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1. Introduction 

1.1 Parkinson’s disease 

Parkinson’s disease (PD) is a chronic and slowly progressing disorder of the central 

nervous system (CNS) meaning that symptoms continue and worsen over time. It is 

the second most common neurodegenerative disease after Alzheimer’s disease (De 

Lau and Breteler, 2006; Van Den Eeden, 2003) and was first described by the British 

physician James Parkinson in 1817. The disease affects 1-2 % of the population over 

70 years of age and more than one million people live with PD in Europe today, 

which is forecasted to double by the year 2030 (Dorsey et al., 2007; MacDonald et 

al., 2000). Notably, its prevalence will continue to grow given the aging of the 

population. 

PD is typically considered to be a motor disorder, though the clinical manifestations 

are highly variable. The etiology is unknown, which is why it is mostly referred to as 

idiopathic PD. The pathophysiology, however, is characterized by the degeneration 

of dopamine (DA) neurons in the substantia nigra (SN), a region of the midbrain, and 

axon loss in the striatum, a region of the forebrain. The resulting DA deficiency leads 

to dysfunction in the basal ganglia (BG) network. Moreover, serotonergic, 

noradrenergic, and cholinergic cells are lost. In principal, motor symptoms are 

clinically recognized after 60 % of DA cells are degenerated with concomitant 80 % 

reduction of striatal DA levels and the onset correlates with the depletion of DA. 

Because of compensatory phenomena, this substantial loss of DA levels in the 

striatum is thought to be necessary before symptoms become obviously manifest 

(Hornykiewicz, 1993). The cardinal manifestations include resting tremor, where the 

shaking typically begins unilaterally in the distal part of one extremity and becomes 

bilaterally later. Since the fingers are most commonly affected, ‘pill rolling’, the 

tendency of the index finger to get into contact with the thumb to perform together a 

circular movement, is often observed. Additionally, bradykinesia or akinesia, the 

slowness of movements or even complete lack of movements; postural instability, 

which is represented as difficulty with walking and gait; and rigidity, increased muscle 
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tone, are characteristic manifestations in PD. The disease further progresses slowly 

throughout the body and patients often display a flexed walking posture with rapid 

shuffling steps leading to frequent falls (Fig. 1). The motor symptoms remain to be 

most important in clinical evaluation, though PD is also accompanied by non-motor 

symptoms, which can precede the motor symptoms by as much as 20 years 

(Hawkes, 2008). They include impaired olfaction, sleep disturbances, disorders of 

speech and behavior, and constipation. In the later stages, patients also present with 

pain and sensory complaints; autonomic dysfunction (urinary incontinence and 

orthostatic intolerance), and neuropsychiatric manifestations such as depression, 

anxiety, hallucinations, and dementia. This indicates that PD has an extensive effect 

on the nervous system with a spread of pathology beyond the BG (Chaudhuri and 

Schapira, 2009; Langston, 2006). 

 

Figure 1: Typical walking posture of Parkinson’s disease patients. 
Patients present with ‘pill rolling’, tremor, and flexed body posture with small shuffling steps (Illustration 
adapted from Sir William Richard Gowers, A Manual of Diseases of the Nervous System, 1886). 

A neuropathological feature of PD are intracytoplasmatic eosinophilic inclusions, the 

so-called Lewy bodies (LBs), which were first described by the German neurologist 

Friedrich Lewy in 1912 (Dickson et al., 2009). They develop in remaining cells of the 

SN and other brain regions and represent abnormal insoluble protein accumulations 

that consist of α-synuclein, an unstructured soluble protein primarily expressed in 

neural tissue forming the fibrillar core, and ubiquitin. LBs are a specific pathological 

criterion for diagnosis and important for post-mortem autopsies. The pathology also 
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ranges to the peripheral cutaneous nerves, autonomic nervous system, enteric 

nervous system, spinal cord, lower brainstem, limbic structures, and neocortex 

(Braak and Del Tredici, 2008). Braak and colleagues (2008) proposed a staging 

system for the pathology of PD, which can be correlated with the development of 

specific symptoms, accordingly (Braak et al., 2003). In this paradigm, the 

neuropathology starts in early stages in the medulla oblongata, olfactory bulb, and 

pons spreading subsequently from rostral to caudal. The midbrain, i.e. the SN, is 

affected in later stages, which is in support with the premotor disease preceding the 

clinical onset of motor symptoms. Ultimately, neocortical involvement correlates with 

cognitive manifestations. 

 

1.2 Basal ganglia (BG) 

The BG represent a group of subcortical nuclei that participate in a number of 

separate functions like the initiation and execution of arbitrary movements, i.e. motor 

control. Specifically, they control the rate of onset and termination as well as 

elaboration of voluntary movements like swinging the arms when walking while 

suppressing unwanted spontaneous movements. The BG also influence associative 

learning, planning, working memory, reward-related behavior, and emotion (e.g. 

facial expression; Alexander et al., 1986; Marsden, 1982). The anatomical 

organization is subdivided according to the main cortical projection areas into a motor 

circuit, which is focused on the precentral motor field, the oculomotor circuit on the 

frontal and supplementary eye fields, the associative circuit on the lateral prefrontal 

and lateral orbitofrontal cortex, and the limbic circuit on the anterior cingulate and 

medial orbitofrontal cortex (Alexander et al., 1990). These circuits link cortex, BG, 

and thalamus.  

The BG are comprised of the striatum (caudate nucleus and putamen), the globus 

pallidus (globus pallidus externus (GPe) and internus (GPi)), the SN (substantia nigra 

pars compacta (SNc) and pars reticulata (SNr)), and the subthalamic nucleus (STN, 

Fig. 2A). Specific cortical areas project to the striatum, which represents the input 

station of the BG, by glutamate, the major excitatory neurotransmitter in the CNS. 

There, the two main populations of γ-amino butyric acid (GABA) medium-sized spiny 
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neurons (MSNs) project to different target areas. The GPi and SNr serve as output 

stations, which connect to the cortex via the motor thalamus with an inhibitory outflow 

through GABA.  

 

Figure 2: Basal ganglia (BG) network. 
The BG are a group of subcortical nuclei (A). The striatum (putamen and caudate nucleus) serves as 
an input station, projecting to the globus pallidus internus (GPi) via the direct pathway. On the other 
hand, the striatum projects to the GPi through the globus pallidus externus (GPe) and subthalamic 
nucleus (STN) via the indirect pathway. The GPi serves as an output station and projects from the 
thalamus to the frontal cortex, and ultimately to the spinal cord (B Normal). In PD, the internal balance 
is disrupted due to loss of DA neurons in the substantia nigra pars compacta (SNc) leading to BG 
dysfunction (B Parkinson’s disease). Green: excitatory input; Red: inhibitory input (modified from 
Kandel et al., 2000). 

Striatonigral MSNs form the direct pathway, projecting monosynaptically to the BG 

output nuclei SNr and GPi. They co-express the peptides substance P and dynorphin 
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with GABA (Fig. 3A) and provide a direct inhibitory effect on the output nuclei 

through GABA. Striatopallidal MSNs form the indirect pathway, connecting 

polysynaptically to the GPe and relaying through the STN to the BG output nuclei. 

They co-express the peptide enkephalin with GABA (Fig. 3A) and have an inhibitory 

effect on the GPe and STN, while excitatory glutamatergic projections pass from the 

STN to the GPi and SNr. Thus, the BG circuitry constitutes of two opposing but 

parallel systems, the direct and the indirect pathway, which connect striatal efferents 

with the output nuclei. Notably, activation of the inhibitory projection from the striatum 

(indirect pathway) suppresses the activity of the GPe and exerts a disinhibiting effect 

on the STN, which increases the inhibition of the targets within the thalamus and 

reduces cortical activity. Through activation of the excitatory projections from the 

striatum (direct pathway), the thalamic nuclei are disinhibited and movements can be 

executed via brain stem and spinal cord by stimulation of the cortex (Fig. 2B 

Normal). The BG nuclei maintain a balance between phasic and tonic components of 

movements. 

1.2.1 Dopamine (DA) system 

The DA system innervates all BG structures as well as its projection targets like 

thalamus and brainstem motor centers (Obeso et al., 2008). Thus, DA plays a key 

regulatory role in motor control within the BG circuitry.  

DA is synthesized from its direct precursor L-3,4-dihydroxyphenylalanine (L-DOPA) 

by the enzyme DOPA-decarboxylase (DDC). The precursor, on the other hand, is 

converted from the non-essential amino acid tyrosine by the enzyme tyrosine 

hydroxylase (TH), which represents the rate-limiting enzyme in the DA synthesis. 

After its synthesis, DA is transported from the cytosol into synaptic vesicles by the 

vesicular monoamine transporter 2 (VMAT2), where it is stored until being released 

into the synaptic cleft. There, DA binds to and activates DA receptors, which can be 

located either on postsynaptic target cells or on the membrane of the DA-releasing 

cell (i.e. autoreceptors). DA itself is used as a precursor in the synthesis of other 

catecholamines. The inactivation occurs via re-uptake back into the presynaptic cell 
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by the DA transporter (DAT) or intracellular degradation by the enzymes monoamine 

oxidase (MAO) or catechol-O-methyl transferase (COMT). 

Depending on the type of receptor expressed in the striatum, DA, which is released 

from the terminals of the nigrostriatal projections, finely tunes striatal inputs as well as 

neuronal striatal activity by exerting two contrasting modes of action on MSNs 

(Obeso et al., 2008). D1 receptors, which are located on striatonigral MSNs of the 

direct pathway, excite, whereas D2 receptors, which are located on striatopallidal 

MSNs of the indirect pathway, inhibit neuronal activity. Thus, DA facilitates transfer of 

information through the direct pathway and suppresses transfer of information 

through the indirect pathway (see 1.2). 

The DA neurons in the ventral mesencephalon (VM) are subdivided into three main 

groups, A8-A10 (Smith and Villalba, 2008). The A8 group is located in the retrorubral 

field, the A9 group in the SNc, which projects to the striatum (nigrostriatal system), 

and the A10 group in the ventral tegmental area (VTA), which projects to the nucleus 

accumbens (mesolimbic system) and cortical areas (mesocortical system). 

1.2.2 Dopamine (DA) neuron degeneration 

As mentioned, the main pathological feature of PD is the loss of DA neurons in the 

SNc. VTA projections are selectively spared and show a far lesser degree of 

degeneration (Damier et al., 1999; Gibb and Lees, 1991). The mechanisms behind 

the neurodegeneration have been widely studied, though much is still unknown. It 

has been hypothesized that excitotoxicity and disturbance in calcium homeostasis 

(Mattson, 2007) are involved. An increase in the concentration of cytoplasmic calcium 

is induced by glutamate. It directly activates N-methyl-D-aspartate (NMDA) and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor channels and 

indirectly activates low voltage calcium channels. Additionally, neuronal cell death in 

PD appears to occur by apoptosis (Tatton et al., 1998), which might be mediated 

through oxidative stress. Oxidative stress, however, is intimately linked to other 

components of the degenerative process such as mitochondrial dysfunction, 

excitotoxicity, and inflammation. It is therefore difficult to determine whether oxidative 

stress leads to, or is a consequence of, these events (Jenner, 2003). Moreover, 
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alterations in protein ubiquitination and protein degradation might play a role 

(McNaught et al., 2001). 

1.2.3 Network changes in the Parkinsonian state 

The loss of striatal DA innervation resulting from the neuron degeneration in the SNc 

leads to a series of functional changes in the BG network (Fig. 2B Parkinson’s 

disease). DA depletion disrupts the corticostriatal balance with concomitant 

hyperactivation of the indirect pathway through increased expression of D2 receptors 

and enkephalin and subsequently reduced activity in the direct pathway through 

decreased expression of D1 receptors, dynorphin, and substance P (Fig. 3B). The 

dysregulation of both pathways causes excessive excitatory glutamatergic activity of 

the STN and increased activity of the BG output nuclei, which ultimately leads to 

excessive inhibition of thalamocortical projections and brainstem motor nuclei. 

Changes in the firing patterns within and between BG regions, e.g. a greater 

tendency to discharge in bursts and a higher oscillatory beta band activity (13-30 Hz), 

as recorded in the STN and the GPi of PD patients, are also associated with the 

pathophysiology of PD (Hashimoto et al., 2003; Litvak et al., 2011; Trottenberg et al., 

2007; Wichmann and Delong, 2006). On the other hand, the firing rate of GPe 

neurons is decreased. Injection of 6-hydroxydopamine (6-OHDA) into the rat medial 

forebrain bundle (MFB) leads to striatal loss of DA and abnormal neuronal activity in 

the BG, which closely parallels the findings in PD (Alam et al., 2012; Deumens et al., 

2002; Mallet et al., 2008a). Intriguingly and also close to the patient situation, the DA-

depleted striatum of 6-OHDA lesioned rats contains increased levels of GABA-

synthesizing enzymes (Gad65, Gad67; Soghomonian and Martin, 1998) and GABA 

(Coune et al., 2013). Regarding peptides, the striatal tissue levels of substance P are 

reduced whereas enkephalin is apparently increased (Fig. 3B, Winkler et al., 2003). 

The changes are accompanied by enhanced neuronal activity of MSNs in the 

striatum as well as cholinergic neurons, located as interneurons in the striatum, and 

altered neuronal activity in downstream BG nuclei (Hammond et al., 2007). Striatal 

neurons of the DA-denervated side show increased spontaneous activity with an 

increased firing rate. Similarly, the activity of glutamate is affected by the lesion. 
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Figure 3: Receptors and transmitters. 
(A) Shows the normal state. (B) In PD and 6-OHDA lesioned rats, receptor and transmitter changes 
occur in the striatum (pre- and postsynaptic changes of medium-spiny neurons (MSN)) and other brain 
regions. The degeneration of dopamine (DA) neurons in the substantia nigra (SN) leads to insufficient 
DA synthesis by the enzymes tyrosine hydroxylase (TH) and DOPA decarboxylase (DDC). This is 
followed by decreased activity in the direct pathway (decreased levels of DR1 and substance P) and 
increased activity in the indirect pathway (increased levels of DR2 and enkephalin) ultimately resulting 
in reduced cortical glutamatergic output. The striatum also contains increased levels of glutamic acid 
decarboxylase (GAD) and GABA. 

1.2.4 Neuronal activity in the subthalamic nucleus (STN) 

The STN is thought to play a major role in the pathophysiology of PD (Bergman et al., 

1994; Levy et al., 2000). The hyperactivity of the STN seen in PD is accompanied by 

increased activity of BG output nuclei (Alam et al., 2012; Deumens et al., 2002; 

Mallet et al., 2008a). Previous studies of PD patients revealed a mean firing rate 

between 37 and 69 Hz with predominantly irregular firing neurons (Hutchison et al., 

1998; Magariños-Ascone et al., 2000). Three distinct firing patterns are described for 

STN neurons: regular, irregular, and bursting or oscillatory (Rodriguez-Oroz et al., 

2001). Moreover, it is evident that there is prominent oscillatory activity in the beta 

frequency band (15-35 Hz) in local field potentials (LFPs) recorded in PD patients 

(Brown et al., 2001; Cassidy et al., 2002; Kühn et al., 2004; Levy et al., 2002). 
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1.3 Animal models of Parkinson’s disease 

To better understand the pathological mechanisms of the disease, experimental 

models have been designed. They are also essential for establishing and testing new 

therapeutic approaches like the development of new anti-PD drugs or surgical 

procedures including transplantation of neural tissue (Schwarting and Huston, 1996). 

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

The 6-OHDA rat model is widely used in modeling PD and has - to this day - 

undoubtedly contributed the most to preclinical PD research (Deumens et al., 2002). 

6-OHDA is a selective catecholamine neurotoxin, which is transported into the cell 

bodies and fibers of both dopaminergic and noradrenergic neurons. This toxin exerts 

inhibitory effects on the mitochondrial respiratory enzymes (chain complexes I and 

IV). Subsequently, the neurons can no longer function normally and die due to 

metabolic deficits (Glinka et al., 1997). The neurotoxin, however, cannot pass the 

blood-brain-barrier and, therefore, needs to be administered intracerebrally. By 

injecting the neurotoxin directly into parts of the mainly affected ascending 

dopaminergic nigrostriatal pathway, selectivity for DA can be achieved. For this 

purpose, 6-OHDA can be injected unilaterally into the MFB where the axons of the 

DA cells of the SNc run along to terminate in the striatum. This leads to a destruction 

of the nigrostriatal (A9 group) and the mesolimbic (A10 group) system, hence a near 

total depletion (full lesion) of DA in the striatum (Fig. 4). Within 24 hours after toxin 

injection, the DA neurons become dysfunctional, i.e. they can synthesize DA, though 

cannot release sufficient amounts. This loss seems to reach its final degree after 3-4 

days and is maintained indefinitely (Schwarting and Huston, 1996). Since this 

approach is mostly performed unilaterally, animals are often referred to as 

hemiparkinsonian (HP) while the other brain hemisphere remains intact. It is also 

possible to make bilateral lesions, which would mimic the patient situation more 

closely by avoiding compensation by the intact contralateral side. This bears great 

disadvantages, however, which limits its use. Animals with bilateral lesions exhibit 

aphagia (deficit in swallowing) and adipsia (deficit in drinking), requiring them to be 

tube-fed (Ungerstedt, 1971b). 
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Figure 4: Full 6-hydroxydopamine      
(6-OHDA) lesion. 
6-OHDA is injected unilaterally into the 
medial forebrain bundle where axons from 
the substantia nigra pars compacta 
(SNPc) run along to terminate in the 
striatum. This leads to the degeneration of 
dopaminergic cells in the SNPc of the 
lesioned side (Guerra-Crespo et al., 
2011). 

 

 

 

 

 

 

 

The unilateral model mimics the late stages of the disease, though the degeneration 

is more extensive than seen in idiopathic PD (Perese et al., 1989). Nevertheless, 

animals exhibit behavioral deficits associated with PD. Unilateral lesions of the MFB 

cause a misbalance in striatal DA levels in both brain hemispheres as well as a 

compensatory supersensitivity of postsynaptic D2 receptors on the ipsilateral side 

(Gagnon et al., 1991). This leads to asymmetry in the motor behavior. Rats display 

spontaneous turning preferentially towards the side of the lesion. Furthermore, after 

injection of specific drugs acting on the DA system, active turning behavior can be 

observed (Ungerstedt, 1968). During this challenge, the animals tend to turn away 

from the side of greater activity (Ungerstedt, 1971a), which can be monitored in the 

so-called drug-induced rotation test according to Ungerstedt and Arbuthnott (1970). 

Consequently, this test using the rotation-inducing agents D-amphetamine and 

apomorphine can be performed to behaviorally assay the extent of neuronal loss 

after lesion (Gerlach et al., 2007). D-amphetamine is an indirect DA receptor agonist 

and DA-releasing agent from intact nerve terminals. By binding of D-amphetamine to 

the receptor, DA is released into the synaptic cleft and its extracellular availability 

increases while simultaneously re-uptake is decreased. The drug especially acts on 

the healthy contralateral hemisphere resulting in ipsilateral turning behavior. 
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Apomorphine, on the other hand, is a direct postsynaptic DA receptor agonist. It acts 

on the supersensitive D2 receptors that occur after lesion in the DA-depleted 

hemisphere inducing contralateral turning behavior. After unilateral lesions, rats also 

display forelimb asymmetry that can be measured in the cylinder test (Schallert and 

Tillerson, 2000). 

6-OHDA can also be injected into other parts of the nigrostriatal pathway, i.e. the SN 

or the striatum. Intranigral lesioning is a more selective model with moderate DA 

depletions, which mimics advanced stages of PD. It can be caused by either two 

injections into the lateral and medial SNc or only one injection into the lateral SNc. If 

6-OHDA is injected laterally, the DA neurons in the medial part are spared more, 

which mimics the pattern of cell loss in PD patients. Also, the VTA is only partially 

affected and there is a correlation between degenerated neurons in the SNc and 

innervation in the striatum (Deumens et al., 2002). Intrastriatal toxin injections into 

distinct parts of the dorsal striatum cause a partial lesion and also more selective 

degeneration of DA cells. Focusing on the ventrolateral part is likely the most relevant 

in PD, because of the most profound depletions in this region in PD patients 

(Deumens et al., 2002). Early as well as moderate stages of the disease can be 

mimicked. In comparison to the full MFB lesion that develops rapidly, the partial 

lesion progresses over several weeks. To conclude, the 6-OHDA rat model parallels 

different stages of PD. Hence, investigators need to choose the appropriate model 

according to the disease stage of interest.  

