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1. Introduction 

1.1 Parkinson´s disease (PD) 

Parkinson´s disease (PD) is a neurodegenerative disease, which is characterized by 

a progressive loss of dopaminergic (DAergic) neurons of the substantia nigra pars 

compacta (SNc) resulting in a dopamine (DA) depletion in the striatum (STR). Both 

structures belong to a group of subcortical nuclei, the basal ganglia (BG). PD is the 

second most frequent neurodegenerative disorder after Alzheimer´s disease and has 

a prevalence of around 0.5 to 1 % amongst people at the age of 65 to 68 years. The 

prevalence even rises from 1 to 3 % among people who are 80 years of age and 

older (Nussbaum and Ellis, 2003).  

PD was first described by James Parkinson in 1817 in his work ‘An Essay on the 

Shaking Palsy’. It is mostly called an idiopathic disease, since the etiology of PD 

remains still unknown. There are different theories, however, such as the roles of 

genetic factors (Gasser, 2005) or environmental causes (e.g. exogenous toxins like 

cyanide or carbon monoxide/disulfide (Olanow and Tatton, 1999). Research of the 

last few years proved a widespread existence of intracytoplasmic eosinophilic protein 

aggregations in PD patients: the so called Lewy bodies (LB). These are abnormal 

protein aggregations, whose main components are α-synuclein (α-syn), ubiquitin, 

and neurofilament (Spillantini et al., 1997). These LB formations in cells of the SN 

and other brain regions contribute to the death of DAergic cells by ubiquitin-

proteosomal processing, oxidative injury, and mitochondrial dysfunction (Kirik et al., 

2002). The degeneration of DAergic neurons in the nigrostriatal circuitry leads to a 

dysfunction of the BG, but also involves other neuronal systems and thereby induces 

several motor and non-motor symptoms. Likewise, monoaminergic cells, such as 

serotonergic, noradrenergic, and cholinergic cells are affected (Dauer and 

Przedborski, 2003). Motor symptoms only become obvious when at least 50 to 80 % 

of nigral DAergic neurons are degenerated (Hawkes, 2008; Zigmond and Burke, 

2002). Until the loss of DAergic neurons reaches this threshold the system can 

compensate the lack of DA by overactivation of the BG, increased synthesis and 
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release of DA from remaining DAergic neurons, and a reduced rate of DA inactivation 

(Jellinger, 2012; Zigmond et al., 1990). 

The cardinal symptoms of PD are: bradykinesia, tremor at rest, rigidity, and postural 

instability. Bradykinesia (or akinesia) is the most characteristic clinical sign for PD 

and correlates best with the grade of DA deficiency. It comprises difficulties with 

planning, initiating, and executing movements and usually starts with slowness of 

normal daily movements, for example buttoning up a shirt. Tremor is the clinical 

feature, which is most common and easily recognized. The shaking occurs at rest, 

disappears with action, appears unilaterally, and usually affects the distal parts of 

extremities. Hand tremors spread from one hand to the other and manifest as a 

supination-pronation impairment. The so-called ‘pill-rolling’ is the tendency of the 

index finger and thumb to connect and perform circular movements. Rigidity is an 

increased muscle tone, usually on proximal or distal parts of the body and displays a 

resistance to limp movement. Postural instability is a symptom that occurs in the late 

phase of PD - when other clinical features become manifest. Moreover, it is the most 

frequent cause for falls, which are also typical for advanced PD patients. Next to 

these four main symptoms freezing (sudden and transient inability to move), a flexed 

posture, and shuffling gait are typical features of the disease (Fig. 1; Jankovic, 2008; 

Zigmond & Burke, 2002).  

 

But PD is also accompanied by non-motor symptoms, such as autonomic dysfunction 

(e.g. orthostatic hypotension), cognitive and neurobehavioral abnormalities 

(dementia, depression, anxiety, compulsive foraging, hypersexuality), or sleep 

disturbances (Jankovic, 2008; Zigmond and Burke, 2002). PD can be diagnosed by 

positron emission tomography scans with 6-L-[18F] fluorodopa (18F-dopa PET) as an 

Fig. 1: Clinical symptoms of a Parkinson patient. 

Typical symptoms are presented: flexed posture, shuffling gait, ‘pill 

rolling’, and tremor of the hands (Illustration adapted from Gowers, 

1986). 
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imaging test that proves the reduced DA uptake activity. Furthermore, a careful 

anamnesis and a clinical examination, optionally followed by response tests to 

Levodopamin (L-Dopa) are mandatory (Jankovic, 2008; Nutt and Wooten, 2005).  

As mentioned above, LB are the most important neuropathological feature in PD and 

are used for post-mortem diagnosis. Studies based on autopsy of PD patients 

indicate that LB do not form simultaneously in all affected brain areas. Usually, they 

are found initially in anterior olfactory structures, the dorsal motor nucleus of the 

vagal nerve, and portions of the enteric nervous system (Braak and Del Tredici, 

2008). This explains early symptoms, such as dyspepsia and dysfunction of smell. In 

a study of 2003, Braak et al. examined a staging hypothesis of brain pathology 

related to symptoms of idiopathic PD. They found that the LB start to form in the 

medulla oblongata, the olfactory bulb, and pons in the first two stages. In stage three 

and four, the neuropathology spreads to the midbrain (i.e. the substantia nigra, SN) 

and mesocortex and induces the typical motor manifestations. The neocortex is 

affected in the last two stages and correlates with cognitive symptoms (Braak et al., 

2003). 

1.2 The anatomy of the basal ganglia (BG) 

The BG are a group of subcortical nuclei, which play a major role in initation and 

execution of voluntary movements on the one hand and suppression of unwanted 

movements on the other hand. The association cortex transfers the information for a 

movement to the BG and the pons (brain stem). In the BG, the decision is made 

whether the movement is initiated or inhibited. Finally, the BG´s decision is 

harmonized in the thalamus with the cerebellum´s information for fine-tuning of the 

movement and then projected to the prefrontal, premotor, and motor cortices. 

The highly organized network of the BG is also involved in associative learning, 

planning, working, memory, and emotion (DeLong, 2000; Obeso et al., 2008; Trepel, 

2008a, 2008b). There are several BG-thalamocortical circuits, which engage 

separate regions of the BG and thalamus and have their output in the frontal lobe: 

the occulomotor circuit, the two prefrontal circuits, and the limbic circuit (Alexander 

and Crutcher, 1990). The BG are comprised of the STR, which consists of the 
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caudate nucleus and the putamen, the pallidum with its internal and external part 

(globus pallidus internus and externus, GPi and GPe), and the subthalamic nucleus 

(STN) as a key structure for controlling pallidal function. The SN, with its pars 

reticulata (SNr) and its pars compatcta (SNc) as the DA-containing part (Fig. 2) 

belongs functionally to the BG.  

 

 

The input stations of the motor circuit of the BG are the STR and the STN, whereas 

the output is carried out through the GPi, which connects the BG via the motor 

thalamus with the cortex (Graybiel, 2000; Obeso et al., 2008). There are two major 

pathways that code for either initation or inhibition of movements: 1. the direct 

pathway with projections to the GPi, 2. the indirect pathway with projections to the 

GPi via the GPe. Excitatory glutamatergic neurons lead the cortical input to the STR. 

The direct pathway is then performed by striatonigral medium-sized neurons (MSN) 

containing both γ-amino butyric (GABA) and substance P. They inhibit the GPi and 

SNr and by this disinhibit the thalamic stage of the circuit. Thus, the motor thalamus 

is able to activate the cerebral cortex by glutamatergic projections (Fig. 3A). The 

indirect pathway comprises of striatopallidal MSN co-expressing GABA and 

enkephalin. Activation of these GABA/enkephalin projections to the GPe suppresses 

Fig. 2: Anatomy of basal ganglia. 

Green: the basal ganglia (striatum, globus pallidus, and subthalamic nucleus) with the associated structures 

(substantia nigra and thalamus; Illustration adapted from Bear et al., 2001) 
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the activity of the GPe neurons and thereby disinhibits the STN. This increases the 

excitatory drive on the GPi and SNr increasing their inhibitory effect on their target 

region in the thalamus (Fig. 3A). Thus, no movement will be initiated. Under 

physiological circumstances, these antagonistic pathways are in balance (Alexander 

and Crutcher, 1990; Graybiel, 2000; Obeso et al., 2008).  

 

 

Fig. 3: Basal ganglia pathways. 

(A) In the direct pathway, excitatory neurons inhibit the globus pallidus internus (GPi) and the 

substantia nigra pars reticulata (SNr) and by this disinhibit the thalamic stage of the circuit. Thus, the 

motor thalamus is able to activate the cerebral cortex by excitatory projections. In the indirect pathway, 

inhibitory projections to the globus pallidus externus (GPe) suppress the activity of the GPe neurons 

and thereby disinhibit the subthalamic nucleus (STN). This increases the excitatory drive on the GPi 

and SNr, increasing their inhibitory effect on the thalamus. Thus, no movement will be initiated. (B) In 

the parkinsonian state, the DA depletion in the substantia nigra pars compacta results in an imbalance 

of the direct and indirect pathway. The consequence is an increased stimulation of the GPi and a 

stronger inhibition of the thalamus. VL, ventrolatarel thalamus; (Illustration modified from Olanow et al., 

2009) 
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1.2.1 Dopamine (DA) system: synthesis, metabolism, and neuronal location 

Glutamatergic corticostriatal inputs are modulated by DA. This neurotransmitter 

exerts a contrary and thereby regulatory effect on striatal MSN. Within the direct 

pathway, DA activates MSN via D1 receptors, whereas D2 receptors inhibit these 

neurons (Obeso et al., 2008). The starting point in the DA synthesis is tyrosine, an 

amino acid that is usually highly concentrated in dietary proteins. Moreover, it can be 

synthesized in the liver out of dietary phenylalanine. Tyrosine is able to cross the 

blood-brain barrier and to enter the neuron. There, the enzyme tyrosine hydroxylase 

(TH) converts this precursor into dihydroxyphenylalanine (L-DOPA). Finally, the 

enzyme DOPA-decarboxylase (DDC) performs the cytosolic conversion of L-DOPA 

to DA. This neurotransmitter is then transported by synaptic vesicular monoamine 

transporter 2 from the cytoplasm into special synaptic storage vesicles. When action 

potentials induce the exocytosis, the vesicle fuses with the neuronal membrane and 

charges its soluble contents into the synaptic cleft. For maintenance of transmitter 

homeostasis and termination of transmitter action, the DA transporter (DAT) pumps 

extracellular DA back into the presynaptic cell. DATs are able to transport DA in and 

out of the synapse depending on the concentration gradient. After re-uptake, DA is 

inactivated and metabolized by the enzymes catechol-O-methyltransferase (COMT) 

and monoamine oxidase (MAO; Elsworth and Roth, 1997).  

By pre- and postsynaptic mechanisms DA mediates a filtering of cortical and 

thalamical glutamatergic input to the striatal MSN. DA exerts this dual effect by 

activating different receptors. D1 receptors constitute the direct nigrostriatal pathway 

and are located postsynaptically. They increase MSN impulsiveness. D2 receptors 

are located presynaptically and represent the indirect striatopallidal pathway. They 

reduce striatal transmitter discharge. D1 receptor activation induces increased 

expression of amino-3-hydroxy-5-methyl-4-isoxazoleprionic acid (AMPA) and N-

methyl-D-aspartarte (NMDA) receptors, whose activation leads to changed 

postsynaptic conductance. In contrast, D2 receptor activation reduces the cell 

excitability due to AMPA receptor translocation outside of the synaptic membrane 

(Obeso et al., 2008).  
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The ventral midbrain (VM) contains three different DAergic neuron subtypes. The A8 

neurons (somata in the retrorubral field), which project to striatal, limbic, and cortical 

areas. The A9 neurons project from the SN along the nigrostriatal pathway to the 

STR and the A10 neurons project from the ventral tegmental area to limbic and 

cortical areas (mesolimbic and mesocortical pathway; Björklund and Dunnett, 2007). 

1.2.2 Changes of the dopamine (DA) system in Parkinson´s disease (PD) 

The main pathological feature is, as mentioned above, the degeneration of DAergic 

neurons of the SNc. The mechanisms of the neurodegeneration are still not fully 

explained. There are several pathogenetic incidents that can cause neuronal cell 

death: oxidative stress, mitochondrial dysfunction, or excitotoxicity. 

During the oxidative metabolism of DA, hydrogen peroxide (H2O2), and other reactive 

oxygen species are formed (Olanow, 1990). Usually, these peroxides are cleared by 

glutathione (GSH), but post mortem studies showed that PD brains exhibit a 

decreased GSH level (Jenner and Olanow, 1996; Olanow and Tatton, 1999). 

Schapira et al. found in a post mortem study mitochondrial dysfunction in about one 

third of the patients’ SNc. The decreased function of complex I in the mitochondrial 

respiratory chain (MRC) might contribute to neuronal vulnerability and cause 

apoptosis in PD (Olanow and Tatton, 1999; Schapira et al., 1990). Excitotoxicity is 

caused by two different mechanisms. Nigral DAergic neurons have a lot of glutamate 

receptors and receive glutamatergic input from the STN. DA depletion, as it occurs in 

PD, disinhibits the STN and increases a bursting activity of its output neurons. In 

combination with already vulnerable DAergic neurons due to mitochondrial 

dysfunction, this augmented STN activity further increases damage to nigral DAergic 

neurons (Olanow and Tatton, 1999; Rodriguez, Obeso, and Olanow, 1998). On the 

other hand, the defect of the mitochondrial chain leads to an energy deficit and 

consequences in a loss of ATP-dependent Mg-blockade of NMDA receptors. 

Moreover, NMDA as well as AMPA receptors are activated by the increased 

glutamate concentration and thereby mediate a calcium influx into the cell, which 

leads to a global cell dysfunction (Mattson, 2007; Olanow and Tatton, 1999). In 

addition, failure in proteosomal function was detected in PD. This is generally 
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connected to the formation of LB and results in misfolded or aggregated proteins 

(McNaught and Jenner, 2001).  

The degeneration of the nigral DAergic neurons in the parkinsonian state induces a 

severe DA deficiency. Thus, the cortical input on direct MSN is reduced, while the 

input on the indirect circuit remains unchanged. This means that D1 receptors are 

less activated compared to D2 receptors, which results in an imbalance of the direct 

and indirect pathway. The consequence is an increased stimulation of the GPi (due 

to the disinhibited STN) and a stronger inhibition of the thalamus (Fig. 3B). Typical 

parkinsonian symptoms are induced, because the inhibited thalamus cannot 

stimulate the motor cortex (Elsworth and Roth, 1997; Obeso et al., 2008). Recently, 

scientists stated that motor impairments do not only result from direct effects of DA 

loss on neuronal firing in the BG, but also leads the DA loss to a dysfunctional 

synaptic plasticity. This, in turn, induces a reduced activation of anticipated motor 

programs as well as their active inhibition (Schroll et al., 2014). 

1.3 Animal models of Parkinson´s disease (PD) 

Animal models are the most important tool for simulation of Parkinson´s disease and 

thereby understanding of the pathogenesis, symptoms, and treatment possibilities of 

PD. Since PD does not occur spontaneously in animals, it has to be induced by 

neurotoxins or genetic modifications. Neurotoxic models involve reversible 

(reserpine) and irreversible (MPTP, 6-OHDA, paraquat, rotenone, see below) 

damages in the DAergic system.  

1.3.1 The 6-hydroxydopamine (6-OHDA) rat model 

6-OHDA is a catecholamine-selective neurotoxin that leads to more or less severe 

lesions of the nigrostriatal organization after intracerebral injection depending on the 

injection site. The toxin is transported anterogradely and retrogradely via axons. Its 

toxic effect is carried out by H2O2, superoxide ion as well as oxygen radicals and it 

acts as an inhibitor of the complex I of the MRC. The dose-dependent consequence 

is a degeneration of DAergic neurons, reduced TH-activity, and less DA in the 

neurons´ projection fields. Furthermore, noradrenalin and adrenalin concentrations 

are reduced and the catecholamine reuptake sites are decreased (Deumens et al., 
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2002; Gerlach et al., 2007a; Glinka et al., 1997). Due to the bidirectional transport of 

the neurotoxin are not only the injection sites affected, but also the nucleus 

accumbens (NAc) and ventral tegmental area (mesolimbic pathways; Berger et al., 

1991). 6-OHDA does not have the possibility of crossing the blood-brain barrier and 

has to be injected directly into the brain. Two different  

6-OHDA lesion models have to be differentiated. 1. A complete lesion of the 

nigrostriatal system is achieved by injection of 6-OHDA into the medial forebrain 

bundle (MFB, bundle of nigrostriatal projections; Fig. 4A) or into the SN (location of 

DAergic somata).  

 

 

 

This results in a 95 % reduction of DAergic fibers and cells of the SN and to an 

almost complete degeneration of the DAergic innervation (Torres et al., 2011). The 

complete lesion model simulates the late phase of PD. 2. A partial lesion is induced 

by injections into the STR (location of DAergic terminals, Fig. 4B). Intrastriatal 

injections of 6-OHDA induce a less profound destruction of the DAergic system, 

which resembles the early forms of PD more closely. Since a part of the nigrostriatal 

neurons survive, this model is more suitable for testing of neuroprotective and 

neurotrophic strategies on DAergic neurons (Przedborski et al., 1995). It is important 

Fig. 4: 6-OHDA lesion models. 

(A) Medial forebrain bundle (MFB) lesion: 6-hydroxydopamine (6-OHDA) is injected into the MFB, which 

induces a complete lesion of the nigrostriatal system. (B) Partial/striatal lesion: 6-OHDA is injected into the 

striatum, which leaves a part of the nigrostriatal system intact. CP, caudate putamen (striatum); GP, globus 

pallidus; SN, substantia nigra (Illustration modified from Kirik et al., 2004) 
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to know that lesions of different sites in the STR exert different motor and behavioral 

impairments. If the dorsomedial part of the STR is affected, more general effects on 

locomotion are observed, whereas lesioned ventrolateral parts induce difficulties in 

movement initiation, sensorimotor orientation, and skilled motor behavior and mimics 

a parkinsonian state of human patients the most. (Deumens et al., 2002). Kirik et al. 

found that not only the concentration/amount of 6-OHDA is crucial for the lesion 

outcome, but also the distribution of the neurotoxin. The intrastriatal four-site injection 

of 6-OHDA was shown to induce a partial DAergic degeneration that leaves enough 

nigrostriatal projections intact. On these surviving neurons, research on regeneration 

and functional recovery in response to neurotrophic and neuroprotective agents 

could be done (Kirik et al., 1998). This is why we used the partial lesion model in the 

present study. We wanted to investigate the effect of tactile stimulation (TS) on the 

surviving neurons in a PD model. 

6-OHDA injection leads to a profound motor asymmetry by the DAergic depletion. 

Well lesioned animals, especially after MFB lesion, tend to show a spontaneous 

rotation behavior away of the more activated side. This behavior can be challenged 

by administration of direct and indirect DA agonists. The direct postsynaptic agonist 

apomorphine activates D2 receptors, which are up-regulated/supersensitive in the 

ipsilateral hemisphere. Thus, after subcutaneous (s.c.) administration of 

apomorphine, the rat will turn away from the activated to the contralateral side 

(Deumens et al., 2002; Ungerstedt, 1971). Amphetamine, however, is an indirect 

agonist and discharges DA, which can only be released in the intact contralateral 

hemisphere. The rat performs a rotation to the ipsilateral side.  

Usually, 6-OHDA injections are performed unilaterally, since bilateral lesions induce 

aphagia, adipsia, and akinetic behaviors, which arises severe animal welfare issues 

(Zigmond and Stricker, 1973). The unilateral animal model has the advantage of a 

less compromised animal health and the possibility of a direct comparison of the 

impaired and non-impaired body and brain hemisphere. On the other hand, the 

healthy hemisphere diminishes the evaluation potentials of cognitive and other non-

motor changes (Deumens et al., 2002). The partial, but bilateral model might have 

the best outcome with regard to research on studying the cognitive and 



Introduction 

11 

 

neuropsychiatric implications due to the extent of DA depletion and the regional 

specificity. The most important disadvantage, however, is the tendency for 

compensation over time (Lelos et al., 2012).  

1.3.2 Other Parkinson disease (PD) models 

Next to 6-OHDA, 1-methyl-4-phenyl-1,2,3,6-tetrathydropyridine (MPTP) is the most 

used toxin-induced PD animal model. Due to its high lipophilicity it has the possibility 

of crossing the blood-brain barrier after systemic administration. MPTP is taken up by 

astrocytes, where it is metabolized into 1-methyl-4-phenylpyridinium (MPP+), exits 

the astrocyte, and enters the neuron via DATs. Inside the neuron, the active 

metabolite inhibits the complex I of the MRC and thereby exerts the typical hallmarks 

of PD pathogenesis. Since rats are resistant to MPTP, it is primarily used in non-

human primates and mice (Blesa et al., 2012).  

N,N_-dimethyl-4-4-4_-bypiridinium, so called paraquat (PQ), is a herbicide/insecticide 

that has a structural analogy to MPP+. Though controversially discussed, after 

systemic administration, PQ exerts oxidative stress on cells and induces dose-

dependent loss of DA neurons. Rotenone is the most potent member of the rotenoid 

family of neurotoxins. Chronic substitution results in inhibition of the MRC. Most 

notably, intravenous injection leads to a damage of nigrostriatal DA neurons. Both, 

PQ and rotenone, have the advantage of encompassing α-syn and Lewy-like body 

formation (Blesa et al., 2012).  

One of the latest animal models concerns mutations of the α-syn gene, which plays a 

role in synaptic vesicle recycling. Initially, transgenetic mice overexpressing the 

mutated human gene A53T were used. This mutated gene was found to produce 

deficient α-syn, which had the tendency to aggregate (Blesa et al., 2012; Giasson et 

al., 2002; Masliah et al., 2000). None of these attempts, however, were able to 

induce the hallmark of PD: progressive and severe loss of DAergic cells in the SN. 

An alternative approach is the overexpression of α-syn via viral vectors. Studies 

using the recombinant adeno-associated viral vector (AAV) had great success in 

reproducing the PD pathogenesis: α-syn positive cytoplasmic inclusions, swollen and 

dystrophic neurons, profound and progressive loss of DAergic neurons in the SN, 

and 40 to 50 % reduction of striatal DA. Moreover, the animals displayed severe 



Introduction 

12 

 

motor impairments and a progressive character of the pathological features 

(Decressac et al., 2012b; Kirik et al., 2002; Yamada et al., 2004). It seems that α-syn-

induced pathology starts first in the terminals and later involves the cell bodies. 

Thereby, this model exhibits a time-course that equals the pre-symptomatic, early 

symptomatic, and advanced stages of PD (Decressac et al., 2012b). Decressac et al. 

compared the neurotoxin-induced (6-OHDA, MTPT) animal models with α-syn 

overexpressing rats in 2012 and found that this model mimics the human disease 

more closely than any other model (Decressac et al., 2012a).  

1.4 Therapy 

At the moment, only treatments are available that provide symptomatic relief, like 

administration of drugs or surgical intervention. Whatsoever, they do not stop the 

progressive character of the disease. Drug therapy includes substitution of DA, DA-

agonists, and MAO-B or COMT inhibitors. Surgical interventions comprise of deep 

brain stimulation (DBS) of the GPi or the STN. The most recent approach is the cell 

replacement therapy, which could counteract the progressive neurodegeneration of 

PD by substitution of DAergic cells.  

1.4.1 Drug therapy 

The gold-standard in drug therapy of PD is still the substitution of L-Dopa. As a 

precursor of DA, L-Dopa has the ability of crossing the blood-brain barrier. Once it 

enters the brain the DDC converts it into DA. Here, L-Dopa restocks the DA depletion 

in the STR and activates DA receptors. If the drug is administered systemically, 

however, this reaction also occurs in the peripheral blood stream, which means that 

only a fractional amount of the drug reaches the target region. This problem can be 

precluded, if L-Dopa is combined with DDC inhibitors since these cannot cross the 

blood-brain barrier. Furthermore, DA-related side effects, such as nausea, orthostatic 

hypotension or involuntary movements as well as side effects related to high levels of 

L-Dopa in the blood stream are reduced by these DDC inhibitors (Barbeau, 1969; 

Burkhard et al., 2001). The period during the early stage of PD is described as 

‘honeymoon’, when L-Dopa helps the best to ameliorate motor impairments. 

Nonetheless, after a few years, the efficacy of this treatment usually declines more 
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and more (‘wearing-off’ phenomenon) and ultimately leads to the ‘end-of dose effect’: 

the total loss of efficacy. Beforehand, people suffer from episodes with and without 

occurrence of PD related impairments; the so called ‘on- and off’-periods. Over the 

time, the ‘off’-periods increase until patients´ disabilities cannot be treated 

satisfactorily anymore (Hagan et al., 1997; Marsden and Parkes, 1977). The most 

severe side effect of L-Dopa substitution are DA-induced dyskinesias, which are 

abnormal involuntary movements and arise mostly in periods of peak blood levels of 

L-Dopa (‘peak-dose’ dyskinesia; Cenci and Lindgren, 2007). High DA doses improve 

performances of well-learned tasks (Brown et al., 1993), but simultaneously impair 

the initial-learning performances (Jahanshahi et al., 2010). Scientist recently found in 

a neuro-computational model that dyskinesias can be explained as automatic (well-

learned task) performances that are executed instead of appropriate movements due 

to high DA dose-induced learning impairments that usually would lead to an 

adequate movement (Schroll et al., 2014). 

An antiparkinsionian effect can also be achieved by DA agonists (e.g. amphetamine 

or apomorphine) that activate DA receptors in the STR. DA agonists have a lesser 

risk for induction of motor fluctuations or dyskinesias, since they have higher plasma 

half-lives (Hermanowicz, 2007). Due to their severe side effects they are usually 

combined with L-Dopa and thereby reduce the risk for DA-induced dyskinesia and 

shorten the ‘off’-periods (Hermanowicz, 2007; Yuan et al., 2010). Other drug 

therapies include the substitution of MAO-B or COMT inhibitors, which prevent the 

enzyme-dependent metabolism after reuptake of DA into the cell. When combined 

with L-Dopa, the dose of this drug can be reduced, however, patients have to be 

watched closely, due to possible side effects (Yuan et al., 2010). 

1.4.2 Surgical therapy 

With the invention and introduction of stereotaxic surgeries, a new therapeutical 

possibility was created for patients with severe PD forms that had no more satisfying 

response to DA medication. Destructive therapies, such as thalamotomy or 

pallidotomy (thermocoagulation of the ventral posterior GP or thalamus), were mostly 

replaced by DBS, since severe side effects like transitory facial weakness, 

dysphagia, or hemiparesis due to hemorrhage occurred in some patients. Moreover, 
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permanent lesions always carry the risk of permanent damage in nearby brain 

regions.  

DBS was first introduced by Benabid et al. in Grenoble, France, in 1987. The surgery 

comprises of the implantation of two electrodes into specific brain targets, usually the 

STN or the GPi. These electrodes are connected to a pacemaker, which is placed 

subcutaneously over the chest wall (Olanow, 2002). The possibility of bilateral 

implantation of the electrodes, easy adjustment of the stimulation sites, the variability 

of the stimulation parameters, and the reversibility of the surgery and thereby 

avoidance of permanent lesions are advantages that make DBS the surgical therapy 

of choice (Gerlach et al., 2007b). The exact mechanism how DBS exhibits the 

therapeutic effect still remains unknown. The high frequency stimulation seems to 

suppress pathologically increased firing patterns of the relevant nuclei on 

downstream BG targets either directly or via induction of inhibitory transmitter release 

(Olanow, 2002). Additionally, depolarization blocks and generation of action 

potentials might also be part of the mechanism (Benazzouz and Hallett, 2000). The 

stimulation of the GPi reduces all major symptoms of PD, including L-Dopa induced 

dyskinesia and painful cramps or sensory deficits that occur in the ‘end-of-dose’ 

phenomenon. The main limitation of GPi DBS is the fact that it does not allow a 

reduction of medication, which is a great disadvantage for patients with drug-induced 

side-effects (Perlmutter and Mink, 2006). DBS of the STN provides the same effects 

on PD symptoms. Furthermore, bilateral STN DBS improves gait disturbances and, 

in contrast to GPi DBS, enables a reduction of medication and thereby decreases the 

drug-related side effects (Bastian et al., 2003; Nutt et al., 2001; Perlmutter and Mink, 

2006). DBS even significantly improves the quality of life (Wichmann and DeLong, 

2011). It is very important for a successful outcome of this therapy that it is the right 

pool of patients who receive DBS. Usually, a wide range of surgeons of different 

specializations are involved in the patient selection. Today, criteria for application of 

DBS are: tremendous L-Dopa response, younger age, no or just a few axial non-L-

Dopa-responsive motor symptoms, no or very mild cognitive impairments, and the 

absence of psychiatric diseases. The ‘Core Assessment Program for Surgical 

Interventional Therapies in PD (CAPSIT-PD)’ covers all important questions and 
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tests regarding patient selection (Defer et al., 1999; Lang and Widner, 2002). 

Evidence for atypical PD, cognitive impairments (disorientation or memory deficits 

(dementia)) or psychiatric disorders are contraindications for DBS (Perlmutter and 

Mink, 2006; Wichmann and DeLong, 2011). Only a few side effects with 

comparatively low incidence occur. They vary from intracranial hemorrhage to 

infections, lead fracture or lead migration. Unfortunately, also depression and 

impulsiveness have been reported (Bronstein et al., 2011).  

1.4.3 Cell replacement therapy 

Although current therapies record great success in amelioration of PD symptoms, 

they are not able to stop the progressive character of this disease. Furthermore, drug 

and surgical therapies have their limitations regarding severe side-effects, selected 

patient pools, or temporary effects. Hence, new therapies are in need. In the last 

three decades, cell replacement has been a large field of research. The theory 

includes that restoring the STR with DA by implanting DA-rich or DA-producing cells 

would reconstruct the nigrostriatal system and reestablish the altered physiology. 

Since it is known that DAergic neurons can hardly grow adequate projections from 

the SN to the STR, the graft is placed ectopically (Trueman et al., 2013).  

In 1979, Björklund and Stenevi and Perlow et al. were able to show that fetal nigral 

transplants into 6-OHDA lesioned rat brains improved motor deficits. They 

transplanted pieces of fetal VM, including DA containing neurons, adjacent to the 

STR and produced less amphetamine-induced rotational behavior (Björklund and 

Stenevi, 1979; Perlow et al., 1979). In 1988, the group of Dunnett proved that both 

the extent of DA depletion in the STR as well as the extent of DA restoration after 

grafting of DAergic cells directly correlate with performance in the drug-induced 

rotational tests (Dunnett et al., 1988). Nevertheless, DAergic grafts provided some 

limitations in regard to the low graft survival, implantation trauma, and suboptimal 

graft integration. In order to circumvent these limitations, Nikkhah et al. created a 

microtransplantation approach. When the cells were transplanted as a cell 

suspension, in single deposits, and via a glass capillary significantly less scar tissue 

developed and graft integration and neuron survival was increased (Nikkhah et al., 

1994a, 1994b). In order to further improve the graft survival, reinnervation, and 
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functional benefits, Timmer et al. examined and proved the positive effects of 

neurotrophic factors (NTF) on DAergic grafts (Timmer et al., 2004). The advantage of 

cell replacement therapy is that transplanted DAergic neurons showed to be tonically 

active and restore baseline DA synthesis and release almost up to normal levels, 

which mimics a more physiological situation in the STR than pulsatile medical DA 

substitution or DBS (Winkler et al., 2005). Numerous studies worked with different 

cell sources, but transplantations with VM cells provided the best results. Several 

open-label trials brought the ‘proof of principle’ that it is possible to transplant human 

fetal tissue and reestablish striatal DAergic innervation with long-term beneficial 

effects on the PD patient (Evans et al., 2012; Winkler et al., 2005). In summary, all of 

these trials showed general positive outcomes and, as 18F-dopa PET scans proved, 

restored DA synthesis and storage. Furthermore, bradykinesia, rigidity, and ‘on/off’ 

fluctuations were significantly decreased (Hagell et al., 1999; Hauser et al., 1999; 

Lang and Widner, 2002; Lindvall et al., 1990; Widner et al., 1992). These benefits, 

however, were almost equaled by little or no improvements in other patients. 

Moreover, open-label trials are difficult to trust, since the positive effect may occur 

due to placebo effects and investigator bias (de la Fuente-Fernández and Stoessl, 

2002; Evans et al., 2012). To overcome this problem and finally verify the results of 

those independently conducted open-label trials, the National Institute of Health 

funded two double-blind, placebo-controlled trials, which, however, could not match 

the previous results (Freed et al., 2001; Olanow et al., 2003). The striatal DA uptake 

was significantly increased, some of the patients (mainly the younger ones) had 

significant improvements of motor impairment, and post-mortem studies revealed 

surviving grafts. Nevertheless, a not negligible part of the transplanted patients 

developed severe graft-induced dyskinesia, which persisted after overnight 

withdrawal of DAergic medication (‘off’-medication dyskinesia; Freed et al., 2001; 

Olanow et al., 2003). Reasons for these variable outcomes of open-label and double-

blind studies might be due to differences in the study designs, regarding composition, 

preparation, and storage of the grafted VM tissue as well as the selection of patients 

(Winkler et al., 2005). A further drawback for cell replacement therapy occurred, 

when scientists found in post-mortem studies LB-like inclusions that were stained 
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positively for α-syn and ubiquitin in transplanted neurons, 14 years and 11 to 16 

years after transplantation (Kordower et al., 2008; Li et al., 2008). These findings 

suggest that PD is a progressive process that can affect grafted cells in the STR as it 

did in the SN during pathogenesis (Kordower et al., 2008). The mechanisms how the 

α-syn pathology can affect also young grafted neurons remains unclear. Theories 

suggest a prion-like spreading or an upregulation of α-syn in cells that survived 

around the inflamed environment of the grafted brain, which subsequently induced 

the aggregation of the protein (Brundin et al., 2010). Interestingly, one post-mortem 

study revealed transplanted fetal VM cells without pathology 9 to 14 years after 

surgery (Mendez et al., 2008). Another limiting factor of establishing cell replacement 

as a standard therapy was the relatively low survival rate of the grafts. As Brundin et 

al. reviewed, only 3 – 20 % of the grafted cells survive the transplantation. Cell death 

might be induced by donor tissue hypoxia and hypoglycemia, mechanical trauma, 

free radicals, or lack of growth factors (Brundin et al., 2000). 

