to investigate the influence of different 18 kDa-FGF-2 
overexpression levels on the survival of TH positive neurons. For hat purpose two different 
culture conditions were analyzed with TH cell-ELISA. First, when the transfected cells were 
cultivated without exogenous FGF-2 during the proliferation phase. Second, when the 
exogenous FGF-2 was added to proliferation medium to induce rescue effects (Fig. 23C). 
Analysis showed that TH immunoreactivity of transfected cultures varied from 90.8 ± 18.99 
% (0.5 µg group) to 79.9 ± 12.32 % (5.0 µg group) in the presence of exogenous FGF-2 (PM 
+ FGF-2), compared to 82.5 ± 18.5 % (0.5 µg group) to 69.1 ± 16.66 % (5.0 µg group) 
without exogenous FGF-2 (PM – FGF-2). A slight rescue effect of exogenous FGF-2 was 
found only in the 5.0 µg group (Fig. 23C; p < 0.05) implicating that though excessive 
overexpression of FGF-2 18 kDa had no negative effect on VMP (non-differentiated) cell 
proliferation, the survival of TH positive (differentiated) neurons could be negatively affected. 
 

3.4.4 Flow cytometry  
We have further analyzed the nucleofected VMP cells by FACS. Two pools of cells 

were introduced for the assay; non-transfected cells served as control and fluorescence in this 
group was considered as background (Fig. 24A, red peak). The second pool was transfected 
with pEGFP-N2 (Fig. 24A, green peak). Analysis revealed a transfection efficiency of 45.2 ± 
13.9 % (Fig. 24A). Prior to FACS analysis the transfected cells were cultured further either in 
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proliferation or in differentiation medium after nucleofection for 4 additional days and FACS 
analysis revealed, that differentiated cells were – as expected – smaller then proliferating cells, 
resulting in a cell size shift of 10 ± 2.5 % (Fig. 24B; p < 0.05), indicating an increase of 
smaller cell populations, which are more differentiated cells. This data is congruent with the 
qualitative morphological observations on the cell culture. 
 

3.4.5 Transplantation of nucleofected VMP cells into 6-OHDA lesioned rat brains  
We next examined whether transfected VMP cells (i) could survive transplantation, 

and (ii) express TH after grafting. TH immunohistochemistry showed that transfected VMP 
cells survive the transplantation (tx) procedure and are TH immunoreactive in vivo, however, 
compared to the number of grafted cells, only a small percentage survived  (Fig. 25). In 
addition, cells were still GFP positive in vivo (Fig. 25). We found some macrophages within 
the tx region (not shown). The degree of reinnervation is very limited, because we sacrificed 
the animals already one week after the cell tx. Interestingly, some grafted cells migrated away 
to the cortex from the tx site but nevertheless expressed some TH (Fig. 25). These migrated 
cells looked much smaller compared to the DA neurons and the TH immunoreactivity was 
much lower. 
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4 DISCUSSION 
 

Transplantation of embryonic dopaminergic (DA) cells (Kordower et al., 1995; Piccini 
et al., 1999; Piccini et al., 2000) or alternatively stem cells (Lee et al., 2000; Kim et al., 2002; 
Nishimura et al., 2003; Lindvall and Bjorklund, 2004a; Lindvall et al., 2004; Roybon et al., 
2004; Snyder and Olanow, 2005; Chung et al., 2006; Nishimura et al., 2006) provides an 
attractive therapeutic concept for late stages of Parkinson´s disease (PD), resulting in 
reinnervation of the striatum and behavioral recovery in both, lesioned animals (Brundin and 
Bjorklund, 1987; Nikkhah et al., 1994a) and patients (Lindvall et al., 1994; Lindvall and 
Hagell, 2000; Polgar et al., 2003). However, three major problems have so far remained 
unsolved: (i) severe dyskinesias found in double blinded clinical trials (Freed et al., 2001; 
Hagell et al., 2002; Olanow et al., 2003); (ii) limited supply of donor tissue (Brundin et al., 
2000a) and (iii) the identification of grafted allogenic cells in vivo (Zhao et al., 2004; 
Sorensen et al., 2005). The focus of my work was the two latter problems.  