1.3.2 Other toxin-induced models 

Next to the 6-OHDA model, there are other toxin-induced models such as the 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone models. MPTP can 

be administered systemically and is able to cross the blood-brain-barrier. It is widely 

used in mice and nonhuman primates. Rotenone is an insecticide and can be 

administered in different routes. It is mainly used in rats (Blesa et al., 2012). As seen 

with 6-OHDA, there are some limitations using these toxins. Since the degeneration 

of DA neurons is mostly complete, this does not resemble the human PD situation. 

Nonetheless, toxin-induced models remain important in preclinical studies of PD. 
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1.3.3 New models 

New animal models have been generated to study the pathology of PD. The α-

synuclein model has become of high interest recently. Transgenic mice can be used 

to investigate the α-synucleinopathy in PD (Blesa et al., 2012). In these mouse 

mutants, however, generally no degeneration of DA neurons can be observed. Thus, 

this model does not replicate the main pathological features of PD. An alternative 

approach is the overexpression of wild type or mutated human α-synuclein in rats 

using viral vectors, e.g. adeno-associated viral (AVV) vector (Kirik et al., 2002). 

Decressac and colleagues (2012) were able to achieve increased levels of the 

protein in DA neurons with a time-dependent progressive loss of these cells and 

subsequent motor deficits (Decressac et al., 2012b). Also, α-synucleinopathy can 

only be found in this model and not in the 6-OHDA model with either partial or full 

lesion (Decressac et al., 2012a). The α-synuclein rat model is able to mimic many of 

the typical neuroanatomical, behavioral, biochemical, and molecular changes of PD 

and parallels the different stages, being a progressing disease, more closely than 

any other model (Kirik et al., 2002; Lo Bianco et al., 2002). It therefore plays an 

important role in studies concerning stage-specific pathology. 

 

1.4 Therapeutic strategies 

Current anti-parkinsonian therapies consist of pharmacotherapy and surgical 

procedures. Neuroprotective and neurorestorative approaches are still in the 

preclinical phase, though over the past two decades they have already revealed 

promising results in animal models as well as in clinical trials. Symptomatic 

treatments have been shown to be highly effective in reducing motor consequences 

and alleviating patients’ quality of life, especially in the early stages of the disease. 

1.4.1 Drug therapy 

Standard PD therapy is based on the pharmaceutical replacement of the deficient DA 

in the striatum. The DA loss can be restored by administration of the DA precursor L-

DOPA, direct activation of DA receptors by agonists or augmentation of the 
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remaining DA neurotransmission by inhibition of DA degradation (Deierborg et al., 

2008). The introduction of L-DOPA in the sixties revolutionized PD therapy (Duvoisin, 

1992). L-DOPA can cross the blood-brain-barrier in contrast to DA. After entering the 

CNS, it is converted into DA by the enzyme DDC. Early conversion occurs in the 

periphery before reaching the CNS, however, and only 1-5 % of the drug is able to 

act on the DA neurons. It can therefore be co-administered with a DDC inhibitor to 

prevent peripheral synthesis of DA, which is responsible for occurring side effects. L-

DOPA has proven to increase striatal DA levels leading to significant improvement of 

most motor symptoms (Koller and Rueda, 1998). Long-term treatment with L-DOPA, 

however, causes severe motor complications such as L-DOPA induced dyskinesia, 

i.e. abnormal involuntary movements (Cenci and Lindgren, 2007). Additionally, the 

efficacy of the drug declines with time resulting in fluctuations of motor performance. 

The so-called ‘wearing-off’ effect ultimately leads to total loss of efficacy (‘end-of-

dose’ effect). Meanwhile, patients suffer from ‘on’ (are able to move) and ‘off’ (are 

immobile) phases. As a result, after approximately ten years of treatment, PD 

patients endure disability that cannot be satisfactorily controlled (Hauser et al., 1999). 

The response changes are also related to the disease progression (Colosimo and De 

Michele, 1999). Nonetheless, the positive effect on PD motor symptoms is 

accompanied by both reduced neuronal firing rate and beta oscillatory activity in the 

STN (Levy et al., 2001; Weinberger et al., 2006).  

The direct activation of DA receptors to determine an anti-parkinsonian effect can be 

achieved with agonists (e.g. apomorphine), which can be administered solely or in 

combination with L-DOPA. They bear a lesser risk of motor fluctuations or 

dyskinesias but the efficacy is weaker than with L-DOPA. Additionally, other side 

effects are often observed, and psychosis can be induced in older patients. Other 

possible drug treatments are administration of MAO-B-inhibitors, COMT-inhibitors, 

and NMDA receptor antagonists, which can reduce L-DOPA doses when co-

administered, though close monitoring is often necessary due to significant side 

effects. Therefore, symptomatic PD therapy should consider long-term complications 

right from the beginning of diagnosis because of the chronic and progressing 

character of the disease. 
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Altogether, these approaches have achieved remarkable relief of PD symptoms, 

however, none lead to complete DA restoration or marked neuroprotection of the 

remaining DA neurons (Deierborg et al., 2008).  

1.4.2 Surgical therapy 

For specific symptoms, surgical procedures have reached increasing interest with 

high accuracy and safety. In the 1930s, surgical therapy has been established and 

regularly used in PD therapy since the fifties and sixties. Neurosurgery started with 

stereotaxic lesioning or ablation of specific BG nuclei and target areas after revealing 

that these can be precisely located with brain mapping.  

Pallidotomy, i.e. complete lesion of the GPi by thermocoagulation to destroy a small 

area of brain cells, led to long-term beneficial outcome in the past to treat advanced 

stages of PD (Laitinen, 1995). Because of its hyperactivity and excessive inhibition of 

thalamocortical projections this area was targeted to improve rigor and drug-induced 

dyskinesias or ‘on’/‘off’ fluctuations. The surgery leads to direct interruption of the 

excessive output and the effects can be seen directly afterwards, mainly on the side 

contralateral to the lesion. The improvement rate fluctuates between 25 % and 65 % 

(Laitinen et al., 1992), however, and, in addition, this method holds great risks of 

hemorrhages, transient hemiparesis, loss of vision, or dysfunction of speech and 

writing due to damaging of other nearby brain areas. Thus, this technique has been 

largely abandoned in favor of thalamotomy. Nonetheless, pallidotomy is still 

sometimes used today as an alternative to deep brain stimulation (DBS) to treat 

difficult cases of essential tremor (Hooper et al., 2008).  

The ventrolateral motor thalamus became the main target for lesion surgery because 

of the significant improvements of tremor and rigidity. The success rate is 90 % with 

lasting long-term benefits (Fox et al., 1991). Similar side effects to pallidotomy, 

however, can be observed, which is why these ablative surgeries have been replaced 

by the more easily refined approach of DBS (Lane, 2008). Also, these surgeries only 

work with regard to some of the symptoms accompanied with PD, which is why drug-

treatment is still necessary. 
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DBS was introduced in 1987 and involves high frequent stimulation using electrodes 

together with a subcutaneously placed stimulator under the chest wall. The surgical 

process is therefore reversible, in contrast to pallidotomy and thalamotomy, by 

turning off the stimulator, which results in many advantages. It can be used bilaterally 

and the amount of stimulation can be applied or dosed individually without risking 

severe side effects. The most common target area for electrode placement is the 

STN, but also the GPi (Starr et al., 1998). By high frequency neurostimulation, the 

pathologically increased inhibiting effect of these nuclei on downstream BG targets, 

induced by striatal DA loss, is antagonized. In previous studies, DBS of the STN 

revealed improvement of bradykinesia, rigor, and tremor as well as L-DOPA induced 

dyskinesias (Krack et al., 1997a, 1997b; Limousin et al., 1998). When applied 

appropriately, DBS can therefore be very effective. It does not cause irreversible 

damage to the cells. It is, however, very expensive and generally considered for 

patients with late stages of PD. Notably, patients should not show sign of dementia 

for treatment consideration. Limitations are also the need for two surgeries and 

possibly multiple electrode repairs in addition to invasive surgical risks like infection 

or stroke. Side effects like depression or speech impairments have been reported. 

1.4.3 Cell replacement therapy 

The quest for alternative treatments that can improve long-term outcome is still 

ongoing. Notwithstanding the negative effects of both drug and surgical therapies, 

they remain to be the standard in the treatment of PD. While the goal of 

pharmaceutical approaches is mainly DA replacement, this illustrates the 

fundamental importance of the nigrostriatal system. Notably, brain repair in terms of 

restored DA neurons or their replacement in the brain of PD patients could substitute 

for the lost DA and, in addition, reestablish altered physiology. Cell therapy has been 

a major research interest for more than 30 years. New interventions were developed 

with implanting DA-rich tissue, harvested and prepared from the VM of developing 

fetuses, stereotaxically into the DA-depleted striatum. Transplantation without major 

trauma to the tissue was first introduced by Björklund and colleagues (1980, 1983), 

who used a cell suspension instead of tissue blocks (Björklund et al., 1980, 1983). 
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The microtransplantation approach using a glass capillary to further reduce trauma 

was described by Nikkhah and colleagues (1994) and included several small 

implantation sites to cover a larger area of the striatum (Nikkhah et al., 1994). 

Exogenous cell replacement is based on the idea that the lost nigral DA neurons can 

be substituted by heterotopic neural transplantation into the DA-denervated striatum 

to alleviate motor deficits. Of clinical importance is the possibility of transplanted cells 

to deliver DA in a more physiological and less pulsatile way because of their ability to 

restore baseline DA synthesis and release to near-normal levels (Winkler et al., 

2005). Therefore, cell replacement aims to reconstitute a normal DA network. Fetal 

nigral transplantation has been considered as a potential treatment because of the 

specific involvement of nigrostriatal DA neurons in PD. In the late seventies, a 

functional effect of fetal nigral transplants in 6-OHDA lesioned rats was described for 

the first time (Björklund and Stenevi, 1979; Perlow et al., 1979). Previous animal 

studies have shown that grafted DA neurons are indeed able to survive 

transplantation, innervate the host brain, form synaptic connections, and improve 

motor function (Björklund, 1992; Herman and Abrous, 1994; Winkler et al., 2000). 

The grafts induce an amelioration of turning behavior after D-amphetamine or 

apomorphine injection with reduced amplitudes in rotation. Interestingly, the 

administration of D-amphetamine typically leads to an overcompensatory response 

with change of turning direction from ipsilateral to contralateral. The drug-induced 

rotation can therefore be used as an index for DA graft efficacy (Torres and Dunnett, 

2007). 

Since 1987, open-label clinical trials (small groups of patients receive transplants 

without using a blinding procedure) with PD patients have provided proof of principle 

that intrastriatal transplants of fetal DA neurons can induce substantial and long-

lasting functional benefits together with a better quality of life (Brundin et al., 2000; 

Lindvall and Hagell, 2000; Hagell et al., 1999; Hauser et al., 1999; Lindvall et al., 

1994; Mendez et al., 2000). They have shown that tissue can be transplanted safely 

and with little morbidity. Furthermore, in some patients, the transplant-based effects 

lasted for more than ten years (Mendez et al., 2008; Piccini et al., 1999). Notably, in 

the most successful cases, it was even possible to reduce or completely stop L-
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DOPA treatment (Deierborg et al., 2008). The results, however, have been highly 

variable and heterogeneous. Two double-blind placebo controlled (treatment group is 

compared to a control group not receiving treatment) clinical trials sponsored by the 

National Institutes of Health (NIH) could not match the success of previous results 

(Freed et al., 2001; Olanow et al., 2003). There is no simple explanation for why the 

double-blind trials were not as successful as expected. It cannot be entirely excluded 

that patient expectation or placebo effects contributed to some of the beneficial 

outcome of the open-label trials (Deierborg et al., 2008). Different outcome might 

have resulted from different transplantation methods and techniques concerning 

patient selection, preparation and age of donor tissue, graft localization, the use of 

immunosuppression, or primary outcome measures. An additional negative side 

effect, however, was the observation of graft-induced dyskinesias, i.e. involuntary 

movements that persist in the absence of L-DOPA therapy. The occurrence was first 

mentioned by Defer et al. (1996). In both NIH trials, these severe side-effects that are 

extremely impairing were observed in some of the patients (Freed et al., 2001; 

Olanow et al., 2003). Although graft-induced dyskinesias only appeared in a subset 

of patients, the NIH trials led to a major setback and intrastriatal transplantation had 

been halted for several years. The area of cell transplantation has then been 

revitalized by the identification of parameters, which predispose patients to graft-

induced dyskinesias, and by the emergence of novel methods of generating DA 

neurons (Allan et al., 2010). Preclinical investigations characterizing graft impact on 

the host therefore remain important. This is imperative particularly in the light of 

current clinical studies of TransEuro, a new European Union-funded multicenter 

consortium, which are in progress. They aim to show that DA cell replacement can be 

clinically efficacious. The major objectives are to improve consistency and efficacy by 

careful attention to tissue preparation and delivery, patient selection, and 

immunosuppressive treatment. The finding of α-synuclein pathology in grafts also 

contributed to these objectives (Brundin et al., 2010; Brundin and Kordower, 2012). 

Kordower and colleagues (2008) reported on a patient 14 years after receiving VM 

grafts, who showed unexpected ubiquitin aggregates, some with the appearance of 

LBs in grafted neurons (Kordower et al., 2008). This was also supported by a report 
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of two other patients by Li and colleagues (2008) 11-16 years post grafting (Li et al., 

2008). Interestingly, in another study, the grafts in all patients survived without 

pathology, as revealed by post-mortem examination after 9-14 years (Mendez et al., 

2008). Albeit, the goal is to develop a protocol that can serve as a template for all 

future clinical trials in the cell therapy field and to circumvent any troublesome ‘off’-

state dyskinesias in clinical trials of fetal VM transplants by choosing patients with 

mild PD (TransEuro, www.transeuro.org.uk). 

 

1.4.3.1 Cell sources 

Apart from VM progenitor cells, there are mainly two different cell sources currently 

used in experimental studies of PD, embryonic stem cells (ESCs) and induced 

pluripotent stem cells (IPSCs, Fig. 5). They have been developed to remove some of 

the issues associated with the use of primary fetal tissue (Trueman et al., 2013). The 

main goal of stem cell-based therapy in PD is to develop xenogenic culture protocols 

to generate large numbers of defined cells (Wijeyekoon and Barker, 2009). With 

respect to the formation of DA neurons, they can be obtained from the early 

developing embryo (ESCs) or from developing or adult brain (neural stem cells, 

NSCs), though the number of DA neurons derived from NSCs is very low. The use of 

ESCs has shown greater success (Kim et al., 2002; Yang et al., 2008). They are 

derived from blastocysts of the fertilized egg making them pluripotent and able to 

differentiate into any cell type. This bears the risk, however, of developing into 

undesirable cells or the occurrence of chromosomal aberrations and tumor formation 

(Laguna Goya et al., 2008; Nishimura et al., 2003). Also, there are ethical issues 

attached to the use of ESCs. IPSCs have the advantage of possible autologous 

transplantation, i.e. patients could donate their own cells without the need for 

immunosuppression. Without using human embryos or oocytes, initial work showed 

that they could be obtained from adult or embryonic mouse fibroblasts by 

overexpression of distinct transcription factors using retroviral vectors (Takahashi and 

Yamanaka, 2006). This was continued with non-neuronal somatic cells (e.g. 

fibroblasts). They are reprogrammed into a neural phenotype and exhibit ESCs-like 

properties. Additionally, it has been revealed recently that somatic cells can be 
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directly reprogrammed into neuronal cells (induced neuronal cells, INCs) without the 

intermediate pluripotent state (Vierbuchen et al., 2010). The subtle genetic shifts 

during the cultivation process have been underestimated. Despite the potential 

benefits, however, several limitations, e.g. the risk of teratoma formation, have to be 

met before these cells can be clinically efficacious and safe. 

 

 

Figure 5: DA neuron cell sources. 
As a source of midbrain DA neurons, fetal tissue, embryonic stem cells (ESCs) or induced pluripotent 
stem cells (IPSCs) are used. The dissected ventral mesencephalon (VM) contains around 5 % of DA 
neurons next to other cell types and is generally transplanted as a single cell suspension. Logistic 
issues can be avoided using ESCs or IPSCs. To further increase the yield of DA progenitors and 
neurons from all cellular sources, they need to be expanded and differentiated (adapted from Hedlund 
and Perlmann, 2009). 

The shortage of suitable donor tissue remains to be a limiting factor due to ethical 

and technical issues. In order for the cells to integrate and survive in the host brain, 

they have to be immature but close to the peak of neurogenesis (Torres et al., 2007). 

Hence, the age of donor tissue plays an important role. The limited availability of 

tissue and the need for multiple donors for single patients leads to problems of 

coordinating and storing tissue prior to transplantation (Lane et al., 2008). In PD 
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patients, four to eight fetuses (seven to nine weeks old, aborted) are necessary to 

obtain enough primary fetal tissue for transplantation of one brain hemisphere (Freed 

et al., 2001). In animal studies with rats, the majority uses embryonic day (E) 13-15 

while recent studies proposed E12 as a more suitable donor age (Torres et al., 

2007). To overcome the problem of limited tissue supply, VM progenitor cells 

represent an attractive cell source because of their multipotent character making 

them the gold standard in PD brain repair. Timmer and colleagues (2006) could show 

that E12 VM progenitor cells can be expanded up to 40-fold and afterwards efficiently 

differentiated into DA neurons in vitro. The overall survival rate, degree of 

innervation, and the behavioral performance after transplantation of four days in vitro-

differentiated cells were similar to results after direct grafting of E14 cells. The cells 

expressed many markers, transcription factors, receptors, and transporters, which 

are typical for DA neurons. Furthermore, the expanded and differentiated DA 

progenitors were undistinguishable from mature DA neurons in vitro (Timmer et al., 

2006). Though the main advantage of E12 VM progenitor cells is the possibility to 

transfect them with their ‘own’ trophic factor(s) in order to increase both maturity and 

survival (Cesnulevicius et al., 2006). Recently, a protocol was developed for efficient 

transfection of mesencephalic progenitor cells before transplantation into the 6-

OHDA lesioned rat (Ratzka et al., 2012). Altogether, VM progenitor cells can alleviate 

many of the technical and ethical difficulties involved in the use of fetal tissue. 

Though there might be some continued cell division, the development of tumors has 

so far not been reported. This reduced tumorigenic potential is also a major 

advantage in terms of cell transplantation. The search for alternative cell sources, 

however, is ongoing. 

The use of the optimal cell source in cell replacement therapy of PD, together with 

ideal patient selection, will ultimately rely on further understanding the graft impacts 

on the host brain. 

 

1.4.3.2 Graft survival and functional integration 

In addition to finding or generating the ideal tissue for transplantation, another major 

limiting factor in PD is the low survival rate of grafted DA neurons in combination with 
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limited striatal innervation. Studies in rats and humans have shown that only 

approximately 5-20 % of transplanted cells survive transplantation (Brundin et al., 

2000a) and that this correlates with functional outcome. Other factors playing a role 

for clinical outcome are the patients’ age, disease progress, and the extent of 

nigrostriatal degeneration but most importantly, the ability of the DA neurons to 

integrate and restore neurotransmission (Breysse et al., 2007; Kirik et al., 2001).  

Multiple studies could indeed show that transplanted DA neurons innervate the host 

brain and form synaptic connections (Björklund, 1992; Herman and Abrous, 1994; 

Winkler et al., 2000). Di Loreto and colleagues (1996) demonstrated that intrastriatal 

grafts are able to reduce the increased neuronal activity of striatal neurons in 6-

OHDA lesioned rats (Di Loreto et al., 1996). To-date, there is only limited information 

on the neuronal characteristics of intrastriatal DA grafts whereas neurons of the SNc 

have been widely investigated. They have typical electrophysiological properties like 

pacemaker-activity and regular firing (Rohrbacher et al., 2000) but it was discovered 

that transplanted DA neurons also show irregular and bursting firing patterns (Fisher 

et al., 1991). Both patterns are important for tonic and phasic DA release. Functional 

synaptic integration was shown for VM tissue of transgenic mice transplanted into rat 

neonates and also for rat VM DA cells transplanted into adult rats (Sørensen et al., 

2005; Hohmann et al., unpublished). Nonetheless, it is important that they not only 

act on striatal neurons but further affect downstream BG targets. So far, there have 

only been a few studies dealing with this topic. In this context, Richardson and 

colleagues (2011) reported on a PD patient with partially restored GPi neuronal 

activity after intrastriatal transplantation of DA cells (Richardson et al., 2011) and one 

study described that after striatal implantation of mouse-to-rat xenografts in HP rats 

there was a normalization of downstream parkinsonian BG firing patterns to some 

extent (Gilmour et al., 2011). This highlights the importance of further investigations 

of graft impact on the brain. 