In order to summarize all that was learned from previous studies and to find a new 

way how cell replacement therapy could be led into the next generation of clinical 

trials, the European Commission sponsored an international, collaborative project in 

2010, entitled TRANSEURO (http://www.transeuro.org.uk/, www.clinicaltrials.gov). This 

program will evaluate different tissue preparation and delivery methods, patient 

selection, and posttransplantation care, like immunosuppressive therapy. 

Furthermore, an important point of research will comprise of the development of 

graft-induced dyskinesias and how they might be avoided. The goal is to develop a 

new transplantation protocol, which will be used for a further open-clinical trial (Evans 

et al., 2012). 

1.4.3.1 Cell sources 

Different cell sources have been used in cell replacement experiments: Embryonic 

stem cells (ESC), fetal neural progenitor cells (NPC), fibroblasts directly converted 

into DA neurons (induced neuronal (iN) cells), or induced pluripotent stem cells 

(iPSCs; Sundberg et al., 2013). ESC, for example, are derived from the inner cell 

mass of blastocysts. They can potentially develop into every cell type of the three 

germ layers (pluripotent) and have a high proliferation rate, i.e. they could provide an 

http://www.transeuro.org.uk/
http://www.clinicaltrials.gov/
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unlimited source for different cell types (Kim et al., 2002). It was shown that rodent 

and human ESC can generate DAergic neurons, which are TH+ and, although a 

relatively low number survives the transplantation procedure, they release DA, 

reinnervate the STR, and modulate motor behavior (Kim et al., 2002; Trueman et al., 

2013; Yang et al., 2008). A major disadvantage is the fact that many ESC undergo 

genetic changes, such as chromosomal aberration, which raises the risk of malignant 

transformation (Nishimura et al., 2003; Nordin et al., 2011). The longer ESC are 

predifferentiated the more the risk of tumor formation declines, but fewer cells survive 

in the graft (Brederlau et al., 2006). Most notably remains the ethical debate, since 

ESC are derived from blastocysts and the argument arose that human life starts with 

fertilization of the oocyte (Nordin et al., 2011).  

In clinical trials, NPC derived from aborted fetuses were used. NPC are already 

differentiated towards their neuronal phenotype, but they remain multipotent and are 

still able to undergo further growth, maturation, and development into full neurons 

(Trueman et al., 2013). Transplants of these cells are able to mediate full recovery 

from drug-induced rotational behavior and even provoke overcompensation (rotation 

to the other side) in amphetamine-induced rotational tests (Björklund et al., 1980; 

Trueman et al., 2013). More complicated behavioral tests, for example the paw 

reaching test, failed to show significant amelioration of motor impairments, although 

grafts had survived (Dunnett et al., 1987; Trueman et al., 2013). In order to improve 

the posttransplantation motor performance, examined with skilled motor tasks, 

several studies have been conducted, such as the above mentioned 

microtransplantation approaches (Nikkhah et al., 1994a, 1994b). Most notably, NPC 

are genetically modifiable, expandable, and differentiable in vitro. Protocols for 

differentiation and expanding ameliorated the technical and ethical difficulties that 

occurred during the usage of not further processed fetal tissue (Cesnulevicius et al., 

2006; Timmer et al., 2004) and increased the cell number that can be transplanted 

(Timmer et al., 2006). In in vivo studies, NPC derived from VM of rat embryos at 

embryonic day 12 (E12) showed the highest DA cell survival (Torres et al., 2007). 

Timmer et al. proved that E12 cells expanded and differentiated before 

transplantation display similar survival rates, degree of reinnervation, and behavioral 
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improvements as directly grafted E14 cells (Timmer et al., 2006). Expansion before 

transplantation would counteract the crucial factor of limited donor tissue supply and 

ethical debates. Another advantage is that NPC can be genetically modified by, for 

example, neucleofection and can thereby be provided with neurotrophic factors, 

which improves maturation and survival (Cesnulevicius et al., 2006). So far, grafting 

NPC is the most successful approach for cell replacement. Nevertheless, ethical, 

logistical, and quality control issues request an alternative cell source. One of the 

most concerning facts is that still five to six aborted fetuses are required for cell 

replacement therapy in one hemisphere per PD patient (Trueman et al., 2013).  

Hence, development of new cell sources is in need. Induced pluripotent stem cells 

(iPSCs), for example, might overcome ethical debates and limited supply of donor 

tissue. These cells are derived from adult somatic cells and are reinduced to 

pluripotency via lentiviral transduction of embryonic transcription factors. These cells 

are mentioned here only for the sake of completeness and will be further discussed 

below (see 1.8 Project 1 iPSCs). Based on the idea of iPSCs, another alternative cell 

source was investigated: iN cells, which are directly converted out of fibroblasts. 

Vierbuchen et al. found three transcription factors that were brought into fibroblasts 

via lentiviral transcription and directly transformed the somatic cell into a neuronal 

cell (Vierbuchen et al., 2010). Nevertheless, the research of iN cells as a source for 

cell replacement therapy for PD is still in its infancy. 

1.5 Neurotrophic factors (NTF) 

In summary, low graft survival, ethical debates, and limited donor supply remain to be 

the major drawbacks for cell replacement. One possibility to overcome these limiting 

factors could be to provide the cells with NTF, which are proteins involved in 

regulation of early development, maturation, maintenance, and protection of neurons. 

Several NTF act specifically on DAergic neurons and therefore provide a potential 

therapeutic possibility in PD (Peterson and Nutt, 2008). There are three different 

groups of NTF that are important in PD research: the transforming growth factor 

(TGF) β family, the neurotrophin or nerve growth family (NGF) family, and the 

fibroblast growth factor (FGF) family. The TGFβ family includes the glial cell line-
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derived neurotrophic factor (GDNF) superfamily, containing, amongst others, GDNF 

and neuroturin. The NGF family comprises NGF, brain-derived neurotrophic factor 

(BDNF), and neurotrophins 3-6 (Evans and Barker, 2008; Peterson and Nutt, 2008). 

GDNF is produced by MSNs in the STR (Oo et al., 2005), promotes the 

morphological differentiation of midbrain DAergic neurons, improves their survival, 

and increases their DA uptake (Granholm et al., 2000; Lin et al., 1993). Infusion of 

GDNF into the STR or into the lateral ventricle two to six weeks after 6-OHDA lesion 

also induced improvements in motor impairment, at least during GDNF administration 

(Aoi et al., 2000; Kirik et al., 2001). In addition, in PD patients, intrastriatal GDNF 

infusions revealed increased DA-uptake in 18F-dopa PET scans and improved motor 

impairments and daily living (Gill et al., 2003; Patel et al., 2013). 

BDNF is expressed by DAergic neurons of the SNc and in the ventral tegmental area 

and influences the development of the proper number of DAergic neurons in the SNc 

(Baquet et al., 2005; Seroogy et al., 1994). Intrastriatally transplanted fibroblasts 

over-expressing BDNF prevented the loss of nerve terminals and cell bodies in the 

nigrostriatal DA system in a terminal 6-OHDA lesion rat model of PD (Levivier et al., 

1995). In order to increase graft survival, Ratzka et al. transplanted VM cells 

overexpressing BDNF. Though the beneficial effects on TH+ neuron numbers seen in 

vitro experiments could not be observed in vivo (Ratzka et al., 2012). Post mortem 

investigations of PD patients revealed lower BDNF levels in nigrostriatal areas than 

in control persons, which suggests that BDNF might be involved in PD progression 

(Mogi et al., 1999).  

Fibroblast growth factor-2 (FGF-2) is a member of the FGF family (which consists of 

at least 22 participants) and is expressed in different isoforms (Grothe and Timmer, 

2007). FGF-2 is involved in the development, maintenance, and survival of the 

nervous system and displays neurotrophic effects on DAergic neurons (Timmer et al., 

2007). It is found in the DAergic neurons and glial cells of the developing, postnatal, 

and the adult SN (Bean et al., 1991). Furthermore, it was shown that FGF-2 has a 

positive impact on peripheral nerve development and regeneration (Grothe et al., 

2006), which means that it promotes rescue effects on injured sensory neurons and 

supports neurite outgrowth of transectioned nerves (Grothe and Nikkhah, 2001). 
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Exogenous supply of FGF-2, for example via intrastriatal infusion, induced recovery 

of striatal DAergic neurons and DA content in MPTP-mice models and increased 

protection of neurotoxicity (Date et al., 1993). DAergic cells co-transplanted with 

Schwann cells overexpressing high molecular weight FGF-2-isoforms showed better 

graft survival, reinnervation of the transplantation site, and functional recovery in 

drug-induced rotational test. Studies like this indicate the beneficial effect of providing 

cells with neurotrophic factors (Timmer et al., 2004). In summary, one can state that 

FGF-2 is a promising factor for the establishment of alternative therapeutic 

strategies, which therefore connects FGF-2 and TS in 6-OHDA lesioned rats of the 

present study (see below).  

1.5.1 Intracerebral delivery of neurotrophic factors (NTF) 

NTF are proteins that were found to be a potential factor for treatment of PD, since 

they might modify, stop, or reverse the neurodegenerative process (Evans and 

Barker, 2008). Since most of these proteins are not able to cross the blood-brain 

barrier, several delivery systems have been evaluated: direct infusion of the 

recombinant protein, cell based-delivery systems, and viral vectors (Kirik et al., 

2004). Neuroprotective effects and partly recovery of functional deficits have been 

achieved by direct infusion of NTF into the STR, SN, or lateral ventricle in 6-OHDA 

lesion rat models (Aoi et al., 2000; Kirik et al., 2001; Rosenblad et al., 2000). The 

advantage is that the dosage can be well controlled and if side effects occur, the 

delivery can be stopped immediately. Disadvantageous is the point source delivery, 

which induces concentration gradients and restriction of NTF distribution (Kirik et al., 

2004). A first double-blind placebo controlled trial was performed by Nutt et al. and 

utilized direct GDNF delivery via an implanted intracerebroventricular catheter (ICV). 

This trial, however, was not able to ameliorate parkinsonism, possibly because not 

enough NTF reached the STR and SN and even evoked side effects like paresthesia, 

dyskinesia, or depression (Nutt et al., 2003). An open-label trial, however, with an 

intraparenchymal catheter system delivering GDNF bilaterally or unilaterally into the 

STR observed improvements of motor impairments without severe side effects (Gill 

et al., 2003; Slevin et al., 2005). Based on these open-label trials, a randomized 

controlled trial was conducted in 2008. Patients received bilateral intrastriatal 
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infusions of recombinant GDNF. Although this study utilized a similar protocol to Gill 

et al. no significant differences of motor benefits occurred between the GDNF and 

placebo patient groups. Nevertheless, striatal DA uptake was significantly increased 

in 18F-dopa PET scans of the treated group. Obviously, GDNF has a trophic effect on 

neurons, but probably it is not enough to influence the nigrostriatal system and 

effects need to reach a certain threshold before leading to a functional improve 

(Evans and Barker, 2008; Lang et al., 2006). Thus, in October 2013, a new placebo-

controlled clinical trial with GDNF-delivery directly into the brain started in Bristol, UK 

(http://www.parkinsons.org.uk/content/clinical-trial-test-drug-gdnf-people-parkinsons). 

Another way of delivery of NTFs into the brain is the encapsulated cell 

transplantation (ECT). These cells are surrounded by a semipermeable capsule that 

protects them from immune reactions of the host tissue. While receiving nutrients 

from the local microenvironment they produce proteins, e.g. GDNF (Evans and 

Barker, 2008). Indeed, in rats co-transplantation of fetal VM cells with 

pharmacologically active microcarriers, which display the mentioned above ECT and 

produce GDNF, led to higher graft survival, reinnervation, and rapid recovery in 

behavior compared to cells transplanted without additional support (Tatard et al., 

2007). 

Furthermore, viral vector systems have been established for NTF delivery in the past.  

Adenovectors, herpes virus, AAV, and lentivirus (LV) are potential candidates for the 

transgene delivery and expression, whereas the latter two are the most promising 

viruses (Aebischer and Ridet, 2001). Viral gene expression induces stable and long-

term intracerebral delivery of NTF. On the other hand, they display a risk of 

mutagenesis by insertion into the host genome (LV) or immune reactions. Moreover, 

severe side effects could occur due to possible uncontrolled gene expression, since 

in vivo studies revealed an inability to regulate the amount of peptide translation, both 

in rats and humans (Evans and Barker, 2008; Kirik et al., 2004). Long-term 

experiments, however, have shown that AAV- and LV-GDNF vectors promoted 

neuroanatomical regeneration and functional recovery in rodent and non-human 

primate PD models by a consistent delivery of GDNF (Björklund et al., 2000). An 

open-label trial was conducted by Marks et al. in 2008, proving the tolerability, safety, 
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and potential effectiveness of AAV delivering a GDNF-analogue: slight motor 

improvements occurred without severe side effects. Nevertheless, the following 

double-blind study could not reveal any beneficial effects and patients developed 

severe side effects, such as tumor formation (Marks et al., 2010, 2008).  

It is obvious that the NTFs have a potential in the treatment of neurodegenerative 

diseases. The most effective delivery vehicle, however, as well as the ideal dosage 

and the adequate patient pool still needs to be further evaluated (Evans and Barker, 

2008).  

1.6 Project 1: Tactile stimulation (TS) 

In animals and especially in primates (including humans), social grooming is a very 

important part for development and maintenance of social relationships and thereby 

affects lifetime reproductive fitness (Dunbar, 2010). Tactile stimulation in lots of 

different forms has been demonstrably shown to be effective in studies with humans 

and animal models. 

1.6.1 Tactile stimulation (TS) in humans 

In 1975 Solkoff and Maltuszak found that low birth-weight infants profit from nursery 

program enriched by TS in a way that they improved in the Neonatal Behavioral 

Assessment Scale (Solkoff and Matuszak, 1975). Further, similar studies also proved 

significant weight gain per day, higher activity, more mature habituation and 

orientation, and improved scores in the Brazelton Assessment Scale (Field et al., 

1986; Mathai et al., 2001). When preterm neonates received massage therapy 

applied as moderate pressure strokes to the head, shoulders, back, legs, and arms 

combined with passive kinesthetic movements to the limbs they showed significant 

less stress related behavior (e.g. crying, grimacing, yawning) than neonates receiving 

just the normal nurse care (Hernandez-Reif et al., 2008). Even grade-school children, 

who showed deficits in class room behavior after witnessing a hurricane, benefitted 

from regular massages and had less cortisol concentrations (stress marker) in urine 

and salivary (Field et al., 1996). Daily massage even reduced anxiety, peak air flow, 

and other pulmonary function parameters in children with asthma (Field et al., 1998). 

Not just preterm neonates and children display positive reactions to TS. Field et al. 



Introduction 

24 

 

proved in several studies that TS decreases cortisol levels in neonates, children, and 

adults (Field et al., 2005). Elevated cortisol levels destroy natural killer cells 

(NK cells) and thereby degrade the immune defence. In turn, a method that 

decreases cortisol concentrations would strengthen the immune system. HIV positive 

men, for example, received massage therapy for one month and showed a significant 

decrease in urine cortisol levels as well as a significant increase in cytotoxic capacity 

of NK cells (Field et al., 2005; Ironson et al., 1996). In a similar manner, TS was able 

to reduce depression and hostility and increased urinary DA, NK cell number, and 

lymphocytes in women with breast cancer (Hernandez-Reif et al., 2004). TS as slow 

stroke back massage, has been proven to decrease systolic and diastolic blood 

pressure as well as heart rate (indicative for relaxation) in hospice patients (Meek, 

1993). Furthermore, Field et al. could show that women in labor profit from massage 

by their partners and showed less agitated activity and anxiety and had significantly 

shorter labors, a shorter hospital stay, and less postpartum depression (Field et al., 

1997). Functional magnet resonance imaging showed that TS of distinct body parts 

(e.g. digits) induces activation in certain regions of the primary somatosensory cortex 

in humans. This underlines the importance of the somatosensory cortex in 

awareness of TS next to other parts of the brain (Gallace and Spencer, 2010; 

Hansson and Brismar, 1999).  

1.6.2 Tactile stimulation (TS) in animal models 

Likewise, several studies with animal models proved the benefits of TS. Lund et al. 

and Kurosawa et al. performed studies with TS on anesthetized and unanaesthetized 

rats and found that in both cases massage-like stroking of the abdominal area 

decreased the blood pressure (Kurosawa et al., 1995; Lund et al., 1999). Neonatal 

handling in rat pups that received moderate unilateral cerebral hypoxia-ischemia 

showed a beneficial cognitive effect in the Morris-water maze (Chou et al., 2001). 

Furthermore, TS applied to adult rats one week before and two weeks after frontal 

cortex lesion or in a sensorimotor cortex stroke model has been shown to enhance 

behavioral impairments (Gibb et al., 2010). But not just behavioral improvements 

occurred, also morphological parameters like dendritic length, dendritic branching, 

and spine density in the prefrontal cortex (Cg3) and parietal cortex were ameliorated, 
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both in healthy rat pups and in cortical injured adult and infant rats, respectively (Gibb 

et al., 2010; Kolb and Gibb, 2010; Richards et al., 2012). Interestingly, not just 

vertebrates seem to profit from TS. The surgeon fish usually visits so called cleaner 

fish regularly to be relieved from ectoparasites. During this ‘treatment’, the cleaner 

fish would touch its ‘client’ with its pelvic and pectoral fins, a physical form of TS. 

Surgeon fish were exposed to mechanically moving cleaner fish models, which 

mimicked living fish the most. These fish were compared to surgeon fish, which were 

exposed to stationary models. Indeed, surgeon fish of the first group showed less 

cortisol levels (stress marker) than the others (Soares et al., 2011).  

Several studies showed that negative early life experiences have great impact on 

behavioral, neuroanatomical, and physiological features (McCormick et al., 1995; 

Radley et al., 2008). It is mandatory, however, to state that also positive experiences 

have been widely proven to induce significant neuroanatomical changes. For 

example, enriched housing preconceptionally in rats´ fathers and prenatally in rats´ 

mothers, was able to significantly alter offspring´s results in behavioral tests, 

increased their brain weight, and decreased global methylation levels in the 

hippocampus (HIP) and frontal cortex (Mychasiuk et al., 2012). Perceptions from 

several other behavioral and cognitive studies point to a beneficial influence of 

maternal care for future infant development, since the mother displays the first social 

object mediating the influence of external early environment on the offspring (Korosi 

and Baram, 2009). For instance, juvenile rats experiencing high maternal care 

improved better in spatial learning and memory tests compared to low maternal 

cared infants. Remarkably, the HIP from high maternal cared offspring expressed 

augmented BDNF transcript levels in juveniles. Moreover, NMDA receptor genes 

were increased either in adults only (Grin1) or in both, juveniles and adults (Grin2a, 

Grin2b; Liu et al., 2000). Beyond that, high maternal cared rat pups were proven to 

show higher protein expression of FGF-2 and less pyknosis in the HIP (Bredy et al., 

2003) indicating the apparently imperative role of maternal care for the offspring’s 

mental development. As mentioned above, TS was additionally capable to stabilize 

growth parameters of maternally deprived rat pups and induced advanced behavioral 

development and accelerated growth of human preterm neonates (Field et al., 1986; 
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Schanberg and Field, 1987). In dependence of these studies, the hypothesis and 

explanation for the effectiveness of TS might be that TS mimics maternal licking and 

grooming behavior. Therefore, it is believed to be a positive experience (Richards et 

al., 2012) that should induce similar beneficial effects as the parental enrichment or 

increased maternal care as mentioned above. Even though the mode of action still 

remains to be clarified, TS resulted in a coincidental increase of FGF-2 expression in 

the skin, brain, and enhanced DA secretion in the NAc (Gibb, 2004; Maruyama et al., 

2012). In addition, Field et al. proved elevated urine levels of DA in humans after 

massage therapy (Field et al., 2005). TS in adult rats, however, has so far only been 

performed in stroke models (Gibb et al., 2010) or to evaluate the response to stress 

after TS treatment (Kurosawa et al., 1995; Lund et al., 1999). TS in stroke models 

had mainly an influence on the cortical region (frontal and sensorimotor cortex; Gibb 

et al., 2010; Lay et al., 2010), which is known to be responsive to environmental and 

pharmacological manipulations (Kolb and Gibb, 1991) and is associated to forelimb 

function (Hall and Lindholm, 1974). Taken together, TS has been shown to be 

effective in many different human and animal paradigms, which is why we 

hypothesized that it could positively alter behavioural and morphological parameters 

in a PD rat model. 

1.7 Project 2: Induced pluripotent stem cells (iPSCs) 

Induced pluripotent stem cells are terminally differentiated cells that were 

reprogrammed to a stem cell-like state by introducing embryonic transcription factors. 

They might represent the perfect cell source for cell replacement therapy in PD, since 

they provide the typical characteristics of ESC. Due to its restarted pluripotency this 

cell line can be differentiated into any cell type. Most notably, they are derived of 

adult somatic cells and no human being or animal has to be sacrificed, hence an 

ethical debate would be avoided.  

1.7.1 History and characteristics of induced pluripotent stem cells (iPSCs) 

Briggs and Kings in 1952 as well as Gurdon in 1961 were the first scientists, who 

found that nuclei of somatic cells can be transferred to enucleated frog oocytes and 

thereby induce development of living tadpoles and frogs (Briggs and King, 1952; 
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Gurdon, 1962). By this, they proved that the genetic information for pluripotency 

remains in nuclei of terminally differentiated cells. In the following decades a lot of 

research was done until Takahashi and Yamanaka had a breakthrough in this field of 

stem cell research (Takahashi and Yamanaka, 2006). They discovered a 

combination of embryonic transcription factors that had the ability to reprogram an 

adult cell. Retroviral introduction of four factors (Oct 3/4, Sox2, c-Myc, Klf4) into 

mouse fibroblasts resulted in cells with ESC-like morphology and growth properties. 

Nevertheless, after subcutaneous transplantation of iPSCs into nude mice they 

developed tumors containing tissues from all three germ layers. The injection into 

blastocysts, however, produced living embryos, but no viable chimeras (Nordin et al., 

2011; Takahashi and Yamanaka, 2006). Therefore, Okita et al. changed the previous 

used gene marker Fbx 15 for Nanog and was able to produce adult mouse chimeras 

from these iPSCs (Okita et al., 2007). Unfortunately, one fifth of the offspring 

developed tumors that were caused by the reactivation of the transcription factor c-

Myc. In summary, one could postulate that iPSCs obtained from fibroblasts were able 

to induce living chimeras, but alternatives for the retroviral introduction of c-Myc were 

needed (Nordin et al., 2011; Okita et al., 2007). The groups of Thomson and Yu as 

well as Takahashi and Yamanka were finally successful in creating iPSCs from 

human somatic cells by inducing LIN28 as transcription factor and optimized 

retroviral transduction and culture conditions (Takahashi et al., 2007; Yu et al., 2007). 

These cells exhibited similarities to ESC in morphology, proliferation, surface 

antigens, gene expression, epigenetic status of pluripotent cell-specific genes, and 

telomerase activity. Additionally, those cells showed differentiation into all three germ 

layers (Takahashi et al., 2007; Yu et al., 2007). Boland et al. were able to produce 

mice derived entirely from iPSCs, which were harvested by a drug-inducible lentiviral 

reprogramming strategy (Boland et al., 2009). One problem of this groundbreaking 

research is that viral transduction always changes the receptors´ genome and 

thereby enlarges the risk of tumor formation. Several approaches tried to avoid this 

risk, including non-integrating adenoviruses transiently expressing the transcription 

factors or introducing plasmids that do not induce chromosomal aberrations (Okita et 

al., 2008; Stadtfeld et al., 2008). An alternative approach is to introduce recombinant 



Introduction 

28 

 

reprogramming proteins fused with a cell penetrating peptide, so the genetic 

information for the transcription factors do not have to be inserted into the cells´ 

genome (Kim et al., 2010; Zhou et al., 2009). The efficacy of these methods, 

however, is less than with transduction of the four pluripotency genes. Although there 

are several similarities between iPSCs and ESC, some crucial differences remain. 

For example do iPSCs have a reduced and more variable neuronal potential, they 

might undergo premature senescence, and exhibit differences in DNA methylation 

(Stadtfeld and Hochedlinger, 2010). 

1.7.2 Sources for induced pluripotent stem cells (iPSCs) and therapeutic 

potential for Parkinson´s disease (PD) 

Sources for iPSCs include fibroblasts, stomach cells, lymphocytes, B-cells, human 

blood cells, human cord blood cells, etc. (Nordin et al., 2011). Haase et al. published 

a protocol in 2009 for the generation of iPSCs from human cord blood-derived 

endothelial cells (hCB), since the isolation of endothelial progenitors from CB is 10-

fold more efficient than from adult peripheral blood (Haase et al., 2009). Furthermore, 

hCB cells have the advantage of higher proliferation potential and less accumulation 

of nuclear and mitochondrial mutations as in ontogenetic older adult stem cells 

(Haase et al., 2009). The hCB cells of this study were derived from healthy newborn 

babies after parental permission and transcription factors Oct-4, Sox2, Nanog, and 

Lin 28 were introduced via lentiviral transduction. Haase et al. found that this kind of 

iPSCs also showed the characteristics of ESC and could be differentiated into cells of 

all three germ layers (Haase et al., 2009). Takahashi et al. and Wernig et al. 

demonstrated that it is possible to differentiate murine or human fibroblast derived 

iPSCs into DAergic cells (Takahashi et al., 2007; Wernig et al., 2008). Furthermore, 

after transplantation, behavioral recovery could be obtained in PD rats (Wernig et al., 

2008). Soldner et al., Park et al,. and Hargus et al. were able to obtain iPSCs from 

PD patients´ somatic cells and could even differentiate them into DAergic neurons 

(Hargus et al., 2010; Park et al., 2008; Soldner et al., 2009). For cell replacement 

therapy in PD it would be groundbreaking, if iPSCs could be generated from patients´ 

somatic cells, differentiated into DAergic neurons, and finally transplanted into the 

host´s brain, since limited supply of donor tissue, ethical debates, and immunogenic 
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reactions could be avoided. As prove of principle, Hargus et al. transplanted these 

patient specific iPSC-derived DAergic cells into rats in a PD model and found survival 

and arborization of the grafted cells as well as functional recovery (Hargus et al., 

2010). The investigation of this purpose was also the aim of the present study. 

Furthermore, iPSCs might represent a promising device for drug development, 

establishment of new animal models, and cell replacement therapies. The main 

problem of investigation approaches for pathogenesis or treatment possibilities has 

always been the limited accessibility of the relevant cell type and the inability of its 

culturing. Until now, ESC have been applied for these purposes, but they have a 

limited life span and their use provokes ethical debates (Park et al., 2008). 

Additionally, scientists usually receive patients´ cells, when their sickness is already 

manifest. So it is not possible to investigate the changes, which the cells went 

through during the pathogenesis. iPSCs derived from patients´ skin fibroblasts, 

however, could be differentiated in vitro into the cell types affected by the disease. 

During the reprogramming into iPSCs and the subsequent differentiation they have to 

perform all the disease steps, which enables scientists to investigate early stages of 

the disease (Stadtfeld and Hochedlinger, 2010). The typical cell abnormalities of 

spinal muscular atrophy, for example, were recreated in iPSCs in vitro and could be 

‘treated’ with new drugs. Since iPSCs grow unlimitedly, they comprise an 

unconstrained source for specialized cells and this leads to a ‘Petri dish’ model that 

could help understanding the disease and invention of new drugs (Stadtfeld and 

Hochedlinger, 2010).  

1.8 Aim of the studies  

Although cell-based therapies for PD have already been tested in clinical trials, they 

need to be further improved before introducing them as standard therapy. Next to the 

patient selection, cell storage and preparation, and immunosuppressive treatment, 

the investigation of the impact of NTFs on the brain and on grafts is mandatory. 

Furthermore, alternative cell sources have to be found. Both present studies aimed 

for a solution to advance cell replacement approaches with NTFs and alternative cell 
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sources in order to overcome the major issues of limited donor tissue supply and 

ethical debates. 

1.8.1 Project 1: Tactile stimulation (TS) 

TS applied to human adults or preterm neonates as well as to adult and neonatal 

healthy or lesioned rats has been shown to ameliorate behavioral impairments and to 

improve neuroanatomical morphological parameters. Notably, TS was able to 

increase expression levels of NTFs or neurotransmitters. In this study, TS was 

applied to healthy and 6-OHDA induced hemiparkinsonian rats. The purpose was to 

evaluate the effect of this treatment on several parameters such as gene expression 

levels of NTFs and other proteins in the brain by qRT-PCR. Furthermore, the impact 

of TS on fiber and dendritic spine density, dendritic length, and dendritic arborization 

in the STR as well as DAergic cell number in the SNc and functional improvements 

were investigated. The hypothesis of our study included a TS-induced endogenous 

increase of FGF2, which could, transferred to a human model, enhance the graft 

survival and integration. 

1.8.2 Project 2: Induced pluripotent stem Cells (iPSCs) 

To address the issue of ethical defensible and unlimited tissue sources for cell 

replacement therapy, iPSCs differentiated into neuronal precursors were studied with 

regard to in vitro neuralization, proliferation, and differentiation potential. In vivo we 

examined the survival rate and morphology of intrastriatally transplanted cells into 

healthy and lesioned rats as well as their ability to reinnervate the hemiparkinsonian 

rat brain. The iPSCs were derived from hCB cells, reprogrammed via lentiviral 

transduction of the transcription factors Oct-4, Sox2, Nanog, and Lin 28 and finally 

differentiated into neuronal precursors. Here, we compared two protocols shown to 

efficiently induce neuralization from hiPSCs by using FGF-2 (protocol I, adopted from 

Swistowski et al., 2010) or dorsomorphin (DM)/ SB 431542(SB)-mediated inhibition 

of bone morphogenetic protein (BMP) and transforming growth factor-β (TGFβ, 

protocol II, Stanslowsky et al., in press) signaling. iPSCs were intrastriatally 

transplanted into healthy and 6-OHDA induced hemiparkinsonian rats. 

Immunocytochemical and immunohistochemical stainings were performed in 
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combination with cell counting as well as volume and intensity measurements. 