Transplantation of in vitro expanded and subsequent differentiated ventral 
mesencephalic progenitor (VMP) cells into DA neurons also resulted in behavioral recovery. 
Nevertheless, even after the proliferation step, the number of survived dopaminergic cells 
after transplantation was not higher or even less than when transplanting the primary ventral 
mesencephalic tissue directly (Brundin and Bjorklund, 1998). According to calculation of 
Studer et al. (1998) they lost as many as 95-97 % of the differentiated dopaminergic neurons 
in the grafting step (Studer et al., 1998). To overcome the above mentioned limitations, the 
delivery of DNA encoding for additional growth factors and/or reporter genes like enhanced 
green fluorescence protein (EGFP) are necessary to promote the expansion and  
differentiation capacity and the survival potential, as well as to identify donor cells within the 
host brain. It was shown before, that FGF-2, which is a physiological neurotrophic factor in 
the nigrostriatal system, is stimulating neurite formation and protecting DA cells from 6-
hydroxydopamine (6-OHDA) toxicity in vitro (Ferrari et al., 1989; Knusel et al., 1990; Engele 
and Bohn, 1991; Beck et al., 1993; Mayer et al., 1993b; Bouvier and Mytilineou, 1995; 
Grothe et al., 2000) and displaying beneficial effects in vivo (Date et al., 1993; Mayer et al., 
1993a; Takayama et al., 1995). Our group showed recently that co-transplantation of FGF-2 
overexpressing Schwann cells with fetal ventral mesencephalic cells increased survival, 
reinnervation and functional recovery in Parkinsonian rats (Timmer et al., 2004). However, 
co-transplantations of two or more different cell sources are only a makeshift; an optimized 
approach should provide cells of interest directly with (a) neurotrophic factor(s) by 
introducing foreign DNA for ectopic expression.  

Viral techniques are the most efficient systems to deliver DNA into cells (Kirik et al., 
2000; Pfeifer et al., 2002; Smith-Arica et al., 2003; Georgievska et al., 2004), but viral vectors 
have many disadvantages mainly involving safety risks e.g. infections. In addition, the use of 
viral vectors such as adeno-associated virus, lentivirus or retrovirus requires each cDNA to be 
cloned into specific vectors, cDNAs must not be too long and these techniques are very 
demanding in methodological skills, time and laboratory safety precautions (Dityateva et al., 
2003; Gresch et al., 2004). Several non-viral methods are available for generating transiently 
and stably transfected cells including calcium phosphate precipitation, biolistics, 
electroporation which is the most commonly used (Mertz et al., 2002) and lipofection which 
is a liposome-based method with e.g. Lipofectamine (Life Technologies; Invitrogen, Carlsbad, 
CA). All of these techniques have been applied successfully though the efficiency of these 
methods is quite low when applied for primary cells and most protocols are designed for 
permanent cell lines.  
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Two years ago a new highly effective non-viral method for gene transfer into primary 
cells was developed by Amaxa Biosystems (Cologne, Germany (Gresch et al., 2004)). This is 
an electroporation-based method that uses the combination of a specific nucleofector solution 
and defined electrical parameters to achieve the delivery of plasmid DNA into the cell nucleus. 
It was successfully applied to hematological and immunological cells (Lai et al., 2003; 
Martinet et al., 2003; Trompeter et al., 2003) and also to embryonic and adult stem cells 
(Lakshmipathy et al., 2004; Kobayashi et al., 2005; Aluigi et al., 2006). Up to now there are 
only few reports of gene delivery to neurons by using the recently developed nucleofector 
technology (Dityateva et al., 2003; Gresch et al., 2004; Leclere et al., 2005; Gartner et al., 
2006) and there is only one report about nucleofection of neuronal stem cells (NSC), which 
was done with spinal cord progenitors (Richard et al., 2005). So far there are no reports about 
nucleofection of neuronal progenitors from the brain. 

With regard to a putative application of genetically modified neurons in brain 
restoration, following objectives were investigated in the present study: first, to compare 
different non-viral transfection methods and to establish an efficient one for VMP cells; 
second, to transfect VMP cells with both, a reporter gene (EGFP / DsRed) and with an 
efficient growth factor gene (FGF-2); third, to analyse whether transfection of cells alters their 
composition, changes their morphology, their properties or their expansion and differentiation 
potential; and fourth, to determine whether these manipulated cells can survive transplantation.     
 