With regard to graft survival, hypoxia/ischemia, insufficient neurotrophic support, and 

oxidative stress seem to have the most impact on the grafted cells (Sortwell, 2003). 

There are multiple stages of possible cell death of the grafted neurons starting with 

the embryonic VM-harvesting procedure cutting off the maternal blood supply, which 
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subsequently leads to hypoxia and hypoglycemia (Glozman and Yavin, 1997). 

Additionally, when preparing the tissue by dissection and mechanical dissociation, 

axotomy and other traumatic damages consequently occur while delay in time before 

the transplantation procedure leads to hypoxia (Brundin et al., 2000a). During the 

implantation and first 1-3 days after cell injection, oxidative stress and excitotoxic 

damage by increased extracellular glutamate levels in the host brain act on the 

grafted cells (Lynch and Dawson, 1994). Uncontrolled microglial activation and 

inflammation are responses to the neuronal damage, which might make the host 

brain a hostile environment (Li et al., 2011). And last, during slow maturation of the 

grafts, cells might undergo cell death due to lacking or inadequate neurotrophic 

support. It has been shown that the grafted neurons die within the first week after 

transplantation while in contrast to later stages no differences in the amount of TH+ 

cells were observed (Barker et al., 1996; Brundin et al., 2000a). This indicates that 

survival improving strategies should be introduced prior to grafting or in the very early 

phase after transplantation. 

 

1.5 Neurotrophic factors (NTFs) 

To counteract the issue of poor graft survival, NTFs have been widely used in this 

field. NTFs are growth factors, i.e. secreted proteins that stimulate the survival of 

neurons, control neurogenesis, and promote axonal growth for establishment of 

synaptic connections. Though they cannot pass the blood-brain-barrier, they have to 

be administered intracerebrally or directly to the cells. Several NTFs have been 

reported to promote development, survival, and neurite outgrowth of mesencephalic 

DA cells (Beck, 1994; Hyman et al., 1991; Krieglstein, 2004; Rosenblad et al., 1996). 

With regard to support of DA neurons, three families of NTFs have been identified 

and investigated. In addition to the transforming growth factor-β superfamily, 

including the glial cell-derived neurotrophic factor (GDNF) family and neurotrophins, 

including brain-derived neurotrophic factor (BDNF), neurturin (NTN), nerve growth 

factor, and neurotrophins 3-6, the fibroblast growth factor (FGF) family has been well 

verified (Grothe and Timmer, 2007; Grothe et al., 2000; Timmer et al., 2007, 2006). 
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1.5.1 Glial cell-derived neurotrophic factor (GDNF) 

GDNF is a potent neurotrophic factor. Many studies revealed that GDNF enhances 

the differentiation and survival of DA neurons and that it supports neurite outgrowth 

in vitro and in vivo (Evans and Barker, 2008; Lin et al., 1993; Siegel and Chauhan, 

2000). In animal experiments, GDNF had long-lasting behavioral effects with 

recovery of TH+ fibers in the striatum and TH+ neurons in the SN after 6-OHDA or 

MPTP lesion and, therefore, profound neuroprotective effects (Aoi et al., 2000; Kirik 

et al., 2001; Kirik et al., 2004). With regard to clinical trials, encouraging results have 

been reported by open-label trials using intrastriatal infusions. Daily living of the 

patients was improved substantially and no side effects were detected (Gill et al., 

2003; Slevin et al., 2005). 

1.5.2 Brain-derived neurotrophic factor (BDNF) 

BDNF is primarily localized in the cerebral cortex and partially in the striatum and SN. 

The factor has shown to have a trophic influence on DA neurons in vitro and in vivo 

(Frim et al., 1994; Hyman et al., 1991; Levivier et al., 1995; Ratzka et al., 2012). Both 

Frim and Levivier and colleagues (1994, 1995) used genetically modified fibroblasts 

and transplanted them into either the rat SN (Frim et al., 1994) or the striatum 

(Levivier et al., 1995) with neuroprotective effects on DA cells after lesion. Ratzka 

and colleagues (2012) transplanted BDNF overexpressing VM cells intrastriatally to 

increase graft survival after showing promising results in vitro. This could, however, 

not be achieved as transfected cells did not differ from control cells (Ratzka et al., 

2012). The trophic effect of BDNF on DA neurons is evident. Still, the potency and 

specificity is inferior to GDNF. 

1.5.4 Fibroblast growth factor 2 (FGF-2) 

The FGF-family constitutes of at least 22 members that exert potent trophic effects 

on cells of the CNS as well as of the peripheral nervous system. FGF-2 is the 

member that has been most comprehensively analyzed. It is expressed in the 

developing, adult, and postnatal striatum, SN, and other brain regions with different 

distribution patterns where it is localized to neurons and glial cells (Gonzalez et al., 
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1995). The FGF-2 protein is expressed in different isoforms (Claus et al., 2004; 

Florkiewicz et al., 1991; Timmer et al., 2004; Tooyama et al., 1992) representing 

different translation products from a single mRNA, the 18 kDa isoform (low molecular 

weight, LMW) and the high molecular weight (HMW) 21 kDa and 23 kDa isoforms, 

respectively. The LMW isoform is mainly found in the cytoplasm whereas the HMW 

isoform is predominantly located in the nucleus. FGF-2 has the ability to act directly 

on neurons (Unsicker et al., 1992). The neurotrophic effect of the protein, however, is 

indirect and most likely mediated by glial cells, which express other molecules 

(Engele and Bohn, 1991; Fukumoto et al., 1991). 

Several studies have demonstrated that FGF-2 mediates survival- and neurite-

promoting, as well as neurotoxin-protecting effects on dissociated DA neurons (Beck, 

1994; Ferrari et al., 1989; Grothe et al., 2000; Mayer et al., 1993a). In vivo reports 

showed that it is involved in the development and maintenance of mesencephalic DA 

neurons (Grothe and Timmer, 2007; Mayer et al., 1993b). Whereas in most of 

previous studies the FGF-2-LMW isoform was applied, also FGF-2-HMW mediated in 

vitro and in vivo effects. Both, LMW and HMW, increased in vitro survival and fiber 

outgrowth of cultured DA neurons (Beck et al., 1993; Jensen et al., 2008; Mayer et 

al., 1993a). In vivo studies revealed that pretreatment of DA cell cultures with FGF-2-

LMW before transplantation resulted in an enhanced survival of TH+ cells after 

grafting (Mayer et al., 1993b). Moreover, after repeated intracerebral FGF-2-LMW 

infusions, the number of surviving grafted DA neurons increased further, which was 

accompanied by greater behavioral recovery (Mayer et al., 1993b). Another approach 

to provide intrastriatal DA grafts with FGF-2 was followed in co-transplantation 

attempts. Takayama and colleagues (1995) reported on an increased survival of DA 

neurons and enhanced motor function after co-transplantation with FGF-2-LMW 

producing fibroblasts (Takayama et al., 1995). Furthermore, after co-transplantation 

of genetically modified Schwann cells overexpressing FGF-2 isoforms, HMW 

revealed better survival and striatal innervation as well as improved rotational 

behavior compared to LMW (Timmer et al., 2004). 
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1.5.5 Intracerebral delivery of neurotrophic factors 

NTFs are mostly large peptides not being able to penetrate the blood-brain-barrier. 

To avoid side effects by administering high doses, the factors need to be delivered 

locally within the brain. Several delivery systems have been tested in the past and 

direct NTF supply can be achieved by either infusions of the recombinant protein or 

gene transfer techniques (Kirik et al., 2004).  

Cell-based delivery such as genetic modification of transplanted cells can prove to be 

efficient by inducing the grafts to serve as biological mini-pumps. This is, however, 

limited because the expression might not be stable and decrease over time (Kirik et 

al., 2004). An additional possibility for cell-based delivery systems is the 

transplantation of encapsulated cells. They hold greater safety by being separated 

from the brain tissue and the extent of inflammatory response to the grafts is reduced 

due to a semipermeable membrane surrounding the cells. Indeed, behavioral 

recovery was observed by Yasuhara and colleagues (2005) in 6-OHDA lesioned rats. 

The authors suggested a direct protection mechanism by secretion of the protein 

(Yasuhara et al., 2005). 

Direct intracerebral administration via injections or infusions is advantageous due to 

the possibility of dose control and immediate stop in case of unwanted side effects. 

On the other hand, point source delivery of the protein and restriction of factor supply 

are disadvantageous (Kirik et al., 2004). In 6-OHDA lesioned rats intraventricular or 

intrastriatal infusion of e.g. GDNF had long-lasting behavioral effects with recovery of 

TH+ fibers in the striatum and TH+ neurons in the SN (Aoi et al., 2000; Kirik et al., 

2001). In a PD clinical trial using intraventricular injections of GDNF insufficient 

peptide amounts reached the striatum or SN for any effect to be observed and side 

effects occured (Nutt et al., 2003) while intrastriatal infusions showed promising 

results (Gill et al., 2003; Slevin et al., 2005). Gill and colleagues (2003) reported on 

motor benefits and functional improvements with ameliorated daily living and no 

severe side effects were observed after bilateral catheter implantation (Gill et al., 

2003). Moreover, Slevin and colleagues (2005) showed significant, sustained 

bilateral effects after unilateral administration of the protein (Slevin et al., 2005). 

These encouraging reports of open-label trials could, however, not be met by a 
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double-blind trial (Lang et al., 2006). It has been discussed that there might be a 

threshold effect for GDNF that must be reached for changes at the cellular level to be 

translated into functional improvement (Evans and Barker, 2008). 

The gene delivery method using viral vectors takes advantage of the viruses’ ability 

to deliver their genetic material to target cells and to induce long-term transgene 

expression. Then again, it bears issues of safety risks and handling difficulties. Viral 

particles could diffuse away from the site of injection and produce ectopic expression 

of neurotrophic factors. Also, strong immunoinflammatory responses have been 

described and the inability to regulate the amount of peptide translation could be a 

potentially significant problem with viral gene expression (Evans and Barker, 2008). 

Gene transfer using viral vectors, e.g. GDNF or NTN delivered by a recombinant 

adeno-associated viral (rAAV) vector in the 6-OHDA rat model of PD, resulted in 

gradual increase of innervation in the striatum and protection of DA neurons (Gasmi 

et al., 2007; Kirik et al., 2000). In an open-label clinical trial with NTN delivered by a 

rAAV vector into PD patients, safety and potential efficacy were reported (Marks et 

al., 2008), whereas in the corresponding double-blind study no significant 

improvements could be observed and serious adverse events occurred (Marks et al., 

2010). Recombinant lentiviral (rLV) vector delivery shows high efficiency but carries 

the risks of insertional mutagenesis because of viral gene integration into the host 

genome (Evans and Barker, 2008). Georgievska et al. (2004) reported that GDNF 

overexpression in the striatum by a rLV vector increased the number of grafted 

surviving TH+ cells after four weeks. The twofold increase, however, was not seen in 

animals after six months, suggesting a failed survival despite the continued presence 

of GDNF (Georgievska et al., 2004). 

All these findings propose that the use of NTFs in PD therapy has yet to be further 

evaluated in terms of neuroprotection to stop progression of the disease as well as 

neurorestoration in combination with cell transplantation to deliver neurotrophic 

support. Investigations need to focus on the selection of the most potent agents, the 

most effective delivery system, and the optimum dosage of NTFs (Evans and Barker, 

2008). 
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1.6 Aim of the study 

To sum up, further investigations of graft impact on the host brain will ultimately help 

understand more about the pathology of PD, BG network changes, and graft-host 

interactions. An improvement of the survival rate of grafted VM DA neurons would 

help overcoming the limited availability of donor tissue as fewer embryos per 

transplantation/patient would be needed. 

To address these points, intrastriatal rat allografts were further characterized in the 6-

OHDA rat model of PD by electrophysiological extracellular recordings measuring 

single unit activity and LFPs in the STN and by gene expression analysis in the STN 

and striatum. These data were correlated with results from the amphetamine-induced 

rotation paradigm in this study. 

In addition, the effects of FGF-2-HMW on DA grafts were analyzed as simultaneously 

being the source of their ‘own’ neurotrophic factor by genetic modification of the 

grafted VM cells. The neurotrophic impact on the grafts with regard to DA neuron 

survival and striatal fiber integration and the effects on functional performance were 

characterized. 
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2. Materials 

2.1 Chemicals 

Chemicals Manufacturer 

β-Mercaptoethanol Sigma-Aldrich 

3',3-diaminobenzidine (DAB) Sigma-Aldrich 

6-hydroxydopamine (6-OHDA) hydrobromide Tocris 

Ammonium nickel sulfate-hydrate Riedel-de Haën 

Avidin-biotin-complex (ABC) kit Vector Labs 

B27-Supplement Gibco 

Bovine serum albumin (BSA) PAA 

Buffer RLT Qiagen 

Chloralhydrate Sigma-Aldrich 

Corbit-Balsam Hecht 

D-amphetamine sulfate  Sigma-Aldrich 

Dako fluorescent mounting medium Dako 

Destilled water (H2O) Millipore 

Diethylpyrocarbonate (DEPC) Roth 

DNase Roche 

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

Gibco 

Ethanol Mallinckrodt Baker 

Ethylenglycol Riedel-de Haën 

Fetal calf serum (FCS) PAA 

FGF-2 Preprotech 

Glycerin Sigma-Aldrich 

Hydrogen peroxide (H2O2) Sigma-Aldrich 

iScript cDNA synthesis kit  BioRad 

Laminin Sigma-Aldrich 

L-apomorphine hydrochloride  Sigma-Aldrich 

L-ascorbic acid Sigma-Aldrich 

L-glutamine PAA 

Methanol Mallinckrodt Baker 

N2-Supplement Gibco 

Normal goat serum (NGS) Gibco 

Paraformaldehyde (PFA) Sigma-Aldrich 

Phosphate buffered saline (PBS) Biochrom 

Penicillin-streptomycin PAA 

Polyornithine Sigma-Aldrich 

RNeasy Plus Micro Kit Qiagen 

Saline 0.9% Braun 

Sodium pyruvate PAA 

Sucrose Roth 

Tissue-Tek OCT Compound Sakura Finetek 

Triton-X-100 Roche 

Trypan dye blue Sigma-Aldrich 
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2.2 Materials & Instruments 

Materials & Instruments Manufacturer 

Dumont Forceps #5 World Precision Instruments 

Dumont Forceps #55 World Precision Instruments 

Adson Forceps  World Precision Instruments 

Iris Scissors World Precision Instruments 

Scissors World Precision Instruments 

Needle holder World Precision Instruments 

Micro Bulldog clamps World Precision Instruments 

1 ml single-use syringe Injekt®-F Braun 

5 ml single-use syringe Injekt® Braun 

2 µl syringe Hamilton 

10 µl syringe SGE 

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

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

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

Feather ® disposable scalpel (Nr. 21) pfm medical 

Razor Isis GT420 Aesculap 

Microdrill Micromot 50/E Proxxon 

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

Polyethylene tubing (O.D. 1.09 mm) Intramedic 

Polyethylene tubing (O.D. 0.965 mm) Intramedic 

BD Falcon™ 15 ml BD Biosciences 

Microtubes 1.5 ml Sarstedt 

Microtubes 2 ml Sarstedt 

AdhesiveCap 500 µl PALM® Zeiss 

Glass slide Thermo Scientific 

Glass slide SuperFrost® Thermo Scientific 

Membrane Slides PALM® Zeiss 

Cover slips (24 x 60 mm) Menzel 

6-well cell culture dish Nunc 

24-well cell culture dish Nunc 

96-well cell culture dish Nunc 

Stereotaxic frame Stoelting 

Cryostat Leica CM3050 Leica Microsystems 

Olympus BX50 microscope Olympus 

Olympus BX51 microscope Olympus 

PALM® Laser MicroBeam Zeiss 

Stemi SV6 microscope Zeiss 

StepOnePlus instrument Applied Biosystems 

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

Software CellSens Dimension Olympus 

Software Palm@RoboV4 Zeiss 

Software StepOne™  Applied Biosystems 

Software MATLAB Mathworks 
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Software NeuroExplorer 4 NEX Technologies 

Software Spike 2 Cambridge Electronic Design 

Software GraphPad Prism 5 GraphPad Software 

Software ImageJ 1.45s National Institutes of Health 

Software National Instruments LabView 6.1 National Instruments 

 

2.3 Cell culture 

Chemicals Concentration Manufacturer 

 Coating    

polyornithine 0.1 mg/ml Sigma-Aldrich 

laminin  6 µg/ml Sigma-Aldrich 

Preparation medium     

DMEM/F12   Gibco 

sodium pyruvate 1 mM PAA 

glutamine 2 mM Gibco 

B27 1x Gibco 

DNase 0,05% Roche 

Attachment medium     

DMEM/F12   Gibco 

fetal calf serum 3% PAA 

N2 1x Gibco 

sodium pyruvate 1 mM PAA 

bovine serum albumine 0,25% Sigma-Aldrich 

glutamine 2 mM Gibco 

penicillin-streptomycin  2 mM PAA 

FGF-2 20 ng/ml Preprotech 

B27 1x Gibco 

Proliferation medium     

DMEM/F12   Gibco 

N2 1x Gibco 

sodium pyruvate 1 mM PAA 

bovine serum albumine 0,25% Sigma-Aldrich 

glutamine 2 mM Gibco 

penicillin-streptomycin  2 mM PAA 

FGF-2 20 ng/ml Preprotech 

Differentiation medium     

DMEM/F12   Gibco 

fetal calf serum 1% PAA 

bovine serum albumine 0,25% Sigma-Aldrich 

glutamine 2 mM Gibco 

penicillin-streptomycin  2 mM PAA 

B27 1x Gibco 

ascorbic acid 100 µM Sigma-Aldrich 

Transplantation 
medium 

   

DMEM/F12   Gibco 
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bovine serum albumine 0,25% Sigma-Aldrich 

glutamine 2 mM Gibco 

B27 1x Gibco 

ascorbic acid 100 µM Sigma-Aldrich 

DNase 0.05% Roche 

anti-freeze medium     

glycerin 30% Sigma-Aldrich 

ethylenglycol 30% Riedel-de Haën 

phosphate buffered 
saline 

40% Biochrom 

 

2.4 Transfection 

Instruments Manufacturer 

Nucleofection   

Nucleofector Amaxa  

nucleofector program A-033 

Amaxa Basic Nucleofector Kit for primary 
neurons 

Lonza 

Lipofectamine (1.6 µg/transfection)   

Lipofectamine 2000 reagent Invitrogen 

Plasmids (5 µg/transfection)   

pCAGGS-empty empty control vector 

pCAGGS-FGF-2-18kDa-FLAG Fibroblast growth factor 2 (18kDa) 

pCAGGS-FGF-2-HMW-FLAG Fibroblast growth factor 2 (HMW) 

 

2.5 Antibodies 

Antibodies Manufacturer 

Primary antibodies - Immunocytochemistry   

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

anti-FLAG-M2 mouse 1:500 Sigma-Aldrich (F1804) 

Secondary antibodies - Immunocytochemistry 

anti-rabbit Alexa 555 1:500 Invitrogen (A21429) 

anti-mouse Alexa 488 1:500 Invitrogen (A11029) 

Primary antibodies - Immunohistochemistry   

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

biotinylated rabbit anti-mouse 1:200 Dako 

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

anti-FLAG-M2 mouse 1:500 Sigma-Aldrich (F1804) 

anti-GFAP rabbit 1:400 Sigma-Aldrich (G9269) 

DAPI 1:1500 Sigma-Aldrich 
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Secondary antibodies - Immunohistochemistry 

anti-rabbit Alexa 555 1:500 Invitrogen (A21429) 

anti-mouse Cy2 1:200 Jackson ImmunoResearch (115-225-003) 

Western Blot  

anit-FGF-2 mouse 1:1000 Millipore (05-118)  

anti-Gapdh mouse 1:4000 Millipore (MAB374)  

anti-mouse Peroxidase 1:4000 GE Healthcare Life Sciences (NA931V)  

 