Reprogramming hCB cells into pluripotent stem cells, which display the same 

characteristics of ESC and can be differentiated into neuronal precursors, might 

overcome the limited donor tissue supply and the ethical debates concerning the use 

of fetal material in cell replacement. 
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2. Materials 

2.1 Chemicals 

Chemicals Manufacturer 

3´,3-diaminobenzidime (DAB) Sigma-Aldrich 

4’,6-diamidino-2-phenylindole (DAPI, 1:15000) Sigma-Aldrich (D 9564) 

6-OHDA hydrobromide Tocris 

Accutase Millipore 

Ammonium nickel sulfate-hydrate Riedel-de Haën 

Avidin-biotin-complex (ABC) kit Vector Labs 

B27 without vitamin A Life Technologies 

Bovine serum albumin (BSA) 
PAA/ GE Health Care Europe 
GmbH 

Brain dereived neurotrophic factor (BDNF) Peprotech 

Chloralhydrate Sigma-Aldrich 

Collagenase iV Life Technologies 

Corbit-Balsam Hecht 

Cyclic adenosine monophosphate (cAMP) Sigma-Aldrich 

Dako fluorescent mounting medium Dako 

D-amphetamine sulfate  Sigma-Aldrich 

Destilled water (H2O) Millipore 

Diethylpyrocarbonate (DEPC) Roth 

DNase Roche 

DNase Stratagene 

Dorsomorphin (DM) R&D Systems 

Dulbecco's modified Eagle's medium / Ham's 
F-12 medium (DMEM/F12) 

Gibco, Life Technologies 

Ethanol Mallinckrodt Baker 

Ethylenglycol Riedel-de Haën 

Fetal calf serum (FCS) 
PAA/ GE Health Care Europe 
GmbH 

FGF-8 Peprotech 

Fibroblast-growth factor (FGF-2) Peprotech 

Gelatine Merck  

Glial cell line derived factor (GDNF) Peprotech 

Glutamax Life Technologies 

Glycerin Sigma-Aldrich 

Hydrogen peroxide (H2O2) Sigma-Aldrich 

iScript cDNA synthesis kit  BioRad 

Knockout DMEM Life Technologies 
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Knockout Serum Replacement 20 % Life Technologies 

Laminin Sigma-Aldrich 

L-apomorphine hydrochloride  Sigma-Aldrich 

L-ascorbic acid Sigma-Aldrich 

Mercury chloride Sigma-Aldrich 

N2-Supplement Life Technologies 

Neurobasal medium Life Technologies 

Non essential amino acids Life Technologies 

Normal goat serum  Gibco 

Paraformaldehyde (PFA) Sigma-Aldrich 

Penicillin/ streptomycin Life Technologies 

Phosphate buffered saline (PBS) Dulbeco 

Polyornithine Sigma-Aldrich 

Potassium chromate Merck  

Potassium dichromate Merck  

ProLon Gold mounting medium Invitrogen 

Pumorphamine (PMA) Biomol 

RNeasy Mini Kit Qiagen 

Saline 0.9% Braun  

Sandimmun (Ciclosporin) Novartis 

SB 431542 (SB) Biomol 

Sodium pyruvate 
PAA/ GE Health Care Europe 
GmbH 

Sonic hedgehog homologe (SHH) Peprotech 

Sucrose Roth 

Tissue-Tek OCT Compount Sakura Finetek 

Transforming growth factor-β3 (TGF-β3) Peprotech 

Triton-X-100 Roche 

Trypan dye blue Sigma-Aldrich 

Trypsin EDTA 
PAA/ GE Health Care Europe 
GmbH 

β-Mercaptoethanol Life Technologies 

2.2 Materials and instruments 

Material & Instruments Manufacturer 

1 ml single-use syringe Injekt®-F Braun 

10 µl syringe SGE 

100 Sterican® needle (23G x 1") Braun 

100 Sterican® needle (27G x ½") Braun 

2 µl syringe Hamilton 

5 ml single-use syringe Injekt® Braun 
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6-well cell culture dish Nunc 

96-well cell culture dish Nunc 

Adson Foreceps  World Precision Instruments 

BD Falcon™ 15 ml BD Biosciences 

BD Microlance™ 3 needle (21G x 1½") Becton Dickinson  

Boring head  Hager & Meisinger 

Cover slips (24 x 60 mm) Menzel 

Dumont Foreceps #5 World Precision Instruments 

Dumont Foreceps #55 World Precision Instruments 

Ear punch World Precision Instruments 

Feather ® disposable scalpel (Nr. 21) pfm medical 

Glass slide Thermo Scientific 

Glass slide Superfrost® Thermo Scientific 

Iris Scissors World Precision Instruments 

Kryostat Leica CM3050 Leica Microsystems 

Micro Bulldog clamps World Precision Instruments 

Microcaps® micro-pipettes (O.D. 1 mm) Drummond Scientific 

Microdrill Micromot 50/E Proxxon 

Microtubes 1.5 ml Sarstedt 

Microtubes 2 ml Sarstedt 

Needle holder World Precision Instruments 

Olympus BX50 microscope Olympus 

Olympus BX51 microscope Olympus 

Olympus BX60 microscope Olympus 

Olympus BX61 microscope Olympus 

OPMI9 microscope Zeiss 

Polyethylene tubing (O.D. 0.965 mm) Intramedic 

Polyethylene tubing (O.D. 1.09 mm) Intramedic 

Razor Isis GT420 Aesculap 

Scissors World Precision Instruments 

Software Adope Photoshop CS2 Adobe 

Software C.A.S.T.-Grid 2.1.5.8 Olympus 

Software CellF Olympus 

Software CellP Olympus 

Software CellSens Dimension Olympus 

Software GraphPad Prism 5, 6 GraphPad Software 

Software ImageJ 1.45s National Institutes of Health 

Software StepOne™  Applied Biosystems 

Stemi SV6 microscope Zeiss 

StepOnePlus instrument Applied Biosystems 
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Stereotaxic frame Stoelting 

2.3 Golgi-Cox solutions 

Chemicals Quantity Manufacturer 

Solution A    

Potassium dichromate 37,5 g Merck 

Destilled water (H2O) 750 ml,  40°C Millipore 

Solution B    

Mercury chloride 37,5 g Sigma-Aldrich 

Destilled water (H2O) 750 ml,  90°C Millipore 

Solution C    

Potassium chromate 30 g Merck 

Destilled water (H2O) 600 ml,  room temperature Millipore 

2.4 Cell culture, protocol I 

hiPSC medium with FGF-2 for undifferentiated iPSCs 

Chemicals Concentration Manufacturer 

knockout DMEM   Life Technologies 

knockout serum replacement 20% Life Technologies 

penicillin/streptomycin 1% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

β-Mercaptoethanol 0,1mM Life Technologies 

FGF-2 20 ng/ml Life Technologies 

Coating feeder layer     

gelantine 1% Sigma-Aldrich 

   
Differentiation 

  
Chemicals Concentration Manufacturer 

Medium 1: for 7 days (hiPSC-medium without FGF-2) 

knockout DMEM   Life Technologies 

knockout serum replacement 20% Life Technologies 

penicillin/ streptomycin 1% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

β-Mercaptoethanol 0,1mM Life Technologies 

Medium 2: from 8th day on (with FGF-2)     

DMEM/F12   Life Technologies 
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penicillin/ streptomycin 1% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

N2-Supplement 1% Life Technologies 

FGF-2 20 ng/ml Peprotech  

 Coating 
 

  

polyornithine 20 µg/ml Sigma-Aldrich 

laminin  10 µg/ml Life Technologies 

Medium 3: from 12th day on (Neurobasal medium)     

Neurobasal medium   Life Technologies 

penicillin/ streptomycin 1% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

B27 without vitamin A 1% Life Technologies 

FGF-2 20 ng/ml Peprotech  

Medium 4: for 10 days (Medium 3 plus SHH and FGF-8)   

SHH 200 ng/ml Peprotech  

FGF-8 100 ng/ml Peprotech  

Medium 5: for  21 days (final maturation)     

Neurobasal medium   Life Technologies 

penicillin/ streptomycin 1% Life Technologies 

glutamax 1% Life Technologies 

B27 without vitamin A 1% Life Technologies 

BDNF 20 ng/ml Peprotech  

GDNF 20 ng/ml Peprotech  

TGF-β3 25 ng/ml Peprotech  

Ascorbinsäure 200 µM Sigma-Aldrich 

cAMP 1 mM Sigma-Aldrich 

Ascorbinsäure 200 µM Sigma-Aldrich 

cAMP 1 mM Sigma-Aldrich 
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2.5 Cell culture, protocol II 

hiPSC medium with FGF-2 for undifferentiated iPSCs 

Chemicals Concentration Manufacturer 

knockout DMEM   Life Technologies 

knockout serum replacement 20% Life Technologies 

penicillin/streptomycin 1% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

β-Mercaptoethanol 0,1mM Life Technologies 

FGF-2 20 ng/ml Life Technologies 

Coating feeder layer     

gelantine 1% Sigma-Aldrich 

   
Differentiation 

  
Chemicals Concentration Manufacturer 

Medium 1: for 3 days (hiPSC medium without FGF-2 plus DM and SB) 
  

  

knockout DMEM   
Gibco/Life 
Technologies 

knockout Serum Replacement 20% Life Technologies 

NEAA 1% Life Technologies 

glutamax 1% Life Technologies 

β-Mercaptoethanol 0,1mM Life Technologies 

penicillin/streptomycin 1% Life Technologies 

DM 1 µM R&D Systems 

SB 431542 10 µM Biomol 

Medium 2: from 4th day on (after 6 days SB and DM were withdrawn) 
  

  

DMEM/F12   Life Technologies 

penicillin/ streptomycin 1% Life Technologies 

glutamax 1% Life Technologies 

N2-Supplement 1% Life Technologies 

SB 431542 10 µM Biomol 

DM 1 µM R&D Systems 

between days 4 and 12 PMA and FGF-8 were added  

PMA 0.6 µM Biomol 

FGF-8 100 ng/ml Peprotech  

 Coating 
 

  

polyornithine 20 µg/ml Sigma-Aldrich 
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laminin  10 µg/ml Life Technologies 

Medium 3: for 21 days (final maturation)     

Neurobasal medium   Life Technologies 

penicillin/ streptomycin 1% Life Technologies 

glutamax 1% Life Technologies 

B27 without vitamin A 1% Life Technologies 

BDNF 20 ng/ml Peprotech  

GDNF 20 ng/ml Peprotech  

TGF-β3 25 ng/ml Peprotech  

Ascorbinsäure 200 µM Sigma-Aldrich 

cAMP 1 mM Sigma-Aldrich 

2.6 Antibodies 

Primary antibodies - Immunohistochemistry   

anti-TH mouse 1:5000 Sigma-Aldrich (T1299) 

anti-Ki67polyclonal rabbit, 1:500 Abcam (AB15580) 

anti-FGF2 antibody ,1:500 Millipore (05-118) 

anti-TH polyclonal rabbit 1:1000 Millipore (AB152) 

anti-hNuc monoclonal mouse, 1:500 Upstate (MAB1281) 

Primary antibodies - Immunocytochemistry  

anti-Oct4 polyclonal rabbit, 1:500 Cell Signaling (2750) 

anti-Pax6 monoclonal mouse, 1:500  Millipore (MAB5552) 

anti-Nestin mouse monoclonal, 1:500  R & D Systems (MAB1259) 

anti-βIII-Tubulin monoclonal mouse, Tuj1, 1:500 Millipore (05-559) 

anti-TH rabbit polyclonal, 1:500 Santa Cruz Biotechnology (sc-14007) 

anti-Ki67 rabbit polyclonal, 1:1000 Novocastra (NCL-Ki67p) 

Secondary antibodies    

anti-rabbit Alexa 488, 1:500 Invitrogen (A11029) 

anti-mouse Alexa 555, 1:500 Invitrogen (A21424) 

anti-mouse CY3, 1:500 Jackson/Dianova (115-165-044) 

biotinylated rabbit anti-mouse 1:200 Dako (E 0464) 
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2.7 Primer sequences qRT-PCR 

Abbreviation, 
synonym,  
gene name  

Primer sequences  

Product 
position on 
the 
template 
mRNA 

NCBI 
GenBank 
accession 
number 

Bdnf, 
5´-GGACATATCCATGACCAGAAAGAA-
3´, 

1565–1630 
bp 

NM 
012513.4 

brain-derived 
neurotrophic factor  

5´-GCAACAAACCACAACATTATCGAG-3´     

Fgf2,  5´-GAACCGGTACCTGGCTATGA-3´, 766–851 bp 
NM 
019305.2 

fibroblast growth factor 
2 

5´-CCAGGCGTTCAAAGAAGAAA-3´     

Gapdh, 5´-GAACATCATCCCTGCATCCA-3´, 681–758 bp 
NM 
017008.4 

glyceraldehyde-3-
phosphate 
dehydrogenase 

5´-CCAGTGAGCTTCCCGTTCA-3´     

Gdnf, 
5´-CCAGAGAATTCCAGAGGGAAAGGT-
3´, 

347–470 bp 
NM 
019139.1 

glial cell line-derived 
neurotrophic factor  

5´-TCAGTTCCTCCTTGGTTTCGTAGC-3´     

Gfap, 5´-CAGAAGAGTGGTATCGGTCCAA-3´, 753–896 bp 
NM 
017009.2 

glial fibrillary 
acidicprotein  

5´-CGCGCAAGGACTCAAGGTC-3     

Grin1, 5´-TCCAGCGTCTGGTTTGAGAT-3´, 707–855 bp 
NM 
017010.1 

glutamate receptor, 
ionotropic, NMDA 1  

5´-AACTGCAGCACCTTCTCTGC-3´     

Grin2a, 5´-CTCCTACATTCCTGAGGCCAA-3´, 
1152–1270 
bp 

NM 
012573.3 

glutamate receptor, 
ionotropic, NMDA 2a 

5´-AGGACAAGTCCTTGCCATCC-3´     

Grin2b, 5´-CAGTTGCTACAACACCCACG-3´, 
1307–1425 
bp 

NM 
012574.1 

glutamate receptor, 
ionotropic, NMDA 2b 

5´-GCATCTGGTAGCCATCTTCG-3´     

Penk1, 5´-TAAATGCAGCTACCGCCTGGT-3´, 420–527 bp 
NM 
017139.1 

proenkephalin 5´-TCCTTGCAGGTCTCCCAGATT-3´     

Ppia, CypA, 5´-TGTGCCAGGGTGGTGACTT-3´, 224–293 bp 
NM 
017101.1 

peptidylprolyl     
isomerase A 

5´-TCAAATTTCTCTCCGTAGATGGACTT-
3´ 

    

Tac1, substance P, 5´-ACTGGTCCGACAGTGACCAAA-3´, 195–317 bp 
NM 
012666.2 

tachykinin, precursor 1 5´-CAGCATCCCGTTTGCCCATTA-3´     
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3. Methods 

3.1 Animals 

3.1.1 Project 1: Tactile stimulation (TS) 

For this study, 90 male Long Evans rats (Janvier, France), weighing 220-250 g at the 

beginning of the study, were used in the three experiments. The animals were kept 

on a 14 h light/ 10 h dark schedule in temperature- and humidity-controlled rooms 

with food and water available ad libitum and were housed in cages of four rats. All 

experimental protocols followed the German animal protection act and were 

approved by the local authorities (Bezirksregierung LAVES Hannover, Germany; 

No 10/0098). 

3.1.2 Project 2: Induced pluripotent stem cells (iPSC) 

This study included 20 female Sprague Dawley rats (Charles River, Germany) with 

different weighs at the beginning of the experiments. Animals were kept under same 

conditions as rats in Project 1. All experimental protocols followed the German 

animal protection act and were approved by the local authorities (Bezirksregierung 

LAVES Hannover, Germany; No 10/0098). 

3.2 Experimental design and groups 

3.2.1 Project 1: Tactile stimulation (TS) 

This project was departed into three experiments (Table 1): 

In the first experiment (TS healthy, TSH), 48 non-lesioned animals received either TS 

or served as a non-treatment control group (n = 24 each). Rats were sacrificed at 

three time-points: on day five (n = 6 each), day eight (n = 9 each), and day 14 (n = 9 

each). Subsequently, STR, HIP, and VM were dissected for quantitative reverse 

transcribed-polymerase chain reaction (qRT-PCR) analyses. 

In the second experiment (TS Lesion 1, TSL1), all 16 rats received a partial brain 

lesion by 6-OHDA injections into the right STR (location of DA terminals). For the 

following 14 days, ten of the animals received TS, whereas the rest of the group 
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assisted as a control group. The animals´ motor behavior was analyzed on day 28 

after lesion with the cylinder test and on the next day with amphetamine-induced 

rotation. Rats were sacrificed for histological analyses on day 35. Half of the samples 

were processed for TH immunohistochemistry (TSL1TH) or Golgi-Cox analyses 

(TSL1GC) (n = 3 control and 5 = TS, each). 

 

Experiment Group Days of TS Behavior Histology qRT-PCR 

TSH  CON, n=24 5d, n=6     HIP:  d5,8,14; n=6 

(healthy) TS, n=24 8d, n=9     (Grin1,2a,2b; Bdnf; Gdnf) 

    14d, n=9     VM, STR: d5, n=6; d8, n=9 

          (Bdnf, Gdnf,Fgf2) 

TSL1 CON, n=6 14d Amphe, Golgi, TH   

(lesioned) TS, n=13   Cylinder     

      CON, n=5 CON, n=3   

      TS, n=10 TS, n=5   

TSL2  CON, n=13 14d Amphe, TH (SNc) STR: 

(lesioned) TS, n=13   Cylinder   (Penk, Tac1,Gdnf, FGF2) 

      CON, n=13 CON, n=13 CON, n=13 

      TS, n=13 TS, n=13 TS, n=13 

 

 

In the third experiment (TS Lesion 2, TSL2), 26 rats were partially lesioned. On the 

consecutive day, half of the animals received TS for 14 days. Behavioral tests were 

performed on day 22 after lesion (cylinder test), from day 32 to day 46 (staircase 

test), and on day 67 and 68 (amphetamine-induced rotation). On the two following 

days after the testing of rotational behavior, the rats were sacrificed and STR was 

Table 1: Experimental design of Project 1: tactile stimulation (TS).  

One part of the animals received TS (TS group), while the remaining rats served as untreated controls 

(CON group). TS healthy (TSH): For qRT-PCR analysis, non-lesioned animals were sacrificed after 

five, eight or 14 days of TS treatment, respectively. TS Lesion 1 and 2 (TSL1, TSL2): TSL1 and 

TSL2 animals received striatal 6-OHDA lesion surgery, which was followed by 14 days of TS and 

various behavioral tests. TSL1: TSL1 rats were finally subjected either to anti-TH 

immunohistochemical analyses (TSL1TH) or Golgi-Cox staining (TSL1GC). TSL2: TSL2 rats were 

sacrificed for qRT-PCR. Abbreviations: d, days; Amphe, amphetamine-induced rotation; Golgi, Golgi-

Cox analyses; HIP, hippocampus; TH, tyrosinehydroxylase immunohistochemistry; SNc, substantia 

nigra pars compacta; STR, striatum; VM, ventral mesencephalon. 
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prepared for qRT-PCR (n = 13 each); the remaining brain tissue (including VM) was 

post-fixed and used for TH immunohistochemistry (n = 6 each). 

3.2.2 Project 2: Induced pluripotent stem cells (iPSCs) 

This project was also departed into three experiments (Table 2). For cell culture 

protocols please see 3.4. of this thesis (below). 

In the first experiment (iPSC1H), eight healthy rats (about three months old, weighing 

230 – 270 g on the day of transplantation, TX) received intrastriatal transplants of 

iPSCs differentiated with cell culture protocol I. One and three weeks after 

transplantation surgery, four rats were sacrificed, respectively.  

In the second experiment (iPSC2H), four healthy rats (about 11 months old, weighing 

320 – 370 g on the day of TX) were intrastriatally transplanted with iPSCs, which 

were differentiated with cell culture protocol II. Two weeks later all animals were 

sacrificed.  

 

Experiment Group Days of in vitro differentiation Perfusion 

iPSC1H 

(healthy) 

A, n = 4 

B, n = 4 
Protocol (I) 

A: after 7 d 

B: after 21 d 

iPSC2H 

(healthy) 
n = 4 Protocol (II) After 14 d 

iPSC2L 

(MFB lesion) 

A, n = 3 

B, n = 4 
Protocol (II) 

A: after 7 d 

B: after 20 d 

 

 

For the third experiment (iPSC2L), eight rats (about three months old on the day of 

lesion, about 14 months old and weighing 310 – 360 g on the day of TX) received a 

MFB 6-OHDA lesion. All included animals were successfully lesioned as they 

showed at least six full body turns per minute in the amphetamine-induced rotation 

test (D-amphetamine sulfate (Sigma-Aldrich) 2.5 mg / kg in saline (Braun) according 

to Ungerstedt and Arbuthnott (1970). Ten months after lesion, animals were 

Table 2: Experimental design of Project 2: induced pluripotent stem cells (iPSCs). 

In all experiments, iPSCs underwent 14 days (d) pre differentiation plus 14 d final 

differentiation into neuronal precursor. Rats were sacrificed 7, 14, or 20 /21 d after 

transplantation.  
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transplanted with iPSCs, which were differentiated with protocol II. During the surgery 

one animal died. Rats were sacrificed after one (n = 3) and three (n = 4) weeks, 

respectively. 

After transcardial perfusion with 0.9 % saline (Braun) and 4 % paraformaldehyde 

(PFA, Sigma-Aldrich), brains were removed and processed for 

immunohistochemistry. 

3.3 6-hydroxydopamine (6-OHDA) lesion surgeries 

3.3.1 Striatal partial lesion (Project 1: TS)  

The injection of 6-OHDA into the right STR leads to a retrograde partial destruction of 

nigrostriatal DA projections/terminals as well as DA cell bodies in the SNc (Fig. 4B). 

Lesion surgery was performed similarly as previously described (Rumpel et al., 

2013). The animals were generally anesthetized with chloral hydrate (370 mg/kg; i.p., 

Sigma-Aldrich) and received 4 stereotaxic deposits of 6-hydroxydopmaine (6-OHDA) 

hydrobromide (free base, 8 g/l, Tocris) in 0.01 % L-ascorbate 

(Sigma-Aldrich)-saline (Braun) into the right STR at the following coordinates (in mm 

according to Bregma and dura (Paxinos and Watson, 2007): first tract anterior-

posterior (AP) + 1.2, lateral (LAT) - 2.6, dorso-ventral (DV) - 4.7 (for all tracts), tooth 

bar (TB) - 3.3 (for all tracts); second tract: AP + 0.5, LAT - 3.0; third tract: AP - 0.4, 

LAT - 3.8; fourth tract: AP - 1.3, LAT - 4.2, injection volume 1 l (for all tracts; 

coordinates, volume, and concentration modified from (Kirik et al., 1998). The 

injections of 6-OHDA were conducted with a 10l Hamilton syringe with an injection 

rate of 1 l/min. To allow diffusion of the neurotoxin, the cannula was left in place for 

additional three min before being slowly retracted. 

3.3.2 Medial forebrain bundle complete lesion (Project 2: iPSC2L) 

The stereotaxic injection of 6-OHDA into the right MFB leads to a complete 

destruction of the ascending nigrostriatal pathway (Fig. 4A). Lesion surgery was 

performed similarly as previously described (Rumpel et al., 2013). Animals were 

deeply anesthetized with chloral hydrate (370 mg/kg; i.p., Sigma-Aldrich) and 6-

OHDA hydrobromide (free base 5.14 g/l, Tocris) in 0.03 % L-ascorbate 
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(Sigma-Aldrich)-saline (Braun) was injected into the right MFB. The coordinates for 

the injection site (Torres et al., 2011) are given in mm according to bregma and dura 

(Paxinos and Watson, 2007): AP - 4.0, LAT - 1.3; DV - 7.0; TB - 4.5, injection volume 

3 l Again a 10l Hamilton syringe with an injection rate of 1 l/min was used and the 

cannula was left in place for additional 2min before being slowly retracted. 

3.4 Cell culturing (Project 2: iPSC) 

Culturing of iPSCs was performed by Nancy Stanslowsky, Clinic for Neurology, 

Hannover Medical School.  

3.4.1 Culture conditions of undifferentiated human cord blood-derived induced 

pluripotent stem cells (hCBiPSCs)  

The hCBiPSC line K2 has been generated by lentiviral overexpression of OCT4, 

SOX2, NANOG, and LIN28 and characterized by Haase et al. (2009). Cell culture 

conditions and functional properties have been described in detail (Stanslowsky et 

al., in press). Briefly, undifferentiated hCBiPSC were maintained on a gamma ray 

(60 gray) inactivated feeder layer of mouse embryonic fibroblasts in hiPSC medium 

(composed of knockout DMEM supplemented with 20 % knockout serum 

replacement, 1 % penicillin/streptomycin, 1 % non essential amino acids, 1 % 

glutamax, 0.1 mM β-mercaptoethanol) supplemented with 20 ng/ml fibroblast growth 

factor-2 (FGF-2). If not otherwise stated, all media and medium supplements were 

purchased from Life Technologies and all cytokines were obtained from Peprotech. 

3.4.2 Dopaminergic differentiation of human cord blood-derived induced 

pluripotent stem cells (hCBiPSCs) 

Undifferentiated hCBiPSC colonies were detached from the mouse feeders by 

incubation with 0.2 % collagenase IV for 10 min at 37°C and cultured in suspension 

as embryoid bodies (EBs) in hiPSC medium without FGF-2. The following two 

protocols were investigated for optimization of dopaminergic neuron differentiation. 

Protocol I: On day 8, hiPSC medium was replaced by DMEM/F12 supplemented with 

1 % penicillin/streptomycin, 1 % non essential amino acids, 1 % glutamax, 1 % N2, 

and 20 ng/µl FGF-2. EBs were cultured for additional 2 days in suspension before 
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they were plated onto poly-L-ornithine (20 µg/ml, Sigma-Aldrich)/laminin (10 µg/ml, 

Invitrogen)-coated culture dishes. After 2-3 days, neural rosettes became visible. At 

day 12-13 neural rosettes were manually isolated, dissociated with 1 % accutase 

(Millipore) and replated onto poly-L-ornithine/laminin-coated culture dishes in 

Neurobasal medium containing 1 % penicillin/streptomycin, 1 % non essential amino 

acids, 1 % glutamax, 20 ng/ml FGF-2, and 1 % B27 without vitamin A. This neural 

precursor cell population could be expanded for several passages before 

differentiation proceeded by addition of 200 ng/ml sonic hedgehog (SHH) and 100 

ng/ml fibroblast growth factor 8 (FGF-8) for 10 days.  

Protocol II: EBs were cultured in the presence of 10 µM TGFβ receptor inhibitor 

SB 431542 (SB, Biomol) and 1 µM of the BMP signaling inhibitor dorsomorphin 

(DM, R&D Systems) for six days. In the first four days, SB and DM were applied in 

hiPSC medium without FGF-2, while thereafter DMEM/F12 supplemented with 1 % 

penicillin/streptomycin, 1 % glutamax, and 1 % N2 was used. Between days 4 and 

12, regionalization was stimulated by the addition of 0.6 µM purmorphamine 

(PMA, Biomol), which is an activator of the sonic hedgehog signaling pathway, and 

100 ng/ml FGF-8. EBs grown in suspension for 12 days were replated onto poly-L-

ornithine/laminin-coated petri dishes to allow attachment of the cells during the final 

maturation step. 

In both protocols, final maturation towards the DA cell lineage was carried out in 

Neurobasal medium supplemented with 1 % penicillin/streptomycin, 1 % glutamax, 

20 ng/ml BDNF, 20 ng/ml GDNF, 25 ng/ml TGFβ3, 200 µM ascorbic acid 

(Sigma-Aldrich), 1 mM dibutyryl cyclic AMP (cAMP, Sigma-Aldrich), and 1 % B27 

without vitamin A for 21 days.  

On the day of transplantation, the medium was removed and wells were washed with 

Phosphate buffered saline (PBS, Dulbeco). Enzymatic dissolution was performed 

with 0.05 % trypsin/ 0.02 % EDTA (PAA/GE Health Care Europe GmbH) in PBS per 

well and stopped with the same amount of DMEM/F12 plus 1 % fetal calf serum 

(FCS, PAA). Afterwards, the cell solution was centrifuged at 1000 rpm for 5 minutes 

and the cell pellet was re-suspended in DMEM/F12 plus 0.05 % DNase (Roche). 

Mechanical dissociation of the cells was performed using fire-polished glass pipettes. 
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Finally, cell viability and number was determined by trypan blue dye exclusion assay 

(Sigma-Aldrich) and the final cell concentration was adjusted to 100,000 cells per l 

with DMEM/F12. 

3.5 Transplantation surgery (Project 2: iPSCs) 

Rats received injections of ciclosporin (0.1 ml/ 100 g, i.p., Novartis) for 

immunosuppression one day prior to the surgery and then every day. The 

transplantation surgery was performed similarly as previously described (Ratzka et 

al., 2012; Rumpel et al., 2013; Timmer et al., 2006). The injection procedure was 

modified in terms of only one tract with two deposits of 1 µl cell suspension and 

modified injection coordinates (in mm according to Bregma and dura (Paxinos and 

Watson, 2007): AP + 1.0, LAT - 3.3, DV - 5 and - 4, TB 0.0. Animals were deeply 

anesthetized with chloral hydrate (370 mg/kg; i.p., Sigma-Aldrich) and cells were 

stereotactically injected into the right striatum using a microtransplantation approach 

with a glass capillary (Drummond Scientific) with an outer diameter of 50 - 70 µm 

attached to a 2 µl Hamilton syringe. One µl cell suspension encompassed 100,000 

cells (injection rate 1 min/deposit). In order to allow diffusion and to prevent retraction 

of the cells, the capillary was left in place for additional three minutes after injection of 

the cells. 

3.6 Tactile stimulation (Project 1: TS) 

One day after 6-OHDA lesion surgery, TS was started for five, eight or 14 days. TS 

was performed with a Swiffer® duster, similar to the method previously described 

(Richards et al., 2012), 15 min per rat and three times daily (weekends: 10 min per 

rat, two times daily). The duster was used to equalize different hand sizes or body 

temperatures of the experimenters. 

3.7 Behavioral tests (Project 1: TS) 

3.7.1 Cylinder test (TSL1, TSL2) 

Motor asymmetry was evaluated with the cylinder test (Schallert, 2006; Schallert et 

al., 2000). The rats were placed into a clear glass cylinder, which was positioned in 
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front of two mirrors to enable the experimenter´s examination of the rat from all 

directions at the same time. The animals showed characteristic vertical exploration 

behavior, which included rearing to the hind limbs and using the front limbs for weight 

support and weight shifting. Ipsi- and contralateral paw touches were detected with a 

slow motion camera. The movie was evaluated after the test, so the rats were not 

disturbed by the experimenter during their performance. The first 20 wall contacts 

during five minutes were counted and expressed as the bias toward the contralateral 

paw (Fig.5; Torres et al., 2008). 

 

 

 

3.7.2 Staircase test (TLS2) 

The general set-up was explained by Montoya et al. in 1991 (Fig. 6). Briefly, the 

staircase test is a plexiglas box with a front and a back part. The front part is just as 

wide as a rat and contains a removable double staircase with seven graded stages of 

reaching difficulty. The rats lay with their sternum on a plinth and are just able to 

reach the pellets on the left stairs with their left paws and the right stairs with their 

right paws. This setup permits an independent measurement of the performance of 

each forelimb; without additional constraint. The stairs were filled with four sugar 

pellets each (28 pellets on each side). All animals had to be food-restricted before 

Fig. 5: Cylinder test. 

Measurement of the motor asymmetry with the cylinder test. Contacts of the contra- and ipsilateral paw with 

the glass cylinder are counted over a period of 5 minutes. 
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the test (12 g per rat per day). The rats were tested for 14 days and 15 minutes daily. 

All remaining sugar pellets of each stair were counted. 13 animals were tested in 

each group, but four CON and three TS rats had to be excluded, since no pellets 

were eaten. Among the remaining rats the number of eaten pellets increased during 

the period of the test, due to typical habituation and learning, and reached a stable 

plateau within in the last six days. These six days were pooled for the comparison of 

the groups. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Staircase test. 

Measurement of the motor asymmetry with the staircase test. Rats lay with their sternum on a plinth and are 

just able to reach the pellets on the left stairs with their left paws and the right stairs with their right paws. Here: 

phase of acclimatization with rich supply of sugar pellets. 
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3.7.3 Amphetamine-induced rotation (TSL1, TSL2) 

According to Ungerstedt and Arbuthnott (1970) all animals were tested for their 

rotational behavior in automated rotometer bowls (Fig. 7). The rats were 

intraperitonally injected with D-amphetamine sulfate (2.5 mg/kg in saline, Sigma) and 

rotational asymmetry was measured over a period of 90 min.  

 

 

3.8 Quantitative reverse transcription polymerase chain reaction 

(qRT-PCR, Project 1: TSH, TSL2) 

3.8.1 Preparation of striatal, ventral mesencephalic and hippocampal tissue 

After TS (TSH group) and all behavioral tests (TSL2 group), the rats were dispatched 

with carbon dioxide (CO2) and subsequently decapitated. The brains were quickly 

removed and the dissection was performed in ice-cold (4°C) PBS (phosphate 

buffered saline, Biochrome, Germany) under optical control (Stemi SV6, Zeiss). All 

tissue blocks were snap-frozen in liquid nitrogen and stored at -80°C.  

 

STR: For dissecting the STR, the brain was placed on its dorsal surface. The first 

transverse cut was made through the forebrain close to the optic chiasm, whereas 

the next cut was made directly at the level of this anatomical landmark (Fig. 8; 

Robertson et al., 1989).The emerging block of tissue was placed on its anterior 

Fig. 7: Amphetamine-induced 

rotation. 

Rotational behavior was tested in 

automated rotometer bowls. Rats 

are connected to the measurement 

system via a harness that is put 

around the chest. (Illustration 

adapted from Schwarting and 

Huston, 1996) 
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surface, so the dorsal part pointed upwards. The following two horizontal cuts 

separated the cerebral cortex (above) and the basal forebrain (below) from the STR. 

Medially the septum and laterally the cortex were separated by two vertical cuts 

(Fig. 8; Robertson et al., 1989). 

 

 

Hip: After dissection of the STR, the brain was placed on its ventral surface, exposing 

the dorsal surface including the HIP. With two forceps the HIP was carefully 

separated from the surrounding tissue and the CA1-CA3 field was isolated.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Preparation of striatal tissue. 

(A) View of the ventral surface of the brain. Lines 1 and 2 demonstrate the sites for the transverse cuts for 

dissection of the forebrain region containing the striatum. (B) Dissected tissue block from (A). Lines 1 and 2 

illustrate the positions for the horizontal and lines 3 and 4 for the vertical cuts for isolation of the striatum. 

(Illustration adapted from Robertson et al., 1989) 
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VM: (TSH group) For dissection of the VM, the brain was turned again on its dorsal 

surface. At the level of the mammillary bodies, where the posterior HIP used to be, a 

transverse cut was made. Another transverse cut through the brain stem at the level 

of the pons led to the isolation of the midbrain, including the VM. After removing all 

surrounding cortical tissue and the residual pons, a horizontal cut just below the 

aqueduct isolated the VM of both hemispheres including the substantia nigra (Fig. 9; 

Robertson et al., 1989). 

 

 

3.8.2 Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

The qRT-PCR was performed by Dr. rer. nat. Andreas Ratzka, Institute of 

Neuroanatomy, Hannover Medical School. The TSH experiment contained n = 6 

samples (HIP, STR, VM) on day five. Day eight and 14 comprised n = 6 (HIP) or 

n = 9 (STR, VM) for each experimental group (CON, TS). From the TSL2 experiment 

only the STR was isolated (n = 13 each), as the VM was used for histology. Total 

RNA from individual tissue samples was isolated using the RNeasy Mini Kit (Qiagen) 

and eluted in 50 l RNase-free water, followed by DNase digestion (Stratagene). One 

g total RNA was converted into cDNA using the iScript cDNA synthesis kit including 

a blend of oligo (dT) and random hexamers (BioRad). The following primer 

sequences were adapted from the literature, glyceraldehyde-3-phosphate 

Fig. 9: Preparation of the substantia nigra. 