4.1 Establishing the most efficient non-viral gene transfer protocol 
 
In my experiments I compared three different approaches for transfection of primary 

VMP cells; electroporation, lipofection and nucleofection. Electroporation is a physical 
process that transiently permeabilizes prokaryotic and eukaryotic cell membranes with an 
electrical pulse, thus permitting cell uptake of plasmid DNA. Lipofection is chemical 
liposome-based gene delivery method; liposomes fuse with the plasma membrane and thereby 
deliver the DNA (in complex with them) into cells. Nucleofection is an electroporation-based 
method in which a combination of a specific nucleofector solution and specific electrical 
parameters achieve delivery of plasmid DNA into the cell nucleus. Our results show 
significant improvement in transfection efficiency of primary VMP cells by using 
nucleofection. Using standard electroporation or lipofection about 10 % of transfection 
efficiency was reached while nucleofection was nearly 5-times more efficient, allowing to 
reach high concentrations of a gene product. These findings show a higher efficiency 
compared to the results of Brauer et al. (2001). They transfected human fetal ventral 
mesencephalic explant cultures by using lipofection with an efficiency of 0.15 % (Bauer et al., 
2001). Their results make obvious the necessity to really improve transfection efficiency if 
any non-viral method is applied for gene transfer in neuronal cells. Using nucleofection an 
efficiency of up to 60 % was applied for transfection of other stem cell types like embryonic 
stem cells (ESC) and multipotent adult progenitor cells (MAPC) (Lakshmipathy et al., 2004; 
Siemen et al., 2005). To the same extent as VMP cells in our experiments primary 
hippocampal neurons were transfected with about 50 % efficiency (Dityateva et al., 2003). All 
these findings strongly suggest that nucleofection enables highly efficient gene transfer into 
stem cells of different origin what could compete with viral gene delivery approaches and has 
no limitations concerned with safety, insert size and immunogenic reactions. 
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4.2 Electroporation does not alter cell properties under optimal 
conditions 

 
Nucleofection is an electroporation-based gene transfer (Dityateva et al., 2003; 

Richard et al., 2005), but its pre-defined settings do not allow us to analyze which physical 
parameters could influence the functionality of transfected primary neuronal progenitors. For 
this purpose we used a standard electroporation procedure which allows us to manipulate 
voltage and capacitance parameters (Gehl, 2003). In our results we could show that optimal 
conditions for transfection of primary VMP cells with standard electroporation are 350 V and 
75 µF. An increase of capacitance setting up to 1500 µF (and therefore increase of the pulse 
time) slightly elevates the transfection efficiency but in the same time it greatly impacts the 
survival of the VMP cells in general and especially of the TH-positive neurons after 
differentiation. However, under the optimal conditions we found populations of differentiated 
cells in the same proportions as in non-transfected cultures, both under proliferating and 
differentiating conditions. These results suggest that electroporation under these optimal 
conditions does not alter the population composition and differentiation potential of primary 
VMP cells. Besides it also allows gene delivery into post-mitotic cells such as neurons (Mertz 
et al., 2002; Kawabata et al., 2004; Yang et al., 2004). Since nucleofection is an 
electroporation-based method, it is very likely, that under the optimal program similar effects 
on cell culture composition will be found. This suggestion is supported by a recent report 
from Lakshimpathy et al. (Lakshmipathy et al., 2004) where they showed that nucleofected 
ESC have identical expression levels of cell type-specific markers as the non-transfected 
controls. 

 
4.3 Nucleofection of primary VMP cells 
 
4.3.1 Transfection of primary VMP cells with different reporter vectors 
In the first attempt different reporter constructs; pEGFP-N2 and pDsRed-N2, were 

compared. Expression of DsRed was much lower than expression of EGFP in all non-viral 
methods applied. These findings do not contradict with our high transfection rate and could be 
explained by internal features of DsRed protein. This chromophore requires to be properly 
folded in oligomeric structure (Sacchetti et al., 2002) to be fully functional and dysfunction of 
oligomerization process could reduce the transfection rate because of reduced fluorescence 
signal. Another feature of DsRed, higher stability of this chromophore compared to GFP 
(Verkhusha et al., 2003), was fully presented by nucleofection. Cells transfected with 
pDsRed-N2 showed a more intense, contrasting and constant fluorescence signal occupying 
the entire cell including cytoplasm, nucleus and processes. GFP expressing cells (transfected 
with pEGFP-N2) showed different levels of fluorescence intensity, which varied from low 
intense blurred cells where only parts of cells could be seen to high intensity with clearly 
visualized processes. 