2.6 Plasmids RT-PCR 

Abbreviation, synonym, gene name  Primer sequences  

Cacna1g, calcium channel 5´-TTCTCCGCAGTCAGGACAGT-3´, 

voltage-dependent, T-type, alpha 1g  5´-AGGCAAGGTGTCCAGCAGTA-3´ 

Cacna1i, calcium channel 5´-ATGTGATGGACGCACATTCT-3´, 

voltage-dependent, T-type, alpha 1i 5´-TGGTCTCAGAGAACTGGGTTG-3´ 

Dat, Slc6a3, 5´-CTGCCTGGTGCTGGTCATT-3´, 

dopamine transporter 5´-ATCCACACCACCTTCCCTGA-3´ 

Ddc, Aadc,  5´-GCTCCCTGAAAATGTGGTTTG-3´, 

dopa decarboxylase 5´-GAGGATGACTTCCGTGCAAAT-3´ 

Drd1a, 5´-TGCTGTCCAAACAGGTGCTAA-3´, 

dopamine receptor D1a 5´-AAGGAATCCCACTCCTGCTGT-3´ 

Drd2, 5´-CCTGTCCTTCACCATCTCCTG-3´, 

dopamine receptor D2 (both isoforms) 5´-GACGATGAAGGGCACGTAGAA-3´ 

Drd2L, 5´-CCAGTGAACAGGCGGAGAATG-3´, 

dopamine receptor D2 (long isoform) 5´-AGAGTGAGCTGGTGGTGACTG-3´ 

Drd2S, 5´-ACACCACTCAAGGATGCTGCC-3´, 

dopamine receptor D2 (short isoform) 5´-TATGTAGGCCGTGGTGGGATG-3´ 

Eaat1, Glast, Slc1a3, 5´-ATGTTCCCACCCAATCTGGTA-3´, 

excitatory amino acid transporter 1 5´-GGCCTCTGACACGTTGTTGAT-3´ 

Eaat2, Glt, Slc1a2, 5´-TGGATGCCTTCCTGGATCTC-3´, 

excitatory amino acid transporter 2 5´-AGGGAGATGACTGCCTTGGTT-3´ 

Eaat3, Eaac1, Slc1a1, 5´-ATCACAGGTGTCGCTGCACT-3´, 

excitatory amino acid transporter 3 5´-ACCAGGCTTGATGCTCACAAC-3´ 

Gabra1, 5´-ACCATGCCCAATAAACTCCTG-3´, 

GABA A receptor, subunit alpha 1 5´-GCATCCATGGGAAAGTCTTCTA-3´ 

Gabrb2, 5´-TCCTGCAGACATACATGCCATC-3´, 

GABA A receptor, subunit beta 2 5´-CTCCCGGAGATGGGTATTGATT-3´ 

Gabrg2,  5´-TACATTCCCTGCACACTCATTG-3´, 

GABA A receptor, subunit gamma 2 5´-TGCTGAGAGTGGTCATCGTC-3´ 

Gabbr1, 5´-TTACGAAACCAAGAGCGTGTC-3´, 

GABA B receptor 1 5´-GATCATGGTCACAGGAGCAGT-3´ 

Gad67, Gad1, 5´-ACAAGGCGATTCAGTGTGG-3´, 

glutamate decarboxylase 1 5´-AGCTCCAGGCATTTGTTGAT-3´ 

Gad65, Gad2, 5´-AGTGGAAGCTGAACGGTGTG-3´, 

glutamate decarboxylase 2 5´-GGTTGCAGCTCTGCATCAGT-3´ 
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Gapdh, 5´-GAACATCATCCCTGCATCCA-3´, 

glyceraldehyde-3-phosphate dehydrogenase 5´-CCAGTGAGCTTCCCGTTCA-3´ 

Gria1, 5´-GGTTGTGGGTGCCAATTTC-3´, 

glutamate receptor, ionotropic, AMPA 1  5´-GCTCCGTGAGTTGTGACAAAG-3´ 

Gria2, 5´-GATGCGACCTGACCTCAAAG-3´, 

glutamate receptor, ionotropic, AMPA 2 5´-GCAGCAGAATCCAGAACAGC-3´ 

Gria3, 5´-GCTGGGTGAGACTGGATGAA-3´, 

glutamate receptor, ionotropic, AMPA 3 5´-TCGGAAGGCTTCTGCTATGA-3´ 

Gria4, 5´-TGTCAGCTACAGGCAACTGCT-3´, 

glutamate receptor, ionotropic, AMPA 4 5´-CATGCTTCCCAACACTCACA-3´ 

Grin1, 5´-TCCAGCGTCTGGTTTGAGAT-3´, 

glutamate receptor, ionotropic, NMDA 1  5´-AACTGCAGCACCTTCTCTGC-3´ 

Grin2a, 5´-CTCCTACATTCCTGAGGCCAA-3´, 

glutamate receptor, ionotropic, NMDA 2a 5´-AGGACAAGTCCTTGCCATCC-3´ 

Grin2b, 5´-CAGTTGCTACAACACCCACG-3´, 

glutamate receptor, ionotropic, NMDA 2b 5´-GCATCTGGTAGCCATCTTCG-3´ 

Grm1, 5´-TGAGTTTGTGCAGGACGAGTT-3´, 

glutamate receptor, metabotropic 1 5´-TCAAGATAACGGACAGGAATGG-3´ 

Grm5, 5´-TGTGCAGTGAACCATGTGAGA-3´, 

glutamate receptor, metabotropic 5 5´-TTTACAAGGTGTGCAGGTCCA-3´ 

Hprt1, 5´-TTCCTCATGGACTGATTATGGACA-3´, 

hypoxanthine guanine phosphoribosyl 
transferase 1  

5´-AGAGGGCCACAATGTGATGG-3´ 

Penk, 5´-TAAATGCAGCTACCGCCTGGT-3´, 

proenkephalin 5´-TCCTTGCAGGTCTCCCAGATT-3´ 

Ppia, CypA, 5´-TGTGCCAGGGTGGTGACTT-3´, 

peptidylprolyl isomerase A 5´-AAATTTCTCTCCGTAGATGGACTT-3´ 

Tac1, substance P, 5´-ACTGGTCCGACAGTGACCAAA-3´, 

tachykinin, precursor 1 5´-CAGCATCCCGTTTGCCCATTA-3´ 

Th, 5´-CAGCCCTACCAAGATCAAAC-3´, 

tyrosine hydroxylase 5´-TACGGGTCAAACTTCACAGA-3´ 
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3. Methods 

3.1 Animals 

All experimental protocols followed the German Animal Protection Act and were 

approved by the local authorities (Bezirksregierung LAVES Hannover, Germany; AZ 

33.12-42502-04-10/0098). Adult female Sprague Dawley rats from Charles River 

(Germany) weighing 200-250 g at the beginning of the experiments were used. 

Animals were housed in cages of three to four and kept in temperature- and humidity-

controlled rooms on a 14 h light/10 h dark schedule with food and water available ad 

libitum. Adult female and male animals from Janvier (France) were held separately 

and paired overnight for timed pregnancy. The following day was considered as E0 

and successful mating was tested by vaginal plaque of female rats. 

 

3.2 Experimental design and groups 

The experimental procedures were separated into two different projects and are 

described in detail in the following text. 

3.2.1 Project 1 

Forty-nine adult female rats were used in this study. Thirty-eight animals received a 

unilateral 6-OHDA lesion of the right MFB. Eleven rats served as naive controls. Six 

weeks after lesion surgery, amphetamine-induced rotation was performed with all 

lesioned animals (Fig. 6), and the animals were matched into experimental groups 

based on their rotation scores (Table 1). Seven to eight weeks after 6-OHDA 

infusion, 19 animals were intrastriatally transplanted with in vitro expanded and 

differentiated DA progenitor cells derived from the VM of E12 rat embryos. Rotational 

bias was re-analyzed six weeks post grafting. One to two weeks later, either 

electrophysiological and immunohistochemical or qRT-PCR analyses were 

performed. 
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Table 1: Experimental groups of the first project. 
HP = hemiparkinsonian; 6-OHDA = 6-hydroxydopamine; VM = ventral mesencephalon; E12 = 
embryonic day 12; IHC = immunohistochemistry; n = number of animals; / = not determined. 

 

 

 

Figure 6: Experimental design of the first project. 
Animals were lesioned with 6-hydroxydopamine (6-OHDA) unilaterally into the right medial forebrain 
bundle. Cell transplantation was performed six to seven weeks after lesioning and amphetamine 
(amph)-induced rotation was assessed before and six weeks after transplantation. As final 
experiments electrophysiological recordings (E-Phys) with perfusion and immunohistochemistry (IHC) 
or quantitative reverse transcribed PCR (qRT-PCR) were conducted.  

3.2.2 Project 2 

In this study we used 60 adult female rats (Table 2). All animals were lesioned with 

6-OHDA injection into the right MFB. Six weeks after neurotoxin infusion, animals 

were challenged with amphetamine and apomorphine prior to grafting to assort them 

into experimental groups according to their rotation scores. 14 Rats were then 

intrastriatally transplanted with in vitro expanded and differentiated E12 ventral 

mesencephalic FGF-2-HMW-transfected cells, twelve rats with empty-transfected 

cells, and twelve rats with non-transfected cells. Eight animals served as a lesioned 

control group. In a second transplantation paradigm with fewer cells, seven rats 

received FGF-2-HMW-transfected cells and seven rats were transplanted with empty-

transfected cells. Rotational testing with amphetamine was repeated three, six, and 
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twelve weeks post transplantation and with apomorphine six and twelve weeks after 

transplantation. The cylinder test was performed at the end of the study and one 

week later, animals were perfused and brains processed for immunohistochemistry 

(Fig. 7). 

 

Table 2: Experimental groups of the second project. 
6-OHDA = 6-hydroxydopamine; FGF-2 = fibroblast growth factor 2; HMW = high molecular weight, VM 
= ventral mesencephalon; E12 = embryonic day 12; IHC = immunohistochemistry; n = number of 
animals. 

 

 

 

Figure 7: Experimental design for the second project. 
Animals were lesioned with 6-hydroxydopamine (6-OHDA) unilaterally into the right medial forebrain 
bundle. Cell transplantation was performed six to seven weeks after lesioning and amphetamine 
(amph)-induced and apomorphine (apo)-induced rotation was assessed before and three, six, and 
twelve weeks after transplantation. The cylinder test was performed after twelve weeks, and animals 
were perfused and brains processed for immunohistochemistry (IHC). 
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3.3 6-hydroxydopamine (6-OHDA) lesion surgery 

3.3.1 Standard coordinates 

Lesion surgery to cause a complete lesion of the ascending nigrostriatal pathway was 

performed under general anesthesia with chloral hydrate (370 mg/kg; i.p.). Animals 

from the first project received two stereotaxic injections of 6-OHDA hydrobromide 

(free base 3.6 μg/μl in 0.02 % L-ascorbate-saline) into the right MFB at the following 

coordinates (in mm according to bregma and dura  (Paxinos and Watson, 2006): first 

tract anterior-posterior (AP) -4.4, lateral (LAT) -1.2, dorso-ventral (DV) -7.8, tooth bar 

(TB) -2.4, injection volume 2.5 μl; second tract AP -4.0, LAT -0.8, DV -8.0, TB +3.4, 

injection volume 3 μl. Injections were delivered using a 10-μl Hamilton syringe with 

an injection rate of 1 μl/min. The cannula was left in place for additional 3 min to 

allow diffusion before being slowly retracted. 

3.3.2 Alternative coordinates 

Animals from the second project received one stereotaxic injection of 6-OHDA 

hydrobromide (free base 5.14 μg/μl in 0.03 % L-ascorbate-saline) into the right MFB 

using a 10-μl Hamilton syringe with an injection rate of 1 μl/min. The following 

coordinates in mm according to bregma and dura (Paxinos and Watson, 2006) were 

used: AP -4.0, LAT -1.3, DV -7.0, TB -4.5, injection volume 3 μl (Torres et al., 2011). 

The cannula was left in place for additional 2 min to allow diffusion before being 

slowly retracted. 

 

3.4 Drug-induced rotation 

3.4.1 Amphetamine-induced rotation 

Six weeks after lesion surgery, all rats were tested for their rotational bias in 

automated rotometer bowls according to Ungerstedt and Arbuthnott (1970). For 

amphetamine-induced rotation animals were injected with D-amphetamine sulfate 

(2.5 mg/kg in saline, 1 ml/kg) intraperitoneally, and placed into the bowl attached to a 

tether on the torso (Fig. 8A). Right and left full body turns were monitored over a 
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period of 90 min. All rats with a mean score of > 6.0 full ipsilateral body turns per 

minute were included in the study (Fig. 8B). 

3.4.2 Apomorphine-induced rotation 

This was only performed with animals from project 2 six to seven weeks after lesion. 

Animals were injected with L-apomorphine hydrochloride (0.05 mg/kg in 0.02 % L-

ascorbate-saline, 1ml/kg) subcutaneously and monitored over a period of 40 min. All 

rats with a mean score of > 4.0 full contralateral body turns per minute were included 

in the study (Fig. 8B). 

 

 

Figure 8: Drug-induced rotation test. 
Rats are placed into automated rotometer bowls attached to a harness that is put around the chest (A, 
adapted from Schwarting and Huston, 1996). D-amphetamine induces ipsilateral turning while 
apomorphine induces contralateral turning behavior (B, adapted from Deumens et al., 2002). STR = 
striatum; MFB = medial forebrain bundle; SN = substantia nigra; 6-OHDA = 6-hydroxydopamine. 

3.5 Cylinder test 

After final rotational testing twelve weeks after grafting, forelimb use asymmetry was 

measured using the cylinder test as previously described (Schallert and Tillerson, 

2000) with animals from project 2. Briefly, rats were placed in a transparent cylinder 

for a period of five minutes and the first 20 wall touches during rearing behavior were 

analyzed (Fig. 9). 
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Figure 9: Cylinder test. 
Measurement of forelimb asymmetry during 
rearing behavior with left and right paw touches 
on the wall of a glass cylinder over a period of 
five minutes. 

 

 

 

 

 

 

 

3.6 Preparation of embryonic ventral mesencephalic tissue and cell 

culture 

Pregnant rats were sacrificed and E12 rat embryos (crown-rump length of 6 mm) 

extracted from the uterus. VMs were harvested and prepared for in vitro cultivation. 

Primary cultures of DA progenitor cells were treated similar to a protocol previously 

described by Timmer et al. (2006) and Ratzka et al. (2012). In brief, the VM tissue 

was dissected according to the modified microtransplantation approach based on the 

cell suspension technique by Björklund et al. (1983) and Nikkhah et al. (1994). The 

dissected VM pieces were incubated in preparation medium (Dulbecco's modified 

Eagle's medium/Ham's F-12 medium (DMEM/F12); 0.05 % DNase; B27; 1 mM 

sodium pyruvate; 2 mM glutamine) for 15 min at 37 °C. The incubation was stopped 

with attachment medium: DMEM/F12; 3 % fetal calf serum (FCS); 20 ng/ml FGF-2; 

1x B27; 1x N2; 1 mM sodium pyruvate; 0.25 % bovine serum albumin (BSA); 2 mM 

glutamine; and penicillin-streptomycin. The cell suspension was centrifuged at 1000 

rpm for 5 min. The pellet was re-suspended in 1 ml of attachment medium and 

mechanically dissociated using first a 1 ml and then a 200 µm Eppendorf pipette to 

obtain a single-cell suspension. After determining cell viability by trypan blue dye 

exclusion assay, cells were plated on multi-well cell culture dishes coated with 

polyornithine (0.1 mg/ml) / laminin (6 µg/ml). 
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3.6.1 Standard protocol 

Cultures of DA cells were treated as previously described by Timmer et al. (2006). 

After determining cell viability by trypan blue dye exclusion assay, the cells were 

seeded at a density of 300,000 cells/well of a 6-well plate. The cell suspension was 

cultivated for one day in attachment medium, followed by three days in proliferation 

medium, which resembled the composition of attachment medium omitting FCS and 

B27 supplement. Cells were differentiated for four additional days in differentiation 

medium: DMEM/F12, 1 % FCS, B27, 0.25 % BSA, 2 mM glutamine, 100 µM ascorbic 

acid, and penicillin-streptomycin (Fig. 10). For in vitro experiments 80,000-100,000 

cells/well were seeded in 24-well-plates and treated similarly. Adherent cultures were 

transfected (see below) on the fourth day in vitro (DIV) and processed for 

immunocytochemistry after differentiation. 

 

 

Figure 10: Standard protocol. 
Cells were cultured for one day (1) in attachment (A) medium, three days (3) in proliferation (P) 
medium, and four days (4) in differentiation (D) medium (according to Timmer et al., 2006). 

3.6.2 Co-Layer protocol 

Primary cultures of DA progenitor cells were treated as previously described by 

Ratzka et al. (2012). The cells were seeded in two separate wells at a density of 

300,000 cells/well of a 6-well plate. The cell suspension in each well was cultivated 

for one day in attachment medium (see above), followed by three days in proliferation 

medium (see above) in identical culture conditions. On DIV4, the cells from the first 

well were detached and nucleofected as described below. After estimation of the total 

cell number, these cells were reseeded in a 1:3 ratio according to their proliferation 

rate as Top-Layer on top of the unmodified sister culture in the second well (referred 

to as Bottom-Layer) and differentiated for two additional days as the Co-Layer before 

detachment for transplantation (Fig. 11). 
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Figure 11: Co-layer protocol. 
Bottom-Layer and Top-Layer cells were cultured for one day (1) in attachment (A) medium and three 
days (3) in proliferation (P) medium. Top-Layer cells were subsequently transfected and seeded on 
top of Bottom-Layer cells. The Co-Layer was cultured for two additional days (2) in differentiation (D) 
medium (according to Ratzka et al., 2012). 

3.6.3 Expression plasmids and transfection 

The coding sequence of the rat FGF-2 gene (NM_019305.2, GenBank) was PCR-

amplified with Phusion Hot Start II DNA Polymerase from plasmid pCI-neo-HMW, 

which carried a mutated FGF-2 sequence derived from the RSVpΔmetFGF vector 

(Claus et al., 2003; Pasumarthi et al., 1994). Namely, exchanges of the alternative 

CUG start codon of FGF-223 kDa to ATG and replacement of the FGF-218 kDa ATG 

start codon with a HindIII site. The primers used (RnFGF2_F 

GAATTCGCCGCCACCATGGCAGCCCGCGGGCGAGC, RnFGF2_R TCTA-

GAGCTCTTAGCAGACATTGGAAGA) removed the stop codon and added the 

underlined EcoRI- and XbaI-sites, respectively, to allow the transfer of FGF-2-HMW 

coding sequence into the pCAGGS-FLAG plasmid (Ratzka et al., 2012) in frame with 

a C-terminal 3xFLAG epitop resulting in pCAGGS-FGF-2-HMW-FLAG plasmid 

(R470). The pCAGGS-FGF-2-18kDa-FLAG (R417) and pCAGGS-empty control 

plasmids have been described previously (Niwa et al., 1991; Ratzka et al., 2011). For 

in vitro experiments pCAGGS plasmids were transfected with Lipofectamine 2000 

reagent on adherent primary VM cultures using 1.6 μg plasmid DNA and 2 μl 

Lipofectamine 2000, followed by one day proliferation medium and four days 

differentiation medium (for medium composition see above). For Co-Layer 

transplantation experiments plasmids were nucleofected using the Nucleofector 

device on primary VM cells maintained in proliferation medium for two days. Cells 

were detached and 2,000,000 cells were re-suspended in 100 μl nucleofection 

solution and transfected with 5 μg of plasmid DNA using the Amaxa basic 
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nucleofector kit for primary neurons and program A-033 as described previously 

(Cesnulevicius et al., 2006; Ratzka et al., 2012). 

3.6.4 Immunocytochemistry (ICC) 

To assess the TH+ cell number of cultures in 24-well plates, cells were fixed with 4 % 

PFA in PBS and further processed using standard protocols. ICC was performed with 

anti-TH antibody (1:1000). The secondary anti-rabbit antibody was conjugated with 

Alexa555 (1:500). Additionally, anti-FLAG-M2 (1:500) and the second anti-mouse 

antibody conjugated with Alexa488 (1:500) were used. TH+ cells were counted with 

20× magnification using an inverse Olympus fluorescent microscope (Olympus IX70, 

Denmark) in 50 % of the well surface area. 