(A) View on the ventral surface of the brain. The forebrain is already removed. Lines 1 and 2 indicate the 

transverse cuts for the isolation if the midbrain. (B) Dissected tissue block from (A). Line 1 demonstrates the 

horizontal and line 2 the vertical cut for isolation of the substantia nigra. (Illustration modified from Robertson et 

al., 1989) 
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dehydrogenase (Gapdh, NM_017008.4, 681-758 bp), glutamate receptor ionotropic 

NMDA 1 (Grin1, NM_017010.1; 707-855 bp), glutamate receptor ionotropic NMDA 2a 

(Grin2a, NM_012573.3, 1152-1270 bp), glutamate receptor ionotropic NMDA 2b 

(Grin2b, (NM_012574.1, 1307-1425 bp), tachykinin, (substance P, Tac1, 

NM_012666.2, 195-317 bp), proenkephalin (Penk1, NM_017139.1, 420-527 bp), 

peptidylprolyl isomerase A (Ppia, NM_017101.1, 224- 293 bp) [31], brain-derived 

neurotrophic factor (Bdnf, NM_012513.4, 1565-1630), fibroblast growth factor 2, 

(Fgf2, NM_019305.2, 766-851) [42], glial cell line-derived neurotrophic factor (Gdnf, 

NM_019139.1, 347-470) [43]. Primers for glial fibrillary acidic protein (Gfap, 

NM_017009.2, 753-896) were designed with NCBI primer3 software (Gfap_F 5´-

CAGAAGAGTGGTATCGGTCCAA-3´, Gfap_R 5´- CGCGCAAGGACTCAAGGTC-

3´). The qRT-PCR was performed in duplicates in 96- well plates using StepOnePlus 

instrument with the StepOneTM software version 2.1 (Applied Biosystems) as 

described previously (Ratzka et al., 2011; Rumpel et al., 2013). The results were 

calculated using the 2(-ΔΔCt) method, normalized to the mean of two housekeeping 

genes Gapdh and Ppia, and described as fold changes compared either to day five 

TSH CON group (regarding data of gene expression levels of NTFs and NMDA 

receptors) or day eight TSH CON group (regarding Penk, Tac1, Gdnf and Fgf2 gene 

expression levels). 

3.9 Perfusion and immunohistochemistry (Project 1: TS and 

Project 2: iPSC) 

3.9.1 Perfusion 

TSL1TH and iPSC rats were deeply anesthetized with CO2 and transcardially perfused 

with 250 ml 0.9 % saline (Braun) followed by 250 ml 4 % PFA (Sigma-Aldrich). 

Subsequently, brains were removed and post-fixated in 4 % PFA for 24 h. 

Animals from the TSL2 experiment were not perfused, since the STR was used for 

qRT-PCR analysis. The rats were anesthetized with carbon dioxide and then 

decapitated. While the STR was snap-frozen in liquid nitrogen and stored at -80°C, 

the midbrain and cerebellum were fixated in 4 % PFA in PBS (Dulbeco) for two days.  
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After PFA fixation, all brains (TSL1TH, TSL2, iPSC1 - 3) were placed in 

30 % sucrose (Roth) for cryoprotection, embedded in Tissue-Tek OCT Compound 

(Sakura Finetek), and then frozen. Brains were coronally sectioned on a freezing 

stage microtome at 40 m thickness in a series of six. 

For Golgi-Cox Staining, TSL1GC rats were deeply anesthetized with carbon dioxide, 

transcardially perfused with 250 ml 0.9 % saline, and decapitated. 

3.9.2 Tyrosine hydroxylase (TH) immunohistochemistry (Project 1: TSL1TH, 

TSL2, Project 2: iPSC) 

Free-floating anti-TH immunohistochemistry was performed on every sixth section 

using the avidin-biotin-complex ABC kit (Vector Labs), as previously described 

(Ratzka et al., 2012), using anti-TH antibody (T1299, Sigma, 1:5000), biotinylated 

rabbit anti-mouse antibody (Dako, 1:200) and 3´,3-diaminobenzidime (DAB) with 

ammonium nickel sulfate intensification for visualization. Finally, the sections were 

dehydrated and mounted (Corbit-Balsam, Hecht) on gelatinized slides (SuperFrost, 

Thermo Scientific, Germany) after staining. 

3.9.3 Golgi-Cox staining (Project 1: TSL1GC) 

Golgi-Cox staining of entire brains was conducted for Sholl and Coleman and Riesen 

analyses. The brains were immersed for 14 days in Golgi-Cox fixative (in the dark) 

followed by seven days in 30 % sucrose solution. The brains were sectioned on a 

Vibratome at 200 m and processed as previously described (Gibb and Kolb, 1998; 

Gibb et al., 2010). 

3.9.3 Fluorescence immunohistochemistry (Project 1: TSL1 and Project 2: 

iPSC) 

Project 1: TSL1: 

For double immunolabeling, sections from one series of four rats of TSL1 were 

incubated with rabbit anti-glial fibrillary acidic protein (GFAP, 1:400, Sigma-Aldrich, 

G9269) and mouse anti-FGF2 antibody (1:500, Millipore, 05-118). Secondary 

antirabbit/mouse antibodies were conjugated with Alexa488 or Alexa555 (1:500, 

Invitrogen, A11034, A21424). 
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Project 2: iPSC: 

Sections were treated with blocking buffer (3 % normal goat serum 

(Gibco/Life Technologies), 0.3 % Triton-X-100 (Roche) in PBS for 60 minutes. The 

following primary antibodies were applied in 1 % bovine serum albumin 

(PAA/GE Health Care Europe GmbH), 0.3 % Triton-X-100 (Roche) in PBS over night 

at 4°C: Ki67 (1:500, Abcam, AB 15580), hNuc (1:500, Upstate/ Millipore, MAB 1281), 

and TH (1:1000, Millipore, AB152). Correspondent anti-mouse or anti-rabbit 

secondary antibodies conjugated to fluorescent dyes Alexa 488 (1:500, 

Invitrogen/Life Technolgies, A11029) and Alexa 555 (1:500, Invitrogen/Life 

Technologies, A21424) were applied for 60 minutes each. Furthermore, all sections 

were stained with 4’,6-diamidino-2-phenylindole (DAPI, 1:1500, Sigma-Aldrich, D 

9564). Finally, sections were dehydrated and mounted (Mounting Medium, Dako 

North America) on gelatinized SuperFrost slides (Thermo Scientific, Merck). 

3.9.4 Fluorescence immunocytochemistry (Project 2: iPSC) 

Immunostainings were performed as previously described (Stanslowsky et al., n.d.). 

The following primary antibodies were used: rabbit polyclonal anti-Oct4 (1:500, Cell 

Signaling), mouse monoclonal anti-Pax6 (1:500, Millipore, MAB5552), mouse 

monoclonal anti-Nestin (1:500, R&D Systems, MAB1259), mouse monoclonal anti-

beta III tubulin (Tuj1, 1:500, Millipore, MAB1637), rabbit polyclonal anti-TH (1:500, 

Santa Cruz Biotechnology sc-14007) and rabbit polyclonal anti-Ki67 (1:1000, 

Novocastra, NCL-Ki67p). The number of cells immunoreactive for Tuj1, TH, and Ki67 

was determined related to the number of DAPI stained nuclei from four differentiation 

experiments. Approximately 500 cells were counted within three randomly selected 

fields in 40 x magnification visualized by an Olympus fluorescence microscope 

(BX61, Olympus) and CellF software (Olympus). 

3.10 Histological analyses (Project 1: TS and Project 2: iPSC) 

3.10.1 Stereological counting of TH+ cells (Project 1: TSL1TH, TSL2) 

DA neurons in the SNc of the lesioned and contralateral hemisphere of TSL1TH (CON 

n = 3, TS n = 5) and TSL2 (n = 6 each) experiments were stereologically counted on 
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two series. For these measurements, the C.A.S.T.-Grid software (Olympus) on a 

straight microscope with an automated X-Y motor stage (Olympus BS50) was 

utilized. The region of interest was delineated under 40 x magnification and the 

somata of TH+ cells were counted under 100 x magnification with the ‘meander 

sampling’-method and in a two dimensional level. One TSL1TH CON animal was 

excluded from nigral DA quantification, because striatal fiber density was not 

reduced, indicating an insufficient 6-OHDA lesion. The estimated cell number was 

calculated using the formula of Abercrombie (Abercrombie, 1946).  

3.10.2 Striatal fiber density (Project 1: TSL1TH) 

Using density measurements (Timmer et al., 2006), the remaining innervation of the 

lesioned STR of TSL1TH animals was evaluated in comparison to the naive STR. 

Microphotographs (MIA, Multiple Image Alignment) were taken under bright field 

illumination and 4 x magnification with an automated microscope (Olympus, BX51) 

and CellSens Dimension software (Olympus). Using Image J software (National 

Institute of Health), the optical density was measured in the delineated STR 

(excluding the needle tract, if visible) of 6 brain sections (according to bregma: +1.7, 

+1.2, +0.5, -0.4, -1.3 and -1.8). Corpus callosum served as fibreless area for 

calculation of the mean background staining, which was then subtracted from the 

values of STR. 

3.10.3 Sholl and Coleman and Riesen analyses (Project 1: TSL1GC) 

Sholl and Coleman and Riesen analyses were performed by Cathy Caroll of Robbin 

Gibb´s group, Canadian Centre for Behavioral Neuroscience, The University of 

Lethbridge, Alberta, Canada. Five neurons were outlined and drawn in each 

hemisphere of each rat in Zilles´area Cg3 (prefrontal cortex, layer 3 pyramidal cells) 

or dorsal STR (medium-sized spiny neurons, MSNs), respectively, using a camera 

lucida at 200 x magnification. For estimation of dendritic length, the cells were 

analyzed with the Sholl analysis and with the procedure of Coleman and Riesen for 

evaluation of the branch order (Bringas et al., 2013; Coleman and Riesen, 1968; 

Gibb et al., 2010; Sholl, 1956). For the Sholl analysis, an overlay of concentric rings 

set 20 m apart was positioned over the neuron. All dendrite-ring intersections were 



Methods 

56 

 

counted for each ring and the total number was used to estimate the dendritic length 

in m (number of intersections x 20) (Bringas et al., 2013; Gibb et al., 2010; Sholl, 

1956). Each branch segment was counted and number of all bifurcations was 

summed up for the Coleman and Riesen analysis. Branches ascending from soma 

(basal) or from the primary dendrite (apical) were first order branches, while 

branches arising from the first branching point were branches of second order and so 

on (Bringas et al., 2013; Coleman and Riesen, 1968; Gibb et al., 2010). 

3.10.4 Graft volume (Project 2: iPSC) 

For evaluation of the proliferation and graft survival/integration, the graft volume was 

measured on one series of hNuc-stained sections. MIA were taken under bright field 

illumination and 4 x magnification with an automated microscope (Olympus, BX51) 

and CellSens Dimension software (Olympus). Of all analyzed sections the area of the 

graft was calculated in µm2 and then multiplied by the section thickness of 40 m and 

the total number of series. The area of the graft core was set in mm3. 

3.10.5 Analysis of proliferating cells (Project 2: iPSC) 

Proliferating cells were visualized by anti-Ki67 staining. Since cell density of the 

grafted hNuc positive cells was too high to determine proliferating and total cell 

number on the single cell level, we calculated the area of the Ki67 signal in 

proportion to the hNuc area (area Ki67 / area hNuc x 100 = % area Ki67). Gray 

leveled pictures were taken in 20 x magnification under an Olympus fluorescent 

microscope (Olympus BX 60) and with CellP software (Olympus). For each brain, 

three sections containing the largest part of the graft were chosen. Of each section 

four pictures were taken at the lower and upper graft border of the left and right graft 

side. In summary, 12 pictures for each brain were taken. Using Image J software 

(National Institute of Health) black and white pictures were created and thereby 

eliminating Ki67 or hNuc background stainings, respectively. 

3.11 Statistical analyses 

Project 1: TS: Data was questioned using the GraphPad Prism6 program (GraphPad 

Software). Two-way ANOVA followed by Tukey´s Multiple Comparisons test was 
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applied for Sholl-/Coleman and Riesen analyses of dendritic length and arborization, 

whereas histology data and staircase test were subjected to unpaired Mann-Whitney 

t-tests. Amphetamine-induced rotation and cylinder test were analyzed with unpaired 

student´s t-tests. The qRT-PCR data was evaluated by two-way ANOVA followed by 

Bonferroni post-hoc test comparing CON versus TS of each time-point for data of 

gene expression levels of NTFs and NMDA receptors, while for the data of Penk, 

Tac1, Gdnf, and Fgf2 gene expression levels multiple comparisons between all four 

groups were performed. Results are set as means ± standard error of the mean 

(SEM) except for qRT-PCR data, which shows means ± standard deviation (STD). 

The p-values were set as * < 0.05, ** < 0.01, and *** < 0.001 for level of significance. 

 

Project 2: iPSC: Data from the in vitro experiments were analyzed with GraphPad 

Prism 5 (GraphPad Software, San Diego, USA) using the unpaired student´s t-test. 

The in vivo data were analyzed with GraphPad Prism 6 using two-way ANOVA 

followed by Tukey posthoc test for comparison of both differentiation protocols for the 

1 and 3 weeks groups. As the 2 weeks group was only performed in protocol II 

derived cells (iPSC2H), those values were compared to 1 and 3 weeks group of 

iPSC2L using one-way ANOVA followed by Tukey posthoc test. In addition, values 

for the 2 weeks iPSC2H were compared to 1 and 3 weeks iPSC1H with one-way 

ANOVA, but showed no significant differences for graft volume or Ki67 area (data not 

shown). All data are presented as means ± SEM and the significance level was set 

as p < 0.05 *, p < 0.01 **, < 0.001 ***. 
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5.1 Abstract 

Human induced pluripotent stem cells (hiPSCs) are promising sources for 

regenerative therapies like the replacement of dopaminergic neurons in Parkinson´s 

disease. They offer an unlimited cell source that can be standardized and optimized 

to produce applicable cell populations to gain maximal functional recovery. In the 

present study human cord blood-derived iPSCs (hCBiPSCs) were differentiated into 

dopaminergic neurons utilizing two different in vitro protocols for neural induction: (I) 

by fibroblast growth factor (FGF-2) signaling, (II) by bone morphogenetic protein 

(BMP)/transforming growth factor (TGFβ) inhibition. After maturation in vitro 

increased numbers of tyrosine hydroxylase (TH) positive neurons (7.4% of total cells) 

were observed by inhibition of the BMP/TGFβ pathway compared to 3.5% in the 

FGF-2 protocol. Furthermore, 3 weeks after transplantation in hemiparkinsonian rats 

in vivo a reduced number of undifferentiated proliferating cells was achieved with 

protocol II. In contrast, proliferation still occurred in protocol I derived grafts, resulting 

in tumor-like growth in two out of four animals 3 weeks after transplantation. The 

BMP/TGFβ inhibition protocol, however, did not increase the number of TH+ cells in 

the striatal grafts of hemiparkinsonian rats. In conclusion, BMP/TGFβ inhibition was 

more effective than FGF-2 signaling with regard to dopaminergic induction of 

hCBiPSCs in vitro and prevented graft overgrowth in vivo. 

Key words:  dopaminergic neurons, human cord blood cells, intrastriatal 

transplantation, in vitro differentiation, iPSC, Parkinson’s disease 

5.2 Introduction 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders 

characterized by the progressive loss of dopaminergic (DA) neurons in the substantia 

nigra pars compacta (SNc). Current therapies such as deep brain stimulation (30) or 

DA substitution (33,35) provide symptomatic relief but do not challenge the cause of 

the disease. As an alternative strategy for cell based therapy intrastriatal 

transplantations of DA neurons derived from various cell sources have been 

proposed, showing long term graft survival, DA fiber outgrowth, and reinnervation of 

the striatum (53). Although functional improvements have been repeatedly observed 
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after transplantation of DA neurons in various animal models of PD, open-label 

clinical studies and two double-blind clinical trials did not reach the expected 

outcome (28,54,61).  

For all previous clinical trials including the ongoing study by the transeuro consortium 

(www.transeuro.org.uk, www.clinicaltrials.gov) dissociated cells or solid tissue pieces 

obtained from aborted fetuses containing neuronal progenitor cells (NPC) have been 

used, whereas meanwhile additional cell sources have drawn attention for preclinical 

studies, like embryonic stem cells (ESC), induced pluripotent stem cells (iPSCs), or 

fibroblasts directly converted into DA neurons (5,6,36,43,53,60). The major 

disadvantage of both, fetal NPC and ESC, however, are their related ethical issues, 

while iPSCs can be generated by reprogramming of somatic cells. Moreover, 

teratoma formation has been reported for ESC derived DA neuron grafts (6,37), while 

NPC derived from the ventral mesencephalon do not seem to show this 

disadvantage (8,57), although NPC transplanted repeatedly into the brain of a young 

immunodeprived patient suffering from ataxia telangiectasia gave rise to multiple 

tumors (1). Tumor formation has been also observed in iPSCs, which were 

generated by viral reprogramming vectors encoding the c-Myc oncogene (39). 

Therefore, this factor is nowadays omitted for reprogramming viral vectors, including 

the iPSCs used in this study (18). 

iPSCs hold great promises due to their ethical tenability for treatments of 

neurodegenerative diseases (10). iPSC-derived DA neurons, for example, have been 

generated from fibroblasts, stomach cells, lymphocytes, B-cells, human blood cells, 

human cord blood cells, and others (38). Moreover, iPSCs derived from human 

somatic cells or most notably human PD patients´ fibroblasts, have been 

differentiated into DA neurons in vitro and resulted in functional recovery after 

transplantation in the 6-hydroxydopamine (6-OHDA) PD rat model (19,56). Such 

personalized DA neurons could be advantageous for autologous transplantation 

studies due to the low risk for immunorejections (2,17).  

Recently, human cord blood (hCB) cells have been shown to be a suitable source for 

iPSCs. The isolation of endothelial progenitors from CB is 10-fold more efficient than 

from adult peripheral blood. Furthermore, CB cells have the advantage of higher 
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proliferation potential and less accumulation of nuclear and mitochondrial mutations 

as in ontogenetic older adult cells, which reduces the risk for cancer formation 

(22,34). We reported recently on the efficient generation of neurons including DA 

cells from human cord blood-derived iPSCs (hCBiPSCs) and confirmed neuronal 

functional properties by electrophysiological recordings and calcium imaging 

analyses in vitro (51). 

For the generation of neuronal tissue during embryogenesis the inhibition of bone 

morphogenetic protein (BMP) signaling is required (26,48). BMPs induce 

phosphorylation of cytoplasmatic SMAD proteins that translocate to the nucleus and 

regulate gene expression (3). Many studies, recapitulating neurogenesis from iPSCs 

in vitro, use BMP or TGFβ pathway inhibitors like Noggin, Dorsomorphin (DM), or SB 

431542 (SB) to prevent phosphorylation of SMADs and promote neural induction 

(9,31,32). Involvement of fibroblast growth factor (FGF) during neural induction is 

also likely, because studies on Xenopus embryos revealed a block of neural 

induction when FGF signaling was inhibited (21,25).  

Here we compared two protocols shown to efficiently induce neuralization from 

hCBiPSCs by using FGF-2 (protocol I, used for example by (56)) and DM/SB-

mediated inhibition of BMP/TGFβ signaling (protocol II; used by (51)), respectively, 

regarding their dopaminergic differentiation potential in vitro and in vivo after 

intrastriatal transplantations into rats. 

5.3 Material and Methods 

Culture conditions of undifferentiated human iPS cells  

The hCBiPSC line K2 has been generated by lentiviral overexpression of OCT4, 

SOX2, NANOG, and LIN28 and characterized by (18). Cell culture conditions and 

functional properties have been described in detail (51). Briefly, undifferentiated 

hCBiPSC were maintained on a gamma ray (60 gray) inactivated feeder layer of 

mouse embryonic fibroblasts in hiPSC medium (composed of knockout DMEM 

supplemented with 20% knockout serum replacement, 1% penicillin/streptomycin, 

1% non essential amino acids, 1% glutamax, 0.1 mM β-mercaptoethanol) 

supplemented with 20 ng/ml fibroblast growth factor-2 (FGF-2). If not otherwise 
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stated all media and medium supplements were purchased from Life Technologies 

(Darmstadt, Germany) and all cytokines were obtained from Peprotech (Hamburg, 

Germany). 

 

Dopaminergic differentiation of hCBiPSCs 

Undifferentiated hCBiPSC colonies were detached from the mouse feeders by 

incubation with 0.2% collagenase IV for 10 min at 37°C and cultured in suspension 

as embryoid bodies (EBs) in hiPSC medium without FGF-2. The following two 

protocols were investigated for optimization of dopaminergic neuron differentiation 

(see Fig. 1E). 

Protocol I: On day 8 hiPSC medium was replaced by DMEM/F12 supplemented with 

1% penicillin/streptomycin, 1% non essential amino acids, 1% glutamax, 1% N2 and 

20 ng/µl FGF-2. EBs were cultured for additional 2 days in suspension before they 

were plated onto poly-L-ornithine (20 µg/ml, Sigma-Aldrich, Steinheim, 

Germany)/laminin (10 µg/ml, Invitrogen) -coated culture dishes. After 2-3 days neural 

rosettes became visible. At day 12 to 13 neural rosettes were manually isolated, 

dissociated with 1% accutase (Millipore, Steinheim, Germany) and replated onto 

poly-L-ornithine / laminin -coated culture dishes in Neurobasal medium containing 

1% penicillin/streptomycin, 1% non essential amino acids, 1% glutamax, 20 ng/ml 

FGF-2, and 1% B27 without vitamin A. This neural precursor cell population could be 

expanded for several passages before differentiation proceeded by addition of 200 

ng/ml sonic hedgehog (SHH) and 100 ng/ml fibroblast growth factor 8 (FGF-8) for 10 

days.  

Protocol II: EBs were cultured in the presence of 10 µM TGFβ receptor inhibitor SB 

431542 (SB, Biomol, Hamburg, Germany) and 1 µM of the BMP signaling inhibitor 

dorsomorphin (DM, R&D Systems, Wiesbaden-Nordenstadt, Germany) for six days. 

In the first four days SB and DM were applied in hiPSC medium without FGF-2, while 

thereafter DMEM/F12 supplemented with 1% penicillin/streptomycin, 1% glutamax 

and 1% N2 was used. Between days 4 and 12 regionalization was stimulated by the 

addition of 0.6 µM purmorphamine (PMA, Biomol), which is an activator of the sonic 

hedgehog signaling pathway, and 100 ng/ml FGF-8. EBs grown in suspension for 12 



Paper 2 

64 

 

days were replated onto poly-L-ornithine/laminin-coated petri dishes to allow 

attachment of the cells during the final maturation step. 

In both protocols final maturation towards the DA cell lineage was carried out in 

Neurobasal medium supplemented with 1% penicillin/streptomycin, 1% glutamax, 20 

ng/ml brain-derived neurotrophic factor (BDNF), 20 ng/ml glial cell line-derived 

neurotorphic factor (GDNF), 25 ng/ml transforming growth factor β3 (TGFβ3), 200 

µM ascorbic acid (Aa; Sigma-Aldrich, Steinheim, Germany), 1 mM dibutyryl cyclic 

AMP (cAMP; Sigma-Aldrich), and 1% B27 without vitamin A for 21 days.  

At the day of transplantation the medium was removed and wells were washed with 

Phosphate buffered saline (PBS, Dulbeco, Berlin, Germany). Enzymatic dissolution 

was performed with 0.05% trypsin/0.02% EDTA (PAA/GE Health Care Europe 

GmbH, Freiburg, Germany) in PBS (Dulbeco, Berlin) per well and stopped with the 

same amount of DMEM/F12 plus 1% fetal calf serum (FCS, PAA). Afterwards the cell 

solution was centrifuged at 1000 rpm for 5 minutes and the cell pellet was re-

suspended in DMEM/F12 plus 0.05% DNase (Roche, Mannheim, Germany). 

Mechanical dissociation of the cells was performed using fire-polished glass pipettes. 

Finally, cell viability and number was determined by trypan blue dye exclusion assay 

(Sigma-Aldrich) and the final cell concentration was adjusted to 100,000 cells per µl 

with DMEM/F12. 

 

Immunocytochemistry 

Immunostainings were performed as previously described (Stanslowsky et al., in 

press). The following primary antibodies were used: rabbit polyclonal anti-Oct4 

(1:500, Cell Signaling, Danvers, U.S.A., 2750), mouse monoclonal anti-Pax6 (1:500, 

Millipore, Schwalbach, Germany, MAB5552), mouse monoclonal anti-Nestin (1:500, 

R&D Systems, Abingdon, UK, MAB1259), mouse monoclonal anti-beta III tubulin 

(Tuj1, 1:500, Millipore, MAB1637), rabbit polyclonal anti-TH (1:500, Santa Cruz 

Biotechnology, Heidelberg, Germany, sc-14007) and rabbit polyclonal anti-Ki67 

(1:1000, Novocastra, Wetzlar, Germany, NCL-Ki67p). The number of cells 

immunoreactive for Tuj1, TH, and Ki76 was determined related to the number of 

DAPI stained nuclei from four differentiaton experiments. Approximately 500 cells 

were counted within three randomly selected fields in 40x magnification visualized by 
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an Olympus fluorescence microscope (BX61, Olympus, Hamburg, Germany) and 

CellF software (Olympus). 

 

Experimental Design in vivo 

20 female Sprague Dawley rats (Charles River, Sulzfeld, Germany) were included in 

this study. Animals were kept on a 14 h light/10 h dark schedule in temperature- and 

humidity-controlled rooms with food and water available ad libitum and were housed 

in cages of four rats. All experimental protocols followed the German animal 

protection act and were approved by the local authorities (Bezirksregierung LAVES 

Hannover, Germany). Cell transplantation surgery was performed in three 

experiments and animals were sacrificed 1 to 3 weeks later. After transcardial 

perfusion with 0.9% saline (Braun, Melsungen, Germany) and 4% paraformaldehyde 

(PFA, Sigma-Aldrich) brains were removed and processed for immunohistochemistry. 

In the first experiment (iPSC1H), eight healthy rats (about 3 months old, weighing 

230 – 270 g on the day of transplantation, TX) were intrastriatally transplanted with 

iPSCs differentiated according to cell culture protocol I. One and three weeks after 

transplantation surgery four rats were sacrificed, respectively.  

In the second experiment (iPSC2H) four healthy rats (about 11 months old, weighing 

320 – 370g on TX) received striatal transplantation of iPSCs, which were 

differentiated according to cell culture protocol II. After 2 weeks all animals were 

sacrificed.  

For the third experiment (iPSC2L) eight rats (about three months on the day of 

lesion, about 14 months old and weighing 310 – 360 g at TX) were lesioned with 6-

OHDA injection into the right medial forebrain bundle. All included animals were 

successfully lesioned, showing at least six full body turns per minute in the 

amphetamine-induced rotation test (D-amphetamine sulfate (Sigma-Aldrich) 2.5 

mg/kg in saline (Braun) according to (59)). Ten months after lesion animals were 

transplanted with iPSCs, which were differentiated according to protocol II. During 

the surgery one animal died. Rats were sacrificed after one (n = 3) and three (n = 4) 

weeks, respectively. 
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6-OHDA lesion surgery 

Animals were deeply anesthetized with chloral hydrate (370 mg/kg; i.p., Sigma-

Aldrich) and 6-OHDA hydrobromide (free base 5.14 g/µl, Tocris, Bristol, UK) in 

0.03% L-ascorbate (Sigma-Aldrich) -saline (Braun) was stereotactically injected into 

the right medial forebrain bundle to generate a complete destruction of the 

nigrostriatal pathway. The coordinates for the injection site (58) are given in mm 

according to bregma and dura (41): anterior-posterior (AP) -4.0, lateral (LAT) -1.3; 

dorsoventral (DV) -7.0; tooth bar (TB) -4.5. The injection volume was 3 l. A 10 l 

Hamilton syringe (Hamilton, Bonaduz, Switzerland) with an injection rate of 1 l/min 

was used and the cannula was left in place for additional two minutes before being 

slowly retracted.  

 

Transplantation Surgery 

Rats received injections of ciclosporin (0.1 ml/100 g, i.p., Sandimmun, Novartis, 

Nürnberg, Germany) for immunosuppression one day prior to the surgery and then 

every day. Animals were deeply anesthetized with chloral hydrate (370 mg/kg; i.p., 

Sigma-Aldrich) and cells were stereotactically injected into the right striatum using a 

microtransplantation approach with a glass capillary (Drummond Scientific, Broomall, 

Pennsylvania, USA) with an outer diameter of 50-70 µm attached to a 2 µl Hamilton 

syringe (Hamilton). The transplantation surgery was performed similarly as previously 

described (44,46,57). The injection procedure was modified in terms of only one tract 

with two deposits of 1 µl cell suspension and modified injection coordinates (in mm 

according to Bregma and dura, Paxinos and Watson, 2007): AP +1.0, LAT -3.3, DV -

5 and -4, TB 0.0. One µl cell suspension encompassed 100,000 cells. Injection rates 

were 1min/deposit. In order to allow diffusion and to prevent retraction of the cells the 

capillary was left in place for additional three minutes after injection. 

 

Perfusion 

Rats were deeply anesthetized with carbon dioxide and transcardially perfused with 

250 ml 0.9% saline (Braun) followed by 250 ml 4% PFA (Sigma-Aldrich). Brains were 

removed and post-fixated in 4% PFA for 24 h. Subsequently, brains were placed in 
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30% sucrose (Roth, Karlsruhe, Germany) for cryoprotection, embedded in Tissue-

Tek OCT Compound (Sakura Finetek, Alphen aan den Rijn, Netherlands) and then 

frozen. Brains were coronally sectioned on a freezing stage microtome at 40 μm 

thickness in a series of six slices. 

 

Tyrosine hydroxylase (TH)-Immunohistochemistry 

Free-floating anti-TH immunohistochemistry was performed on every sixth section 

with an avidin-biotin-complex ABC kit (Vector Labs, Burlingame, California, USA), as 

previously described (44), using anti-TH antibody (1:5000, Sigma-Aldrich, T1299), 

biotinylated rabbit anti-mouse antibody (1:200, Dako, Hamburg, Germany, E0464) 

and 3´,3-diaminobenzidime (DAB, Sigma-Aldrich) with ammonium nickel sulfate 

intensification for visualization. After the staining, sections were dehydrated and 

mounted (Corbit-Balsam, Hecht, Hamburg, Germany) on gelatinized SuperFrost 

slides (Thermo Scientific, Braunschweig, Germany; Merck, Darmstadt, Germany). 

 

Fluorescence Immunohistochemistry  

Sections were treated with blocking buffer consisting of 3% normal goat serum 

(Gibco/Life Technologies) and 0.3% Triton-X-100 (Roche) in PBS (Dulbeco) for 60 

minutes. The following primary antibodies were applied in 1% bovine serum albumin 

(PAA/GE Health Care Europe GmbH), 0.3% Triton-X-100 (Roche) in PBS (Dulbeco) 

over night at 4°C: Ki67 (1:500, Abcam, Camebridge, UK, AB15580), hNuc (1:500, 

Upstate/ Millipore, MAB1281), TH (1:1000, Millipore, AB152). Correspondent anti-

mouse or anti-rabbit secondary antibodies conjugated to fluorescent dyes Alexa 488 

(1:500, Invitrogen/Life Technolgies, A11029) and Alexa 555 (1:500, Invitrogen/Life 

Technolgies, A21424) were applied for 60 minutes each. Furthermore, all sections 

were stained with 4’,6-diamidino-2-phenylindole (DAPI, 1:1500, Sigma-Aldrich, 

D9564). Finally, sections were dehydrated and mounted (Mounting Medium, Dako 

North America, Carpinteria, California, USA) on gelatinized SuperFrost slides 

(Thermo Scientific, Merck). 
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Graft Volume 

On one series of hNuc-stained sections the graft volume was measured for 

evaluation of the proliferation and graft survival/ integration. Multi image alignment 

pictures were taken under bright field illumination and 4x magnification with an 

automated microscope (Olympus, BX51, Ballerup, Denmark) and CellSens 

Dimension software (Olympus). The area of the graft of all analyzed sections was 

calculated in µm2 and then multiplied by the section thickness of 40 µm and the total 

number of series.  

 

Analysis of proliferating cells 

Proliferating cells were visualized by anti-Ki67 staining. Since cell density of the 

grafted hNuc positive cells was too high to determine proliferating and total cell 

numbers on the single cell level, we calculated the area of the Ki67 signal in 

proportion to the hNuc area (area Ki67 / area hNuc x 100 = % area Ki67, Fig. 3G-Q). 

Gray leveled pictures were taken in 20x magnification under an Olympus fluorescent 

microscope (Olympus BX 60) and with CellP software (Olympus). For each brain 

three sections containing the largest part of the graft were chosen. Of each section 

four pictures were taken at the lower and upper graft border of the left and right graft 

side. In total 12 pictures for each brain were taken. Using Image J software (National 

Institute of Health, Bethesda, Maryland, USA) black and white pictures were created 

and thereby eliminating Ki67 or hNuc background stainings, respectively. 

 

Statistics 

Data from the in vitro experiments were analyzed with GraphPad Prism 5 (GraphPad 

Software, San Diego, USA) using the unpaired Student´s t-test. The in vivo data were 

analyzed with GraphPad Prism 6 using two-way ANOVA followed by Tukey posthoc 

test for comparison of both differentiation protocols for the 1 and 3 weeks groups. As 

the 2 weeks group was only performed in protocol II derived cells (iPSC2H), those 

values were compared to 1 and 3 weeks group of iPSC2L using one-way ANOVA 

followed by Tukey posthoc test. In addition, values for the 2 weeks iPSC2H were 

compared to 1 and 3 weeks iPSC1H with one-way ANOVA, but showed no 
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significant differences for graft volume or Ki67 area (data not shown). All data are 

presented as means ± SEM and the significance level was set as p < 0.05 *, p < 0.01 

**, < 0.001 ***. 

5.4 Results 

Comparison of two DA differentiation protocols in vitro  

We investigated two protocols for dopaminergic differentiation of hCBiPSCs 

illustrated in Fig 1E. In protocol I FGF-2, crucial for the maintenance of pluripotency 

of iPSCs, was withdrawn for the first seven days of differentiation followed by a 

differentiation period in the presence of FGF-2 to enhance neurogenesis. In protocol 

II we used the small molecules DM and SB, inhibitors of bone morphogenetic protein 

and transforming growth factor-β signaling, respectively, during the first six days of 

differentiation for efficient neural conversion. 