 
4.3.2 Nucleofection allows controlling protein amount expressed after transfection 
Similarly to the results of Dityateva et al. (Dityateva et al., 2003), in the present 

protocol the expression levels of transfected proteins could be efficiently controlled by 
changing the amounts of plasmid DNA used per transfection. In my experiments in attempt to 
diminish the overexpression of 18 kDa-FGF-2 VMP cells were transfected with reducing 
amounts of the construct, what led to a 70 % reduction of protein expression confirmed by 
Western blot analysis. Later functional analysis displayed that though 18 kDa-FGF-2 amount 
was greatly reduced at least one of the functions of this molecule (proliferation stimulation) 
was not altered by such changes.  
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Nucleofection is also more suitable for transfection with multiple genes, probably 
because of the direct transfer of a gene to the nucleus. It showed 88 % co-localization of 
EGFP and DsRed when they were co-transfected in a mixture of both reporters (Dityateva et 
al., 2003).  

 
4.3.3 Transfection of primary VMP cells with vectors carrying FGF-2 gene 
I have demonstrated here that not only the reporter gene could be efficiently delivered 

to VMP cells by nucleofection, but the gene expressing a growth factor as well. First we 
transfected cells with a construct, coding for the 23 kDa isoform of FGF-2 gene tagged with 
EGFP (or DsRed) to evaluate the quality of the transfection. We found the typical restriction 
to a nuclear expression of FGF-2 for this isoform (Claus et al., 2003; Claus et al., 2004a), 
independent of the transfection method used (nucleofection, standard electroporation or 
lipofection). Second, in the same manner, cells were transfected with a construct, coding for 
the untagged 18 kDa isoform of FGF-2, which is localized both in cytoplasm and nucleus and 
we analyzed the overexpression level after the transfection. The FGF-2 overexpression was 
stronger after nucleofection than after electroporation while lipofection failed to show 
significant overexpression of FGF-2. These findings suggest that nucleofection does not affect 
the quality of FGF-2 expression, but results in higher amounts of growth factor which could 
potentiate its effect on cells. This approach could therefore be useful for transplantation 
purposes. We could also show that the fluorescence intensity of GFP was reduced by 3-fold 
two weeks after transfection if compared to the intensity 24 hours after transfection. 
Irrespectively of this time-dependent reduction in protein expression, a slight but significant 
overexpression of 18 kDa-FGF-2 was still detectable. These results suggest that nucleofection 
produces a rather transient than stable transfection and this correlates with the findings of 
Laksimpathy et al. (2004) where they show a 6-fold lower stable transfection rate in 
comparison to a transient one (Lakshmipathy et al., 2004). Yet this finding could be rather an 
advantage than a disadvantage for transplantation purpose, because the crucial time for 
surviving of transplanted cells are the first 6 days after transplantation (Brundin et al., 2000a). 
This period includes implantation procedure, the immediate period (first 1-3 days) after graft 
injection into new adult host environment and the following phase of graft maturation when 
transplanted cells might die due to a lack of appropriate neurotrophic enviroment. Therefore 
the highest concentration of the growth factor in the graft is essential during the first week 
after transplantation, whereas it is not necessary in later stages where it could interfere with 
the physiological functioning of already integrated transplanted cells (Bouvier and Mytilineou, 
1995; Georgievska et al., 2004) (for details see the review of Brundin et al. (Brundin et al., 
2000a)). 

 
4.3.4 18 kDa isoform of FGF-2 display negative effects on survival and proliferation 

of nucleofected primary VMP cells 
Analysis of the culture composition with regard to the transfected cell types revealed, 