3.6.5 Western Blot 

Protein samples were prepared in cell lysis radioimmune precipitation assay buffer 

from nucleofected VM cells (1,200,000 cells/well of a 6-well plate), which had been 

differentiated for four days in vitro. From each sample 50 µg of protein were 

denatured by boiling in Laemmli buffer, separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (12 % gel), and transferred electrophoretically to 

nitrocellulose membranes, similar as described previously (Ratzka et al., 2012). The 

membranes were probed with anti-FGF-2 antibody (1:1000) and anti-Gapdh antibody 

(1:4000), and after washing incubated with anti-mouse antibodies conjugated to 

horseradish peroxidase (1:4000) followed by a chemiluminescence reaction detected 

on a Chemiluminescence Imager system. 

 

3.7 Transplantation surgery 

Seven to eight weeks after the 6-OHDA lesion, rats were intrastriatally infused with 

VM-derived cell suspensions. Transplantation surgery was performed as previously 

described (Timmer et al., 2006). For the first project the cells were harvested after 

eight DIV, centrifuged at 1000 rpm for 5 minutes, re-suspended in vehicle 

(transplantation medium = differentiation medium without FCS and penicillin-

streptomycin but with addition of 0.05 % DNase), and the final volume was added 
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(130,000 cells/µl; preparation for the Small Graft group). Cell preparation for Large 

Graft group animals included an additional centrifugation step (1000 rpm for 5 min) 

before the pellet was re-suspended by adjusting to the final volume of 1 µl 

(concentration of 130,000 cells/µl). For the second project cells were harvested after 

six DIV and centrifuged at 1000 rpm for 5 min. The pellet was re-suspended in 

vehicle and the final concentration was adjusted to 130,000 cells/µl. For the second 

transplantation session the cell suspension was diluted with vehicle in a ratio of 1:3 

prior to transplantation (43,000 cells/µl). Under chloral hydrate anesthesia, rats 

received two stereotaxic injections (two tracts, four deposits of 1 µl cell suspension 

each) into the right striatum using a glass capillary. The capillary (outer diameter 50-

70 µm) was attached to a 2-µl Hamilton syringe and transplanted at the following 

coordinates (in mm according to bregma and dura): medial tract, AP +0.5, LAT -2.3, 

DV -5 and -4, TB 0.0; lateral tract, AP +0.5, LAT -3.3, DV -5 and -4, TB 0.0. 

 

3.8 Electrophysiological recordings in the subthalamic nucleus 

In vivo neuronal activity measurements were carried out on a total of 28 rats from 

project 1 seven to eight weeks after intrastriatal graft implantation. One rat died 

during the procedure, so that 27 animals were recorded (Naive Control n = 4, HP-

Control n = 11; HP-Small Graft n = 6; and HP-Large Graft n = 6; see Table 1). 

Extracellular single unit (SU) activity and LFP recordings were performed in the STN 

at AP -3.6 to -3.8, LAT −2.4 to -2.8, DV -7.4 to 8.0, TB -3.3 (in mm according to 

bregma, Fig. 12A) under urethane anesthesia (1.4 g/kg i.p. with additional 25 % 

doses as needed) as described previously (Alam et al., 2012). The temperature of 

the anesthetized animal was constantly controlled with a rectal probe and maintained 

at 37 to 37.5 °C with a heating pad. Electrocardiographic activity was monitored 

constantly to ensure the animals’ well-being. A drop of silicon oil was applied to all 

areas of exposed cortex to prevent dehydration. Depth of anesthesia was monitored 

by examination of the reflex answer to a toe pinch. Extracellular recordings were 

taken by using a quartz-coated pulled and ground platinum-tungsten alloy core (95 % 

- 5 %) microelectrode (diameter: 80 μm, impedance 1-2 MΩ at 1 kHz). The electrode 

was advanced using a microdrive in the ipsilateral STN. Initially, recorded signals 
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were split into two signals, which allowed SU activity and LFPs to be analyzed from 

the same electrode: (1) SU activity was recorded with a 0.5 to 5 kHz band pass filter 

at a sampling rate of 25 kHz and × 9,500 to × 19,000 amplification, and (2) LFPs 

were recorded with a 0.5 to 100 Hz band pass filter at a sampling rate of 1 kHz as 

described by Logothetis (2003) and Rasch et al. (2008). Additionally, an 

electrocorticogram (ECoG) was recorded via a 1 mm jeweler’s screw positioned on 

the dura mater above the ipsilateral primary motor cortex region (AP +2.7 mm; LAT -

2.0 mm). Two additional screws serving as ECoG reference and ground were placed 

over the parietal lobe and cerebellum (Lehmkuhle et al., 2009). All signals were 

digitized with a CED 1401 and recorded for 8 to 10 min after signal stabilization. 300 

s of the recording were analyzed and sorted on the base of a 3:1 signal to noise ratio. 

Neurons were only analyzed during the active state of the ECoG. After termination of 

the experiment, electrical lesions were set at the proximal and distal site of the 

trajectory (10 μA for 10 s; both negative and positive polarities), brains sectioned, 

and hematoxylin-eosin stained to verify the position of each electrode (Fig. 12B). 

 

 

Figure 12: Electrical lesions. 
Hematoxylin-eosin stained 18 µm brain section. (A) Shows the dorso-ventral trajectory through the 
ventral posteromedial thalamic nucleus (VPM), dorsal zona incerta (ZID), and ventral zona incerta 
(ZIV). (B) Shows the verification of electrical lesions in the subthalamic nucleus (STN, arrows). 

For analyses of electrophysiological data, spectral power analysis of LFPs, and 

coherence analysis see Methods section in Paper 1 (4.3). 
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3.9 Quantitative RT-PCR 

3.9.1 Striatal and subthalamic tissue preparation 

Rats were deeply anesthetized with CO2 and subsequently decapitated. The brains 

were quickly removed and cut transversally at the level of the chiasma opticum in 

cold (4 °C) diethylpyrocarbonate (DEPC)-treated PBS (Fig. 13A). The anterior part of 

the right striatum (AP +2.0 to -0.5 mm with reference to bregma) was separated from 

cortex, septum, and diencephalon by two horizontal and two vertical cuts under 

optical control (Fig. 13B). The striatal tissue block was snap-frozen in liquid nitrogen 

and stored at -80 °C. 

 

Figure 13: Dissection of striatal tissue. 
The brain was cut transversally at the level of the olfactory bulb (A1) and the chiasma opticum (A2). 
The striatum block was dissected with two horizontal (B3,4) and two vertical (B1,2) cuts under 
microscopical control (Robertson et al., 1989). 

The posterior part of the brain containing the STN was embedded in Tissue-Tek OCT 

Compound and also snap-frozen in liquid nitrogen at -80 °C. Between -3.2 and -4.2 

mm coronal sections were cut on a freezing stage microtome at 30 µm thickness, 

mounted on membrane slides covered with a thin polyethylene membrane, and 

stained with RNase-free hematoxylin-eosin and DEPC-treated solutions. The STN 

was outlined on the monitor and isolated by laser microdissection and pressure 

catapulting (LMPC) using the PALM Laser-MicroBeam System with a pulsed UVA 

(355 nm) laser (Fig. 14A). The material was catapulted into a 500 µl microfuge cap 

and the samples were stored at -80 °C (Fig. 14B). 



Methods 

46 

 

 

Figure 14: Laser microdissection and pressure catapulting (LMPC) of subthalamic tissue. 
The STN was dissected by LMPC on 30 µm brain sections stained with hematoxylin-eosin. The region 
of interest was outlined (A), cut, and catapulted into a microfuge cap with a pulsed UVA laser (B). 

For qRT-PCR and analysis see Methods section in Paper 1 (4.3). 

 

3.10 Perfusion and immunohistochemistry 

3.10.1 Perfusion 

At the end of all experiments, deeply anesthetized animals were transcardially 

perfused with 150 ml 0.9 % saline followed by 250 ml of 4 % paraformaldehyde in 

PBS. The brains were removed and post-fixed for 24 hrs in PFA, and transferred to 

30 % sucrose for cryoprotection until they equilibrated. Each brain was frozen and 

coronally sectioned on a freezing stage microtome at 40 µm thickness in series of six 

or twelve at the region of the striatum, i.e. between the coordinates 3.2 and -3.2 mm 

with reference to bregma. Sections were kept in anti-freeze medium (30 % glycerin, 

30 % ethylenglycol, 40 % PBS) until staining. To localize the electrical lesions in the 

STN from the electrophysiological recordings coronal sections were cut between -3.2 

and -4.2 mm with reference to bregma at 18 µm thickness, mounted on glass slides, 

and stained with hematoxylin-eosin. 

3.10.2 Tyrosine hydroxylase (TH)-immunohistochemistry (IHC) 

Sections were processed for free-floating (6-well plates, 4 ml solution/well) anti-TH 

IHC using the avidin-biotin-complex (ABC) kit as previously described by Ratzka et 

al. (2012) using anti-TH antibody (1:5000), biotinylated rabbit anti-mouse antibody 

(1:200), and 3’,3-diaminobenzidine (DAB) with ammonium nickel sulfate 
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intensification for visualization. Briefly, sections were treated with H2O2 and methanol 

for inhibition of endogenous peroxidases, washed with PBS, and incubated at room 

temperature with the primary antibody buffered in BSA and Triton-X-100. After 

another washing step, the slides were incubated with the secondary antibody and 

subsequently visualized using the ABC kit. The stained sections were dehydrated 

and mounted (Corbit-Balsam) on gelatinized slides. 

3.10.3 Fluorescence immunohistochemistry 

Sections of additional series were processed for double-immunolabeling using anti-

FLAG-M2 (1:500), anti-TH (1:500), and anti-GFAP (1:400) antibodies. The secondary 

anti-rabbit and anti-mouse antibodies were conjugated with Alexa555 (1:1000) and 

Cy2 (1:200). Nuclei were visualized by 4’,6-diamidino-2-phenylindole (DAPI, 1:1500) 

staining. Sections were washed three times in PBS between each incubation period. 

Sections were pre-incubated in normal goat serum (NGS) and Triton-X-100 for 20 

min and afterwards incubated with the primary antibody overnight. On the second 

day, the secondary antibody was applied and another pre-incubation step in NGS 

and Triton-X-100 followed before incubation with the second antibody in BSA and 

Triton-X-100 overnight. Again, the sections were incubated with the secondary 

antibody and afterwards stained with DAPI. The stained sections were mounted 

(Mounting medium) on gelatinized slides. 

 

3.11 Histological analysis 

3.11.1 Counting of TH+ cells 

All somata of TH+ cells of the medial and lateral graft were pseudostereologically 

counted on two series on a microscope (Olympus BX50). Using C.A.S.T.-Grid 

software the grafts were outlined on every section in 4× magnification. In 100× 

magnification using immersion oil the counting frame was moved with an X-Y motor 

stage in a meander-like manner. With a microcator multiple measurements of cell 

thickness and tissue thickness were carried out. The total cell number was estimated 

using Abercrombie’s formula: P = (M / (D+M) × A × N, with P = total number of cells; 
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M = mean tissue thickness; D = mean diameter of neuronal somata; A = cell counts, 

N = number of series (Abercrombie, 1946). 

3.11.2 Striatal fiber density 

The degree of morphological innervation by TH+ fibers was quantified on five 

sections (with reference to bregma: AP +1.2, +0.5, 0.0, -0.5, -0.9). Microphotographs 

were taken in 20× magnification with CellSens Dimension Software on a microscope 

(Olympus BX51) and the optical density in the outlined striatum excluding the graft 

core was measured using ImageJ software (Fig. 15). The intensity of unspecific 

background staining was measured in the corpus callosum and subtracted from the 

striatal values. The results were expressed as mean optical fiber density in 

percentage of the contralateral intact side. 

 

 

Figure 15: Densitometrical measurements of TH+ fiber outgrowth. 
Five sections were analyzed for each brain. The contralateral and ipsilateral striatum were outlined 
excluding the graft core using ImageJ software. The intensity of unspecific background in the corpus 
callosum (CC) was subtracted from the values and results of striatal innervation were expressed in 
percentage of the contralateral side; scale bar 1 mm. 

3.11.3 Graft volume 

Graft volume was measured on one series of TH-stained sections. Microphotographs 

were taken under bright field illumination and 4× magnification with an Olympus 

microscope (Olympus BX51), and analyzed with CellSens Dimension software (Fig. 



Methods 

49 

 

16). The area of the graft core in all analyzed sections was calculated in μm2 and 

multiplied by section thickness of 40 μm and the total number of series. 

 

Figure 16: Graft volume. 
The medial and lateral grafts were outlined on every section. 
The calculated area (μm

2
) was multiplied by 40 µm section 

thickness and the total number of series; scale bar 0.5 mm. 

 

 

 

 

 

 

 

3.12 Statistical analysis 

Histology data were subjected to one-way or two-way ANOVA followed by Dunnett or 

Tukey post-hoc analyses (GraphPad Prism 5). Two-way ANOVA followed by Tukey 

post hoc analyses was performed to compare factors within one group and two-way 

ANOVA followed by Bonferroni post hoc test was done for rotation data, where type 

of transplant and time were two factors. The qRT-PCR data were analyzed with one-

way Tukey ANOVA. For the electrophysiological data nonparametric statistical 

approaches were preferred due to the significant deviation from normality and a lack 

of homogeneous variances that existed mostly in extracellular SU spike data. One-

way Kruskal-Wallis ANOVAs were followed by pairwise multiple comparisons with 

Mann-Whitney test for significant differences if the Kruskal-Wallis ANOVA showed 

significance. Pearson’s chi-square test (Chi2-Test) was applied to determine 

differences in the distribution of firing patterns. Results are presented as means ± 

standard error of the mean (SEM) unless stated otherwise and p-values were set < 

0.05, < 0.01, and < 0.001 as level of significance. In vitro cell counts were subjected 

to students t-test and given as mean ± standard deviation (STD). 
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4.1 Abstract 

Dopamine (DA) depletion in the nigrostriatal system leads to basal ganglia 

dysfunction both in Parkinson’s disease (PD) and in 6-hydroxydopamine (6-OHDA)-

lesioned rats with neuronal hyperactivity in the subthalamic nucleus (STN), i.e. 

increased firing rate and burst activity, together with enhanced beta oscillatory 

activity. Moreover, intrastriatal transplantation of DA neurons has been shown to 

functionally re-innervate the host striatum and restore DA input. However, the effects 

of those transplanted cells on the STN are not well characterized. Therefore, we 

transplanted cells, derived from the ventral mesencephalon of E12 rat embryos, 

intrastriatally in the unilateral 6-OHDA-lesioned rat model of PD. We combined 

behavioral and histological findings with electrophysiological extracellular recordings 

in the STN, as well as qRT-PCR analyses of dopaminergic, GABAergic, and 

glutamatergic transporter and receptor genes in the striatum and the STN. 

Transplanted animals displayed improved rotational behavior after amphetamine 

injection by 50 % in rats with small grafts (586 ± 109 SEM dopamine cells), or even 

overcompensation by 116 % in rats with large grafts (3486 ± 548 SEM dopamine 

cells). Electrophysiological measurements revealed that in rats with large grafts burst 

activity was not affected, while STN neuronal firing rate, as well as beta oscillatory 

activity was alleviated, whereas small grafts had less impact. Interestingly, both 

behavioral and electrophysiological measures were dependent on the number of 

surviving tyrosine hydroxylase positive cells. Although grafted rats displayed restored 

expression of the GABA synthesizing enzymes Gad65 and Gad67 in the striatum 

compared to naive rats, the grafts induced a decreased mRNA expression of 

dopamine receptor Drd2, glutamate receptors AMPA3, NMDA2A, NMDA2B, and 

glutamate transporter Eaat3. Interestingly, the NMDA receptor subunit 2B and 

glutamate transporter Eaat3 were also less expressed in the STN of grafted animals 

compared to naive rats. In summary, DA grafts restore functional deficits and cause 

partial improvement of subthalamic neuronal activity. Incomplete recovery, however, 

may be due to decreased receptor gene expression induced by DA grafts in the 

striatum and in the STN. 
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4.2 Introduction 

The nigrostriatal dopaminergic pathway modulates the cortical glutamatergic input of 

the striatum, which is then further processed within the basal ganglia (BG). In 

Parkinson’s disease (PD), the progressive degeneration of dopamine (DA) neurons in 

the substantia nigra pars compacta (SNpc) leads to decreased striatal DA levels. 

This causes excessive excitatory glutamatergic activity of the subthalamic nucleus 

(STN) and increased activity of the BG output nuclei, the substantia nigra pars 

reticulata (SNpr) and the globus pallidus internus (GPi). Changes in the firing 

patterns within and between BG regions, e.g. a greater tendency to discharge in 

bursts and a higher oscillatory beta band activity (13-30 Hz), as recorded in the STN 

and the GPi of PD patients, are also associated with the pathophysiology of PD 

(Hashimoto et al., 2003; Litvak et al., 2011; Trottenberg et al., 2007; Wichmann and 

Delong, 2006). Standard PD therapy restores DA deficiency by administration of the 

DA precursor L-3,4-dihydroxyphenylalanine (L-DOPA) and DA receptor agonists, e.g. 

apomorphine. The positive effect of those drugs on PD motor symptoms is 

accompanied by both reduced neuronal firing rate and beta oscillatory activity in the 

STN (Levy et al., 2001; Weinberger et al., 2006). Long-term treatment with L-DOPA, 

however, causes severe motor complications (Cenci and Lindgren, 2007). 

Intrastriatal transplantation of DA neurons may be an alternative to restore deficient 

DA supply allowing a more physiological and less pulsatile DA delivery. Although 

intrastriatal transplantation trials have been halted due to unwanted side effects 

(Freed et al., 2001; Olanow et al., 2003), this treatment holds great promise: it might 

both stop progression of disease and restore altered physiology (Brundin et al., 2010; 

Dunnett and Rosser, 2011; Hickey and Stacy, 2011). In this context, Richardson et 

al. (2011) recently reported on a PD patient with partially restored GPi neuronal 

activity after intrastriatal transplantation of DA cells. Injection of 6-hydroxydopamine 

(6-OHDA) into the rat medial forebrain bundle (MFB) leads to striatal loss of DA and 

abnormal neuronal activity in the BG, which closely parallels the findings in PD (Alam 

et al., 2012; Deumens et al., 2002; Mallet et al., 2008a). In this model, intrastriatal 

transplantation of embryonic dopaminergic neurons ameliorates DA agonist-induced 

rotations (Jungnickel et al., 2011; Klein et al., 2007). Intriguingly and also close to the 
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patient situation, the DA-depleted striatum of 6-OHDA-lesioned rats contains 

increased levels of GABA-synthesizing enzymes (Gad65, Gad67; Soghomonian & 

Martin (1998)) and GABA (Coune et al., 2013). This is accompanied by enhanced 

neuronal activity in the striatum and altered neuronal activity in downstream BG 

nuclei (Hammond et al., 2007). One study reported that after striatal implantation of 

mouse-to-rat xenografts in hemiparkinsonian rats the downstream parkinsonian basal 

ganglia firing patterns were normalized to some extent (Gilmour et al., 2011). In our 

study we further characterized intrastriatal rat allografts in the 6-OHDA PD rat model 

by electrophysiological extracellular recordings and local field potentials in the STN 

and gene expression analysis in the STN and striatum, and correlated these data 

with results from the amphetamine-induced rotation paradigm. 

 

4.3 Material and Methods 

Experimental design 

Forty-nine adult female Sprague Dawley rats from Charles River (Germany) weighing 

200-250 g at the beginning of the experiments were used in this study. Animals were 

housed in cages of three to four and kept in temperature- and humidity-controlled 

rooms on a 14 h light/10 h dark schedule with food and water available ad libitum. All 

experimental protocols followed the German animal protection act and were 

approved by the local authorities (Bezirksregierung LAVES Hannover, Germany). 