To confirm the neural induction activity immunostainings for the pluripotency marker 

Oct4 and neural precursor markers Pax6 and nestin were carried out. During 

expansion (day 0) hCBiPSC colonies exhibited typical morphological features of 

undifferentiated iPSCs and uniformly expressed Oct4 (Fig. 1A, F). On day 12 of the 

in vitro differentiation according to protocol I most of the cells expressed Pax6 and 

only single Oct4+ cells were detected (Fig. 1B). The utilization of protocol II yielded a 

Pax6+ progenitor population already after six days of differentiation in the absence of 

Oct4+ cells (Fig. 1G).  

In protocol I nestin+ neural precursors could be expanded as single cells (Fig. 1C) for 

several passages before mesencephalic dopaminergic differentiation was initiated by 

adding SHH and FGF-8 for ten days, followed by incubation in final maturation 

medium supplemented with BDNF, GDNF, TGFβ3, cAMP, and ascorbic acid for 21 

days. 
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Figure 1. In vitro generation of dopaminergic neurons from hCBiPSCs for transplantation studies 

comparing two differentiation protocols. (E) Schematic summary of the differentiation procedures. 

Immunocytochemical stainings during in vitro differentiation using protocol I (A-D) and protocol II (F-H). Oct4-

positive hCBiPSC colonies (A, F) were detached from the feeder layer and cultured in suspension as embryoid 

bodies (EBs). Protocol I: Cultivation in the absence of morphogenes for initially 8 days yielded a Pax6+ neuronal 

progenitor population (B). By addition of FGF-2 neural rosettes became visible which were manually isolated 

and dissected. Those nestin+ neural progenitors could be expanded for several passages in the presence of 

FGF-2 (C). After midbrain induction by sonic hedgehog (SHH) and FGF-8 for 10 days and final maturation for 21 

days some TH+/Tuj1+ double labeled neurons were detected (D). Protocol II: Differentiation in the presence of 

dorsomorphin (DM) and SB 431542 (SB) for 6 days generated a Pax6+ and Oct4- cell population (G). On day 4, 

purmorphamine (PMA) and FGF-8 were added for 8 days to initiate regionalization. Nestin+ EBs were plated on 

PLO/laminin-coated cell culture dishes on day 12. After 21 days of final maturation numerous TH+/Tuj1+ were 

detected (H). Scale bars represent 100 µm. 
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In protocol II nestin+ EBs (Fig. 1H) were exposed to PMA, a small-molecule agonist 

of SHH, and FGF-8 already on day four of differentiation for eight days in total, 

followed by 21 days in final maturation medium, which is identical to the respective 

Figure 2. Improved dopaminergic neurogenesis in vitro using protocol II.  Immunostainings with 

neuronal marker Tuj1 (A, B), dopaminergic marker TH (A, B), and cell proliferation marker Ki67 (C, D) 

counterstained with the nuclear marker DAPI (A-D) were quantified after 21 days of final maturation in vitro 

(E). Using protocol I 42.0% of the total cell numbers were positive for Tuj1 and 3.5% expressed TH. 

Utilization of protocol II yielded similar numbers of Tuj1+ neurons (49.3%), but significantly increased 

numbers of TH+ neurons/DAPI (7.4%, * p < 0.05). Using protocol II a slight, but not significant (p = 0.23), 

reduction of the number of Ki67+ proliferating cells (41.4%) was observed compared to protocol I (52.3%). 

Scale bars represent 50 µm.  
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medium used in protocol I. Quantification of the cellular composition after 21 days of 

final maturation revealed comparable numbers of Tuj1+ neurons for both protocols 

(42.0 ± 3.8% and 49.3 ± 3.0% of the total cell population using protocol I and protocol 

II, respectively; p = 0.20; Fig. 1D, I; Fig. 2A, B, E). The number of TH+ dopaminergic 

cells per DAPI stained cell was significantly elevated to 7.4 ± 1.2% using protocol II 

compared to protocol I with 3.5 ± 0.8% (p < 0.05; Fig. 2A, B, E). The number of cells 

positive for the proliferation marker Ki67 was not significantly different in both 

protocols (41.4 ± 3.7% compared to 52.3 ± 7.0%, p = 0.23; Fig. 2C-E).  

 

Intrastriatal graft size is influenced by the preceding in vitro differentiation protocol 

At the end of the 21 days final differentiation period in vitro, cells were detached, 

dissociated, and transplanted into the striatum of immunosuppressed adult rats. 

Grafted human cells were identified in coronal brain sections using the human cell 

specific marker hNuc (Fig. 3A - H). The graft volume of all five transplantation groups 

was quantified. Cells differentiated with protocol I formed densely packed, well 

defined small grafts of 0.56 mm3 ± 0.05 one week after transplantation into healthy 

(non-lesioned) rats (iPSC1H, Fig. 3A). However, three weeks after transplantation 

those cells (iPSC1H) caused huge tumors with an 10-15 fold increased volume (4.1 

mm3 or 8.8 mm3, Fig. 3B, F) in two out of four animals compared to the 1 week 

group, while the remaining two animals displayed three times enlarged grafts of 1.5 

mm3 (Fig. 3F). Volume differences between the 1 and 3 weeks iPSC1H groups did 

not reach statistical significance due to the high variance seen in the 3 weeks group 

(Fig. 3F). After 3 weeks in vivo cells derived from protocol I (iPSC1H) formed a well-

defined graft-host border with densely packed cells especially in the periphery of the 

graft (Fig. 3B, G), which was similarly dense as seen in the 1 week iPSC1H group 

(Fig. 3A). In the center of the iPSC1H grafts at 1 week and more prominent at 3 

weeks hNuc cells were sparsely distributed (Fig. 3A, B).  
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In contrast, cells differentiated with protocol II and transplanted into healthy (non-

lesioned) rats (iPSC2H) displayed a more diffuse graft-host border and less densely 

packed cells inside the grafts (Fig. 3C) compared to protocol I derived iPSC1H grafts 

(Fig. 3A, B). After two weeks in vivo the mean graft volume was 1.9 mm3 (iPSC2H, 

Fig. 3F). Since cell density and graft volume of protocol II derived cells did not point 

Figure 3. Graft volume and proliferation potential of grafted cells in healthy and lesioned rats. Graft 

volume measurements were performed on hNuc immunohistochemical stained sections and are given in mm³ 

(A - H). For both, protocol I (iPSC1H) and II (iPSC2L), graft sizes increased from first to third week points of 

time (F, not significant). Two out of four animals of the 3 week protocol I derived group showed extensive graft 

growth (iPSC1H, B corresponds to the 4.1 mm³ specimen). One-way ANOVA of all three groups of the 

protocol II derived grafts confirmed a significant increase of graft volumes between the 1 and 2 weeks group (* 

p < 0.05, Fig. 3F). Protocol I derived grafts were densely packed and showed a well-defined graft-host border 

(G), whereas protocol II derived grafts displayed a reduced cell density and a diffuse graft-host boundary (H). 

Proliferation potential of grafted cells was determined by measuring the area stained with the cell proliferation 

marker Ki67+ inside the hNuc+ area on representative photographs (see methods, I-S). The proliferative area 

was significantly decreased in the 3 weeks iPSC2L group compared to the 1 week iPSC2L, but not to the 2 

week group (I, one-way ANOVA comparing protocol II derived groups, ** p < 0.01). This decrease was also 

significant compared to both protocol I derived groups (I, two-way ANOVA comparing 1 and 3 weeks groups 

for both protocols, ## p < 0.01, ### p < 0.001). 
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towards a graft overgrowth and those cells showed subtle TH+ fiber outgrowth after 2 

weeks in vivo (see below), we selected protocol II derived cells for additional 

transplantation experiments into the 6-OHDA lesioned PD rat model (iPSC2L). One 

week after grafting into lesioned animals, the iPSC2L grafts had a volume of 0.3 ± 

0.1 mm3 (Fig. 3D, F), which was four-fold increased in the 3 weeks iPSC2L grafts 

(1.3 mm3 ± 0.2, Fig. 3E, F). Growth of the 3 weeks iPSC2L grafts was, however, not 

as strong as in the biggest grafts of protocol I derived 3 weeks iPSC1H group (Fig. 

3F). Comparison of graft-type (protocol I or II -derived) and time after grafting (1 or 3 

weeks) by two-way ANOVA revealed no significant differences between the graft 

volumes (Fig. 3F). Comparison of all three protocol II derived grafts using one-way 

ANOVA revealed a significant increase of graft volumes only between 1 and 2 weeks 

groups (Fig. 3F). Irrespective if lesioned or non-lesioned animals were used for 

transplantation of protocol II derived cells, all three groups displayed a diffuse graft-

host boundary and reduced cell density (Fig. 3C-E, H), compared to both protocol I 

derived groups (Fig. 3A, B, G). In summary, our morphometric analysis revealed that 

the in vitro differentiation protocol influences the later appearance and size of the 

graft in vivo. Importantly, protocol I derived cells (using FGF-2) did show tumorigenic 

properties, while protocol II derived cells (using SB and DM for differentiation) did not 

show graft overgrowth (as determined by graft volume and cell density).  

 

Decreased cell proliferation in protocol II derived cells three weeks after 

transplantation 

Cell proliferation was analyzed using Ki67 immunohistochemistry in the peripheral 

region of the graft on selected brain sections (see methods, Fig. 3I-S). As cells were 

too densely packed to be countable as individual cells, we measured the Ki67+ area 

relatively to the hNuc+ area. Protocol I derived cells showed a high ‘proliferative area’ 

of 45.9 % ± 4.4 and 34.3 % ± 4.2 in the 1 and 3 weeks iPSC1H groups, respectively 

(Fig. 3I-K, O, P). Protocol II derived grafts, however, showed a highly significant 

reduction of the Ki67+ area between one and three weeks (Fig. 3I, L-N, Q-S), from 

44.5 % ± 1.5 to 3.7 % ± 0.8, respectively (one-way ANOVA comparing 1, 2 and 3 

weeks iPSC2 groups). The large standard deviation seen in the intermitted 2 weeks 
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point of time (Fig. 3I) indicates that two out of four animals displayed a diminished 

proliferation rate similar as seen in the 3 weeks iPSC2L group, while the remaining 

two animals of the 2 weeks iPSC2H group still showed a high proliferation level 

similarly to the 1 week iPSC2L group (Fig. 3I). The reduced proliferative area of the 3 

weeks protocol II derived iPSC2L group was also significantly lower compared to 

both 1 and 3 weeks protocol I derived iPSC1H groups (Fig. 3I, two-way ANOVA). 

 

Analysis of transplanted DA cells  

The in vitro analyses of the differentiated iPSCs revealed that protocol II yielded two-

fold more TH+ dopaminergic neurons than protocol I at the end of the 21 days 

maturation period in vitro (corresponding to the day of transplantation). Therefore, we 

expected that already 1 week after transplantation DA neurons should be present in 

the grafts, especially in the protocol II derived ones. However, TH 

immunohistochemistry (dark staining Fig. 4A-F) revealed only few DA neurons in 1 

week old grafts derived from both in vitro protocols (iPSC1H, iPSC2L, Fig. 4).  

TH+ cells of the protocol I derived 1 week grafts contained nearly no TH+ axons and 

were mostly located in the periphery of the graft (arrowhead in Fig. 4A), which was 

similarly seen in both smaller grafts of the 3 weeks iPSC1H group. Although in the 

two larger (tumorigenic) grafts of the 3 weeks iPSC1H group numerous TH+ cells 

were found distributed all over the graft, those cells showed nearly no fiber outgrowth 

(arrowhead in Fig. 4B). Moreover, the compact cell mass of both huge 3 weeks 

iPSC1H grafts compressed the surrounding host tissue, illustrated by an oval instead 

of a round shape of striosomes/patches and a denser striatal matrix close to the 

graft-host border (arrow in Fig. 4B).  
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Cells derived from protocol II showed a few TH+ cells, but in contrast to protocol I 

derived cells, displaying a faint TH+ fiber outgrowth inside the grafts after 2 weeks 

(arrowhead, Fig. 4C). To allow a better discrimination between host and graft derived 

TH+ fibers, we used for subsequent protocol II derived transplantations the 6-OHDA 

Figure 4. Tyrosine hydroxylase (TH)-Immunohistochemistry of grafts 

Dopaminergic TH+ cells and fibers were identified by TH-immunohistochemistry using 3´,3-diaminobenzidime 

(DAB, dark staining A-F) or fluorescence dyes (G-J). Differentiation with protocol I (iPSC1H) revealed cells 

without fiber outgrowth (arrowheads in A, B). After three weeks in vivo grafts of iPSC1H grew distinctly in their 

size and compressed the surrounding host tissue (B, arrow indicates compacted striosomes/ patches and 

matrix of the host striatum). Cells that were differentiated with protocol II showed a few cells with faint fiber 

outgrowth after two weeks in healthy rats (iPSC2H, C, arrowhead points to TH+ fiber). Transplantation of 

protocol II derived cells into lesioned rats yielded almost no TH+ cells with fiber outgrowth after one week (D, 

iPSC2L 1 week, * points to graft). In two animals of the 3 weeks protocol II derived iPSC2L group the grafts 

showed only few TH+ cells and fibers (E, arrowhead points to TH+ fiber, * points to graft), similarly to the 2 

week non-lesioned iPSC2H group. The other two grafts of the 3 weeks iPSC2L group revealed more TH+ cells 

with fiber outgrowth and reinnervation of the lesioned striatum (arrow in F, arrowheads points to TH+ cell). 

Double labeled fluorescence stainings for TH (green signal G, I) overlap with human cell marker hNuc (red 

signal) in the merged pictures (H, J) from both 3 weeks iPSCc1H and iPSC2L, respectively. 
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lesioned PD rat model, which is characterized by a complete degeneration of host 

derived ipsilateral TH+ fibers. Note: the absent staining throughout the ipsilateral 

striatum compared to the non-lesioned contralateral striatum (Fig. 4D). One week 

after transplantation of protocol II derived cells into the 6-OHDA lesioned animals no 

graft-derived TH+ cells or fibers were detected (iPSC2L, Fig. 4D, * indicates the 

graft), while in two animals of the 3 weeks iPSC2L group few TH+ cells and fibers 

were detectable (arrowhead in Fig. 4E, * indicates the graft) resembling the faint 

staining also seen in the 2 weeks non-lesioned iPSC2H group (Fig. 4C). Importantly, 

TH+ fiber outgrowth in the other two 3 weeks iPSC2L animals was readily identifiable 

and reached into the host striatum (arrows and arrowhead in Fig. 4F). Identity of the 

TH+ cells as graft derived cells was additionally confirmed by double label 

immunohistochemistry using TH and human specific hNuc antibodies for both 3 

weeks protocol I (iPSC1H, Fig. 4G, H) and protocol II (iPSC2L, Fig. 4I,J) derived 

grafts. 

5.5 Discussion 

In this study we adopted two iPSC neural differentiation protocols (9,51,56) for 

human umbilical cord blood-derived iPSCs to investigate the impact on striatal cell 

transplantations.  

 

In vitro pretreatment influences differentiation of DA neurons 

Both in vitro protocols, I (FGF-2 signaling) and II (BMP/TGFβ inhibition, Fig. 1), 

showed similar neural conversion efficiencies seen by the number of generated Tuj1+ 

cells. Endogenous BMP/TGFβ inhibition and FGF signaling are both reported to be 

essential for neural induction (52), whereas exogenous administration of BMP/TGFβ 

antagonists or FGF-2 during differentiation seemed to be dispensable, due to intrinsic 

signaling pathways that account for efficient neural conversion (11,27). Nevertheless, 

many laboratories including ours observed improved neural differentiation by 

application of BMP/TGFβ antagonists in vitro (9,31,32,45). This could be attributed to 

elevated levels of neural differentiation inhibiting molecules including BMPs due to 

high density cultures or co-culturing on stromal cells, which can only be sufficiently 
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antagonized by exogenous BMP inhibition (27). Similarly, exogenous administration 

of FGF-2 augments the derivation of neural precursors from hESCs and hiPSCs 

(11,27,55). The neuralizing effect of both signaling cascades has been suggested to 

converge on SMAD1. While BMP-phosphorylated SMAD1 accumulates in the 

nucleus and inhibits neural induction, ERK1/2-mediated SMAD1 phosphorylation 

(induced for example by FGF-2-signaling) is proposed to suppress nuclear 

translocation, thereby promoting neuralization (24,42,47). 

Although the neural conversion efficiency (see above) and the 21 days final 

maturation period were identical for both protocols, a twofold amount of TH+ 

dopaminergic neurons was obtained with protocol II in vitro. This might be attributed 

to the persistent influence of FGF-2 signaling or BMP/TGFβ inhibition on subsequent 

DA differentiation or to different biological activities of midbrain inducers (SHH, PMA) 

used in both protocols. However, comparative studies report similar efficiencies for 

differentiation of TH+ neurons by SHH or PMA (14,31). Another possibility influencing 

the percentage of TH+ cell numbers in vitro might be the cell density during midbrain 

patterning and final maturation steps. While in protocol I cells were plated as single 

cells prior to midbrain induction and final maturation, cells were cultured and plated 

as highly dense EBs in protocol II. It has been reported previously that increased 

seeding densities promote neural differentiation (14) and especially dopaminergic 

neurons are often found in dense cell aggregates during differentiation (4).  

 

In vitro pretreatment influences graft characteristics 

One week after intrastriatal transplantation into immunosuppressed rats, grafts 

derived from both protocols contained low to absent numbers of TH+ cells, which is in 

line with other studies showing that DA neurons are very vulnerable during the 

transplantation procedure with an estimated survival rate of 3-20% of the original cell 

number (7). Three weeks after transplantation, however, TH+ cells could be detected 

in both graft types, indicating that DA differentiation of the transplanted cells 

continued in the host brain. Moreover, proliferating cells were observed in both 

protocols after 21 days of final in vitro maturation (52 and 41 % in protocols I and II, 

respectively) and one week after intrastriatal transplantation. More pronounced three 
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weeks after grafting, the type of in vitro pretreatment had long-lasting influence on 

the future properties of the graft, producing either continuously growing tumorigenic 

protocol I derived grafts (in two out of four animals) or in case of protocol II yielding 

averaged sized grafts characterized by a profound depletion of proliferating cells after 

3 weeks. These differences might be attributed to a few undifferentiated Oct4+ iPSC 

still present at the end of the in vitro differentiation period in protocol I but not protocol 

II. Additionally, it is known that the genomic integration site may lead to genetic or 

epigenetic modifications, which can cause tumor formation (16). Therefore, 

alternative approaches have been investigated in order to generate iPSCs without 

retroviral vectors, such as reprogramming proteins, non-viral expression plasmids or 

non-integrating adenoviruses (23,40,50,62). 

 

Other parameters influencing graft morphology 

As the striatal DA content and striatal trophic activity decreases in elderly rats, the 

age of the host has been discussed for transplantation studies (12,29). 

Transplantation of dissociated embryonic nigral tissue into aged (21-23 months) non-

lesioned rats improved motor coordination (15). In a comparative study, however, 

transplantation into old (24-26 months) lesioned rats resulted in the poorest outcome 

in respect to TH+ cell numbers, fiber density, and rotational behavior compared to 

middle-aged (17 months) or young (4 months) lesioned rats (12). We used for 

transplantation 3 (protocol I) and 11-14 months (protocol II) old rats, which were even 

younger than the well performing middle-aged group of the Collier study. In a 

sophisticated study by (13) using two sequential 6-OHDA lesions pre and post 

transplantation, the influence of lesioned and non-lesioned environment on the DA 

graft was analyzed. Importantly, overall graft size and number of surviving DA 

neurons was not influenced, whereas TH+ fiber outgrowth was increased in the pre-

transplantation lesioned hemisphere. 

 

Comparison of both differentiation protocols  

Protocol I has been previously used to generate 30% DA neurons from iPSCs 

obtained from human fetal fibroblast (56), while this protocol generated only 3% DA 
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neurons from our hCB derived iPSCs. Variable differentiation propensities between 

different iPSC lines have been frequently reported (20) and might be attributed to 

line-specific genetic and epigenetic aberrations (49). Transplantation of protocol I 

differentiated cells into 6-OHDA lesioned rats has been shown to improve 

amphetamine induced rotation 12 weeks after transplantation (56), but no data was 

reported on graft size after this duration. Our comparative analysis of both protocols, 

however, favored, at least for hCB-derived iPSCs, protocol II over protocol I. Not only 

the number of TH+ neurons was twofold increased after in vitro differentiation with 

protocol II, in addition, it is more convenient, less time consuming and, therefore, 

more cost effective than protocol I. Furthermore, protocol II derived grafts displayed 

no tumor formation (at least after three weeks), reduced cell proliferation, and 

showed reinnervation of the surrounding host tissue three weeks after 

transplantation. On the basis of the present data further studies will be performed 

applying protocol II in order to reduce the in vitro and in vivo proliferation potential 

and to optimize the TH+ numbers in the grafts. These upcoming long-term studies will 

include behavioral and electrophysiological analyses of the graft function. 
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6. Discussion 

6.1 Motivation for our experiments: alternative therapies for 

Parkinson´s disease (PD) 

Current therapies, such as DBS or the pharmacological substitution of DA 

precursors/antagonists, display very effective therapies, but also comprise side 

effects. DBS as an intracerebral pacemaker involves besides the typical side effects 

of brain surgeries also mental disorders, such as depression and impulsiveness 

(Bronstein et al., 2011; Lyons, 2011). Medical supply of DA precursors or antagonists 

is the gold standard at the moment. Nevertheless, the most severe side effect are 

drug induced dyskinesias and a ‘wearing-off’ phenomenon of the drugs (Murata, 

2009; Nagatsua and Sawadab, 2009), though these adversary effects can be 

diminished by combination with MAO-B/COMT inhibitors and also the use of 

apomorphine pumps (Haq et al., 2007; Stocchi, 2008; Talati et al., 2009). These 

treatment possibilities, however, display a symptomatic relief, but do not counteract 

the neurodegenerative character and thereby the elicitor of the disease. Hence, 

research has also concentrated on alternative therapies during the last decades, 

such as the application of NTFs, cell replacement therapy, or a combination of both. 

In my thesis, I addressed the further development of these alternative therapies for 

PD.  

TS has been shown to be highly effective when applied to humans and animals. 

Researchers proved that TS could ameliorate behavioral impairments, improve 

neuroanatomical morphological parameters, and increase expression levels of NTFs 

(Gibb and Kolb, 2012; Gibb, 2004; Gibb et al., 2010). In our study, we hypothesized 

that the neuroprotective NTF FGF-2 could be endogenously increased by TS and 

thereby, if transferred to a human model, protect remaining and grafted DAergic 

neurons in PD patients. We applied TS to healthy and 6-OHDA lesioned rats and 

investigated the effect of this treatment on gene expression levels of NTFs and other 

proteins in the brain by qRT-PCR. Additionally, the influence of TS on different 

morphological parameters in the STR and SNc as well as functional effects were 

evaluated. 
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Major issues of cell replacement therapy are the limited donor supply and ethical 

debates concerning the use of fetal tissue. In order to circumvent these problems, 

iPSCs differentiated into neuronal precursors were studied. We investigated the 

ability for in vitro neuralization, proliferation, and differentiation potential as well as 

the in vivo survival rate and morphology after intrastriatal transplantation into healthy 

and lesioned rats and the ability to reinnervate the hemiparkinsonian rat brain. hCB 

cells were reprogrammed into iPSCs via lentiviral transduction of the transcription 

factors Oct-4, Sox2, Nanog, and Lin 28 and finally differentiated into neuronal 

precursors. This final differentiation was performed with two different culture 

protocols using either FGF-2 signaling or DM/SB-mediated inhibition of BMP/TGFβ 

signaling. The basic idea of this thesis was to evaluate both treatment strategies with 

regard to a potential combined application. These two approaches - further 

elaborated and developed - could represent a perfectly combined alternative therapy 

for PD in future. DA neurons derived from iPSCs could be transplanted without 

ethical concerns. The subsequent treatment phase would include TS (e.g. in form of 

physiotherapy) and thereby support graft survival and integration by endogenous 

FGF-2 supply. 

6.2 Cerebral supply with neurotrophic factors as an alternative 

therapeutical approach: different delivery vector systems  

Several approaches to provide the parkinsonian STR or striatal grafts with NTFs 

have been investigated in the last decades and varied from intracerebral delivery via 

direct infusion to transplanted genetically modified cells overexpressing NTFs. None 

of these methods, however, revealed a completely save or satisfying result. 

Genetically modified cells that overexpress NTFs when transplanted into the brain 

can work as mini pumps that provide a continuous supply with NTFs. These cell-

based delivery systems, though, might not be stable over time (Kirik et al., 2004). 

Plasmid-based nucleofection of neuronal precursors with BDNF or FGF-2 revealed 

increased numbers of TH+ cells in vitro. Still, these findings could not be replicated 

when the same cells were transplanted into hemiparkinsonian rats (Ratzka et al., 

2012). Intracerebral infusions of GDNF via catheters provided functional effects in a 
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clinical open-label study (Gill et al., 2003; Slevin et al., 2005), which could not be 

matched by a double-blind placebo controlled trial (Lang et al., 2006). Viral vector 

systems induce stable and long-term intracerebral delivery of NTFs. Side effects, 

however, include mutagenesis and immune responses as well as uncontrolled gene 

expression (Evans and Barker, 2008; Kirik et al., 2004).  

All these approaches display invasive methods that are combined with intracerebral 

surgeries or genetically modified vector systems. TS as a non-invasive, external, and 

gentle treatment, on the other hand, provides no risks for the patient. Recently, 

scientists were able to genetically identify unmyelinated sensory neurons that detect 

massage-like stroking (Vrontou et al., 2013). These neurons innervate the hairy skin 

and terminate in large arborizations that reflect the receptive fields of C-tactile (CT) 

fibers in humans (Liu et al., 2007; Wessberg et al., 2003). CT fibers are afferent 

unmyelinated fibers that respond to gentle touch (Löken et al., 2009). They project to 

second-order projection neurons, which form the spinothalamic tract and thereby 

deliver the information to the brain stem and thalamus (Trepel, 2008c). Hence, there 

is an anatomical pathway that transfers the TS-induced information to the rat brain 

and thereby underlines our hypothesis that TS can influence the hemiparkinsonian 

brain of rats. Several behavioral animal studies proved increased levels of NTF gene 

expression in different brain regions, enhanced performances in behavioral tests, 

and/or increased brain weight (Bredy et al., 2003; Liu et al., 2000; Mychasiuk et al., 

2012). Remarkably, TS in rats also increased FGF-2 expression in the skin and brain 

as well as the secretion of DA in the NAc (Gibb, 2004; Maruyama et al., 2012).  

6.2.1 Tactile stimulation (TS) as a vector for cerebral neurotrophic factor (NTF) 

supply in a rodent model of Parkinson´s disease (PD) 

In our study, we analyzed the effect of TS on adult healthy and hemiparkinsonian rats 

by quantitative RT-PCR, behavioral tests, and histological analyses.  

 

Tactile stimulation (TS) does not enhance morphological parameters in striatally 

6-OHDA lesioned rats 

The histological analyses of our study did not reveal a neuroprotective effect of TS in 

the partial striatal 6-OHDA lesion model. Except for the dendritic length of striatal 
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neurons in the lesioned hemisphere, no morphological parameters (TH+ cell number 

and fiber density) were altered in TS rats. This increased dendritic length of striatal 

neurons in the ipsilateral hemisphere of TS rats might point to an influence of TS on 

MSNs rather than on DAergic neurons. This is supported by present studies 

demonstrating increased fiber density of MSNs and enhanced multiple-head spines 

in juvenile rats reared in an enriched environment compared to individually housed 

rats (Comery et al., 1996, 1995). 

 

Tactile stimulation (TS) has no beneficial effect on behavioral performances of 

striatally 6-OHDA lesioned rats 

Rats were tested in the amphetamine-induced rotation, cylinder test, and staircase 

test. These behavioral tests display different complex specifications on the animals´ 

motor system. While the rotational test depends on the amphetamine-induced 

release of DA from remaining striatal DAergic fibers, cylinder and staircase test 

require a more complex motor behavior (Klein and Dunnett, 2012). Although not 

statistically significant, there was a tendency for reduced amphetamine-induced 

rotation in the TSL2 TS group, however, such differences were not observed in the 

TSL1 experiment. Usually, in cell replacement studies, amphetamine-induced 

rotation is performed six weeks after lesion and prior to transplantation to survey the 

established parkinsonian phenotype and thereby assemble matching animal groups 

for the experiment (Ratzka et al., 2012; Rumpel et al., 2013). In our study, however, 

TS had to follow the lesion surgery immediately in order to ensure a tentative 

beneficial effect on DAergic neurons in the early stage of PD. Thus, a matching of the 

rats was not possible and a high degree of intra-group variance of e.g. striatal density 

in TSL1TH, caused by the typically variable lesion success, had to be accepted. This 

variance might have concealed a potential neuroprotective effect of TS. Both the 

cylinder and staircase tests, though, did not confirm the positive tendency of the 

TSL2 TS group seen in the rotational test. Although the more complex staircase test 

is used to evaluate lesion and transplantation surgeries in different 

neurodegenerative disease animal models (Klein and Dunnett, 2012; Klein et al., 

2012), the grasping abilities of the lesioned TS treated rats revealed less 
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improvement of the TSL2 TS group compared to the CON animals. Therefore, future 

TS experiments could include additional behavioral tests that respond - similarly to 

the amphetamine-induced rotation - directly to DA deficiency, e.g. operant testing 

(Döbrössy and Dunnett, 1997; Heuer et al., 2013).  

 

Tactile stimulation (TS) and 6-OHDA lesion can change neurotrophic factor (NTF) 

expression levels 

While TS of adult rats elicited only a transient increase (after eight days) in gene 

expression in STR (Fgf2) and HIP (Grin1, Bdnf, and Fgf2) of healthy animals, those 

effects did not persist throughout the 14-day treatment period. This is in contrast to 

studies that applied TS in form of maternal care to juvenile rats. Here, changes in 

gene expression in the HIP persisted till adulthood (Korosi and Baram, 2009; Liu et 

al., 2000).  

Moreover, the striatal 6-OHDA lesion itself induced a long-lasting increase of Fgf2 

expression in the STR, which could not be further elevated by TS treatment. Such 

elevated FGF-2 levels are likely the result of increased numbers of reactive 

astrocytes in the injured STR (Chadi and Fuxe, 1998; Chadi et al., 1994; Gomide et 

al., 2005). Co-localization of FGF-2 with GFAP labelled astrocytes in the ipsilateral 

STR of lesioned rats proved this theory for our trial. In a study of Chadi et al., striatal 

6-OHDA lesion caused a long lasting (up to two weeks tested) 3-4 fold increase of 

FGF-2 immunoreactivity in activated astrocytes in the SNc and VTA, while on striatal 

FGF-2 levels only a short term increase was seen (Chadi et al., 1994). In our study, a 

long lasting increase (70 days after lesion) of striatal Fgf2 and Gfap expression was 

observed. In our lesion paradigm, we utilized a higher amount of 6-OHDA that was 

distributed over four injection sites compared to the single site injection in the 

referred study (Chadi et al., 1994). This might be an explanation for the divergent 

outcomes. Furthermore, after 6-OHDA lesion, not only is the number of astrocytes 

increased, but also their gene expression profile is altered. This was observed in 

individual astrocytes isolated from the STR after one week of SNc 6-OHDA lesion, 

displaying increased expression of the neurotrophic factors Gdnf, Fgf2, and nerve 

growth factor compared to control animals (Nakagawa and Schwartz, 2004). 
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Previously, we have shown that after complete MFB 6-OHDA lesion, Penk was 1.5 

fold increased, whereas Tac1 was 0.5 fold reduced (Rumpel et al., 2013). This is in 

accordance with findings in PD patients, since Penk resembles the indirect pathway 

(D2 receptors, striatopallidal) within the BG and codes for enkephalin, whereas Tac1 

reflects the direct pathway (D1 receptors) with expression of substance P by the 

striatonigral MSNs. The differences observed in the partial 6-OHDA lesion model 

likely reflect the lower degree of DA-depletion reached by this lesion method. 

Although we quantified striatal gene expression levels two days after single 

amphetamine injection, a potential influence of the drug on expression levels cannot 

be completely ruled out. Chronic and acute administration of DA agonists, such as 

amphetamine, L-DOPA, methamphetamine, or SKF38393 (partial D1/D5 receptor  

agonist) have been shown to influence gene expression levels of for example 

immediate early genes and neurotransmitters in the 6-OHDA lesioned STR (Cadet et 

al., 2010; El Atifi-Borel et al., 2009; Graybiel et al., 1990; Konradi et al., 1996). The 

time-course of induction has been studied for more than 30 genes revealing that 

most of these genes showed peak expression levels two hours after single 

SKF38393 injection and reached basal levels within 24 hours (Berke et al., 1998). 

The time gap between amphetamine injection and qRT-PCR as well as the fact that 

both, amphetamine injected TS and CON groups, showed no differences reduce the 

risk for an interdependency in our study. 

 

Importance of the adequate lesion model 

The partial striatal 6-OHDA lesion has been reported to reflect the most an early form 

of PD. A less profound destruction of DAergic neurons compared to a total MFB 

lesion makes this PD model more suitable for neuroprotective and neurotrophic 

experiments (Przedborski et al., 1995). The 6-OHDA lesion of DA terminals in the 

STR causes a direct toxic damage of DAergic axons, which is reflected in reduced 

nigral DAergic neuron numbers one week after surgery (Kirik et al., 1998). While the 

degree of denervation and the loss of nigral DAergic neurons are in line with a 

previous study (Kirik et al., 1998), the widespread DAergic degeneration seen in our 

model might have been too extensive and too quick to be affected by TS. Moreover, 

http://en.wikipedia.org/wiki/D1_receptor
http://en.wikipedia.org/wiki/D5_receptor
http://en.wikipedia.org/wiki/Partial_agonist
http://en.wikipedia.org/wiki/Partial_agonist
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the transient increase of Fgf2 expression in the STR had its peak after eight days of 

TS. The fast destruction of DAergic fibers by 6-OHDA, on the contrary, starts already 

after two days (Hökfelt and Ungerstedt, 1973). Obviously, the TS treatment had not 

yet developed its agency in order to protect DAergic neurons from the toxic insult. 