that after differentiation of transfected progenitors the transfected cells were detected in both 
neuronal and glial populations, but only a few transfected TH positive neurons were detected 
(after electroporation and nucleofection) within the dopaminergic neuron population. The 5-
fold enhancement of transfection efficiency could not increase the number of transfected 
dopaminergic neurons, whereas the overall amount of these neurons was not affected by 
transfection. These findings suggest that this type of the neuronal cells is extremely sensitive 
to any kind of genetic modification. Yet this fact does not interfere with the idea of 
transplanting genetically modified VMP cells into the host brain, because: (i) it could be 
favourable if the graft contains not the pure population of dopaminergic neurons but a mixed 
composition of other neuron types and glial cells to support dopaminergic neurons and to 
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increase the efficacy of the transplantation. For example, the number of serotonin (5-HT)-
expressing neurons in the graft could vary greatly depending on the dissection procedure (the 
5-HT-expressing neurons are localized immediately caudal to the dopaminergic cell group, 
just behind the midbrain-hindbrain border) (Winkler et al., 2005). Although the functional 
impact of these neurons – positive or negative – has not been sufficiently explored, it seems 
possible that they not only can influence the functional efficacy of VM transplants by 
hyperinnervation of the striatum but also could provide additional sites for storage and release 
of DA formed from L-DOPA. Therefore these neurons could act as additional DA buffer and 
hence dampen the pharmacological effects of peripheral L-DOPA, reducing the risk of L-
DOPA induced dyskinesias (Winkler et al., 2005). Another important cell type in the graft are 
astrocytes. Recent studies showed that astrocytes give trophic support to DA neurons by 
releasing FGF-2 in response to DA stimulation (Reuss and Unsicker, 2000). FGF-2 
subsequently can mediate survival and/or proliferation effects on DA neurons (Engele and 
Bohn, 1991) through ERK1/2 (Lopez-Toledano et al., 2004) and/or PI-3 pathways. Astrocytes 
also play an important role for directing NSC towards dopaminergic fate. NSC genetically 
modified to overexpress Nurr-1 developed immunoreactivity to dopaminergic markers when 
co-cultured with type-1 astrocytes (Wagner et al., 1999). Recent study of our group suggested 
that one of the factors involved in this process could be FGF-20 (Grothe et al., 2004). (ii) The 
fact that non-Da neurons and glial cells are the main targets of transfection could be an 
advantage since the DA neurons remain genetically unaltered and can probably easier 
integrate into the host tissue. In the previous reports from our group it was already shown that 
co-transplantation of Schwann cells, genetically modified to produce FGF-2, enhanced 
survival, reinnervation and functional recovery of intrastriatal dopamine grafts (Timmer et al., 
2004). But co-transplantation approaches are only a vehicle and these results give evidence 
that the same results could be achieved directly without the necessity of a co-graft. 

However, the overexpression of the 18 kDa-FGF-2 isoform in VMP cells seemed to 
reduce their viability and proliferation during the proliferation phase (under serum-free 
conditions) in vitro.  We demonstrated that in the first days after transfection the expression of 
the delivered gene was the strongest; FGF-2 overexpression was increased 4-fold in 
transfected VMP cells. At the same time FGF-2 was also overexpressed in cells transfected 
with empty control vector, indicating that nucleofection itself causes an increase in FGF-2 
expression. Possible reasons include interactions with heat shock proteins (HSP) (Piotrowicz 
et al., 1997) or due to FGF-2 release from dead cells. The number of surviving cells was 
significantly diminished in comparison to non-transfected and sham-transfected controls. 
Moreover, in the first two days after transfection also the proliferation rate decreased 
significantly. These effects led to the reduced TH immunoreactivity of 20 % after 
differentiation of transfected VMP cultures. Keeping in mind that excessive overproduction of 
the growth factor protein could interfere with functionality of cells (Georgievska et al., 2004), 
we reduced the concentration of plasmid DNA used for transfection resulting in a decreased 
expression of the FGF-2 in the transfected cells. Even though it had no effect on cell 
proliferation. Application of exogenous FGF-2 during proliferation phase elicited a slight but 
significant rescue effect of TH immunoreactivity, though only in the group transfected with 
the highest DNA concentration. These findings suggest that excessive overexpression of FGF-
2 could have some negative effect on survival of TH-positive neurons which is supported by 
results of Georgievska et al. (Georgievska et al., 2004) but cannot explain the reduction of the 
cell viability and proliferation. Moreover, despite the reduced cell viability and proliferation 
of the FGF-2-overexpressing cells in proliferation phase, after differentiation the overall cell 
number in this group equals the overall cell number in the non-transfected group. This result 
indirectly shows a better overall cell survival in the FGF-2 transfected group. Explanation of 
these, from the first look, contradictory findings could be explained by the bimodal 
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mechanism of FGF-2. Previous studies have shown that FGF-2 can induce apoptosis by 
activation of the TNF-α pathway (Eves et al., 2001). In addition, the studies done in mutant 
mice showed that FGF-2 is involved in apoptotic processes mediated by FGFR3 signalling 
(Jungnickel et al., 2005). On the other hand FGF-2 promotes neuronal survival via FGFR1/2 
(for details see the review of Grothe et al. (Grothe et al., 2006)). Therefore we speculate that 
the negative effects of 18 kDa-FGF-2 overexpression on VMP cell viability and proliferation 
could be caused by the domination of pro-apoptotic mechanisms over anti-apoptotic ones 
induced by a bimodal action of FGF-2 