Thirty-eight animals received a unilateral 6-OHDA lesion of the right medial forebrain 

bundle. Eleven rats served as naive controls. Six weeks after lesion surgery 

amphetamine-induced rotation was performed with all lesioned hemiparkinsonian 

(HP) animals (Fig. 1), and the animals were matched into experimental groups based 

on their rotation scores (see Table 1 for details). Seven to eight weeks after 6-OHDA 

infusion, 19 animals were intrastriatally transplanted with in vitro expanded and 

differentiated DA progenitor cells derived from ventral mesencephali (VM) of 

embryonic day 12 (E12) rat embryos. Rotational bias was re-analyzed six weeks post 

grafting. One to two weeks later either electrophysiological and immunohistochemical 

or qRT-PCR analyses were performed (Fig. 1). 
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Fig. 1: Experimental design. HP-Control, HP-Small 
Graft, and HP-Large Graft rats were lesioned eight 
weeks before intrastriatal transplantation of in vitro 
expanded and differentiated murine fetal DA cells (for 
detailed description of experimental groups see Table 
1). Naive Control animals served as healthy controls. 
Lesion severity and graft functionality were evaluated 
by means of amphetamine-induced rotation two weeks 
before and six weeks after the transplantation 
respectively. A subset of rats was subjected to 
electrophysiological experiments recording 
subthalamic neural activity and immunohistochemical 
analyses. Another group was subjected to qRT-PCR 
examination. LX = lesion surgery; amph rotation = 
amphetamine-induced rotation; TX = transplantation 
surgery; E12 VM-derived cells = embryonic day 12-
derived cells; DIV = days in vitro; e-physiol = 
electrophysiological recordings; IHC = 

immunohistochemistry; qRT-PCR = quantitative reverse-transcribed polymerase chain reaction. 

Table 1: Experimental groups. HP = hemiparkinsonian; 6-OHDA = 6-hydroxydopamine; IHC = 
immunohistochemistry; E-Physiol. = electrophysiology; Amph Rotation = amphetamine-induced 
rotation; qRT-PCR = quantitative reverse-transcribed polymerase chain reaction; STR = striatum; STN 
= subthalamic nucleus; TX = transplantation; E12 VM cells = embryonic day 12 ventral 
mesencephalon-derived cells; n.d. = not determined. 

ID 

 

 

Comments 

 

 

E-Physiol. 

Amph Rotation 

IHC (n) 

qRT-PCR 

Amph 

Rotation (n) 

Naive Control no surgery 4 7 

 6-OHDA injection, no sham surgery (HP-Only) 4 7 

HP-Control 
6-OHDA injection, capillary injection, vehicle infusion, no 

cells (HP-Vehicle)  
4 n.d. 

 
6-OHDA injection, capillary injection, no vehicle, no cells 

(HP-Cannula) 
4 n.d. 

HP-Small Graft 6-OHDA injection, TX of E12 VM cells 6 n.d. 

HP-Large Graft 6-OHDA injection, TX of E12 VM cells 6 7 

 

6-OHDA lesion surgery and amphetamine-induced rotational behavior 

Lesion surgery was performed under general anesthesia with chloral hydrate (370 

mg/kg; i.p.). Animals received two stereotaxic injections of 6-OHDA hydrobromide 
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(free base 3.6 μg/μl in 0.02 % L-ascorbate-saline, Tocris) into the right MFB at the 

following coordinates (in mm according to bregma and dura (Paxinos and Watson, 

2006): first tract anterior-posterior (AP) -4.4, lateral (LAT) -1.2, dorso-ventral (DV) -

7.8, tooth bar (TB) -2.4, injection volume 2.5 μl; second tract AP -4.0, LAT -0.8, DV -

8.0, TB +3.4, injection volume 3 μl. Injections were delivered using a 10-μl Hamilton 

syringe with an injection rate of 1 μl/min. The cannula was left in place for additional 

3 min to allow diffusion before being slowly retracted. All operated rats were tested 

for their rotational bias in automated rotometer bowls according to Ungerstedt and 

Arbuthnott (1970). Animals were intraperitoneally injected with D-amphetamine 

sulfate (2.5 mg/kg in saline, Sigma), and right and left full body turns were monitored 

over a period of 90 min. All rats with a mean score of > 6.0 full ipsilateral body turns 

per minute were included in the study. 

  

Preparation of embryonic ventral mesencephalic tissue and cell culture 

VM were harvested from E12 rat embryos (crown-rump length of 6 mm) and 

prepared for in vitro cultivation. Primary cultures of DA progenitor cells were treated 

similar to a protocol previously described by Timmer et al. (2006) and Ratzka et al. 

(2012). In brief, the VM tissue was dissected according to the modified 

microtransplantation approach based on the cell suspension technique by Björklund 

et al. (1983) and Nikkhah et al. (1994). The dissected VM pieces were incubated in 

preparation medium (Dulbecco's modified Eagle's medium/Ham's F-12 medium 

(DMEM/F12, Gibco); 0.05 % DNase (Roche); B27 (Gibco); 1 mM sodium pyruvate 

(PAA); 2 mM glutamine) for 15 min at 37 °C. The incubation was stopped with 

attachment medium: DMEM/F12; 3 % fetal calf serum (FCS, PAA); 20 ng/ml FGF-2 

(Preprotech); 1x B27; 1x N2 (Gibco); 1 mM sodium pyruvate; 0.25 % bovine serum 

albumin (BSA, Sigma); 2 mM glutamine (Gibco); and penicillin-streptomycin (PAA). 

The cell suspension was centrifuged at 1000 rpm for 5 min. The pellet was re-

suspended in 1 ml of attachment medium and mechanically dissociated using first a 1 

ml and then a 200 µm Eppendorf pipette. After determining cell viability by trypan 

blue dye exclusion assay (Sigma), cells were plated on multi-well cell culture dishes 

coated with polyornithine (0.1 mg/ml, Sigma) / laminin (6 µg/ml, Sigma) at a density 
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of 300,000 cells/well of a 6-well plate (Nunc). The cell suspension was cultivated for 

one day in attachment medium, followed by three days in proliferation medium, which 

resembled the composition of attachment medium omitting FCS and B27 

supplement. Cells were differentiated for four additional days in differentiation 

medium: DMEM/F12; 1 % FCS; B27; 0.25 % BSA; 2 mM glutamine; 100 µM ascorbic 

acid (Sigma), and penicillin-streptomycin. After four days in-vitro (DIV) the cells were 

harvested, centrifuged at 1000 rpm for 5 min, re-suspended in vehicle 

(transplantation medium = differentiation medium without FCS and penicillin-

streptomycin but with addition of 0.05 % DNase) and the final volume was added 

(130,000 cells/µl; preparation for the Small Graft group). Cell preparation for Large 

Graft group animals included an additional centrifugation step (1000 rpm for 5 min) 

before the pellet was re-suspended by adjusting to the final volume of 1 µl 

(concentration of 130,000 cells/µl). 

 

Transplantation surgery 

Seven to eight weeks after the 6-OHDA lesion, 19 rats were intrastriatally infused 

with VM-derived cell suspensions and eight rats were sham-transplanted (Table 1). 

As the experimental results of the HP-Only, HP-Cannula, and HP-Vehicle groups did 

not differ from each other, data were pooled and, hereafter, called HP-Control group. 

Transplantation surgery was performed as previously described (Ratzka et al., 2012; 

Timmer et al., 2006). Briefly, under chloral hydrate anesthesia rats received two 

stereotaxic injections (two tracts, four deposits of 1 µl cell suspension each into the 

right striatum using a glass capillary). The capillary (outer diameter 50-70 µm) was 

attached to a 2-µl Hamilton syringe and transplanted at the following coordinates (in 

mm according to bregma and dura): medial tract, AP +0.5, LAT -2.3, DV -5 and -4, 

TB 0.0; lateral tract, AP +0.5, LAT -3.3, DV -5 and -4, TB 0.0. 

 

Electrophysiological recordings  

In vivo neuronal activity measurements were carried out on a total of 28 rats seven to 

eight weeks after intrastriatal graft implantation. One rat died during the procedure, 

so that 27 animals were recorded (Naive Control n = 4, HP-Control n = 11; HP-Small 
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Graft n = 6; and HP-Large Graft n = 6; see Table 1). Extracellular single unit (SU) 

activity and local field potential (LFP) recordings were performed in the STN at AP -

3.6 to -3.8, LAT −2.4 to -2.8, DV -7.4 to -8.0, TB -3.3 (in mm according to bregma) 

under urethane anesthesia (1.4 g/kg i.p. with additional 25 % doses as needed) as 

described previously (Alam et al., 2012). The temperature of the anesthetized animal 

was constantly controlled with a rectal probe and maintained at 37 to 37.5° C with a 

heating pad (Harvard Apparatus). Electrocardiographic activity was monitored 

constantly to ensure the animals’ well-being. A drop of silicon oil was applied to all 

areas of exposed cortex to prevent dehydration. Depth of anesthesia was monitored 

by examination of the reflex answer to a toe pinch. Extracellular recordings were 

taken by using a quartz-coated pulled and ground platinum-tungsten alloy core (95 % 

- 5 %) microelectrode (diameter: 80 μm, impedance 1-2 MΩ at 1 kHz). The electrode 

was advanced using a microdrive (Thomas recording GmbH, Germany) in the 

ipsilateral STN. Initially, recorded signals were split into two signals, which allowed 

single unit activity and LFPs to be analyzed from the same electrode: (1) SU activity 

was recorded with a 0.5 to 5 kHz band pass filter at a sampling rate of 25 kHz and 

× 9,500 to × 19,000 amplification, and (2) LFPs were recorded with a 0.5 to 100 Hz 

band pass filter at a sampling rate of 1 kHz, as described by Logothetis (2003) and 

Rasch et al. (2008). Additionally, an electrocorticogram (ECoG) was recorded via a 1 

mm jeweler’s screw positioned on the dura mater above the ipsilateral primary motor 

cortex region (AP +2.7 mm; LAT 2.0 mm). Two additional screws serving as ECoG 

reference and ground were placed over the parietal lobe and cerebellum (Lehmkuhle 

et al., 2009). All signals were digitized with a CED 1401 (Cambridge Electronic 

Design, UK) and recorded for 8 to 10 min after signal stabilization. 300 s of the 

recording was analyzed and sorted on the base of a 3:1 signal to noise ratio. 

Neurons were only analyzed during the active state of the ECoG. After termination of 

the experiment, electrical lesions were set at the proximal and distal site of the 

trajectory (10 μA for 10 s; both negative and positive polarities), brains sectioned and 

hematoxylin-eosin stained (see below) to verify the position of each electrode. 
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Analysis of electrophysiological data 

Neuronal firing activity arising from a single neuron was discriminated by threshold 

spike detection and template matching, controlled by cluster analysis with principal 

component analysis, and final visual inspection by using the template-matching 

function of the spike-sorting software (Spike2; Cambridge Electronic Design, UK). 

The firing rate was calculated by using the firing rate histograms produced in 

NeuroExplorer version 4 (NEX Technologies, NC). Burst-like firing patterns, 

consisting of intermittent grouped firing separated by periods of pauses or low-

frequency tonic activity, were analyzed by the criteria of surprise methods. We used a 

surprise threshold of 3, which equates to an alpha < 0.05 that the candidate burst 

would occur as part of a Poisson-distributed sequence of spikes in NeuroExplorer 

software. It was assumed that a random variable ‘P’ had a Poisson distribution with 

the parameter frequency. It was also assumed that a burst had ‘N’ spikes and a 

distance ‘T’ from the first to the last spike of the burst; subsequently, the surprise of 

the burst was S = - log10 (i.e., the probability that P had at least ‘N’ points in a time 

interval of the length of ‘T’). The number of bursts and mean number of spikes in 

bursts were used for statistical evaluation. We used the approximate entropy (ApEn) 

algorithm to measure the statistical irregularity in data sets of inter-spike interval 

sequences (ISIs), where higher values corresponded to higher irregularity. Three 

parameters were applied for computing the ApEn value: the number of spikes in the 

input sequence (N), the embedding dimension (m), and the vector comparison length 

(r). Because ApEn was dependent on the record length (N), the length of the data 

streams was fixed to be 1000 ISIs for all recordings. The embedding dimension (m) 

was empirically set to 2, and the parameter (r) was calculated for each cell as 20 % 

of the standard deviation (SD) of ISIs (Pincus, 1995) using MATLAB (Mathworks, 

MA, USA). To determine three distinct patterns (regular, irregular and bursting 

activity) we used a modified approach of the discharge density histogram of Kaneoke 

and Vitek (1996), which compares a density histogram d (λ) to reference density 

functions px(λ). Furthermore, the estimated density histograms d (λ) were compared 

to the reference probability density function px(λ) by means of a mathematical 

distance. The discharge density of a regular neuron was expected to follow a 
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Gaussian distribution PG(λ) with a mean equal to 1 and a variance equal to 0.5. An 

irregular neuron was expected to follow a Poisson distribution PP(1)(λ) with a mean 

equal to 1. A bursting neuron produced a Poisson distribution PP(0.2)(λ) with a mean 

equal to 0.2. Because of the reduced number of samples forming d (λ) and the 

possibility to take values very close to zero, we chose the 2-norm distance to 

determine the goodness-of-fit. The smaller the 2-norm distance was, the better the 

according distribution was suited to model the neuronal activity. Therefore, the 

distribution with the smallest distance determined the classification of each neuron 

(Labarre et al., 2008). Further, the firing rates of neurons categorized as bursty, 

irregular, and regular were analyzed. 

 

Spectral power analysis of local field potentials and coherence analysis 

LFP recordings in the STN and ECoG in the motor cortex were carried out in parallel 

to SU activity. Each recorded segment was detrended to remove any slow DC 

components and padded with zeros to increase frequency resolution. Spectra were 

determined for 300 s recordings, with a 50 Hz signal notch and 100 Hz low pass filter. 

Autospectra of LFPs and ECoG were derived by discrete Fourier transformation with 

1024 blocks and computed using a Welch periodogram in a custom MATLAB 

(Mathworks, MA) script. The relative power of each epoch of 300 s from the same 

recording section as the spike train was analyzed (θ = 4-8 Hz, β = 13-25 Hz), 

averaged, and compared between Naive Control, HP-Control, HP-Small Graft, and 

HP-Large Graft groups. Power was expressed as percentage of total power over 1-

100 Hz to normalize the data across animals. Coherence of oscillatory signals 

provides a frequency-domain measure of the linear phase and amplitude 

relationships between signals. The frequency relationships between activity in STN 

and motor cortex (ECoG) were defined by coherence analysis using the approach 

outlined by Halliday et al. (1995). Coherence values can range from 0 for not linear to 

1 for perfect linear relationship of the signals. Since coherence is a measure of linear 

similarity, the phase shift must be constant and the amplitudes of the two waveforms 

must have a constant ratio to be completely coherent at a particular frequency over a 

given time frame. All standard power and coherence comparisons were performed on 
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300 s of data set. After signals were down sampled to 1 kHz, spectra of LFP or ECoG 

power were estimated by dividing the waveform signal into a number of sections of 

equal duration of 1024 data points with 512-point overlap. Each section was 

windowed (Hanning window), and Welch’s averaged modified periodogram of 

spectral estimation was calculated for the 300 s segment. Frequency bands (1 to 100 

Hz) were selected for comparison between groups based on the most prominent 

activities in the mean transformed coherence between STN-LFPs and motor cortex 

ECoG in the different groups of animals. 

  

Perfusion and Tyrosine hydroxylase immunohistochemistry 

Directly after the electrophysiological recordings, deeply anesthetized animals were 

transcardially perfused with 150 ml 0.9 % saline followed by 250 ml of 4 % 

paraformaldehyde in PBS. The brains were post-fixed for 24 hrs and transferred to 30 

% sucrose for cryoprotection. Each brain was frozen and coronally sectioned on a 

freezing stage microtome at 40 µm thickness in series of six at the region of the 

striatum, i.e., between the coordinates +3.2 and -3.2 mm with reference to bregma. 

Every third section was processed for free-floating anti-Tyrosinhydroxylase (TH) 

immunohistochemistry (IHC) using the avidin-biotin-complex ABC kit (Vector Labs) 

as previously described by Ratzka et al. (2012) using anti-TH antibody (T1299, 

Sigma, 1:5000) and biotinylated rabbit anti-mouse antibody (Dako, 1:200) and 3’,3-

diaminobenzidine (DAB) with ammonium nickel sulfate intensification for 

visualization. The stained sections were dehydrated and mounted (Corbit-Balsam, 

Hecht) on gelatinized slides (SuperFrost, Thermo Scientific, Germany). To localize 

the electrical lesions in the STN between -3.2 and -4.2 mm coronal sections were cut 

at 18 µm thickness, mounted on glass slides (SuperFrost, Thermo Scientific, 

Germany), and stained with hematoxylin-eosin (Fig. 3F). 

 

Graft morphology 

All somata of TH+ cells of the medial and lateral graft on two series were 

pseudostereologically counted in a meander-like manner using C.A.S.T.-Grid 

software (Olympus, Denmark) on a microscope with an X-Y motor stage (Olympus 
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BX50, Denmark). The total number was estimated using Abercrombie’s formula: P = 

(M / (D+M) × A × N, with P = total number of cells; M = mean tissue thickness; D = 

mean diameter of neuronal somata; A = cell counts, and N = number of series 

(Abercrombie, 1946). Graft volume was measured on one series of TH-stained 

sections. Microphotographs were taken under bright field illumination and 4x 

magnification with an Olympus microscope (Olympus BX51, Denmark) and analyzed 

with CellSens Dimension software (Olympus, Denmark). The area of the graft core in 

all analyzed sections was calculated in μm2 using ImageJ software (version 1.45s; 

National Institutes of Health, USA), then multiplied by section thickness of 40 μm and 

six for the total number of series. The degree of morphological re-innervation by TH+ 

fibers was quantified on five sections (with reference to bregma: AP +1.2, +0.5, 0.0, -

0.5, -0.9) by measuring the optical density in the outlined striatum excluding the graft 

core using ImageJ software. The intensity of unspecific background staining was 

measured in the corpus callosum and subtracted from the striatal values. The results 

are given as mean optical fiber density in percentage of the contralateral intact side. 

 

Quantitative RT-PCR analysis 

Rats were deeply anesthetized with CO2 and subsequently decapitated. The brains 

were quickly removed and cut transversally at the level of the chiasma opticum in 

cold (4° C) diethylpyrocarbonate (DEPC)-treated PBS. The anterior part of the right 

striatum (AP +2.0 to -0.5 mm with reference to bregma) was separated from cortex, 

septum, and diencephalon by two horizontal and two vertical cuts under optical 

control (Stemi SV6, Zeiss). The striatal tissue block was snap-frozen in liquid nitrogen 

and stored at -80° C. The posterior part of the brain containing the STN was 

embedded in Tissue-Tek OCT Compound (Sakura Finetek) and also snap-frozen in 

liquid nitrogen at -80° C. Between -3.2 and -4.2 mm coronal sections were cut on a 

freezing stage microtome at 30 µm thickness, mounted on slides covered with a thin 

polyethylene membrane (PALM Membrane Slides, Zeiss) and stained with RNase-

free hematoxylin-eosin and DEPC-treated solutions. The STN was isolated by laser 

microdissection using the PALM Laser-MicroBeam System (Zeiss) with a pulsed UVA 

(355 nm) laser. The material was catapulted into a 500 µl microfuge cap (PALM 
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adhesive cap, Zeiss). The samples were stored at -80° C. Tissue samples from 

individual animals were homogenized in Buffer RLT (Qiagen, containing 1 % β-

Mercaptoethanol) using for striatal samples a motorized micropestle and 

subsequently vortexed. Total RNA was extracted using the RNeasy Plus Micro Kit 

(Qiagen), including a gDNA Eliminator spin column step, and eluted in 14 µl RNase-

free water. Six µl of the striatal RNA or 14 µl STN RNA, respectively, were converted 

into cDNA using the iScript cDNA synthesis kit including a blend of oligo (dT) and 

random hexamers (BioRad). Primer sequences were designed with NCBI primer3 

software, except for Dat, Gapdh, Gad67, Hprt1, Ppia, and Th, which were adapted 

from the literature (Hommel et al., 2003; Medhurst et al., 2000; Schiff et al., 2009; 

Zhang et al., 2010), and spanned exon-intron boundaries (Table 2). The qRT-PCR 

was performed in 96-well plates using the StepOnePlus instrument (Applied 

Biosystems) as described previously (Ratzka et al., 2011). After qRT-PCR cycling, 

dissociation curves were calculated to ensure specificity of the PCR product. Equal 

PCR efficiency of the primer pairs was validated by serial cDNA dilutions of striatal 

cDNA samples. The data of the experimental groups were analyzed with the 

StepOneTM software version 2.1 (Applied Biosystems) with a constant threshold 

value of 0.2. Fold changes in mRNA levels were compared to the Naive Control 

group. The results were calculated using the 2(-ΔΔCt) method and normalized to the 

geometric mean of the three housekeeping genes glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh), hypoxanthine guanine phosphoribosyl transferase (Hprt), 

and peptidylprolyl isomerase A (Ppia). 