The outcome of the study might have been different, if TS would have been applied 

already one week before 6-OHDA lesion and then continued for 14 days instead of 

starting one day after toxin application. Indeed, such a pre-disease TS treatment 

paradigm has been shown to be beneficial in the cortical injury models (Gibb et al., 

2010). Nevertheless, we intended to mimic a more clinical situation and applied TS 

treatment after PD was initiated by 6-OHDA injection. The influence of TS in a slower 

progressing PD model, like the AAV-α-synuclein paradigm (Decressac et al., 2012a), 

might be more promising than in the fast degenerating striatal 6-OHDA lesion model. 

In a direct comparison of 6-OHDA, MPTP, and AAV-α-synuclein induced rodent PD 

models, the AAV-α-synuclein method mimicked the most a pre-symptomatic, early 

symptomatic, and advanced stage of the disease, since the progressive 

neurodegeneration develops over two to four months (Decressac et al., 2012a, 

2012b). Moreover, the AAV-α-synuclein model induces the development of another 

hallmark of PD: the formation of LBs in the presynaptic terminals of DAergic neurons 

(Jellinger, 2014). Alternatively, by lowering the number of striatal 6-OHDA injection 

sites, the degree of DAergic denervation could be adjusted (Kirik et al., 1998). 

Interestingly, TS has a direct influence on the DAergic system as TS of adult rats 

provoked an immediate DA release of VTA DAergic neurons projecting to the NAc; 

this might contribute to the clinical effect of TS treatment for anxiety and depression 

(Maruyama et al., 2012). Another indication for the influence of TS on the DAergic 

system is the discovery of Field et al. that massage therapy increases DA urine 

levels in humans (Field et al., 2005). 

6.3 Alternative cell sources for cell replacement therapy 

Several cell lines have been investigated for cell replacement therapy. None of them 

displayed a source without limitations, risks, or ethical objections. ESCs have been 

the most promising cell source, since they are pluripotent and thereby differentiable 
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into every cell type of the three germ layers. On the one hand, this pluripotency 

makes these cells extremely expandable in vitro and provides an unlimited source. 

On the other hand, they accommodate for the risk of tumor formation. The most 

debilitating issue is, however, that ESCs are derived from the inner cell mass of 

blastocysts and thereby, their abstraction leads to ethical debates (Roybon et al., 

2004). NPCs derived from aborted fetuses have already been used in clinical trials. 

These cells are differentiated towards their neuronal phenotype, but they remain 

multipotent and are still able to undergo further growth, maturation, and development 

into full neurites (Trueman et al., 2013). Although the risk for tumor formation is 

comparatively low and the differentiation potential into DAergic neurons is extremely 

successful, the unsatisfying in vitro proliferation rate and the low post-transplantation 

survival of TH+ cells as well as ethical debates are remaining drawbacks for the 

standardized use of these cells (Morizane et al., 2008). Hence, for circumvention of 

ethical debates, limited donor tissue supply, risk of tumor formation, and cell culture 

difficulties, alternative cell sources have to be evaluated. 

One of these alternatives are iPSCs. Somatic cells can be reprogrammed via 

introduction of transcription factors that transfers the cell into a pluripotent state 

(Takahashi and Yamanaka, 2006). Such iPSCs exhibit similarities to ESCs in 

morphology and growth parameters and can also be differentiated into cells of all 

three germ layers (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 

2007). Several approaches have been investigated in order to provide somatic cells 

with the crucial genetic information. They vary from lenti-, adeno-, and retroviral 

introduction to usage of plasmids that do not induce chromosomal aberrations 

(Maherali and Hochedlinger, 2008). Since iPSCs display ethical tenable cells with a 

relatively low risk for immune rejections, they display the high hope for cell-based 

treatments of neurodegenerative diseases as well as cell-based investigations of 

diseases and drug screenings (Chen et al., 2011; Xu et al., 2010).  

6.3.1 Induced pluripotent stem cells as an alternative cell source 

In this study, we adopted two iPSC neural differentiation protocols (Herpin and 

Cunningham, 2007; Stanslowsky et al., in press; Swistowski et al., 2010) for iPSCs 

derived from human umbilical cord blood-cells. Protocol I applied FGF-2 signaling for 
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neural conversion, whereas protocol II included the BMP/TGFβ inhibitors DM and 

SB. Furthermore, DAergic neurons differentiated from these hCBiPSCs were 

transplanted into healthy and hemiparkinsonian rats.  

 

BMP/TGFβ inhibition and FGF signaling influence neural conversion 

A common feature of both in vitro protocols is the identical period of 21 days in final 

maturation media, whereas type and duration of the preceding neural induction 

period differed. 

Endogenous BMP/TGFβ inhibition and FGF signaling are both reported to be 

essential for neural induction (Stern, 2005). Differentiating cells are provided with 

these intrinsic signaling pathways that account for efficient neural conversion. 

Thereby, exogenous administration of BMP/TGFβ antagonists or FGF-2 during 

differentiation does not seem to be essential (Cohen et al., 2004; LaVaute et al., 

2009). Nevertheless, many laboratories, including ours, observed improved neural 

differentiation by application of BMP/TGFβ antagonists in vitro (Chambers et al., 

2009; Mak et al., 2012; Morizane et al., 2011; Reinhardt et al., 2013). This could be 

due to elevated levels of neural differentiation inhibiting molecules (including BMPs) 

in high density cultures or co-culturing on stromal cells, which can only be sufficiently 

antagonized by exogenous BMP inhibition (LaVaute et al., 2009). The exogenous 

administration of FGF-2 has been shown to augment the derivation of neural 

precursors from hESCs and hiPSCs, although it is not essential for neural induction 

(Cohen et al., 2004; LaVaute et al., 2009; Swistowski et al., 2009). The neuralizing 

effect of both signaling cascades has been suggested to converge on SMAD1. While 

BMP-phosphorylated SMAD1 accumulates in the nucleus and inhibits neural 

induction, ERK1/2-mediated SMAD1 phosphorylation (induced for example by FGF-

signaling) is proposed to suppress nuclear translocation, thereby promoting 

neuralization (Kretzschmar et al., 1997; Pera et al., 2003; Sapkota et al., 2007). 
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High seeding densities of induced pluripotent stem cells (iPSCs) enhance TH+ cell 

numbers 

Another possibility to influence the percentage of TH+ cell numbers in vitro might be 

the cell density during midbrain patterning and final maturation steps. While in 

protocol I cells were plated as single cells prior to midbrain induction and final 

maturation, cells were cultured and plated as highly dense EBs in protocol II. It has 

been reported previously that increased seeding densities promote neural 

differentiation (El-Akabawy et al., 2011) and especially DAergic neurons tend to 

aggregate in dense clumps during differentiation (Belinsky et al., 2011). The 

functionality of the differentiated neurons generated from hCBiPSCs using protocol II 

has been previously confirmed by electrophysiological and calcium imaging 

experiments (Stanslowsky et al., in press). 

 

Proliferation rate of cells pre and post transplantation 

High numbers of proliferating cells after 21 days of final in vitro maturation (52 and 

41 %, respectively) or one week after intrastriatal transplantation were observed in 

both protocols. Since the cells did not express Oct4 (pluripotency marker) anymore 

and were Pax6+ (neuronal marker), we can state that the proliferating cells in vitro 

and in vivo are not embryonic cells, but most probably neural precursors. 

Nevertheless, the proliferation after transplantation continues, especially in protocol I 

derived cell grafts. Prolonged in vitro differentiation for up to 40 days resulted in 

decreased numbers of proliferating cells (~30 % with protocol I and ~25 % with 

protocol II) on the one hand; on the other hand, almost no cells survived after 

transplantation (data not shown). Albeit both graft types displayed similarities in 

terms of persistent cell proliferation one week after transplantation, differences in 

their morphology (graft-host border and cell density) were apparent already at this 

early time point. More pronounced at three weeks after grafting, the type of in vitro 

pretreatment had long-lasting influence on the future properties of the graft producing 

either continuously growing tumorigenic protocol I derived grafts (in two out of four 

animals) or in case of protocol II averaged sized grafts characterized by a profound 

depletion of proliferating cells. It is known that iPSCs could potentially lead to tumor 
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formation for example when the genomic integration site leads to genetic or 

epigenetic modifications (Gore et al., 2011). Alternative approaches to generate 

iPSCs without retroviral vectors have been already investigated, such as delivery of 

reprogramming proteins, non-viral expression plasmids, or non-integrating 

adenoviruses encoding those factors (Kim et al., 2010; Okita et al., 2008; Stadtfeld et 

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

 

Do age or lesion surgery affect the transplantation outcome?  

Additional parameters influencing graft integration, such as age of the recipients or 

lesion of the rat brain, have been analyzed and controversially discussed. Ling et al. 

as well as Collier et al. found that the striatal DA content and striatal trophic activity is 

reduced in aged rats (Collier et al., 1999; Ling et al., 2000). They performed 

transplantation experiments on young (4 months at transplantation), middle aged (17 

months at transplantation), and aged (24 months at transplantation) rats. The 

youngest rats showed larger grafts containing more TH+ neurons that were 

functionally effective in the amphetamine-induced rotation (Collier et al., 1999). Still, 

the middle-aged rat group of this study is the most comparable with our lesioned 

transplantation group (iPSC2L, 14 months at transplantation) and additionally, 

showed next to the youngest rats the best results. Collier et al. assumed that striatal 

factors that are important for survival of grafted neurons may be upregulated after 

lesion in young animals and persist until adulthood (Collier et al., 1999). Obviously, 

there is a time window for the age of rats that allows successful transplantations. 

Another graft-influencing parameter is the lesion of the rat brain. The lesioned 

striatum might have a positive effect as increased TH+ cell body size and fiber 

outgrowth of grafted neurons were observed (Doucet et al., 1990). Moreover, we 

demonstrated in a recent study that striatal 6-OHDA lesion increased the expression 

of FGF-2, which is proven to support development, maintenance, and survival of the 

nervous system as well as Gfap, a marker for astroglial growth (Effenberg et al., 

2014). Chadi et al. showed that 6-OHDA lesion enhances the growth of astrocytes, 

which produce FGF-2 (Chadi and Fuxe, 1998; Chadi et al., 1994). In summary, the 

lesion of the nigrostriatal system might have provided beneficial effects on the grafts. 
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Recommendation for protocol II 

Protocol I has previously been used successfully by Swistowski et al. for 

differentiation of DAergic neurons from the iPSC cell line MR31, which were 

generated from human fetal fibroblasts using three retroviral factors Oct4, Sox2, and 

Klf4. Transplantation of those differentiated cells into 6-OHDA lesioned rats improved 

the amphetamine-induced rotation 12 weeks after transplantation. TH+ cell density 

was quantified in one single rat (but not total graft volume) to contain 2106 ± 313 TH+ 

cells/mm³ (Swistowski et al., 2010). Our comparative analysis of both protocols, 

however, favors, at least for hCB-derived iPSCs, protocol II over protocol I. Although 

in vitro neural conversion was similarly efficient for both protocols, twofold numbers 

of TH+ DAergic neurons were obtained with protocol II (using BMP/TGFβ inhibitors 

DM and SB) compared to protocol I (using FGF-2). In addition, protocol II is more 

convenient, less time consuming, and therefore more cost effective than protocol I. 

One week after intrastriatal transplantation into immunosuppressed rats, grafts 

derived from both protocols contained low to absent numbers of TH+ cells, which is 

in line with other studies showing that DAergic neurons are very vulnerable during 

the transplantation procedure with an estimated survival rate of 3-20 % of the original 

cell number (Brundin et al., 2000). Three weeks after transplantation, however, TH+ 

cells could be detected in both graft types indicating that DAergic differentiation of the 

transplanted cells continued in the host brain. Importantly, our morphometric 

analyses revealed a tumorigenic potential for protocol I, but not for protocol II derived 

cells, which was corroborated by decreased cell proliferation and beginning 

reinnervation of the surrounding host tissue three weeks after transplantation. We 

therefore recommend protocol II for in vitro differentiation of iPSCs towards DAergic 

neurons and subsequent transplantation into parkinsonian rat models. 

6.4 Conclusion: Is it possible to combine tactile stimulation (TS) 

and induced pluripotent stem cell (iPSC)-derived DAergic cell 

transplantation in future? 

Both, TS and iPSCs, have proven their functionalities in several studies. It is known 

that preterm neonates, immunodeficient, and stressed humans benefit from TS and 
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that FGF-2 and DA expression can be enhanced by this treatment. Moreover, 

different morphological cerebral parameters were positively influenced by TS and 

lesioned rats showed improvements of behavioral impairments. Our study revealed 

no statistically significant tendency in reduction of amphetamine-induced rotational 

behavior, but a significant increase of dendritic length in striatal MSNs of the lesioned 

hemisphere and a transient increase of NTFs in healthy rats. Further studies should 

apply a slightly modified experimental design: a lesion model with a more slowly 

progressive character and a less profound and fast DAergic degeneration in order to 

induce a beneficial effect of TS before most of the DAergic neurons have been 

degenerated. Furthermore, behavioral tests that directly react to the DA deficiency 

should reveal a more satisfying outcome of the experiments.  

DAergic neurons derived from iPSCs have already been successfully transplanted 

into animal PD models. These iPSCs have been generated for example from fetal 

lung fibroblasts or adult mesenchymal stem cells from bone marrow and yielded high 

survival rates of TH+ cell numbers and behavioral recovery. The hCBs used for iPSC 

derivation in our study have already been applied for successful differentiation into 

cardiomyocytes. Differentiation of DAergic neurons from hCB-derived iPSCs via DM 

and SB as inhibitors of BMP/TGFβ (protocol II) revealed high numbers of TH+ cells 

after 21 days of DAergic differentiation. Transplantation of these DAergic cells into 

lesioned rats yielded TH+ cells with fiber outgrowth and reinnervation of the host STR 

(n = 2) after three weeks in vivo. Nevertheless, further studies should include long-

term experiments to evaluate behavioral improvements. Moreover, alternative 

strategies for genetic correction of iPSCs could be tested in order to further decrease 

the proliferation potential of iPSC-derived cells and increase the survival of 

transplanted TH+ cells. 

Since iPSCs are differentiated into DAergic neurons under treatment of different 

NTFs, which have also been proven to be effective for brain development and 

neuroprotection, it would be most likely beneficial for transplanted iPSC-derived cells 

to be supported by these factors. Our idea of providing transplanted iPSC-derived 

DAergic neurons with endogenous NTFs via TS-treatment has to be revised. 

Although TS has not been proven beneficial in our study, it might reveal better 
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outcomes in a more slowly progressive PD rat model and could provide an 

endogenous NTF supply. TS, however, will not be able to replace genetic or similar 

methods to sufficiently provide cells with NTFs for cell replacement therapy in PD. 

Nevertheless, it has been shown to mediate amazing effects in numerous studies. 

Therefore, it could be used as a supportive strategy together with cell transplantation. 

iPSCs remain a high hope as an alternative cell source, even though our study 

revealed not completely convincing results. I suggest to use protocol II as a base for 

further long-term experiments in order to increase TH+ cell numbers in the graft and 

to investigate behavioral benefits. 
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7. Summary 

 

Anna Effenberg: Alternative therapies for Morbus Parkinson: Effects of tactile 

stimulation in a rodent model of Parkinson´s disease and induced pluripotent 

stem cells as a new source for neurotransplantation - therapy 

The hallmark of Parkinson´s Disease (PD) is the progressive loss of dopaminergic 

(DAergic) neurons in the substantia nigra pars compacta (SNc) and the resulting 

dopamine (DA) depletion in the basal ganglia (BG). This pathology leads to the 

typical symptoms: bradykinesia, tremor at rest, rigidity, and postural instability. At the 

moment, only therapies are available that ameliorate the symptoms, but do not 

counteract the neurodegenerative character of the disease. Hence, new therapies 

are in need. The most recent approach is the cell replacement therapy. Here, 

intrastriatal grafts of DAergic neurons are meant to restore the DA content, 

reinnervate the host striatum (STR) and re-establish the physiologic state of the BG. 

Clinical studies, however, revealed very heterogeneous outcomes regarding 

reinnervation, graft survival, and functional recovery. Further limitations of this 

therapy are limited donor tissue supply and ethical debates concerning the use of 

fetal tissue. In order to overcome these problems, neurotrophic factors (NTFs) have 

been used in combination with DAergic grafting experiments. For example, genetic 

modification was used in order to supply the cells with fibroblast growth factor-2 

(FGF-2), which has been shown to mediate neurite survival and outgrowth.  

The aim of our studies was to ameliorate the limiting factors of cell replacement 

therapy. On the one hand, we tried to support the lesioned DAergic system via 

endogenous FGF-2 production induced by tactile stimulation (TS). On the other 

hand, we evaluated the in vitro and in vivo properties of DAergic neurons derived 

from human induced pluripotent stem cells (iPSCs). These are somatic cells, which 

develop via reprogramming the pluripotent status of stem cells and whose generation 

therefore does not harm the donor. 

TS applied to adult rats after cortical injury (medial frontal cortex aspiration or 

sensorimotor pial stripping stroke model) has been previously shown to ameliorate 

behavioral impairments and to improve morphological parameters like dendritic 
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length of prefrontal cortical neurons. These beneficial effects occurred 

simultaneously with increased FGF-2 concentrations in both, skin and brain of 

stimulated rats. Furthermore, numerous studies proved different positive effects of 

TS for example in preterm neonates and immunodeficient or hospice patients. Here, 

we examined the effectiveness of TS in healthy rats and rats in a PD model. Our 

hypothesis included an endogenous production of FGF-2, which could, transferred to 

a human model, enhance the DAergic graft survival and integration. We found that 

the striatal 6-OHDA lesion itself induced a long-term increase of astroglial Fgf2 

transcript levels, but was not further increased by TS. In contrast, TS applied to 

healthy rats caused a transient short-term increase of Fgf2 in the STR and Bdnf, 

Grin1, and Fgf2 in the hippocampus. Moreover, behavioral and histological analyses 

did not prove a beneficial effect of TS, applied for two weeks starting one day after 

lesion, on hemiparkinsonian rats.  

Reprogramming of human somatic cells, in this case human cord blood (hCB) cells, 

into iPSCs (hCBiPSCs) produces a cell source that has the same characteristics of 

embryonic stem cells, that can be differentiated into neuronal precursors, and might 

accelerate the limited donor tissue supply and the ethical debates concerning the use 

of fetal material in cell replacement. In the present study, we compared two protocols 

shown to efficiently induce neuralization from human iPSCs by using FGF-2 (protocol 

I) or Dorsomorphin/ SB (inhibitors of transforming growth factor-β and bone 

morphogenetic protein signaling, protocol II). We evaluated the in vitro and in vivo 

properties after intrastriatal transplantation in healthy and lesioned rats. The 

utilisation of protocol II yielded in an earlier neural precursor marker (Pax6) 

expression in vitro than with utilization of protocol I. After 21 days of final maturation, 

a comparable number of neurons positive for the neural marker Tuj1 was observed in 

the total cell population under both culturing conditions. The number of TH+ DAergic 

cells was significantly elevated using protocol II compared to protocol I. In vivo iPSCs 

differentiated with protocol II showed less proliferation potential after three weeks in 

lesioned animals than cells of protocol I in healthy rats. Graft volume increased over 

three weeks in both protocols. iPSCs differentiated with protocol I showed more TH+ 

cells, but without distinct fiber outgrowth. Protocol II revealed less TH+ cells, but fiber 
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outgrowth and even reinnervation of the STR after three weeks. In summary, 

utilization of DM and SB induces after 21 days of final maturation a more convenient, 

less time consuming and, therefore, more cost effective in vitro differentiation of 

hCBiPSCs. 

The usage of TS as a graft supporting method and iPSCs as an alternative cell 

source for cell replacement therapy are, in my opinion, useful tools in order to 

overcome the limiting factors in DAergic transplantations in PD. Further 

investigations, however, are necessary for improvement and reliable outcomes of 

these methods.  
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8. Zusammenfassung 

 

Anna Effenberg: Alternative Therapien für Morbus Parkinson: Effekte taktiler 

Stimulation im Ratten Modell der Parkinsonschen Krankheit und induzierte 

pluripotente Stammzellen als neue Quelle für die Neurotransplantations-

Therapie. 

Das Hauptmerkmal des Morbus Parkinson (MP) ist der progressive Verlust 

dopaminerger (DAerger) Neurone der Substantia nigra pars compacta (SNc) und der 

daraus resultierenden Dopamin (DA) Verarmung in den Basalganglien (BG). Diese 

Pathologie führt zu den typischen Symptomen: Bradykinese, Ruhetremor, Steifheit 

und Haltungsinstabilität. Zur Zeit sind nur Therapien vorhanden, die zwar die 

Symptome des MP lindern, dem progressiven Charakter allerdings nicht 

entgegenwirken. Daher ist es nötig, alternative Therapien zu entwickeln. Der neuste 

Ansatz ist die Transplantationstherapie DAerger Neurone in das Striatum (STR), um 

die BG von hier aus wieder mit DA zu versorgen und den physiologischen Status zu 

rekonstruieren. Allerdings brachten klinische Studien in Bezug auf Reinnervation, 

Überleben der Zellen im Transplantat und funktionelle Entwicklung sehr heterogene 

Ergebnisse hervor. Weitere Schwierigkeiten stellen die limitierte Versorgung mit 

Spendergewebe und ethische Debatten über den Gebrauch fetalen Gewebes dar. 

Daher wurden bereits neurotrophe Faktoren (NTF) eingesetzt, um diesen Problemen 

entgegen zu wirken. Die zu transplantierenden Zellen wurden beispielsweise via 

genetischer Modifikation mit dem NTF Fibroblast growth factor-2 (FGF-2) versorgt, 

welcher nachweislich das Überleben und Auswachsen DAerger Neurone 

verbesserte. 

Das Ziel unserer Studie war die o.g. limitierenden Faktoren der 

Transplantationstherapie zu reduzieren. Einerseits sollte das lädierte DAerge System 

durch endogene FGF-2 Produktion, hervorgerufen durch taktile Stimulation (TS), 

gestärkt werden. Andererseits haben wir die in vitro und in vivo Eigenschaften 

DAerger Neurone überprüft, welche aus humanen induzierten Stammzellen (human 

induced pluripotent stem cells, iPSCs) abgeleitet wurden. iPSCs werden aus 

somatischen Zellen durch Reprogrammierung in den pluripotenten Zustand einer 
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Stammzelle zurück versetzt. Ihre Generierung beeinflusst den Spender somit nicht 

nachteilig.  

Es wurde gezeigt, dass die Anwendung von TS an adulten kortikal lädierten Ratten 

(mediale Frontalkortex-Aspiration oder sensorimotorisches Hirnschlag-Modell) zu 

einer Verbesserung von Beeinträchtigungen motorischer Fähigkeiten sowie zu 

verbesserten morphologischen Parametern, wie der Dendritenlänge präfrontaler 

kortikaler Neurone, führte. Diese vorteilhaften Effekte traten gemeinsam mit erhöhten 

FGF-2 Konzentrationen, sowohl in der Haut, als auch im Gehirn auf. Außerdem 

zeigten verschiedenste Studien die positiven Auswirkungen von TS auf Frühgeburten 

oder immundefiziente Menschen bzw. Hospizpatienten. In unserer Studie 

untersuchten wir die Effektivität von TS auf gesunde Ratten und Ratten im MP-

Modell. Die Hypothese umfasste eine endogene FGF-2 Produktion, welche, 

übertragen auf das menschliche Modell, das Überleben und die Integration DAerger 

Transplantate verbessern könnte. Wir fanden heraus, dass die striatale 6-OHDA 

Läsion selber zu einem Anstieg astroglialer Fgf2 Transkriptionslevel führte. Diese 

wurden allerdings nicht durch die TS-Behandlung weiter angehoben. Bei gesunden 

Ratten hingegen induzierte TS einen transienten kurzzeitigen Anstieg von Fgf2 im 

STR sowie von Bdnf, Grin1 und Fgf2 im Hippocampus. Dennoch konnten 

Verhaltens- sowie histologische Analysen keinen vorteilhaften Effekt bei Ratten im 

MP Modell nachweisen, wenn TS einen Tag nach der Läsion und die folgenden 14 

Tage angewendet wurde.  

Die Reprogrammierung humaner somatischer Zellen, in diesem Fall 

Nabelschnurblutzellen (human cord blood cells, hCB), in iPSCs repräsentiert eine 

Zellquelle mit den gleichen Eigenschaften wie embryonale Stammzellen, die sich in 

neuronale Vorläuferzellen differenzieren lässt. So könnte man den Problemen des 

limitierten Spendergewebes sowie den ethischen Debatten bezüglich der 

Verwendung von fetalem Gewebe entgegenwirken. In dieser Studie haben wir zwei 

Protokolle verglichen, die durch die Verwendung von FGF-2 (Protokoll I) oder 

Dorsomorphin/ SB (Protokoll II) nachweislich effektiv die Neuralisierung von 

humanen iPSCs induzieren. Untersucht wurden die in vitro und in vivo Eigenschaften 

nach intrastriataler Transplantation in gesunde und lädierte Ratten. Die Verwendung 
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von Protokoll II führte in vitro zu einer früheren Expression des neuronalen Vorläufer 

Markers (Pax6) als bei Protokoll I. Nach 21 Tagen der finalen Differenzierung konnte 

bei beiden Protokollen eine vergleichbare Anzahl von Neuronen, die positiv für den 

neuronalen Marker Tuj1 waren, nachgewiesen werden. Die Anzahl von TH+ 

DAergen Zellen war bei Protokoll II allerdings signifikant höher als bei Protokoll I. In 

vivo zeigten iPSCs, welche mit Protokoll II differenziert wurden, nach drei Wochen in 

lädierten Tieren weniger Proliferationspotential als bei Protokoll I in gesunden Ratten. 

Das Volumen des Transplantats war bei beiden Protokollen nach drei Wochen 

erhöht. Die Differenzierung mittels Protokoll I brachte in vivo mehr TH+ Zellen, 

allerdings ohne Faserwachstum, hervor. Hingegen konnten bei Protokoll II zwar 

weniger TH+ Zellen, dafür aber Faserwachstum bis hin zu Reinnervation von Teilen 

des STR nachgewiesen werden.  

Zusammenfassend kann man also sagen, dass die Verwendung von DM und SB 

nach 21 Tagen der finalen Differenzierung eine geeignetere, weniger zeitintensive 

und daher kosteneffizientere Methode darstellt, um DAerge Neuronen aus hCBiPSCs 

zu generieren. 

Die Verwendung von TS als Transplantat-unterstützende Methode und iPSCs als 

alternative Zellquelle für die Transplantationstherapie sind in meinen Augen 

geeignete Mittel, um die limitierenden Faktoren dieses Therapieansatzes zu 

reduzieren. Es ist durch die o.g. Studien allerdings deutlich geworden, dass weitere 

Experimente und Nachforschungen notwendig sind, um die Methoden weiter zu 

verbessern und verlässlichere Ergebnisse zu produzieren. 

 



References 

108 

 

9. References 

Abercrombie, M., 1946. Estimation of nuclear population from microtome sections. 
Anat Rec 94, 239–47. 

Aebischer, P., Ridet, J.-L., 2001. Recombinant proteins for neurodegenerative 
diseases: the delivery issue. Trends Neurosci 24, 533–540. 

Alexander, G.E., Crutcher, M.D., 1990. Functional architecture of basal ganglia 
circuits: neural substrates of parallel processing. Trends Neurosci. 13, 266–71. 

Aoi, M., Date, I., Tomita, S., Ohmoto, T., 2000. GDNF induces recovery of the 
nigrostriatal dopaminergic system in the rat brain following 
intracerebroventricular or intraparenchymal administration. Acta Neurochir 142, 
805–10. 

Baquet, Z.C., Bickford, P.C., Jones, K.R., 2005. Brain-derived neurotrophic factor is 
required for the establishment of the proper number of dopaminergic neurons in 
the substantia nigra pars compacta. J Neurosci 25, 6251–9. 

Barbeau, A., 1969. L-Dopa Therapy in Parkinson ’ s Disease. Canad Med Ass J 101, 
791–800. 

Bastian, A.J., Kelly, V.E., Revilla, F.J., Perlmutter, J.S., Mink, J.W., 2003. Different 
effects of unilateral versus bilateral subthalamic nucleus stimulation on walking 
and reaching in Parkinson’s disease. Mov. Disord 18, 1000–7. 

Bean, A.J., Elde, R., Cao, Y.H., Oellig, C., Tamminga, C., Goldstein, M., Pettersson, 
R.F., Hökfelt, T., 1991. Expression of acidic and basic fibroblast growth factors in 
the substantia nigra of rat, monkey, and human. Proc Natl Acad Sci USA 88, 
10237–41. 

Bear, M.F., Connors, B.W., Paradiso, M.A., 2001. Brain Control of Movement, in: 
Katz, S., Heubeck, A., Cady, B., Dilernia, B. (Eds.), Neuroscience, Exploring the 
Brain. Lippincott Wiliams & Wilkins, Baltimore, Philadelphia, pp. 465–95. 

Belinsky, G.S., Moore, A.R., Short, S.M., Rich, M.T., Antic, S.D., 2011. Physiological 
properties of neurons derived from human embryonic stem cells using a dibutyryl 
cyclic AMP-based protocol. Stem Cells Dev 20, 1733–1746. 

Benazzouz, A., Hallett, M., 2000. Mechanism of action of deep brain stimulation. 
Neurology 55, S13–6. 



References 

109 

 

Berger, K., Przedborski, S., Cadet, J.L., 1991. Retrograde degeneration of 
nigrostriatal neurons induced by intrastriatal 6-hydroxydopamine injection in rats. 
Brain Res Bull 26, 301–7. 

Berke, J.D., Paletzki, R.F., Aronson, G.J., Hyman, S.E., Gerfen, C.R., 1998. A 
complex program of striatal gene expression induced by dopaminergic 
stimulation. J Neurosci 18, 5301–10. 

Björklund, A., Dunnett, S.B., 2007. Dopamine neuron systems in the brain: an 
update. Trends Neurosci. 30, 194–202. 

Björklund, A., Kirik, D., Rosenblad, C., Georgievska, B., Lundberg, C., Mandel, R.J., 
2000. Towards a neuroprotective gene therapy for Parkinson’s disease: use of 
adenovirus, AAV and lentivirus vectors for gene transfer of GDNF to the 
nigrostriatal system in the rat Parkinson model. Brain Res 886, 82–98. 

Björklund, A., Schmidt, R.H., Stenevi, U., 1980. Functional reinnervation of the 
neostriatum in the adult rat by use of intraparenchymal grafting of dissociated 
cell suspensions from the substantia nigra. Cell Tissue Res 212, 39–45. 

Björklund, A., Stenevi, U., 1979. Reconstruction of the nigrostriatal dopamine 
pathway by intracerebral nigral transplants. Brain Res 177, 555–60. 

Blesa, J., Phani, S., Jackson-Lewis, V., Przedborski, S., 2012. Classic and new 
animal models of Parkinson’s disease. J Biomed Biotechnol 2012, 845618. 

Boland, M.J., Hazen, J.L., Nazor, K.L., Rodriguez, A.R., Gifford, W., Martin, G., 
Kupriyanov, S., Baldwin, K.K., 2009. Adult mice generated from induced 
pluripotent stem cells. Nature 461, 91–4. 

Braak, H., Del Tredici, K., 2008. Nervous system pathology in sporadic Parkinson 
disease. Neurology 70, 1916–25. 

Braak, H., Del Tredici, K., Rüb, U., de Vos, R.I., Jansen Steur, E.N.H., Braak, E., 
2003. Staging of brain pathology related to sporadic Parkinson’s disease. 
Neurobiol Aging 24, 197–211. 

Brederlau, A., Correia, A.S., Anisimov, S. V, Elmi, M., Paul, G., Roybon, L., 
Morizane, A., Bergquist, F., Riebe, I., Nannmark, U., Carta, M., Hanse, E., 
Takahashi, J., Sasai, Y., Funa, K., Brundin, P., Eriksson, P.S., Li, J.-Y., 2006. 
Transplantation of human embryonic stem cell-derived cells to a rat model of 
Parkinson’s disease: effect of in vitro differentiation on graft survival and 
teratoma formation. Stem Cells 24, 1433–40. 

Bredy, T.W., Grant, R.J., Champagne, D.L., Meaney, M.J., 2003. Maternal care 
influences neuronal survival in the hippocampus of the rat. Eur J Neurosci 18, 
2903–09. 



References 

110 

 

Briggs, R., King, T.J., 1952. Transplantation of living nucei from blastula cells into 
enucleated frogs´ eggs. Proc Natl Acad Sci USA 38, 455–463. 

Bringas, M.E., Carvajal-Flores, F.N., López-Ramírez, T.A., Atzori, M., Flores, G., 
2013. Rearrangement of the dendritic morphology in limbic regions and altered 
exploratory behavior in a rat model of autism spectrum disorder. Neuroscience 
241, 170–87. 

Bronstein, J.M., Tagliati, M., Alterman, R.L., Lozano, A.M., Volkmann, J., Stefani, A., 
Horak, F.B., Okun, M.S., Foote, K.D., Krack, P., Pahwa, R., Henderson, J.M., 
Hariz, M.I., Bakay, R. a, Rezai, A., Marks, W.J., Moro, E., Vitek, J.L., Weaver, 
F.M., Gross, R.E., DeLong, M.R., 2011. Deep brain stimulation for Parkinson 
disease: an expert consensus and review of key issues. Arch Neurol 68, 165. 