 
4.4 Transplantation of nucleofected GFP-expressing VMP cells into 6-

OHDA lesioned rat brain 
 
Previous reports show that nucleofection is a powerful tool for gene delivery 

(Dityateva et al., 2003; Leclere et al., 2005; Gartner et al., 2006) and gene silencing (Gresch 
et al., 2004; Gartner et al., 2006) in post-mitotic neurons. Transplantation of post-mitotic 
neurons has so far been used for brain restoration, even though it has several limitations 
(Kordower et al., 1995; Freed et al., 2001). NSC seem to be more promising for brain repair 
approaches in terms of both genetic manipulations and transplantation (Lindvall and Hagell, 
2002; Lindvall, 2003; Lindvall and Bjorklund, 2004a, b; Lindvall et al., 2004; Roybon et al., 
2004; Snyder and Olanow, 2005). So far the only work of nucleofection of NSC with GFP 
was done on spinal cord progenitors by Richard et al. (Richard et al., 2005) but they could not 
show the differentiation of transfected spinal progenitors towards neuronal fate either in vitro 
or in vivo. Richard et al. (2005) transplanted spinal cord progenitors ectopically into retina 
where they found only astrocytes (Richard et al., 2005). In the present study the transfected 
VMP cells were grafted into their main target area, the striatum, the target for DA grafts also 
in the clinical application. Differentiation of transplanted VMP cells was found towards the 
neuronal phenotype, within this population TH expression was obvious. Here, for the first 
time, we have demonstrated that nucleofection is an efficient method for non-viral 
transfection of dopaminergic progenitors. 

The ventral midbrain derived VMP cells (stage E12) were not (pre-)differentiated in 
vitro prior to transplantation as done previously by Timmer et al. (Timmer et al., 2006) 
Nevertheless, cells were TH immunoreactive in vivo, suggesting that the differentiation was 
initiated by local stimuli within the host striatum. These results indicate that an in vitro 
differentiation is not necessary before grafting in terms of TH expression, however pre-
differentiation seems to be important for preventing cell migration and to get more surviving 
TH positive cells in vivo. Altogether our in vivo results show that (i) VMP survive 
transplantation after nucleofection. It was important to show that VMP cells stay viable after 
genetic modification in vitro performed prior to grafting procedure. (ii) The transfected cells 
remain GFP positive in vivo and can therefore be detected easily within the host brain after 
transplantation which has so far been a major problem (Zhao et al., 2004; Sorensen et al., 
2005). GFP expression allows following the behavior of transfected VMP cells after 
transplantation, e.g. migration.  (iii) Nucleofection does not prevent VMP cells to differentiate 
into a DA phenotype in vivo. Any genetic manipulations could alter a differentiation potential 
of NSC. Therefore, it was important to show that VMP cells genetically modified by 
nucleofection still retain their potential to develop into TH positive neurons after 
transplantation. 

With regard to the implementation of novel cell replacement strategies for Parkinson’s 
disease, these results are promising for the detection of implanted cells and transfecting them 
with growth factor(s); nevertheless, cell survival has to be improved e.g. by 
immunosuppression or combination of efficient neurotrophic factors. 
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4.5 Conclusions 

 
This study shows that nucleofection is the most effective non-viral gene delivery 

method for primary VMP cells, which are the important source of dopaminergic neurons for 
cell replacement strategies in Parkinson’s disease. It allows the transfection of neural 
progenitors with high efficiency and does not alter the population composition and 
differentiation potential. It also delivers a growth factor gene into cells efficiently that allows 
the manipulation of cell properties in vitro. Unfortunately the comparatively high toxicity of 
the method to the neuronal progenitors remains a limiting factor for the wide application in 
transplantation studies and needs to be improved. The effective non-viral transfection method 
could minimize the risks associated with viral transfection which include strong immuno-
inflammatory response, possible protein processing interference and abnormal protein 
targeting. These results could help to optimize current transplantation strategies by 
manipulating both primary neuronal cells and neuronal stem cells before using them for 
therapeutical applications. 
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6 SUMMARY 
 