 

Statistical analysis 

Histology data were subjected to 1-way or 2-way ANOVA followed by Dunnett post-

hoc analyses (GraphPad Prism 5, GraphPad Software, Inc., USA). The qRT-PCR 

data were analyzed with one-way Tukey ANOVA. For the electrophysiological data 

nonparametric statistical approaches were preferred due to the significant deviation 

from normality and a lack of homogeneous variances that existed mostly in 

extracellular SU spike data. One-way Kruskal-Wallis ANOVAs were followed by 

pairwise multiple comparisons with Mann-Whitney test for significant differences, if 
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the Kruskal-Wallis ANOVA showed significance. Pearson’s chi-square test (Chi2-

Test) was applied to determine differences in the distribution of firing patterns. 

Results are presented as means ± standard error of the mean (SEM) unless stated 

otherwise and p-values were set < 0.05, < 0.01, and < 0.001 as level of significance, 

and marked in the figures by *, **, *** when compared to the Naive Control group or 

#, ##, ### when compared to the HP-Control group, respectively. 
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4.4 Results 

Immunohistochemistry 

Seven to eight weeks post transplantation all grafted animals showed substantial 

TH+ neuron survival. The two cell deposits per tract had fused forming medial (T1) 

and lateral grafts (T2) with cells distributed throughout the grafts (Fig. 2A). TH+ fiber 

outgrowth into the surrounding striatum was mainly detectable in the ventromedial 

and ventrolateral parts of the striatum surrounding both grafts. Densitometric 

quantification of the optical TH+ fiber intensity including the whole striatum (omitting 

the graft itself, Fig. 2A) reached 13.9 % ± 1.4 SEM compared to the contralateral 

hemisphere in the HP-Large Graft group, which was significantly higher than in the 

HP-Control group (4 % ± 0.9 SEM, p < 0.001, t-test). The transplants of the HP-Large 

Graft group had a mean volume of 1.2 mm3 ± 0.3 SEM and contained 3486 ± 548 

SEM surviving TH+ cells. Since the graft survival was rather high (2500 cells more 

compared to our previous study also using E12 cells (Timmer et al., 2006)), we 

transplanted another six rats (HP-Small Graft group) according to Timmer et al. 

(2006) omitting the additional centrifugation step (see methods). In those rats the 

TH+ fiber density of the whole striatum did not differ significantly from the HP-Control 

group (optical TH+ fiber intensity of 6.8 % ± 1.1 SEM, p = 0.08, t-test). Moreover, the 

number of surviving grafted TH+ cells (586 ± 109 SEM) and graft volume (0.22 mm3 

± 0.04 SEM) were much lower and reached levels of our previous study (Timmer et 

al., 2006). 

 

Drug-induced rotational behavior 

In the amphetamine-induced rotation test the unilateral 6-OHDA lesion induced a 

mean ipsilateral bias of 7.8 to 9.8 turns prior to grafting (preTX, Fig. 2B). The HP-

Control animals developed a strong and consistent ipsilateral rotational bias after 

amphetamine injection during the entire experiment. Six weeks after transplantation a 

significant and complete restoration of rotational asymmetry with net ipsilateral 

rotations scores at -1.3 ± 0.6 SEM (p < 0.001) was observed in the HP-Large Graft 

group: the rats overcompensated by 116 % to the ipsilateral side (postTX, Fig. 2B). 
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Animals from the HP-Small Graft group displayed partial recovery of 50 % reduction 

of the rotation score (reduction from 9.8 ± 1.4 to 4.8 ± 1.3 SEM full body turns / min, p 

< 0.01, postTX, Fig. 2B). Remarkably, we could see a significant correlation between 

the number of TH+ cells and the percentage of change in the amphetamine-induced 

rotation in all grafted animals (r² value = 0.83; p < 0.001, Fig. 2C). We observed this 

correlation also within both grafted groups (HP-Small Graft group: r² value = 0.80; p < 

0.05; HP-Large Graft group: r² value = 0.74; p < 0.05, data not shown). 

 

 

Fig. 2: Histological and amphetamine-induced rotational analysis. (A) Shows a typical brain 
section from the HP-Large Graft group stained for TH. T1 and T2 mark the two tracts of injecting the 
cell suspension with the fused lower and upper cell deposit together with TH+ fibers. (B) 
Amphetamine-induced rotation is ameliorated in the HP-Small Graft group, while the HP-Large Graft 
group shows overcompensation. # indicates a difference to the HP-Control group; § presents a 
significant change between pre and post transplantation results within each group; and € points out a 
significant difference between the two grafted groups post transplantation. Note that this difference 
strongly correlated with number of surviving cells as seen in panel (C). 
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Intrastriatal DA grafts modify subthalamic neuronal activity  

Every track was confirmed to be in the STN by histology (Fig. 3F). From a total of 702 

recorded neurons, 76 neurons were not included into analysis due to unstable 

neuronal activity. The average number of neurons analyzed per individual rat was 

24.75 ± 2.01 (Naive Control group), 18.18 ± 0.90 (HP-Control group), 29.33 ± 1.62 

(HP-Small Graft group), and 25.16 ± 1.19 (HP-Large Graft group). Together, in Naive 

Controls n = 99, in HP-Controls n = 200, in HP-Small Graft animals n = 176, and in 

HP-Large Graft animals n = 151 were measured with an average of 26 subthalamic 

neurons in each rat. The DA deprived animals displayed a 29 % increased firing rate 

in the STN with 17.87 ± 0.76 spikes/s in the HP-Control group compared to 13.85 ± 

0.76 spikes/s in Naive Control animals (p < 0.001, Fig. 3A). Compared to 6-OHDA-

lesioned rats intrastriatally grafted DA neurons reduced the subthalamic firing rate 

gradually from 16.39 ± 0.67 spikes/s in the HP-Small Graft group (p = 0.07) to 14.03 

± 0.63 spikes/s in the HP-Large Graft group (p < 0.001). Importantly, the firing rate of 

the latter group equates to that of the Naive Control animals (Fig. 3A). In addition to 

the overall analysis (Fig. 3A), we also analyzed individual neuronal categories of 

burst firing, irregular firing and regular firing neurons (Table 3). While the mean firing 

rate of bursty neurons did not differ between the Naive Control and HP-Control 

groups, the firing rate of the HP-Small Graft and HP-Large Graft groups was 

significantly lower than that of HP-Control animals (p < 0.01). The firing rate of 

irregular firing neurons was significantly higher compared to Naive Control animals (p 

< 0.01) and to both grafted groups, which is similar to the analysis of the overall firing 

rate (Fig. 3A). The firing rate of regular firing neurons was similar, however, without 

reaching the level of significance. Notably, while the firing rate of bursty neurons in 

the Naive Control group was higher compared to irregular and regular firing neurons, 

in all other groups there was no difference in the firing rate of the different patterns. 

Compared to naive rats (6.45 ± 0.65) the mean number of spikes in bursts was 

significantly enhanced in the HP-Control group (7.93 ± 0.62, p < 0.05), while in the 

HP-Small Graft group (8.18 ± 0.77, p = 0.08) and the HP-Large Graft group (7.13 ± 

0.51, p = 0.09) this difference did not reach the level of significance (Fig. 3B). 

Further, the number of bursts was higher in the HP-Control group, the HP-Small Graft 
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group and the HP-Large Graft group as compared to the Naive Control group (Fig. 

3C). While the ApEns of HP-Control and HP-Small Graft rats were only slightly 

reduced compared to Naive Control rats without reaching the level of significance, in 

the HP-Large Graft group the ApEn was significantly reduced compared to the Naive 

Control group (p < 0.01) and to the HP-Control group (p < 0.05, Fig. 3D). The 

regularity of the spike events was analyzed based on a reference density function 

(Labarre et al., 2008) to differentiate between three firing patterns for bursty, irregular 

and regular cells. The distribution of those patterns was significantly different 

between HP-Control, Naive Control, HP-Small Graft, and HP-Large Graft groups, 

respectively (Fig. 3E). In the HP-Control group the number of bursty and irregular 

neurons was enhanced, and the number of regular neurons was reduced compared 

to the Naive Control group (χ2 = 8.12, df = 2, p < 0.01). Both graft groups increased 

the number of regular neurons and decreased the number of irregular neurons (χ2 = 

8.58, df = 2, p < 0.01) compared to the HP-Control group, resulting in a restoration of 

regularly firing neurons similar as seen in the Naive Control group. The firing patterns 

were different between the HP-Control group and HP-Large Graft group (χ2 = 8.155, 

df = 2, p < 0.01) but were not statistically different to the HP-Small Graft group (χ2 = 

5.581, df =2, p = 0.06). 

 

Table 3: Firing rate in neurons classified for different firing patterns within and between 
experimental groups. * indicates differences to Naive Control animals, # indicates differences to HP-
Control animals, and $ indicates differences to burst firing neurons within groups. 

 

Burst firing neurons Irregular firing neurons Regular firing neurons 

burst firing 
mean firing  and 

SEM (Hz) 

irregular 

firing 

mean firing and 

SEM (Hz) 

regular 

firing 

mean firing and 

SEM (Hz) 

Naive Control 

(n=99) 
4 % 22.73 ± 1.73 $ 59% 12.37 ± 0.87 37 % 15.54 ± 1.47 

HP-Control 

(n=200) 
11 % 20.04 ± 3.70 65% 17.89 ± 0.87 ** 24 % 17.72 ± 0.92 

HP-Small Graft 

(n=176) 
11 % 15.47 ± 1.82 ## 54% 14.82 ± 0.98 ## 35 % 18.00 ± 0.91 

HP-Large Graft 

(n=151) 
14 % 14.06 ± 1.55 ## 50% 13.17 ± 0.81 ## 36 % 16.11 ± 1.31 
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Fig. 3: Single unit activity in the subthalamic nucleus. Neuronal mean firing rate (A), mean 
number of spikes per bursts (B) and number of bursts per neuron (C), and approximate entropy (D) of 
Naive Control, HP-Control, HP-Small Graft and HP-Large Graft groups. The values are shown as 

mean  SEM. * indicates differences to Naive Control animals, and # indicates differences to HP-
Control animals. The percentage of three different discharge patterns in the STN (burst, irregular, and 
regular) for the different groups is shown in (E). Histological picture of induced coagulations (10 µA 
bipolar current for 10 s) made along the trajectories of recorded neurons in the STN (F). 

Beta and theta frequency range in STN and motor cortex 

The STN of the HP-Control group and HP-Small Graft group showed a higher relative 

power of (13-25 Hz) beta-oscillatory activity compared to Naive Control animals (p < 

0.001 and p < 0.05, respectively, Fig. 4A). Importantly, this was reduced in the HP-

Large Graft group compared to the HP-Control group (p < 0.001). No differences 

were observed between the Naive Control and the HP-Large Graft groups (p = 0.17), 
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as well as between the HP-Control and HP-Small Graft groups (p = 0.16, Fig. 4A). In 

the motor cortex beta activity was enhanced in the HP-Control, the HP-Small Graft 

and HP-Large Graft groups compared to the Naive Control group (p < 0.001, Fig. 

4B). No differences were found between HP-Control, HP-Small Graft, and HP-Large 

Graft groups (p = 1.00, p = 0.8). The mean coherence of beta band activity was 

enhanced in the HP-Control group compared to the Naive Control group, which then 

decreased gradually in the HP-Small Graft and HP-Large Graft groups (Fig. 4C, D). 

No difference was seen between the Naive Control and HP-Large Graft groups, while 

the coherence of beta was still enhanced between Naive Control and HP-Small Graft 

groups (Fig. 4D). The power of theta was lower in the HP-Control, the HP-Small 

Graft, and the HP-Large Graft groups in both STN (Fig. 4E) and motor cortex (Fig. 

4F) compared to the Naive Control group. Theta was significantly increased in the 

HP-Small Graft group but not in the HP-Large Graft group compared to the HP-

Control group in both STN and motor cortex (Fig. 4E, F). 
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Fig. 4: Oscillatory activity in the subthalamic nucleus and motor cortex. Percentage of relative 
power of oscillatory beta activity in the STN (A) and the motor cortex (B) of Naive Control, HP-Control, 
HP-Small Graft, and HP-Large Graft groups. The central line of the box plots represents the medial, 
the 25 %-75 % (interquartile) range, and the edge of the whiskers shows the 5 %-95 % of the overall 
distribution of beta bands in each population of neurons of the STN. Average coherence of spectral 
power within frequency range (1-50 Hz) in the STN-LFPs and motor cortex (ECoG) and mean 
transformed beta oscillatory (13-25 Hz) coherence across experimental groups (C and D) respectively. 
The percentage of relative power of oscillatory theta activity in the STN (E) and the motor cortex (F) is 
shown as described for the beta activity (A, B). * indicates differences to Naive Control animals and # 
indicates differences to HP-Control rats. 

Gene expression changes in the striatum 

All grafted animals that were included in the qRT-PCR analysis displayed, similar to 

the HP-Large Graft group used for electrophysiological recordings, 
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overcompensation in the amphetamine-induced rotational test ranging from 8.0 ± 0.9 

SEM before to -4.0 ± 1.7 SEM after transplantation (data not shown). To verify 

survival of grafted DA neurons, we analyzed the expression of three marker genes, 

the DA transporter (Dat), the dopa decarboxylase (Ddc), and the tyrosine 

hydroxylase (TH) by qRT-PCR. Only grafted animals displayed robust Dat expression 

in the striatum, whereas Dat expression for Naive Control and HP-Control animals 

was below detection limit, thus the fold change could not be determined (data not 

shown). In transplanted animals, however, Ddc and TH expression was increased 3.3 

and 28 folds compared to Naive Control animals (Fig. 5A). Next, we analyzed two 

marker genes (Penk, Tac1) previously shown to respond differentially after 6-OHDA 

lesion and grafting (Winkler et al., 2003). As expected Penk was 1.5 fold increased in 

HP-Control animals, while Naive Control and transplanted animals had similar levels 

(Fig. 5B). The second marker gene Tac1 remained reduced in both the HP-Control 

and HP-Large Graft groups as expected at 0.5 and 0.4 fold of the Naive Control 

group, respectively (Fig. 5B). Having confirmed the typical striatal gene expression 

changes of lesioned and transplanted animals, we investigated other marker genes 

of the DA, GABA, and glutamate neurotransmitter system. The two main populations 

of GABA medium-sized spiny neurons (MSNs) project to different target areas and 

express either the DA receptor gene Drd1a or Drd2. Depending on the type of 

receptor expressed, DA has two opposite modes of action: D1 receptors excite, 

whereas D2 receptors inhibit neuronal activity. (i) Striatonigral MSNs form the direct 

pathway, projecting monosynaptically to the BG output nuclei SNpr and GPi; and (ii) 

the striatopallidal MSNs form the indirect pathway, connecting to globus pallidus 

externus (GPe), and then relaying through the STN to the BG output nuclei. 

Striatonigral MSNs expressed Drd1a, which was reduced to 0.8 (HP-Control group) 

and 0.7 (HP-Large Graft group) folds (Fig. 5C). Thus, expression of both striatonigral 

marker genes Drd1a and Tac1 was reduced after 6-OHDA lesion and did not recover 

after intrastriatal transplantation of DA neurons. Striatopallidal MSNs express Drd2, 

of which two splice variants Drd2L (long, including exon 6) and Drd2S (short, without 

exon 6) exist. The D2 receptor proteins encoded by those splice variants are 

differently localized: D2L mainly post-synaptic on striatal MSNs and D2S mainly pre-
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synaptic on axons of nigral DA neurons (Khan et al., 1998). Total striatal Drd2 levels 

(using primers detecting a region common of both isoforms) were significantly 

reduced to 0.75 fold in the HP-Large Graft group, while no differences were detected 

between the HP-Control and the Naive Control groups (Fig. 5C). Both isoform 

specific PCRs for Drd2L and Drd2S confirmed the degree of reduction in the HP-

Large Graft group down to 0.8 fold. This differs from previous studies (Chritin et al., 

1992; Winkler et al., 2003), where Drd2 was increased in 6-OHDA-lesioned animals 

and was restored back to normal levels in grafted animals. In our study only Drd2L 

displayed a small increase of 1.2 fold in the HP-Control group, while Drd2 and Drd2S 

did not differ significantly compared to Naive Control animals (Fig. 5C). GABAergic 

MSNs express the GABA synthesizing enzymes Gad65 and Gad67. Quantification of 

both genes revealed a 1.25 fold increase in the HP-Control group compared to the 

Naive Control group, and was normalized in the HP-Large Graft group (Fig. 5D). As 

the striatum receives major glutamatergic afferents from the cortex and the thalamus, 

we analyzed the expression of twelve genes related to glutamatergic 

neurotransmission: three NMDA receptor subunits (Grin1, 2a, 2b), four AMPA 

receptor subunits (Gria1-4), two metabotropic glutamate receptors (Grm1, Grm5), 

and three excitatory amino acid transporters (Eaat1-3). No differences between 

Naive Control and HP-Control animals were detected. Animals from the HP-Large 

Graft group, however, displayed a 0.8 fold reduced level of the AMPA subunit gene 

Gria3, which differed significantly only between the HP-Large Graft and HP-Control 

groups, but not between the HP-Large Graft and Naive Control groups (Fig. 5E). The 

NMDA subunits Grin2a (0.7 fold) and Grin2b (0.7 fold) were reduced in grafted 

animals (Fig. 5F). The remaining receptor genes Gria1, Gria2, Gria4, Grin1, Grm1, 

and Grm5 were unchanged (Fig. 5E, G). Only the neuronal glutamate transporter 

Eaat3 displayed a reduced expression down to 0.8 fold in the HP-Large Graft group, 

while both glial glutamate transporters Eaat1 and Eaat2 were unaffected (Fig. 5H). All 

data were normalized to the geometric mean of three housekeeping genes Gapdh, 

Hprt1, and Ppia. Hprt1, however, was slightly increased to 1.1 fold in the HP-Large 

Graft group (Fig. 5I).  
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Fig. 5: Gene expression changes in the striatum. Gene expression was quantified by qRT-PCR 
from dissected striatal tissue blocks from seven Naive Control, seven HP-Control, and six HP-Large 
Graft rats. Relative expression level changes are plotted as fold changes of the Naive Control group, 
which was set to 1. (A) DA marker genes Ddc and Th were increased in the HP-Large Graft group. (B) 
Increased Penk levels of HP-Control group are normalized in the HP-Large Graft group, while 
decreased Tac1 levels remained low. (C) Expression of the DA receptor gene Drd1a is reduced in 
both the HP-Control and the HP-Large Graft groups. In the HP-Control group Drd2L is increased, 
while in the HP-Large Graft group total Drd2 and both splice variants Drd2L and Drd2S are reduced. 
(D) Two GABA synthesizing enzymes Gad65 and Gad67 are increased in the HP-Control group. (E) 
AMPA receptor gene Gria3, but not Gria1, Gria2 or Gria4, is decreased in the HP-Large Graft group. 
(F) NMDA receptor genes Grin2a and Grin2b were decreased in the HP-Large Graft group. (G) 
Metabotropic glutamate receptor genes Grm1 and Grm5 were unchanged. (H) Neuronal glutamate 
transporter Eaat3, but not glial glutamate transporters Eaat1 and Eaat2, was decreased in the HP-
Large Graft group. (I) Out of three housekeeping genes used for normalization, Hprt1 was increased in 
the HP-Large Graft group.  

Gene expression changes in the subthalamic nucleus 

Subthalamic tissue was isolated by laser capture microdissection of HE-stained 

cryosections (Fig. 6A). The STN receives GABAergic afferences from the GPe. 

Based on previous in situ hybridization studies of GABA receptor subunits (Johnston 
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and Duty, 2003; Wisden et al., 1992), we selected three GABAA subunits α1, β2, and 

2 (Gabra1, Gabrb2, Gabrg2) and one GABAB subunit 1 (Gabbr1). No differences 

were observed in any of those four GABA receptor genes (Fig. 6B). The STN 

receives DA input through sparse collaterals from the SNpc (Rommelfanger and 

Wichmann, 2010). Indeed the qRT-PCR analysis revealed low levels (0.05 - 0.1 % 

compared to striatal levels) of Drd1a and Drd2 in the STN with no differences 

between the groups (Fig. 6C), while Th and Dat were below detection limit (data not 

shown). Low voltage-activated (T-type) calcium channels have been shown to be 

involved in subthalamic burst firing (Tai et al., 2011) and of those subunits 1g and 1i 

(Cacna1g, Cacna1i) are expressed at high levels in the STN (Talley et al., 1999). 