Brown, V.J., Schwarz, U., Bowman, E.M., Fuhr, P., Robinson, D.L., Hallett, M., 1993. 
Dopamine dependent reaction time deficits in patients with Parkinson’s disease 
are task specific. Neuropsychologia 31, 459–69. 

Brundin, P., Barker, R.A., Parmar, M., 2010. Neural grafting in Parkinson’s disease: 
problems and possibilities, in: Björklund, A., Cenci, M.A. (Eds.), Progr Brain Res 
- Vol 184. Elsevier, Amsterdam, Oxford, pp. 265 – 95. 

Brundin, P., Karlsson, J., Emgård, M., Schierle, G.S., Hansson, O., Petersén, A., 
Castilho, R.F., 2000. Improving the survival of grafted dopaminergic neurons: a 
review over current approaches. Cell Transplant. 9, 179–95. 

Burkhard, P., Dominici, P., Borri-Voltattorni, C., Jansonius, J.N., Malashkevich, V.N., 
2001. Structural insight into Parkinson’s disease treatment from drug-inhibited 
DOPA decarboxylase. Nat Struct Biol 8, 963–967. 

Cadet, J.L., Brannock, C., Krasnova, I.N., Ladenheim, B., McCoy, M.T., Chou, J., 
Lehrmann, E., Wood, W., Becker, K.G., Wang, Y., 2010. Methamphetamine-
induced dopamine-independent alterations in striatal gene expression in the 6-
hydroxydopamine hemiparkinsonian rats. PLoS One 5, e15643. 

Cenci, M.A., Lindgren, H.S., 2007. Advances in understanding L-DOPA-induced 
dyskinesia. Curr Opin Neurobiol 17, 665–71. 

Cesnulevicius, K., Timmer, M., Wesemann, M., Thomas, T., Barkhausen, T., Grothe, 
C., 2006. Nucleofection is the most efficient nonviral transfection method for 
neuronal stem cells derived from ventral mesencephali with no changes in cell 
composition or dopaminergic fate. Stem Cells 24, 2776–91. 

Chadi, G., Cao, Y., Pettersson, R.F., Fuxe, K., 1994. Temporal and spatial increase 
of astroglial basic fibroblast growth factor synthesis after 6-hydroxydopamine-
induced degeneration of the nigrostriatal dopamine neurons. Neuroscience 61, 
891–910. 



References 

111 

 

Chadi, G., Fuxe, K., 1998. Analysis of trophic responses in lesioned brain: focus on 
basic fibroblast growth factor mechanisms. Braz J Med Biol Res 31, 231–41. 

Chambers, S.M., Fasano, C.A., Papapetrou, E.P., Tomishima, M., Sadelain, M., 
Studer, L., 2009. Highly efficient neural conversion of human ES and iPS cells 
by dual inhibition of SMAD signaling. Nat Biotechnol 27, 275–280. 

Chen, L.W., Kuang, F., Wei, L.C., Ding, Y.X., Yung, K.K.L., Chan, Y.S., 2011. 
Potential application of induced pluripotent stem cells in cell replacement therapy 
for Parkinson’s disease. CNS Neurol Disord-Dr 10, 449–58. 

Chou, I.-C., Trakht, T., Signori, C., Smith, J., Felt, B.T., Vazquez, D.M., Barks, J.D.E., 
2001. Behavioral/environmental intervention improves learning after cerebral 
hypoxia-ischemia in rats. Stroke 32, 2192–2197. 

Cohen, M.A., Itsykson, P., Reubinoff, B.E., 2004. The role of FGF-signaling in early 
neural specification of human embryonic stem cells. Dev Biol 340, 450–458. 

Coleman, P.D., Riesen, A.H., 1968. Environmental effects on cortical dendritic fields. 
J Anat 102, 363–374. 

Collier, T.J., Sortwell, C.E., Daley, B.F., 1999. Diminished viability, growth, and 
behavioral efficacy of fetal dopamine neuron grafts in aging rats with long-term 
dopamine depletion: an argument for neurotrophic supplementation. J Neurosci 
19, 5563–73. 

Comery, T.A., Shah, R., Greenough, W.T., 1995. Differential rearing alters spine 
density on medium-sized spiny neurons in the rat corpus striatum: evidence for 
association of morphological plasticity with early response gene expression. 
Neurobiol Learn Mem 63, 217–219. 

Comery, T.A., Stamoudis, C.X., Irwin, S.A., Greenough, W.T., 1996. Increased 
density of multiple-head dendritic spines on medium-sized spiny neurons of the 
striatum in rats reared in a complex environment. Neurobiol Learn Mem 66, 93–
6. 

Date, I., Yoshimoto, Y., Imaoka, T., Miyoshi, Y., Gohda, Y., Furuta, T., Asari, S., 
Ohmoto, T., 1993. Enhanced recovery of the nigrostriatal dopaminergic system 
in MPTP-treated mice following intrastriatal injection of basic fibroblast growth 
factor in relation to aging. Brain Res 621, 150–4. 

Dauer, W., Przedborski, S., 2003. Parkinson’s disease: mechanisms and models. 
Neuron 39, 889–909. 

De la Fuente-Fernández, R., Stoessl, A.J., 2002. The placebo effect in Parkinson’s 
disease. Trends Neurosci 25, 302–306. 



References 

112 

 

Decressac, M., Mattsson, B., Björklund, A., 2012a. Comparison of the behavioural 
and histological characteristics of the 6-OHDA and α-synuclein rat models of 
Parkinson’s disease. Exp Neurol 235, 306–15. 

Decressac, M., Mattsson, B., Lundblad, M., Weikop, P., Björklund, A., 2012b. 
Progressive neurodegenerative and behavioural changes induced by AAV-
mediated overexpression of α-synuclein in midbrain dopamine neurons. 
Neurobiol Dis 45, 939–53. 

Defer, G.L., Widner, H., Marié, R.M., Rémy, P., Levivier, M., 1999. Core assessment 
program for surgical interventional therapies in Parkinson’s disease (CAPSIT-
PD). Mov Disord 14, 572–84. 

DeLong, M.R., 2000. The Basal Ganglia, in: Kandel, E.R., Schwartz, J.H., Jessell, 
T.M. (Eds.), The Principles of Neural Science. McGraw-Hill Medical, New York 
City, pp. 853–67. 

Deumens, R., Blokland, A., Prickaerts, J., 2002. Modeling Parkinson’s disease in 
rats: an evaluation of 6-OHDA lesions of the nigrostriatal pathway. Exp Neurol 
175, 303–17. 

Döbrössy, M.D., Dunnett, S.B., 1997. Unilateral striatal lesions impair response 
execution on a lateralised choice reaction time task. Behav Brain Res 87, 159–
71. 

Doucet, G., Brundin, P., Descarries, L., Björklund, A., 1990. Effect of prior dopamine 
denervation on survival and fiber outgrowth from intrastriatal fetal mesencephalic 
grafts. Eur J Neurosci 2, 279–290. 

Dunbar, R.I.M., 2010. The social role of touch in humans and primates: behavioural 
function and neurobiological mechanisms. Neurosci Biobehav Rev 34, 260–8. 

Dunnett, S.B., Hernandez, T.D., Summerfield, A., Jones, G.H., Arbuthnott, G., 1988. 
Graft-derived recovery from 6-OHDA lesions: specificity of ventral 
mesencephalic graft tissues. Exp Brain Res 71, 411–24. 

Dunnett, S.B., Whishaw, I.Q., Rogers, D.C., Jones, G.H., 1987. Dopamine-rich grafts 
ameliorate whole body motor asymmetry and sensory neglect but not 
independent limb use in rats with 6-hydroxydopamine lesions. Brain Res 415, 
63–78. 

Effenberg, A., Klein, A., Gibb, R., Carroll, C., Baumgärtner, W., Grothe, C., Ratzka, 
A., 2014. Adult hemiparkinsonian rats do not benefit from tactile stimulation. 
Behav Brain Res 261, 97–105. 

El Atifi-Borel, M., Buggia-Prevot, V., Platet, N., Benabid, A.-L., Berger, F., Sgambato-
Faure, V., 2009. De novo and long-term L-Dopa induce both common and 



References 

113 

 

distinct striatal gene profiles in the hemiparkinsonian rat. Neurobiol Dis 34, 340–
50. 

El-Akabawy, G., Medina, L.M., Jeffries, A., Price, J., Modo, M., 2011. 
Purmorphamine increases DARPP-32 differentiation in human striatal neural 
stem cells through the Hedgehog pathway. Stem Cells Dev 20, 1873–1887. 

Elsworth, J.D., Roth, R.H., 1997. Dopamine synthesis, uptake, metabolism, and 
receptors: relevance to gene therapy of Parkinson’s disease. Exp Neurol 9, 4–9. 

Evans, J.R., Barker, R.A., 2008. Neurotrophic factors as a therapeutic target for 
Parkinson’s disease. Expert Opin Ther Targets 12, 437–47. 

Evans, J.R., Mason, S.L., Barker, R.A., 2012. Current status of clinical trials of neural 
transplantation in Parkinson’s disease, in: Dunett, S.B., Björklund, A. (Eds.), 
Progr Brain Res. Amsterdam, Oxford, pp. 169–89. 

Field, T., Henteleff, T., Hernandez-Reif, M., Martinez, E., Mavunda, K., Kuhn, C., 
Schanberg, S., 1998. Children with asthma have improved pulmonary functions 
after massage therapy. J Pediatr 132, 854–58. 

Field, T., Hernandez-Reif, M., Diego, M., Schanberg, S., Kuhn, C., 2005. Cortisol 
decreases and serotonin and dopamine increase following massage therapy. Int 
J Neurosci 115, 1397–413. 

Field, T., Hernandez-Reif, M., Taylor, S., Quintino, O., Burman, I., 1997. Labor pain 
is reduced by massage therapy. J Psychosom Obs Gyn 18, 286–91. 

Field, T., Seligman, S., Scafidi, F., Schanberg, S., 1996. Alleviating posttraumatic 
stress in children following hurricane Andrew. J Appl Dev Psychol 17, 37–50. 

Field, T.M., Schanberg, S.M., Scafidi, F., Bauer, C.R., Vega-Lahr, N., Garcia, R., 
Nystrom, J., Kuhn, C.M., 1986. Tactile/kinesthetic stimulation effects on preterm 
neonates. Pediatrics 77, 654–8. 

Freed, C.R., Greene, P.E., Breeze, R.E., Tsai, W.-Y., DuMouchel, W., Kao, R., 
Dillon, S., Winfield, H., Culver, S., Trojanowski, J.Q., Eidelberg, D., Fahn, S., 
2001. Transplantaion of Embryonic Dopamine Neurons for Severe Parkinson´s 
Disease. New Engl J Med 344, 710–719. 

Gallace, A., Spencer, C., 2010. Touch and the body: the role of the somatosensory 
cortex in tactile awareness. Psyche 16, 30–67. 

Gasser, T., 2005. Genetics of Parkinson’s disease. Curr Opin Neurol 18, 363–369. 



References 

114 

 

Gerlach, M., Reichmann, H., Riederer, P., 2007a. Experimentell-induzierte 
Degeneration von nigro-striatalen dopaminergen Neuronen, in: Die Parkinson-
Krankheit. Springer-Verlag, Wien, New York, pp. 108 – 33. 

Gerlach, M., Reichmann, H., Riederer, P., 2007b. Neurostimulation, in: Die 
Parkinson-Krankheit. Springer-Verlag, Wien, New York, pp. 264 – 69. 

Giasson, B.I., Duda, J.E., Quinn, S.M., Zhang, B., Trojanowski, J.Q., Lee, V.M.-Y., 
2002. Neuronal alpha-synucleinopathy with severe movement disorder in mice 
expressing A53T human alpha-synuclein. Neuron 34, 521–33. 

Gibb, R., 2004. Perinatal experience and recovery from brain injury. Unpubl. PhD 
thesis, Univ. Lethbridge. 

Gibb, R., Kolb, B., 1998. A method for vibratome sectioning of Golgi-Cox stained 
whole rat brain. J Neurosci Meth 79, 1–4. 

Gibb, R., Kolb, B., 2012. Tactile stimulation of functional recovery after perinatal 
cortical damage is mediated by FGF-2. Submitt. Publ. Univ. Lethbridge. 

Gibb, R.L., Gonzalez, C., Wegenast, W., Kolb, B., 2010. Tactile stimulation promotes 
motor recovery following cortical injury in adult rats. Behav Brain Res 214, 102–
107. 

Gill, S.S., Patel, N.K., Hotton, G.R., O’Sullivan, K., McCarter, R., Bunnage, M., 
Brooks, D.J., Svendsen, C.N., Heywood, P., 2003. Direct brain infusion of glial 
cell line-derived neurotrophic factor in Parkinson disease. Nat Med 9, 589–95. 

Glinka, Y., Gassen, M., Youdim, M.B., 1997. Mechanism of 6-hydroxydopamine 
neurotoxicity. J. Neural Transm. Suppl. 50, 55–66. 

Gomide, V.C., Silveira, G.A., Chadi, G., 2005. Transient and widespread astroglial 
activation in the brain after a striatal 6-OHDA-induced partial lesion of the 
nigrostriatal system. Int J Neurosci 115, 99–117. 

Gore, A., Li, Z., Fung, H.-L., Young, J.E., Agarwal, S., Antosiewicz-Bourget, J., 
Canto, I., Giorgetti, A., Israel, M.A., Kiskinis, E., Lee, J.-H., Loh, Y.-H., Manos, 
P.D., Montserrat, N., Panopoulos, A.D., Ruiz, S., Wilbert, M., Yu, J., Kirkness, 
E.F., Izpisua Belmonte, J.C., Rossi, D.J., Thomson, J.A., Eggan, K., Daley, G.Q., 
Goldstein, L.S.B., Zhang, K., 2011. Somatic coding mutations in human induced 
pluripotent stem cells. Nature 471, 63–7. 

Gowers, W.R., 1986. A manual of diseases of the nervous system. J. & A. Churchill, 
London. 

Granholm, A.C., Reyland, M., Albeck, D., Sanders, L., Gerhardt, G., Hoernig, G., 
Shen, L., Westphal, H., Hoffer, B., 2000. Glial cell line-derived neurotrophic 



References 

115 

 

factor is essential for postnatal survival of midbrain dopamine neurons. J 
Neurosci 20, 3182–90. 

Graybiel, A.M., 2000. The basal ganglia. Curr Biol 10, R509–11. 

Graybiel, A.M., Moratalla, R., Robertson, H.A., 1990. Amphetamine and cocaine 
induce drug-specific activation of the c-fos gene in striosome-matrix 
compartments and limbic subdivisions of the striatum. Proc Natl Acad Sci USA 
87, 6912–6. 

Grothe, C., Haastert, K., Jungnickel, J., 2006. Physiological function and putative 
therapeutic impact of the FGF-2 system in peripheral nerve regeneration--
lessons from in vivo studies in mice and rats. Brain Res Rev 51, 293–9. 

Grothe, C., Nikkhah, G., 2001. The role of basic fibroblast growth factor in peripheral 
nerve regeneration. Anat Embryol 204, 171–7. 

Grothe, C., Timmer, M., 2007. The physiological and pharmacological role of basic 
fibroblast growth factor in the dopaminergic nigrostriatal system. Brain Res Rev 
54, 80–91. 

Gurdon, J.B., 1962. Adult Frogs Derived from the Nuclei of Single Somatic CellsNo 
Title. Dev Biol 4, 256–273. 

Haase, A., Olmer, R., Schwanke, K., Wunderlich, S., Merkert, S., Hess, C., 
Zweigerdt, R., Gruh, I., Meyer, J., Wagner, S., Maier, L.S., Han, D.W., Glage, S., 
Miller, K., Fischer, P., Schöler, H.R., Martin, U., 2009. Generation of induced 
pluripotent stem cells from human cord blood. Cell Stem Cell 5, 434–41. 

Hagan, J., Middlemiss, D.N., Sharpe, P.C., Poste, G.H., 1997. Parkinson’s disease: 
prospects for improved drug therapy. Trends Pharmacol Sci 18, 156–163. 

Hagell, P., Schrag, A., Piccini, P., Jahanshahi, M., Brown, R., Rehncrona, S., Widner, 
H., Brundin, P., Rothwell, J.C., Odin, P., Wenning, G.K., Morrish, P., Gustavii, B., 
Bjo, A., Brooks, D.J., Marsden, C.D., Quinn, N.P., Lindvall, O., 1999. Sequential 
bilateral transplantation in Parkinson’s disease Effects of the second graft. Brain 
122, 1121–1132. 

Hall, R.D., Lindholm, E.P., 1974. Organization of motor and somatosensory 
neocortex in the albino rat. Brain Res 66, 23–38. 

Hansson, T., Brismar, T., 1999. Tactile stimulation of the hand causes bilateral 
cortical activation: a functional magnetic resonance study in humans. Neurosci 
Lett 271, 29–32. 

Haq, I. l, Lewitt, P.A., Fernandez, H.H., 2007. Apomorphine therapy in Parkinson’s 
disease: a review. Expert Opin Pharm. 8, 2799–809. 



References 

116 

 

Hargus, G., Cooper, O., Deleidi, M., Levy, A., Lee, K., Marlow, E., Yow, A., Soldner, 
F., Hockemeyer, D., Hallett, P.J., Osborn, T., Jaenisch, R., Isacson, O., 2010. 
Differentiated Parkinson patient-derived induced pluripotent stem cells grow in 
the adult rodent brain and reduce motor asymmetry in Parkinsonian rats. Proc 
Natl Acad Sci USA 107, 15921–6. 

Hauser, R.A., Freeman, T.B., Snow, B.J., Nauert, M., Gauger, L., Kordower, J.H., 
Olanow, C.W., 1999. Long-term evaluation of bilateral fetal nigral transplantation 
in Parkinson disease. Arch Neurol 56, 179–87. 

Hawkes, C.H., 2008. The prodromal phase of sporadic Parkinson’s disease: does it 
exist and if so how long is it? Mov Disord 23, 1799–807. 

Hermanowicz, N., 2007. Drug Therapy for Parkinson ’ s Disease. Semin Neurol 27, 
97–105. 

Hernandez-Reif, M., Diego, M., Field, T., 2008. Preterm infants show reduced stress 
behaviors and activity after 5 days of massage therapy. Infant Behav Dev 30, 
557–561. 

Hernandez-Reif, M., Ironson, G., Field, T., Hurley, J., Katz, G., Diego, M., Weiss, S., 
Fletcher, M.A., Schanberg, S., Kuhn, C., Burman, I., 2004. Breast cancer 
patients have improved immune and neuroendocrine functions following 
massage therapy. J Psychosom Res 57, 45–52. 

Herpin, A., Cunningham, C., 2007. Cross-talk between the bone morphogenetic 
protein pathway and other major signaling pathways results in tightly regulated 
cell-specific outcomes. Febs J 274, 2977–2985. 

Heuer, A., Lelos, M.J., Kelly, C.M., Torres, E.M., Dunnett, S.B., 2013. Dopamine-rich 
grafts alleviate deficits in contralateral response space induced by extensive 
dopamine depletion in rats. Exp Neurol 247, 485–95. 

Hökfelt, T., Ungerstedt, U., 1973. Specificity of 6-hydroxydopamine induced 
degeneration of central monoamine neurones: an electron and fluorescence 
microscopic study with special reference to intracerebral injection on the nigro-
striatal dopamine system. Brain Res 60, 269–97. 

Ironson, G., Field, T., Scafidi, F., Hashimoto, M., Kumar, M., Kumar, A., Price, A., 
Goncalves, A., Burman, I., Tetenman, C., Patarca, R., Fletcher, M.A., 1996. 
Massage therapy is associated with enhancement of the immune system’s 
cytotoxic capacity. Int J Neurosci 84, 205–17. 

Jahanshahi, M., Wilkinson, L., Gahir, H., Dharminda, A., Lagnado, D.A., 2010. 
Medication impairs probabilistic classification learning in Parkinson’s disease. 
Neuropsychologia 48, 1096–103. 



References 

117 

 

Jankovic, J., 2008. Parkinson’s disease: clinical features and diagnosis. J Neurol 
Neurosurg Psychiatry 79, 368–76. 

Jellinger, K.A., 2012. Neuropathology of sporadic Parkinson’s disease: evaluation 
and changes of concepts. Mov Disord 27, 8–30. 

Jellinger, K.A., 2014. The pathomechanisms underlying Parkinson’s disease. Expert 
Rev Neurother 14, 199–215. 

Jenner, P., Olanow, C.W., 1996. Oxidative stress and the pathogenesis of 
Parkinson’s disease. Neurology 47, S161–70. 

Kim, D., Kim, C.-H., Moon, J.-I., Chung, Y.-G., Chang, M.-Y., Han, B.-S., Ko, S., 
Yang, E., Cha, K.Y., Lanza, R., Kim, K.-S., 2010. Generation of human induced 
pluripotent stem cells by direct delivery of reprogramming proteins. Cell Stem 
Cell 4, 472–76. 

Kim, J.-H., Auerbach, J.M., Rodriguez-Gomez, J.A., Velasco, I., Gavin, D., Lumelsky, 
N., Lee, S.-H., Nguyen, J., Sanchez-Pernaute, R., Bankiewicz, K., McKay, R., 
2002. Dopamine neurons derived from embryonic stem cells function in an 
animal model of Parkinson ’ s disease. Nature 418, 50–56. 

Kirik, D., Georgievska, B., Björklund, A., 2004. Localized striatal delivery of GDNF as 
a treatment for Parkinson disease. Nat Neurosci 7, 105–10. 

Kirik, D., Georgievska, B., Rosenblad, C., Bjo, A., 2001. Delayed infusion of GDNF 
promotes recovery of motor function in the partial lesion model of Parkinson ’ s 
disease. Eur J Neurosci 13, 1589–99. 

Kirik, D., Rosenblad, C., Björklund, A., 1998. Characterization of behavioral and 
neurodegenerative changes following partial lesions of the nigrostriatal 
dopamine system induced by intrastriatal 6-hydroxydopamine in the rat. Exp 
Neurol 152, 259–77. 

Kirik, D., Rosenblad, C., Burer, C., Lundberg, C., Johansen, T.E., Muzyczka, N., 
Mandel, R.J., Bjorklund, A., 2002. Parkinson-like neurodegeneration induced by 
targeted overexpression of alpha-synuclein in the nigrostriatal system. J 
Neurosci 22, 2780–2791. 

Klein, A., Dunnett, S.B., 2012. Analysis of skilled forelimb movement in rats: the 
single pellet reaching test and staircase test. Curr Protoc Neurosci Chapter 8, 
Unit8.28. 

Klein, A., Sacrey, L.R., Whishaw, I.Q., Dunnett, S.B., 2012. The use of rodent skilled 
reaching as a translational model for investigating brain damage and disease. 
Neurosci Biobehav Rev 36, 1030–42. 



References 

118 

 

Kolb, B., Gibb, R., 1991. Environmental enrichment and cortical injury: behavioral 
and anatomical consequences of frontal cortex lesions. Cereb Cortex 1, 189–98. 

Kolb, B., Gibb, R., 2010. Tactile stimulation after frontal or parietal cortical injury in 
infant rats facilitates functional recovery and produces synaptic changes in 
adjacent cortex. Behav Brain Res 214, 115–120. 

Konradi, C., Leveque, J.C., Hyman, S.E., 1996. Amphetamine and dopamine-
induced immediate early gene expression in striatal neurons depends on 
postsynaptic NMDA receptors and calcium. J Neurosci 16, 4231–9. 

Kordower, J.H., Chu, Y., Hauser, R.A., Freeman, T.B., Olanow, C.W., 2008. Lewy 
body-like pathology in long-term embryonic nigral transplants in Parkinson’s 
disease. Nat Med 14, 504–6. 

Korosi, A., Baram, T.Z., 2009. The pathways from mother’s love to baby’s future. 
Front Behav Neurosci 3, 1–8. 

Kretzschmar, M., Doody, J., Massague, J., 1997. Opposing BMP and EGF signalling 
pathways converge on the TGF-beta family mediator Smad1. Nature 389, 618–
622. 

Kurosawa, M., Lundeberg, T., Agren, G., Lund, I., Uvnäs-Moberg, K., 1995. 
Massage-like stroking of the abdomen lowers blood pressure in anesthetized 
rats: influence of oxytocin. J Aut Nerv Sys 56, 26–30. 

Lang, A.E., Gill, S., Patel, N.K., Lozano, A., Nutt, J.G., Penn, R., Brooks, D.J., 
Hotton, G., Moro, E., Heywood, P., Brodsky, M.A., Burchiel, K., Kelly, P., Dalvi, 
A., Scott, B., Stacy, M., Turner, D., Wooten, V.G.F., Elias, W.J., Laws, E., 
Dhawan, V., Stoessl, A.J., Matcham, J., Coffey, R.J., Traub, M., 2006. 
Randomized controlled trial of intraputamenal glial cell line-derived neurotrophic 
factor infusion in Parkinson disease. Ann Neurol 59, 459–66. 

Lang, A.E., Widner, H., 2002. Deep brain stimulation for parkinson ’ s disease: 
patient selection and evaluation. Mov Disord 17, 94–101. 

LaVaute, T.M., Yoo, Y.D., Pankratz, M.T., Weick, J.P., Gerstner, J.R., Zhang, S.C., 
2009. Regulation of neural specification from human embryonic stem cells by 
BMP and FGF. Stem Cells 27, 1741–1749. 

Lay, C.C., Davis, M.F., Chen-Bee, C.H., Frostig, R., 2010. Mild sensory stimulation 
completely protects the adult rodent cortex from ischemic stroke. PLoS One 5, 
e11270. 

Lelos, M.J., Dowd, E., Dunnett, S.B., 2012. Nigral grafts in animal models of 
Parkinson’s disease. Is recovery beyond motor function possible?, in: Dunnett, 



References 

119 

 

S.B., Björklund, A. (Eds.), Progr Brain Res - Vol 200. Elsevier, Amsterdam, 
Oxford, pp. 113 – 42. 

Levivier, M., Przedborski, S., Bencsics, C., Kang, U.J., 1995. Intrastriatal implantation 
of fibroblasts genetically engineered to produce brain-derived neurotrophic factor 
prevents degeneration of dopaminergic neurons in a rat model of Parkinson’s 
disease. J Neurosci 15, 7810–20. 

Li, J.-Y., Englund, E., Holton, J.L., Soulet, D., Hagell, P., Lees, A.J., Lashley, T., 
Quinn, N.P., Rehncrona, S., Björklund, A., Widner, H., Revesz, T., Lindvall, O., 
Brundin, P., 2008. Lewy bodies in grafted neurons in subjects with Parkinson’s 
disease suggest host-to-graft disease propagation. Nat Med 14, 501–3. 

Lin, L.F., Doherty, D.H., Lile, J.D., Bektesh, S., Collins, F., 1993. GDNF: a glial cell 
line-derived neurotrophic factor for midbrain dopaminergic neurons. Science 
260, 1130–2. 

Lindvall, O., Brundin, P., Widner, H., Rehncrona, S., Gustavii, B., Frackowiak, R., 
Leenders, K.L., Sawle, G., Rothwell, J.C., Marsden, C.D., 1990. Grafts of fetal 
dopamine neurons survive and improve motor function in Parkinson’s disease. 
Science 247, 574–7. 

Ling, Z.D., Collier, T.J., Sortwell, C.E., Lipton, J.W., Vu, T.Q., Robie, H.C., Carvey, 
P.M., 2000. Striatal trophic activity is reduced in the aged rat brain. Brain Res 
856, 301–9. 

Liu, D., Diorio, J., Day, J.C., Francis, D.D., Meaney, M.J., 2000. Maternal care, 
hippocampal synaptogenesis and cognitive development in rats. Nat Neurosci 3, 
799–806. 

Liu, Q., Vrontou, S., Rice, F.L., Zylka, M.J., Dong, X., Anderson, D.J., 2007. 
Molecular genetic visualization of a rare subset of unmyelinated sensory 
neurons that may detect gentle touch. Nat. Neurosci 10, 946–8. 

Löken, L.S., Wessberg, J., Morrison, I., McGlone, F., Olausson, H., 2009. Coding of 
pleasant touch by unmyelinated afferents in humans. Nat Neurosci 12, 547–8. 

Lund, I., Lundeberg, T., Kurosawa, M., Uvnäs-Moberg, K., 1999. Sensory stimulation 
(massage) reduces blood pressure in unanaesthetized rats. J Aut Nerv Sys 78, 
30–7. 

Lyons, M.K., 2011. Deep brain stimulation: current and future clinical applications. 
Mayo Clin Proc 86, 662–72. 

Maherali, N., Hochedlinger, K., 2008. Guidelines and techniques for the generation of 
induced pluripotent stem cells. Cell Stem Cell 3, 595–605. 



References 

120 

 

Mak, S.K., Huang, Y.A., Iranmanesh, S., Vangipuram, M., Sundararajan, R., Nguyen, 
L., Langston, J.W., Schule, B., 2012. Small molecules greatly improve 
conversion of human-induced pluripotent stem cells to the neuronal lineage. 
Stem Cells Int 2012, 140427. 

Marks, W.J., Bartus, R.T., Siffert, J., Davis, C.S., Lozano, A., Boulis, N., Vitek, J., 
Stacy, M., Turner, D., Verhagen, L., Bakay, R., Watts, R., Guthrie, B., Jankovic, 
J., Simpson, R., Tagliati, M., Alterman, R., Stern, M., Baltuch, G., Starr, P.A., 
Larson, P.S., Ostrem, J., Nutt, J., Kieburtz, K., Kordower, J.H., Olanow, C.W., 
2010. Gene delivery of AAV2-neurturin for Parkinson’s disease: a double-blind, 
randomised, controlled trial. Lancet Neurol 9, 1164–72. 

Marks, W.J., Ostrem, J.L., Verhagen, L., Starr, P.A., Larson, P.S., Bakay, R.A., 
Taylor, R., Cahn-Weiner, D.A., Stoessl, A.J., Olanow, C.W., Bartus, R.T., 2008. 
Safety and tolerability of intraputaminal delivery of CERE-120 (adeno-associated 
virus serotype 2-neurturin) to patients with idiopathic Parkinson’s disease: an 
open-label, phase I trial. Lancet Neurol 7, 400–8. 

Marsden, C.D., Parkes, D., 1977. Succes and problems of long-term levodopa 
therapy in Parkinson´s disease. Lancet 309, 345–349. 

Maruyama, K., Shimoju, R., Ohkubo, M., Maruyama, H., Kurosawa, M., 2012. Tactile 
skin stimulation increases dopamine release in the nucleus accumbens in rats. J 
Physiol Sci 62, 259–66. 

Masliah, E., Rockenstein, E., Veinbergs, I., Mallory, M., Hashimoto, M., Takeda, A., 
Sagara, Y., Sisk, A., Mucke, L., 2000. Dopaminergic loss and inclusion body 
formation in alpha-synuclein mice: implications for neurodegenerative disorders. 
Science 287, 1265–9. 

Mathai, S., Fernandez, A., Mondkar, J., Kanbur, W., 2001. Effects of tactile-
kinesthetic stimulation in preterms: a controlled trial. Indian Pediatr 38, 1091–8. 

Mattson, M.P., 2007. Calcium and neurodegeneration. Aging Cell 6, 337–50. 

McCormick, C.M., Smythe, J.W., Sharma, S., Meaney, M.J., 1995. Sex-specific 
effects of prenatal stress on hypothalamic-pituitary-adrenal responses to stress 
and brain glucocorticoid receptor density in adult rats. Brain Res 84, 55–61. 

McNaught, K.S.P., Jenner, P., 2001. Proteasomal function is impaired in substantia 
nigra in Parkinson’s disease. Neurosci. Lett. 297, 191–94. 

Meek, S.S., 1993. Effects of slow stroke back massage on relaxation in hospice 
clients. J Nurs Scholarsh. 25, 17–21. 

Mendez, I., Viñuela, A., Astradsson, A., Mukhida, K., Hallett, P., Robertson, H., 
Tierney, T., Holness, R., Dagher, A., Trojanowski, J.Q., Isacson, O., 2008. 



References 

121 

 

Dopamine neurons implanted into people with Parkinson’s disease survive 
without pathology for 14 years. Nat Med 14, 507–9. 

Mogi, M., Togari, A., Kondo, T., Mizuno, Y., Komure, O., Kuno, S., Ichinose, H., 
Nagatsu, T., 1999. Brain-derived growth factor and nerve growth factor 
concentrations are decreased in the substantia nigra in Parkinson’s disease. 
Neurosci Lett 270, 45–48. 

Montoya, C.P., Campbell-Hope, L.J., Pemberton, K.D., Dunnett, S.B., 1991. The 
“staircase test”: a measure of independent forelimb reaching and grasping 
abilities in rats. J Neurosci Meth 36, 219–228. 

Morizane, A., Doi, D., Kikuchi, T., Nishimura, K., Takahashi, J., 2011. Small-molecule 
inhibitors of bone morphogenic protein and activin/nodal signals promote highly 
efficient neural induction from human pluripotent stem cells. J Neurosci Res 89, 
117–126. 

Morizane, A., Li, J.-Y., Brundin, P., 2008. From bench to bed: the potential of stem 
cells for the treatment of Parkinson’s disease. Cell Tissue Res 331, 323–36. 

Murata, M., 2009. Levodopa in the early treatment of Parkinson’s disease. Park Relat 
D 15 Suppl 1, S17–20. 

Mychasiuk, R., Zahir, S., Schmold, N., Ilnytskyy, S., Kovalchuk, O., Gibb, R., 2012. 
Parental enrichment and offspring development: modifications to brain, behavior 
and the epigenome. Behav Brain Res 228, 294–8. 

Nagatsua, T., Sawadab, M., 2009. L-dopa therapy for Parkinson’s disease: past, 
present, and future. Park Relat D 15 Suppl 1, S3–8. 

Nakagawa, T., Schwartz, J.P., 2004. Gene expression profiles of reactive astrocytes 
in dopamine-depleted striatum. Brain Pathol 14, 275–80. 