Neuronal progenitor cells used in cell transplantation approaches play an important role in 
potential regenerative therapeutic strategies for neurodegenerative diseases, like e.g., Parkinson’s 
disease (PD). However, three major problems have so far remained unsolved: (i) severe 
dyskinesias in cell treated patients, as found in double blinded clinical trials; (ii) poor survival of 
transplanted cells and (iii) the identification of grafted allogenic cells in vivo. Therefore, to solve 
issues (ii) and (iii) throughout this project,  the possibilities to transfect mesencephalic neuronal 
progenitor cells with different constructs including growth factor genes, like fibroblast growth 
factor-2 (FGF-2) genes, and reporter protein genes, like EGFP-gene (to induce green fluorescence) 
and DsRed-gene (to induce red fluorescence),  were investigated .  

Different techniques for transfection were evaluated in the beginning: lipofection with 
Lipofectamine 2000 reagent (purchased from Invitrogen), electroporation with EasyJecT Optima 
electroporator (purchased from EquiBio Ltd), and nucleofection with Nucleofector device 
(purchased from Amaxa GmbH). Ventral mesencephalic progenitor (VMP) cells were harvested 
from rat embryos with a gestational age of 12 days and cells were expanded in culture for three 
days prior to transfection. 

The highest transfection rate of up to 47 % was achieved using the nucleofection 
technique. Viability of the transfected cells six hours after transfection was about 40 %. 
Furthermore, surviving transfected VMP cells differentiated into tyrosine-hydroxylase positive 
(TH+) neurons. Within the group of transfected cells, many neural progenitor cells (nestin+; Glial 
Fibrillary Acidic Protein (GFAP-)), including several neurons (ßIII-tubulin+) were found. In order 
to provide the progenitor cells with their own trophic factor, overexpression of 18 kDa-FGF-2 
isoform was introduced. Functional tests, like cell viability assay (WST-1 test) and cell 
proliferation assay (BrdU-ELISA) were performed to follow the behaviour of the transfected cells 
in vitro. During the first days the expression of the delivered gene was the strongest; such as FGF-
2 expression was increased 4-fold in transfected VMP cells. Surprisingly, viability and 
proliferation rate were reduced in this group; during the differentiation phase both reached the 
level of non-transfected cells. After intrastriatal transplantation in the rat model of PD 
nucleofected VMP cells could be detected due to their induced expression of EGFP. 
Immunohistochemical analysis of tissue sections revealed that nucleofected VMP cells retained 
their potential to differentiate into TH+ cells after nucleofection. 

The presented study shows that nucleofection is the most effective non-viral gene delivery 
method for primary VMP cells, which are the important source of dopaminergic neurons for cell 
replacement strategies in PD. The nucleofection technique allows transfection of neural 
progenitors with high efficiency and does not alter the population composition and its 
differentiation potential. This technique can also be used to deliver a growth factor gene into the 
cells efficiently which then allows the manipulation of cell properties in vitro. This effective non-
viral transfection method could minimize the risks associated with viral transfection, including 
strong immuno-inflammatory response, possible protein processing interference and abnormal 
protein targeting. The results of this project could help to optimize current transplantation 
strategies by manipulating both, primary neuronal cells and neuronal stem cells before using them 
for therapeutic applications in neurodegenerative disorders.  
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7 ZUSAMMENFASSUNG 
 

 Neuronale Vorläufer-Zellen, spielen als Bestandteil zellulärer Transplantate eine wichtige 
Rolle in mögliche regenerativen Therapieansätzen für neurodegenerative Erkrankungen, wie z. B. 
dem Morbus Parkinson (PD).  Drei Hauptprobleme konnten allerdings bisher nicht gelöst werden: 
(i) das Auftreten schwerer Dyskinesien bei mit Zellen behandelten Patienten in doppelt 
verblindeten klinischen Studien, (ii) das geringe Überleben transplantierter Zellen, (iii) die 
Identifikation transplantierter allogener Zellen in vivo. Zur Lösung der Probleme (ii) und (iii), 
wurden in dieser Arbeit Möglichkeiten zur Transfektion mesencephaler neuronaler Vorläufer-
Zellen mit unterschiedlichen Konstrukten aus Wachstumsfaktor-Genen wie dem 
Fibroblastenwachstums-Faktor-2-Gen und Reporter-Protein-Genen wie dem EGFP-Gen (zur 
Induktion grüner Fluoreszenz) und dem DsRed-Gen (zur Induktion roter Fluoreszenz) untersucht. 

Verschiedene Transfektionsmethoden wurden zunächst getestet: Lipofection mit dem 
Lipofectamine 2000 Reagenz (bezogen bei Invitrogen), Elektroporation mit dem EasyJecT 
Optima Elektroporator (bezogen bei EquiBio Ltd)  und Nucleofection mit dem Nucleofector-
Gerät (von der Amaxa GmbH). Vorläufer-Zellen aus dem ventralen Mesencephalon (VMP) 
wurden aus 12 Tage alten Ratten-Embryonen gewonnen und vor der Transfektion über drei Tage 
in Zellkultur expandiert. 

Die höchste Transfektionsrate von bis zu 47 % konnte mit der Nucleofector-Technik 
erzielt werden.  Die Überlebensrate der transfizierten Zellen betrug sechs Stunden nach der 
Transfektion etwa 40 %. Darüber hinaus  differenzierten die überlebenden transfizierten VMP-
Zellen in Tyrosin-Hydroxylase positive (TH+) Neurone.  Die Population der transfizierten Zellen 
bestand aus vielen neuronalen Vorläufer-Zellen (nestin+, Glial Fibrillary Acidic Protein negativ 
(GFAP-)), einschließlich einiger Neurone (ßIII-tubulin+). Um die Vorläufer-Zellen mit ihrem 
eigenen Wachstumsfaktor versorgen zu können, wurde die erhöhte Expression der 18 kDa FGF-2-
Isoform in den Zellen induziert.  Funktionelle Test, wie ein Zell-Vitalitäts-Essay (WST-1 test) 
und ein Zell-Proliferations-Essay (BrdU-ELISA), wurden durchgeführt, um das Verhalten der 
transfizierten Zellen  in vitro zu beurteilen. Die Expression der in die Zellen verbrachten Gene 
war während der ersten Tag nach der Transfektion am höchsten, so zeigten transfizierte VMP-
Zellen eine 4-fach erhöhte Expression von FGF-2.  Überraschend zeigte sich ein vermindertes 
Überleben und eine reduzierte Proliferationsrate in der selben Gruppe, beide erreichten in der 
Differenzierungsphase das Niveau nicht-transfizierter Zellen.  Nach Transplantation von mit 
Nuclefection veränderten VMP-Zellen in das Striatum von Ratten im PD-Model, konnten die 
Zellen aufgrund der in ihnen induzierten Expression von EGFP detektiert werden.  Die 
immunhistochemische Analyse von Gewebeschnitten belegte, dass mit Nucleofection veränderte 
VMP-Zellen ihr Potential zur Differenzierung in TH+ Zellen nach Nucleofection beibehielten. 
Die vorgestellte Arbeit zeigt, dass Nucleofection die effektivste nicht-virale Methode ist, Gene in 
primäre VMP-Zellen zu verbringen, diese Zellen sind die wichtigste Quelle dopaminerger 
Neurone in Zell-Ersatz-Strategien bei PD.  Die Nucleofector-Technik erlaubt die Transfektion 
neuronaler Vorläufer-Zellen mit hoher Effizienz ohne die Zusammensetzung der Zellpopulation 
oder deren Differenzierungspotential zu verändern.  Die Technik kann auch dazu verwendet 
werden, Wachstumsfaktor-Gene effizient in die Zellen zu verbringen, was wiederum die 
Manipulation der Zelleigenschaften in vitro ermöglicht.  Diese effiziente nicht-virale 
Transfektionsmethode kann die mit viraler Transfektion verbundenen Risiken reduzieren, wie z.B. 
starke entzündliche Immunantwort, mögliche Interferenz in der Protein-Prozessierung und 
verändertes Proteinbindungsverhalten.  Die Ergebnisse der vorgestellten Arbeit können zur 
Optimierung derzeitiger Transplantations-Strategien beitragen, dadurch dass mit der vorgestellten 
Technik primäre neuronale Zellen und neuronale Stamm-Zellen vor der therapeutischen 
Applikation bei neurodegenerativen Erkrankungen beeinflusst werden können. 
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