Nikkhah, G., Cunningham, M.C., Jödicke, A., Knappe, U., Björklund, A., 1994a. 
Improved graft survival and striatal reinnervation by microtransplantation of fetal 
nigral cell suspensions in the rat Parkinson model. Brain Res 633, 133–43. 

Nikkhah, G., Olsson, M., Eberhard, J., Bentlage, C., Cunningham, M.C., Björklund, 
A., 1994b. A microtransplantation approach for cell suspension grafting in the rat 
parkinson model: a detailed account of the metholodgy. Neurosci 63, 57–72. 

Nishimura, F., Yoshikawa, M., Kanda, S., Nonaka, M., Yokota, H., Shiroi, A., Nakase, 
H., Hirabayashi, H., Ouji, Y., Birumachi, J.-I., Ishizaka, S., Sakaki, T., 2003. 
Potential use of embryonic stem cells for the treatment of mouse parkinsonian 
models: improved behavior by transplantation of in vitro differentiated 
dopaminergic neurons from embryonic stem cells. Stem Cells 21, 171–80. 



References 

122 

 

Nordin, N., Lai, M.I., Veerakumarasivam, A., Ramasamy, R., 2011. Induced 
pluripotent stem cells: history, properties and potential applications. Med J 
Malaysia 66, 4–9. 

Nussbaum, R.L., Ellis, C.E., 2003. Alzheimer’s disease and Parkinson's disease. N 
Engl J Med 348, 1356–64. 

Nutt, J.G., Burchiel, K.J., Comella, C.L., Jankovic, J., Lang, A.E., Laws, E.R., 
Lozano, A.M., Penn, R.D., Simpson, R.K., Stacy, M., Wooten, G.F., 2003. 
Randomized, double-blind trial of glial cell line-derived neurotrophic factor 
(GDNF) in PD. Neurology 60, 69–73. 

Nutt, J.G., Rufener, S.L., Carter, J.H., Anderson, V.C., Pahwa, R., Hammerstad, J.P., 
Burchiel, K.J., 2001. Interactions between deep brain stimulation and levodopa 
in Parkinson’s disease. Neurology 57, 1835–42. 

Nutt, J.G., Wooten, G.F., 2005. Diagnosis and Initial Management of Parkinson’s 
Disease. N Engl J Med 353, 1021–7. 

Obeso, J.A., Rodríguez-Oroz, M.C., Benitez-Temino, B., Blesa, F.J., Guridi, J., Marin, 
C., Rodriguez, M., 2008. Functional organization of the basal ganglia: 
therapeutic implications for Parkinson’s disease. Mov Disord 23 Suppl 3, S548–
59. 

Okita, K., Ichisaka, T., Yamanaka, S., 2007. Generation of germline-competent 
induced pluripotent stem cells. Nature 448, 313–7. 

Okita, K., Nakagawa, M., Hyenjong, H., Ichisaka, T., Yamanaka, S., 2008. 
Generation of mouse induced pluripotent stem cells without viral vectors. 
Science 322, 949–53. 

Olanow, C.W., 1990. Oxidation reactions in Parkinson’s disease. Neurology 40, 32–
37. 

Olanow, C.W., 2002. Surgical therapy for Parkinson’s disease. Eur J Neurol 9, 31–
39. 

Olanow, C.W., Goetz, C.G., Kordower, J.H., Stoessl, A.J., Sossi, V., Brin, M.F., 
Shannon, K.M., Nauert, G.M., Perl, D.P., Godbold, J., Freeman, T.B., 2003. A 
double-blind controlled trial of bilateral fetal nigral transplantation in Parkinson’s 
disease. Ann Neurol 54, 403–414. 

Olanow, C.W., Stern, M.B., Sethi, K., 2009. The scientific and clinical basis for the 
treatment of Parkinson disease (2009). Neurology 72, S1–136. 

Olanow, C.W., Tatton, W.G., 1999. Etiology and pathogenesis of Parkinson disease. 
Annu Rev Neurosci 22, 123–44. 



References 

123 

 

Oo, T.F., Ries, V., Cho, J., Kholodilov, N., Burke, R.E., 2005. Anatomical basis of 
glial cell line-derived neurotrophic factor expression in the striatum and related 
basal ganglia during postnatal development of the rat. J Comp Neurol 484, 57–
67. 

Park, I.-H., Arora, N., Huo, H., Maherali, N., Ahfeldt, T., Shimamura, A., Lensch, 
M.W., Cowan, C., Hochedlinger, K., Daley, G.Q., 2008. Disease-specific induced 
pluripotent stem cells. Cell 134, 877–86. 

Patel, N.K., Pavese, N., Javed, S., Hotton, G., Brooks, D.J., Gill, S.S., 2013. Benefits 
of putaminal GDNF infusion in Parkinson disease are maintained after GDNF 
cessation. Neurology 81, 1176–8. 

Paxinos, G., Watson, C., 2007. The rat brain in stereotaxic coordinates, 6th ed. 
Academic Press, London, Amsterdam. 

Pera, E.M., Ikeda, A., Eivers, E., De Robertis, E.M., 2003. Integration of IGF, FGF, 
and anti-BMP signals via Smad1 phosphorylation in neural induction. Genes Dev 
17, 3023–3028. 

Perlmutter, J.S., Mink, J.W., 2006. Deep brain stimulation. Annu Rev Neurosci 29, 
229–57. 

Perlow, M.J., Freed, W.J., Hoffer, B.J., Seiger, A., Olson, L., Wyatt, R.J., 1979. Brain 
grafts reduce motor abnormalities produced by destruction of nigrostriatal 
dopamine system. Science 204, 643–7. 

Peterson, A.L., Nutt, J.G., 2008. Treatment of Parkinson’s disease with trophic 
factors. Neurotherapeutics 5, 270–80. 

Przedborski, S., Levivier, M., Jiang, H., Ferreira, M., Jackson-Lewis, V., Donaldson, 
D., Togaski, D.M., 1995. Dose-dependant lesions of the dopaminergic 
nigrostriatal pathway induced by intrastriatal injection of 6-hydroxydopamine. 
Neurosci 67, 631–647. 

Radley, J.J., Rocher, A.B., Rodriguez, A., Ehlenberger, D.B., Dammann, M., 
McEwen, B.S., Morrison, J.H., Wearne, S.L., Hof, P.R., 2008. Repeated stress 
alters dendritic spine morphology in the rat medial prefrontal cortex. J Comp 
Neurol 507, 1141–50. 

Ratzka, A., Baron, O., Grothe, C., 2011. FGF-2 deficiency does not influence FGF 
ligand and receptor expression during development of the nigrostriatal system. 
PLoS One 6, e23564. 

Ratzka, A., Kalve, I., Wesemann, M., Oetzer, M., Jungnickel, J., Koester, C., Baron, 
O., Grothe, C., 2012. The colayer method as an efficient way to genetically 



References 

124 

 

modify mesencephalic progenitor cells transplanted into 6-OHDA rat model of 
Parkinson’s disease. Cell Tranplant 21, 749–762. 

Reinhardt, P., Glatza, M., Hemmer, K., Tsytsyura, Y., Thiel, C.S., Hoing, S., Moritz, 
S., Parga, J.A., Wagner, L., Bruder, J.M., Wu, G., Schmid, B., Ropke, A., 
Klingauf, J., Schwamborn, J.C., Gasser, T., Scholer, H.R., Sterneckert, J., 2013. 
Derivation and expansion using only small molecules of human neural 
progenitors for neurodegenerative disease modeling. PLoS One 8, e59252. 

Richards, S., Mychasiuk, R., Kolb, B., Gibb, R., 2012. Tactile stimulation during 
development alters behaviour and neuroanatomical organization of normal rats. 
Behav Brain Res 231, 86–91. 

Robertson, R.T., Zimmer, J., Gähwiler, B.H., 1989. Dissection Procedures for 
Preparation of Sclice Cultures, in: A Dissection and Tissue Culture Manual of the 
Nervous System. R. Liss Inc., New York, pp. 7–11. 

Rodriguez, M.C., Obeso, J.A., Olanow, C.W., 1998. Subthalamic nucleus-mediated 
excitotoxicity in Parkinson’s disease: a target for neuroprotection. Ann Neurol 44, 
S175–88. 

Rosenblad, C., Kirik, D., Björklund, A., 2000. Sequential administration of GDNF into 
the substantia nigra and striatum promotes dopamine neuron survival and 
axonal sprouting but not striatal reinnervation or functional recovery in the partial 
6-OHDA lesion model. Exp Neurol 161, 503–16. 

Roybon, L., Christophersen, N.S., Brundin, P., Li, J.-Y., 2004. Stem cell therapy for 
Parkinson’s disease: where do we stand? Cell Tissue Res 318, 261–73. 

Rumpel, R., Alam, M., Klein, A., Ozer, M., Wesemann, M., Jin, X., Krauss, J.K., 
Schwabe, K., Ratzka, A., Grothe, C., 2013. Neuronal firing activity and gene 
expression changes in the subthalamic nucleus after transplantation of 
dopamine neurons in hemiparkinsonian rats. Neurobiol Dis 59, 230–243. 

Sapkota, G., Alarcon, C., Spagnoli, F.M., Brivanlou, A.H., Massague, J., 2007. 
Balancing BMP signaling through integrated inputs into the Smad1 linker. Mol 
Cell 25, 441–454. 

Schallert, T., 2006. Behavioral tests for preclinical intervention assessment. 
NeuroRx. 3, 497–504. 

Schallert, T., Fleming, S.M., Leasure, J.L., Tillerson, J.L., Bland, S.T., 2000. CNS 
plasticity and assessment of forelimb sensorimotor outcome in unilateral rat 
models of stroke, cortical ablation, parkinsonism and spinal cord injury. 
Neuropharmacology 39, 777–787. 



References 

125 

 

Schanberg, S.M., Field, T.M., 1987. Sensory deprivation stress and supplemental 
stimulation in the rat pup and preterm human neonate. Child Dev. 58, 1431–47. 

Schapira, A.H., Cooper, J.M., Dexter, D., Clark, J.B., Jenner, P., Marsden, C.D., 
1990. Mitochondrial complex I deficiency in Parkinson’s disease. J Neurochem 
54, 823–7. 

Schroll, H., Vitay, J., Hamker, F., 2014. Dysfunctional and compensatory synaptic 
plasticity in Parkinson’s disease. Eur J Neurol 39, 688–702. 

Schwarting, R.K., Huston, J.P., 1996. The unilateral 6-hydroxydopamine lesion 
model in behavioral brain research. Analysis of functional deficits, recovery and 
treatments. Prog Neurobiol 50, 275–331. 

Seroogy, K.B., Lundgren, K.H., Tran, T.M., Guthrie, K.M., Isackson, P.J., Gall, C.M., 
1994. Dopaminergic neurons in rat ventral midbrain express brain-derived 
neurotrophic factor and neurotrophin-3 mRNAs. J Comp Neurol 342, 321–34. 

Sholl, D.A., 1956. The organization of the Cerebral Cortex, 1967, Facs. ed. Hafner 
Publishing Company, New York and London. 

Slevin, J.T., Gerhardt, G.A., Smith, C.D., Gash, D.M., Kryscio, R., Young, B., 2005. 
Improvement of bilateral motor functions in patients with Parkinson disease 
through the unilateral intraputaminal infusion of glial cell line-derived 
neurotrophic factor. J. Neurosurg 102, 216–22. 

Soares, M.C., Oliveira, R.F., Ros, A.F.H., Grutter, A.S., Bshary, R., 2011. Tactile 
stimulation lowers stress in fish. Nat Commun 2, 534. 

Soldner, F., Hockemeyer, D., Beard, C., Gao, Q., Bell, G.W., Cook, E.G., Hargus, G., 
Blak, A., Cooper, O., Mitalipova, M., Isacson, O., Jaenisch, R., 2009. 
Parkinson’s disease patient-derived induced pluripotent stem cells free of viral 
reprogramming factors. Cell 136, 964–77. 

Solkoff, N., Matuszak, D., 1975. Tactile stimulation and behavioral development 
among low-birthweight infants. Child Psychiat Hum D 6, 33–7. 

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q., Jakes, R., Goedert, M., 
1997. Alpha-synuclein in Lewy bodies. Nature 388, 839–840. 

Stadtfeld, M., Hochedlinger, K., 2010. Induced pluripotency: history, mechanisms, 
and applications. Genes Dev 24, 2239–63. 

Stadtfeld, M., Nagaya, M., Utikal, J., Weir, G., Hochedlinger, K., 2008. Induced 
pluripotent stem cells generated without viral integration. Science 322, 945–9. 



References 

126 

 

Stanslowsky, N., Haase, H., Martin, U., Naujock, M., Leffler, A., Dengler, R., Wegner, 
F., n.d. Functional differentiation of midbrain neurons from human cord blood-
derived induced pluripotent stem cells. Stem Cells Res Ther, in press. 

Stern, C.D., 2005. Neural induction: old problem, new findings, yet more questions. 
Development 132, 2007–21. 

Stocchi, F., 2008. Use of apomorphine in Parkinson’s disease. Neurolo Sci 29 Suppl 
5, S383–6. 

Sundberg, M., Bogetofte, H., Lawson, T., Jansson, J., Smith, G., Astradsson, A., 
Moore, M., Osborn, T., Cooper, O., Spealman, R., Hallett, P., Isacson, O., 2013. 
Improved cell therapy protocols for Parkinson’s disease based on differentiation 
efficiency and safety of hESC-, hiPSC-, and non-human primate iPSC-derived 
dopaminergic neurons. Stem Cells 31, 1548–62. 

Swistowski, A., Peng, J., Han, Y., Swistowska, A.M., Rao, M.S., Zeng, X., 2009. 
Xeno-free defined conditions for culture of human embryonic stem cells, neural 
stem cells and dopaminergic neurons derived from them. PLoS One 4, e6233. 

Swistowski, A., Peng, J., Liu, Q., Mali, P., Rao, S., Cheng, L., Zeng, X., 2010. 
Efficient generation of functional dopaminergic neurons from human induced 
pluripotent stem cells under defined conditions. Stem Cells 28, 1893–904. 

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., 
Yamanaka, S., 2007. Induction of pluripotent stem cells from adult human 
fibroblasts by defined factors. Cell 131, 861–72. 

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–676. 

Talati, R., Reinhart, K., Baker, W., White, C.M., Coleman, C.I., 2009. Pharmacologic 
treatment of advanced Parkinson’s disease: a meta-analysis of COMT inhibitors 
and MAO-B inhibitors. Park Relat D 15, 500–5. 

Tatard, V.M., Sindji, L., Branton, J.G., Aubert-Pouëssel, A., Colleau, J., Benoit, J., 
Montero-Menei, C.N., 2007. Pharmacologically active microcarriers releasing 
glial cell line - derived neurotrophic factor: Survival and differentiation of 
embryonic dopaminergic neurons after grafting in hemiparkinsonian rats. 
Biomaterials 28, 1978–88. 

Timmer, M., Cesnulevicius, K., Winkler, C., Kolb, J., Lipokatic-Takacs, E., Jungnickel, 
J., Grothe, C., 2007. Fibroblast growth factor (FGF)-2 and FGF receptor 3 are 
required for the development of the substantia nigra, and FGF-2 plays a crucial 
role for the rescue of dopaminergic neurons after 6-hydroxydopamine lesion. J 
Neurosci 27, 459–71. 



References 

127 

 

Timmer, M., Grosskreutz, J., Schlesinger, F., Krampfl, K., Wesemann, M., Just, L., 
Bufler, J., Grothe, C., 2006. Dopaminergic properties and function after grafting 
of attached neural precursor cultures. Neurobiol Dis 21, 587–606. 

Timmer, M., Muller-Ostermeyer, F., Kloth, V., Winkler, C., Grothe, C., Nikkhah, G., 
2004. Enhanced survival, reinnervation, and functional recovery of intrastriatal 
dopamine grafts co-transplanted with Schwann cells overexpressing high 
molecular weight FGF-2 isoforms. Exp Neurol 187, 118–136. 

Torres, E.M., Dowd, E., Dunnett, S.B., 2008. Recovery of functional deficits following 
early donor age ventral mesencephalic grafts in a rat model of Parkinson’s 
disease. Neuroscience 154, 631–640. 

Torres, E.M., Lane, E.A., Heuer, A., Smith, G.A., Murphy, E., Dunett, S.B., 2011. 
Increased efficacy of the 6-hydroxydopamine lesion of the median forebrain 
bundle in small rats, by modification of the stereotaxic coordinates. J Neurosci 
Meth 2000, 29–35. 

Torres, E.M., Monville, C., Gates, M.A., Bagga, V., Dunnett, S.B., 2007. Improved 
survival of young donor age dopamine grafts in a rat model of Parkinson’s 
disease. Neurosci 146, 1606–17. 

Trepel, M., 2008a. Die Funktion des Kleinhirns, in: Hennessen, D., Gattnarzik, A., 
Feyl, K., Richarz, A., Hausdorf, R. (Eds.), Neuroanatomie - Struktur Und 
Funktion. Elsevier GmbH (Urban & Fischer), München, pp. 185 – 88. 

Trepel, M., 2008b. Basalganglien und assoziierte Strukturen, zentrale Regulation der 
Motorik, in: Hennessen, D., Gattnarzik, A., Feyl, K., Richarz, A., Hausdorff, R. 
(Eds.), Neuroanatomie - Struktur Und Funktion. Elsevier GmbH (Urban & 
Fischer), München, pp. 220 – 228. 

Trepel, M., 2008c. Parietallappen, in: Hennessen, D., Gattnarzik, A., Feyl, K., 
Richarz, A., Hausdorf, R. (Eds.), Neuroanatomie - Struktur Und Funktion. 
Elsevier GmbH (Urban & Fischer), München, pp. 215–82. 

Trueman, R.C., Klein, A., Lindgren, H.S., Lelos, M.J., Dunnett, S.B., 2013. Repair of 
the CNS Using Endogenous and Transplanted Neural Stem Cells, in: Belzung, 
C., Wigmore, P. (Eds.), Curr Topics Behav Neurosci - Vol 15. Springer-Verlag, 
Berlin, Heidelberg, pp. 357–98. 

Ungerstedt, U., 1971. Postsynaptic supersensitivity after 6-hydroxy-dopamine 
induced degeneration of the nigro-striatal dopamine system. Acta Physiol Scand 
Suppl 367, 69–93. 

Ungerstedt, U., Arbuthnott, G.W., 1970. Quantitative recording of rotational behavior 
in rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system. 
Brain Res 24, 485–493. 



References 

128 

 

Vierbuchen, T., Ostermeier, A., Pang, Z.P., Kokubu, Y., Südhof, T.C., Wernig, M., 
2010. Direct conversion of fibroblasts to functional neurons by defined factors. 
Nature 463, 1035–41. 

Vrontou, S., Wong, A.M., Rau, K.K., Koerber, H.R., Anderson, D.J., 2013. Genetic 
identification of C fibres that detect massage-like stroking of hairy skin in vivo. 
Nature 493, 669–73. 

Wernig, M., Zhao, J.-P., Pruszak, J., Hedlund, E., Fu, D., Soldner, F., Broccoli, V., 
Constantine-Paton, M., Isacson, O., Jaenisch, R., 2008. Neurons derived from 
reprogrammed fibroblasts functionally integrate into the fetal brain and improve 
symptoms of rats with Parkinson’s disease. Proc Natl Acad Sci USA 105, 5856–
61. 

Wessberg, J., Olausson, H., Fernström, K.W., Vallbo, A.B., 2003. Receptive field 
properties of unmyelinated tactile afferents in the human skin. J Neurophysiol 
89, 1567–75. 

Wichmann, T., DeLong, M.R., 2011. Deep-brain stimulation for basal ganglia 
disorders. Basal Ganglia 1, 65–77. 

Widner, H., Tetrud, T., Rehncrona, S., Snow, B., Brundin, P., Gustavii, B., Björklund, 
A., Lindvall, O., Langston, J.W., 1992. Bilateral fetal mesencephalic grafting in 
two patients with parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). N Engl J Med 26, 1556–63. 

Winkler, C., Kirik, D., Björklund, A., 2005. Cell transplantation in Parkinson’s disease: 
how can we make it work? Trends Neurosci 28, 86–92. 

Xu, L., Tan, Y.-Y., Ding, J.-Q., Chen, S.-D., 2010. The iPS technique provides hope 
for Parkinson’s disease treatment. Stem Cell Rev 6, 398–404. 

Yamada, M., Iwatsubo, T., Mizuno, Y., Mochizuki, H., 2004. Overexpression of alpha-
synuclein in rat substantia nigra results in loss of dopaminergic neurons, 
phosphorylation of alpha-synuclein and activation of caspase-9: resemblance to 
pathogenetic changes in Parkinson’s disease. J Neurochem 91, 451–61. 

Yang, D., Zhang, Z.-J., Oldenburg, M., Ayala, M., Zhang, S.-C., 2008. Human 
embryonic stem cell-derived dopaminergic neurons reverse functional deficit in 
parkinsonian rats. Stem Cells 26, 55–63. 

Yu, J., Vodyanik, M.A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L., Tian, 
S., Nie, J., Jonsdottir, G.A., Ruotti, V., Stewart, R., Slukvin, I.I., Thomson, J.A., 
2007. Induced pluripotent stem cell lines derived from human somatic cells. 
Science 318, 1917–20. 



References 

129 

 

Yuan, H., Zhang, Z.-W., Liang, L.-W., Shen, Q., Wang, X.-D., Ren, S.-M., Ma, H.-J., 
Jiao, S.-J., Liu, P., 2010. Treatment strategies for Parkinson’s disease. Neurosci 
bull 26, 66–76. 

Zhou, H., Wu, S., Joo, J.Y., Zhu, S., Han, D.W., Lin, T., Trauger, S., Bien, G., Yao, 
S., Zhu, Y., Siuzdak, G., Schöler, H.R., Duan, L., Ding, S., 2009. Generation of 
induced pluripotent stem cells using recombinant proteins. Cell Stem Cell 4, 
381–4. 

Zigmond, M.J., Abercrombie, E.D., Berger, T.W., Grace, A.A., Stricker, E.M., 1990. 
Compensations after lesions of central dopaminergic neurons: some clinical and 
basic implications. Trends in Neurosci 13, 290–6. 

Zigmond, M.J., Burke, R.E., 2002. Pathophysiology of Parkinson´s Disease, in: 
Davis, K.L., Charney, D., Coyle, J T Nemeroff, C. (Eds.), 
Neuropsychopharmacology: The Fifth Generation of Progress. Philadelphia, 
Pensylvania, pp. 1781–93. 

Zigmond, M.J., Stricker, E.M., 1973. Recovery of feeding and drinking by rats after 
intraventricular 6-hydroxydopamine or lateral hypothalamic lesions. Science 182, 
717–20. 

 

 



Appendix 

130 

 

10. Appendix 

CON = Control, TS = tactile stimulation, n = number of animals 

TSL1 = tactile stimulation lesion 1, TSL2 = tactile stimulation lesion 2 

iPSC1H = iPSC, Protocol (I), healthy 

iPSC2H = iPSC, Protocol (II), healthy 

iPSC2L = iPSC, Protocol (II), lesioned 

10.1 Raw Data of cylinder test (TSL1, TSL2) 

 

Group Animal 
 touches with 

contralateral paw 
touches with 

ipsilateral paw  
net ipsilateral 

CON 3 4 16 60 

CON 4 3 17 70 

CON 13 8 12 20 

CON 14 8 12 20 

CON 15 11 9 -10 

CON 16 8 12 20 

TS 1 3 17 70 

TS 2 4 16 60 

TS 5 2 14 75 

TS 6 4 16 60 

TS 7 6 14 40 

TS 8 9 11 10 

TS 9 9 11 10 

TS 10 8 12 20 

TS 11 8 12 20 

TS 12 6 14 40 

 

 

 

 

 

 

Table 3: Cylinder test: TSL1. 

contralateral (to the lesion side) = left paw; ipsilateral (to the lesion side) = right paw 

Total touches after 5 minutes: 20 

CON, n = 5;  TS, n = 10, Animal 15 was excluded 
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Group Animal 
 touches with 

contralateral paw 
touches with 

ipsilateral paw  
net ipsilateral 

CON 4   20 100 

CON 8 3 17 70 

CON 9 1 19 90 

CON 12 10 10 0 

CON 16   20 100 

CON 18 1 19 90 

CON 19   20 100 

CON 22   20 100 

CON 23   20 100 

CON 26   20 100 

TS 1   20 100 

TS 2 1 19 90 

TS 7   20 100 

TS 10   20 100 

TS 11 2 18 80 

TS 13 1 19 90 

TS 15 3 17 70 

TS 17   20 100 

TS 21   20 100 

TS 27   20 100 

10.2 Raw data of amphetamine-induced rotation (TSL1, TSL2) 

 

Group Animal 
Rotation per 

minute 

 

Group Animal 
Rotation per 

minute 

CON 3 9,71 
 

TS 1 4,26 

CON 4 9,25 
 

TS 2 12,76 

CON 13 3,43 
 

TS 5 6,26 

CON 14 3,58 
 

TS 6 9,94 

CON 15 1,26 
 

TS 7 6,26 

CON 16 12,62 
 

TS 8 9,94 

    
TS 9 9,71 

    
TS 10 9,25 

Table 5: Amphetamine-induced rotation: TSL1. 

CON, n = 5;  TS n = 10, Animal 15 was excluded 

 

Table 4: Cylinder test: TSL2. 

contralateral (to the lesion side) = left paw; ipsilateral (to the lesion side) = right paw 

Total touches after 5 minutes: 20 

CON, n = 13;  TS, n= 13 
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TS 11 6,26 

    
TS 12 9,94 

 

 

Group Animal 
Rotation per 

Minute 

 

Group Animal 
Rotation per 

Minute 

CON 4 13,27 

 

TS 1 0,87 

CON 6 5,26 

 

TS 2 0,73 

CON 8 2,14 

 

TS 3 -5,32 

CON 9 7,61 

 

TS 5 0,57 

CON 12 1,86 

 

TS 7 -0,59 

CON 14 1,00 

 

TS 10 6,26 

CON 16 5,82 

 

TS 11 8,36 

CON 18 0,10 

 

TS 13 4,61 

CON 19 10,13 

 

TS 15 -0,95 

CON 22 8,67 

 

TS 17 14,00 

CON 22 8,90 

 

TS 21 -0,27 

CON 25 7,83 

 

TS 24 1,91 

CON 26 -0,09 

 

TS 27 1,23 

10.3 Raw data of staircase test (TSL2) 

 

ipsilateral                 

Animal Group 
day 

9 
day 
10 

day 
11 

day 
12 

day 
13 

day 
14 

mean 
day 9-14 

4 CON 11 11 13 16 13 11 13 

6 CON 15 17 16 12 18 12 15 

8 CON 13 16 16 13 10 15 14 

9 CON 16 18 23 25 20 16 20 

12 CON 0 0 0 0 0 0 0 

14 CON 0 0 1 0 0 0 0 

16 CON 13 11 9 9 12 14 11 

18 CON 11 14 16 13 9 11 12 

19 CON 0 0 0 0 0 0 0 

22 CON 15 15 16 15 19 21 17 

23 CON 0 0 0 0 0 0 0 

25 CON 11 12 12 20 17 15 15 

Table 7: Staircase test: TSL2, ipsilateral. 

ipsilateral (to the lesion side) = right paw 

CON, n = 13;  TS, n= 13 

 

Table 6: Amphetamine-induced rotation: TSL 2. 

CON, n = 13;  TS n = 13 
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26 CON 28 28 26 28 27 26 27 

1 TS 21 21 23 22 20 21 21 

2 TS 15 17 12 15 17 16 15 

3 TS 1 0 1 0 0 0 0 

5 TS 0 0 5 11 15 14 8 

7 TS 17 14 17 15 11 9 14 

10 TS 0 0 0 0 0 0 0 

11 TS 13 13 17 16 16 16 15 

13 TS 7 10 10 4 5 9 8 

15 TS 12 8 13 15 10 7 11 

17 TS 17 -4 14 19 14 17 13 

21 TS 10 14 12 15 11 15 13 

24 TS 14 17 12 16 13 14 14 

27 TS 12 14 11 15 11 16 13 

 

 

contralateral                 

Animal Group 
day 

9 
day 
10 

day 
11 

day 
12 

day 
13 

day 
14 

mean 
day 9-14 

4 CON 12 10 11 8 0 8 8 

6 CON 0 1 0 0 0 0 0 

8 CON 8 13 13 9 14 12 12 

9 CON 4 2 1 -1 4 5 3 

12 CON 0 0 0 0 0 0 0 

14 CON 0 0 0 0 0 0 0 

16 CON 11 8 1 5 7 6 6 

18 CON 12 15 15 18 16 17 16 

19 CON 0 0 0 0 0 0 0 

22 CON 9 5 11 8 11 6 8 

23 CON 0 0 0 0 0 0 0 

25 CON 9 10 3 11 12 10 9 

26 CON 0 2 1 3 5 10 4 

1 TS 7 9 10 3 6 10 8 

2 TS 15 12 12 11 9 13 12 

3 TS 0 1 0 0 0 0 0 

5 TS 0 0 0 2 10 0 2 

7 TS 4 6 9 12 9 5 8 

10 TS 0 0 0 0 0 0 0 

11 TS 1 0 0 0 0 0 0 

Table 8: Staircase test: TSL2, contralateral. 

contralateral (to the lesion side) = left paw 

CON, n = 13;  TS, n= 13 
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13 TS 1 0 0 2 3 0 1 

15 TS 2 11 11 10 9 12 9 

17 TS 0 0 0 0 0 -1 0 

21 TS 7 4 7 8 4 3 6 

24 TS 0 0 0 0 0 0 0 

27 TS 11 5 3 6 8 4 6 

10.4 Raw data of stereological cell counting 

 

Group Animal contralateral ipsilateral % of intact side 

CON 14 3345,30 715,33 21,4 

CON 15 2156,54 1721,01 79,8 

CON 16 3357,06 468,62 14,0 

TS 2 2196,37 534,10 24,3 

TS 6 2279,25 998,48 43,8 

TS 8 1666,21 315,97 19,0 

TS 9 2895,66 302,54 10,4 

TS 12 3092,14 1053,61 34,1 

 

 

Group Animal contralateral ipsilateral % of intact side 

CON 4 9090,2 1874,49 20,6 

CON 9 9405,3 2280,78 24,3 

CON 12 8646,8 3864,64 44,7 

CON 14 2488,9 1424,70 57,2 

CON 19 10266,3 1497,46 14,6 

CON 22 9863,3 1806,01 18,3 

CON 26 7940,7 1908,62 24,0 

TS 1 9965,1 1697,47 17,0 

TS 5 7870,8 2111,29 26,8 

TS 7 9659,7 2046,68 21,2 

TS 10 10603,4 1759,59 16,6 

TS 11 10769,9 2006,93 18,6 

TS 17 9395,0 1368,29 14,6 

 

 

Table 10: Stereological TH+ cell counts: TSL2. 

contralateral (to the lesion side) = left hemisphere (intact), ipsilateral (to the lesion side) = right hemisphere 

Animal 14 was excluded 

 

Table 9: Stereological TH+ cell counts: TSL1. 

contralateral (to the lesion side) = left hemisphere (intact), ipsilateral (to the lesion side) = right hemisphere 

Animal 14 was excluded 
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10.5 Raw data of striatal density measurements (TSL1) 

 

Group Animal 
% of contralateral 

side 

CON 14 8,2 

CON 15 89,1 

CON 16 10,9 

TS 2 10,2 

TS 6 34,6 

TS 8 7,0 

TS 9 5,8 

TS 12 30,6 

10.6 Raw data iPSC 

 

iPSC1H, 1 week   iPSC2H, 2 weeks   
iPSC2L, 1 
week 

  

Animal % area 
 

Animal % area 
 

Animal % area 

2 35,20 
 

10 37,33 
 

19 43,47 

5 56,19 
 

11 59,88 
 

36 42,54 

8 43,61 
 

12 9,71 
 

37 47,37 

12 48,67 
 

13 11,63 
 

    

mean 45,92 
 

mean 29,64 
 

mean 44,46 

    
    

    

iPSC1H, 3 weeks 
    

iPSC2L, 3 week 

Animal % area 
    

Animal % area 

1 25,33 
    

6 2,36 

6 38,81 
    

30 2,33 

7 29,36 
    

33 4,86 

9 43,70 
    

35 5,21 

mean 34,30         mean 3,69 

 

 

Table 12: Ki67+ area: iPSC1H, iPSC2H, iPSC2L. 

iPSC1H, 1week: n = 4; 3 weeks: n = 4 

iPSC2H, 2 weeks: n = 4 

iPSC1L, 1 week: n = 3; 3 weeks: n = 4 

 

Table 11: Striatal fiber density: TSL1. 

contralateral (to the lesion side) = left hemisphere (intact), ipsilateral (to the lesion side) = right hemisphere 

Animal 15 was excluded  
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iPSC1H, 1 week   iPSC2H, 2 weeks   iPSC2L, 1 week 

Animal  mm3 
 

Animal  mm3 
 

Animal  mm3 

2 0,45 
 

10 2,82 
 

19 0,48 

5 0,48 
 

11 1,75 
 

36 0,13 

8 0,67 
 

12 1,12 
 

37 0,32 

12 0,63 
 

13 1,81 
 

mean 0,31 

mean 0,56 
 

mean   
  

  

  
      

  

iPSC1H, 3 weeks 
    

iPSC2L, 3 weeks 

Animal  mm3 
    

Animal  mm3 

1 1,45 
    

6 0,98 

6 4,14 
    

30 0,81 

7 1,56 
    

33 1,36 

9 8,77 
    

35 1,92 

mean 3,98         mean 1,27 

Table 13: Graft volume: iPSC1H, iPSC2H, iPSC2L. 

iPSC1H, 1week: n = 4; 3 weeks: n = 4 

iPSC2H, 2 weeks: n = 4 

iPSC1L, 1 week: n = 3; 3 weeks: n = 4 
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