However, no changes in their subthalamic expression were observed between 

groups in our study (Fig. 6D). As the STN receives glutamatergic afferences from the 

cortex and sends efferences to GPi and SN, we focused our analysis on glutamate 

receptor / transporter genes. None of the twelve analyzed genes (Eaat1-3, Gria1-4, 

Grin1, Grin2a, Grin2b, Grm1, and Grm5) displayed expression level changes 

between HP-Control and Naive Control animals (Fig. 6E-H). Comparing the HP-

Large Graft and Naive Control groups, however, revealed decreased expression of 

the neuronal transporter Eaat3 and NMDA receptor Grin2b to 0.85 fold and 0.7 fold, 

respectively (Fig. 6F, H). No differences in the expression of the three housekeeping 

genes Gapdh, Hprt1, and Ppia were observed in the STN (Fig. 6I). 



Paper 1 

76 

 

 

Fig. 6: Gene expression changes in the STN. Gene expression was quantified by qRT-PCR from 
micro-dissected STN (A), which is located next to the capsula interna (Ci), from six Naive Control, 
seven HP-Control, and seven HP-Large Graft rats. Relative expression level changes are plotted as 
fold changes of the Naive Control group, which was set to 1. (B) GABA receptors, (C) DA receptors, 
(D) low voltage-activated (T-type) calcium channels, and (E) AMPA receptor genes displayed no 
changes between groups. (F) NMDA receptor transcript Grin2b was decreased in the HP-Large Graft 
group, but not Grin1 or Grin2a. (G) Grm1 and Grm5 metabotropic glutamate receptor transcript and 
(H) Eaat1 and Eaat2 glial glutamate transporter genes were unchanged, while neuronal glutamate 
transporter Eaat3 was decreased. (I) Housekeeping genes were unchanged.  

4.5 Discussion 

Our study documents that intrastriatal implantation of DA neurons in a PD rat model 

restores behavioral deficits, as well as STN firing rate and beta oscillatory activity, 

while burstiness was not affected. Furthermore, striatal gene expression (Gad65, 

Gad67, Penk) was normalized, while other measurements displayed novel changes 

such as decreased gene expression in the STN (Grin2b, Eaat3) and the striatum 

(Drd2, Eaat3, Gria3, Grin2a, Grin2b).  
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Graft size correlates with amphetamine-induced rotational behavior  

The number of surviving DA neurons in the grafts correlated with improved 

performance in the amphetamine-induced rotation test. The rotational bias was 

ameliorated in the HP-Small Graft group, while the HP-Large Graft group showed 

even overcompensation by reversing the direction of the rotation. Such correlations 

between graft size and behavior have been vividly discussed in the literature, with 

some studies confirming it (Dunnett et al., 1988; Yurek and Fletcher-Turner, 2002), 

whereas others do not (Torres and Dunnett, 2007). 

 

Intrastriatal DA grafts partially normalize subthalamic single unit activity 

The ‘rate model’ of BG postulates that the loss of DA causes increased neuronal 

discharge rates and burst activity in the STN (Wichmann and Dostrovsky, 2011), 

which has been found in PD patients (Remple et al., 2011; Steigerwald et al., 2008) 

and in animal models of PD (Aristieta et al., 2012; Breit et al., 2007; Gilmour et al., 

2011; Parr-Brownlie et al., 2007). Accordingly, the HP-Control group displayed an 

increased STN firing rate, which was reduced by intrastriatal grafting of DA neurons, 

either partially (HP-Small Graft) or fully (HP-Large Graft), which confirms our results 

regarding the degree of improvement in the rotation test. Previous studies already 

found that substitution of DA reduces the STN neuronal firing rate of PD patients 

(Levy et al., 2001) and DA-depleted rats (Kreiss et al., 1997). A recent study, 

however, found no effect of striatal mouse-to-rat xenografts on STN firing rate in 6-

OHDA-lesioned rats (Gilmour et al., 2011); notably, in this study the STN firing rate of 

6-OHDA-lesioned rats was not increased compared to naive rats, which may have 

obscured the graft effects. Interestingly, one case report described that in a PD 

patient, who had received intrastriatal DA transplants ten years before, the mean GPi 

discharge rate was decreased compared with OFF medication patients, while the 

GPe discharge rates were not altered. Therefore, the authors suggested that the 

likely mechanism of this effect is an increase in activity in the D1 receptor-positive 

striatal MSNs originating the direct striatum-GPi pathway (Richardson et al., 2011). 

Our finding of decreased STN firing rate after striatal graft implantation, however, 

clearly demonstrates that intrastriatal DA grafts can also affect the indirect pathway. 
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We observed increased burst activity with respect to mean spikes in bursts, number 

of bursts per neuron, and incidence of bursts in DA-depleted animals. Graft 

implantation reduced the mean number of spikes in bursts, which corroborates recent 

findings of Gilmour et al. (2011), while the number of bursts was not significantly 

affected and the number of bursty neurons was even increased in grafted rats. This 

result differs from that of Gilmour et al. (2011), who reported a reduction of STN 

bursty neurons in grafted animals. Notably and in line with enhanced burst activity, it 

has been reported that the dopaminergic drugs (L-DOPA and apomorphine) increase 

the burstiness in the STN of PD patients (Lafreniere-Roula et al., 2010; Levy et al., 

2001). Furthermore, the ApEn in HP-Large Graft animals was reduced, both 

compared to Naive Control rats and to the HP-Control group, which indicates a lower 

variability in the firing behavior or more regularity of firing patterns after graft 

implantation. This supports findings of Levy et al. (2001) and Lafreniere-Roula et al. 

(2010), who demonstrated that apomorphine increased the burstiness and reduced 

the entropy in the STN of PD patients. 

 

Beta-oscillations and coherence analysis 

To-date, the synchronized network oscillations model, which proposes enhanced 

oscillatory beta activity in the BG may better explain compromised neuronal 

information processing underlying the motor deficits seen in PD, than the BG ‘rate 

model’ network (Hammond et al., 2007; Hutchison et al., 2004; Levy et al., 2002). In 

our study we disclosed an enhanced relative power of the beta frequency band in the 

STN and the motor cortex of HP rats, which was reduced in HP-Small Graft and HP-

Large Graft groups in the STN, but not in the motor cortex. Nevertheless, excessive 

synchronization in the beta frequency band between the cerebral cortex and the BG 

nuclei has been shown in PD (Kühn et al., 2008; Levy et al., 2002; Mallet et al., 

2008a). In line with these findings, we observed that the mean coherence of beta 

synchronization in the STN and motor cortex ECoG was higher in the HP-Control 

group, but reduced in both graft groups to the level of Naive Control rats. These 

findings confirm preclinical and clinical studies validating that the depletion of DA in 

the nigrostriatal pathway increases beta-oscillatory activity in the STN along with 
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motor impairments, while DA agonists or high frequency deep brain stimulation of the 

STN decrease beta band activity and improve motor symptoms (Kühn et al., 2008; 

Mallet et al., 2008b). Notably, Gilmour et al. (2011) did not find increased oscillatory 

activity of the STN in hemiparkinsonian rats compared to normal control rats. 

However, while in small grafts oscillatory activity increased significantly in the STN, 

animals with large grafts displayed similar levels as control and hemiparkinsonian 

rats. We found that oscillatory theta band activity was decreased in HP-Control rats in 

both STN and motor cortex regions. Small, but not large grafts, partially normalized 

theta band activity. Interestingly, enhanced theta band activity has been associated 

with DA agonist-induced dyskinesias in PD patients and animal models (Alonso-

Frech et al., 2006), suggesting that graft implantation in the present study does not 

enhance the predisposition for dyskinesia. 

 

Influence of DA-grafts on neurotransmitter systems 

Given the importance of cortico-striatal and cortico-subthalamic glutamate 

transmission for adequate functionality of BG and the development of dyskinesias 

(Mathai and Smith, 2011; Sgambato-Faure and Cenci, 2012; Villalba and Smith, 

2011), we analyzed glutamate transporter and receptor transcript levels. While the 

HP-Control group was not affected, the HP-Large Graft group displayed decreased 

expression of four genes in the striatum and two genes in the STN indicating a 

dysregulation of extracellular glutamate homeostasis. In accordance to our data 

protein levels of NMDA receptors (1, 2a, 2b) and AMPA receptor 2/3 were 

unchanged in striatal extracts of lesioned rats, whereas phosphorylation levels of 

NMDA receptor 1 and 2b were decreased in membrane fractions (Dunah et al., 

2000). Interestingly, rats with L-DOPA-induced dyskinesia display an over-activation 

(hyperphosphorylation) of NMDA receptor 2b in the striatum (Sgambato-Faure and 

Cenci, 2012). Hence, reduction of its mRNA level in both, the striatum and the STN, 

suggests that our grafted animals would not have been prone to dyskinesia, which 

supports our electrophysiological findings on theta activity. Increased levels of 

striatopallidal marker genes (Penk, Drd2L) have been reported in rats with a DA-

depleted striatum (Gerfen et al., 1990; Winkler et al., 2003). Importantly, only 
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continuous, but not intermittent delivery of the DA D2 receptor agonist quinpirole 

restored expression of both genes to normal levels (Gerfen et al., 1990). Winkler et 

al. (2003) observed that continuous DA supply by VM grafts restored normal levels of 

both genes while - in our study - only Penk was normalized and Drd2 isoforms were 

even further decreased. This could be due to inclusion of graft core into striatal tissue 

preparations used for RNA isolation. Puschban and colleagues confirmed that i) DA 

D2 receptor binding was reduced by 20 % in the host striatum surrounding the grafts 

compared to 6-OHDA-lesioned striatum, but also that ii) the mesencephalic graft 

displayed a 84 % decreased binding compared to the naive striatum (Puschban et 

al., 2000). Binding of DA to presynaptic D2 receptors decreases the GABAergic (from 

interneurons and axon collaterals) and glutamatergic (from corticostriatal and 

thalamostriatal terminals) inputs on striatopallidal MSNs. Analyses of D2 receptor 

mouse mutants revealed that the inhibition of GABA transmission is mediated by both 

D2S and D2L isoforms, while the inhibition of glutamate transmission largely depends 

on the D2S variant (Centonze et al., 2004). Therefore, reduction of both Drd2S and 

Drd2L as seen in the HP-Large Graft group should increase inputs of both GABA and 

glutamate transmitters on striatopallidal MSNs. In such a modified receptor 

environment DA released by the graft would lead to a more pronounce inhibition of 

the GPe and ultimately enhanced activity of the STN (e.g. increased burst activity 

Fig. 3C) compared to the Naive Control situation. The striatonigral marker genes 

(Drd1a, Tac1) were, in accordance to previous studies (Gerfen et al., 1990; Winkler 

et al., 2003), reduced in the HP-Control group, but not corrected in the HP-Large 

Graft group. Gerfen et al. (1990) also reported - confirming our results - that 

continuous delivery of DA D1 receptor agonist SFK-38393 did not normalize Drd1a 

and Tac1 expression, while intermittent agonist delivery did. The differences seen in 

marker gene expression of MSNs might indicate a different impact of DA cell grafts 

on striatonigral and striatopallidal neuronal subtypes. Interestingly, the receptor 

changes shifted the ratio of the relative expression level of Drd1a / Drd2 from 1 in 

Naive Control rats to 0.77 in HP-Control rats, and back to 0.94 in HP-Large Graft rats 

indicating a rebalancing of the direct and indirect pathway. Due to the nigrostriatal DA 

depletion resulting in an imbalance between DA and glutamate innervation of the BG, 
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activity of MSNs is increased in the 6-OHDA-lesioned striatum, characterized by an 

upregulation of GABA-synthesizing enzymes and increased GABA levels (Coune et 

al., 2013; Winkler et al., 2003). qRT-PCR analysis, however, identified a restorative 

effect of the grafted DA neurons, as Gad65 and Gad67 levels became normalized. 

To which extent morphological changes in the DA-depleted striatum such as 

reorganization of microcircuits and spine density of striatopallidal MSNs (Day et al., 

2006; Gittis et al., 2011) were restored by the grafts remains speculative. 

 

Conclusions 

Our study shows that intrastriatal DA grafts modify STN neuronal activity and 

coherence of oscillatory beta band activity similar to DA substitution. Furthermore, 

grafts modulate the GABA synthesis, the ratio of D1/D2 DA receptors in the striatum, 

and amphetamine-induced rotational behavior. Notwithstanding the obvious 

beneficial effects, grafts also induced novel changes in the gene expression of 

neurotransmitter receptors and transporter genes. These data underline the 

importance of preclinical investigations characterizing fetal graft impact on the host, 

which still serves as the gold standard in brain repair; this is imperative particularly in 

the light of current clinical studies that are in progress on a European multicenter 

level (TransEuro, www.transeuro.org.uk). 
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5.1 Abstract 

Fibroblast growth factor-2 (FGF-2) is a potent neurotrophic factor promoting survival 

of dopaminergic (DA) neurons in vitro and in vivo. It is expressed in different isoforms 

representing different translation products from a single mRNA. For this study we 

focused on the high molecular weight (HMW) isoform, which, after overexpression in 

embryonic day twelve rat ventral mesencephalic (VM)-derived cells, yielded up to five 

times more DA neurons in vitro (short-term cultures differentiated for four days). To 

determine the therapeutic potential of VM cells producing FGF-2-HMW as their ‘own’ 

neurotrophic factor, we transplanted cell-suspensions obtained from such in vitro 

modified and differentiated cell cultures into the 6-OHDA hemiparkinsonian rat model. 

Animals, having received either non-transfected cells, empty-control transfected, or 

FGF-2-HMW-plasmid transfected cells, were analyzed in two different transplantation 

paradigms each using 172,000 or 520,000 cells, respectively. The behavioral 

performances in the amphetamine- and apomorphine-induced rotational test as well 

as in the cylinder test were evaluated for up to 13 weeks post transplantation. Finally, 

the integration of the grafted cells into the host striatum was analyzed by 

immunohistochemical measurements. Those analyses revealed that in all five DA 

grafted groups behavioral deficits improved, except for amphetamine-induced 

rotation of the FGF-2-HMW small graft group. Altogether, genetic modification with 

the FGF-2-HMW-plasmid did not further improve functional recovery compared to the 

control groups. In contrast to the in vitro results of short-term cultures, long-term in 

vivo application had no effect on either the number of surviving DA neurons or on the 

density of outgrowing TH+ fibers. Albeit after 13 weeks post grafting overexpressed 

FLAG-tagged FGF-2-HMW protein was still detectable in the cell nucleus. However, 

this was only seen in a few cells, likely due to the transient delivery strategy using a 

non-viral expression plasmid. Further experiments using different administration 

routes of FGF-2-HMW have to be explored to understand its potential for supporting 

DA grafts for restorative approaches in Parkinson’s disease. 



Paper 2 (submitted) 

91 

 

5.2 Introduction 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, 

caused by a progressive loss of dopaminergic (DA) neurons in the substantia nigra 

(SN) with resulting dopamine depletion in the striatum. To-date, the gold standard in 

PD therapy is the symptomatic treatment of the motor symptoms by administration of 

L-DOPA, a dopamine precursor, or dopamine receptor agonists. Although drug 

therapy yields effective control over many of the symptoms, long-term treatment 

holds great risks of undesirable side-effects like L-DOPA-induced dyskinesia (Cenci 

and Lindgren, 2007) and, in addition, a ‘wearing off’ of the potency occurs. An 

alternative therapeutic strategy is the cell-based restorative approach where the 

missing dopamine is substituted by intrastriatally transplanted fetal DA neurons. 

Transplantation holds great promises, as beneficial effects have been observed in 

numerous animal experiments and open-labeled clinical studies (Björklund, 1992; 

Hauser et al., 1999; Lindvall and Hagell, 2000; Mendez et al., 2008; Winkler et al., 

2000), although motor complications have been reported by two double-blind clinical 

trials (Freed et al., 2001; Olanow et al., 2003). 

Critical factors determining the functionality of the graft are the number of DA 

neurons surviving the transplantation procedure, as they represent a very vulnerable 

cell-type, and their striatal innervation (Björklund et al., 1987; Brundin et al., 2000). 

One reason for the poor survival of transplanted cells could be the insufficient support 

by neurotrophic factors. Several factors have been reported to promote development, 

survival, and neurite outgrowth of mesencephalic DA neurons (Beck, 1994; Hyman et 

al., 1991; Krieglstein, 2004; Rosenblad et al., 1996). In addition to glial-derived 

neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF), fibroblast 

growth factor-2 (FGF-2) has been shown to support DA cells (Engele and Bohn, 

1991; Grothe and Timmer, 2007; Grothe et al., 2000; Mayer et al., 1993a; Timmer et 

al., 2006). 

Several studies have demonstrated that FGF-2 mediates survival- and neurite-

promoting as well as neurotoxin-protecting effects on dissociated DA neurons and is 

involved in development and maintenance of mesencephalic DA neurons in vitro and 

in vivo (Beck, 1994; Fontan et al., 2002; Grothe and Timmer, 2007; Grothe et al., 
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2000; Timmer et al., 2007). The FGF-2 protein is expressed in different isoforms in 

the striatum and SN (Arese et al., 1999; Bean et al., 1991; Claus et al., 2004; 

Florkiewicz et al., 1991; Timmer et al., 2004; Tooyama et al., 1992), representing 

different translation products from a single mRNA, the 18 kDa isoform (low molecular 

weight, LMW) and the high molecular weight (HMW) 21 kDa and 23 kDa isoforms, 

respectively. Whereas in most of previous studies the FGF-2-LMW isoform was 

applied, also FGF-2-HMW mediated in vitro and in vivo effects. Both, LMW and HMW 

FGF-2 isoforms increased survival and fiber outgrowth of cultured DA neurons in vitro 

(Ferrari et al., 1989; Grothe et al., 2000; Jensen et al., 2008; Mayer et al., 1993a). In 

vivo studies showed that pretreatment of DA cell suspensions with FGF-2-LMW 

before transplantation resulted in an enhanced survival of tyrosine hydroxylase-

positive (TH+) cells after grafting (Mayer et al., 1993b). Moreover, after repeated 

intracerebral FGF-2-LMW infusions the number of surviving grafted DA neurons 

increased further, which was accompanied by greater behavioral recovery (Mayer et 

al., 1993b). Another approach to provide intrastriatal DA grafts with FGF-2 was 

followed in co-transplantation attempts. Takayama et al. (1995) reported on an 

increased survival of DA neurons and an enhanced motor function after co-

transplantation with FGF-2-LMW producing fibroblasts (Takayama et al., 1995). 

Furthermore, after co-transplantation of genetically modified Schwann cells 

overexpressing FGF-2 isoforms, HMW revealed better survival and striatal 

innervation as well as improved rotational behavior compared to LMW (Timmer et al., 

2004).  

Here we utilized our recently developed ‘co-layer protocol’ for efficient transfection of 

mesencephalic progenitor cells (Ratzka et al., 2012) to re-evaluate the effect of FGF-

2-HMW on intrastriatal grafts, without foreign cell-types (e.g. Schwann cells). We 

characterized the impact of FGF-2-HMW grafts compared to empty-control plasmid 

or non-transfected grafts with regard to DA neuron survival and striatal fiber 

integration and the effects on behavioral performance. 
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5.3 Material and Methods 

Expression plasmids and transfection 

The coding sequence of the rat FGF-2 gene (NM_019305.2, GenBank) was PCR-

amplified with Phusion Hot Start II DNA Polymerase (Thermo Scientific) from plasmid 

pCI-neo-HMW, which carried a mutated FGF-2 sequence derived from the 

RSVpΔmetFGF vector (Claus et al., 2003; Pasumarthi et al., 1994). Namely, 

exchanges of the alternative CUG start codon of FGF-223 kDa to ATG and replacement 

of the FGF-218 kDa ATG start codon with a HindIII site. The primers used (RnFGF2_F 

GAATTCGCCGCCACCATGGCAGCCCGCGGGCGAGC, RnFGF2_R 

TCTAGAGCTCTTAGCAGACATTGGAAGA) removed the stop codon and added the 

underlined EcoRI- and XbaI-sites, respectively, to allow the transfer of FGF-2-HMW 

coding sequence into the pCAGGS-FLAG plasmid (Ratzka et al., 2012) in frame with 

a C-terminal 3xFLAG epitop resulting in pCAGGS-FGF-2-HMW-FLAG plasmid 

(R470). The pCAGGS-FGF-2-LMW-FLAG (R417) and pCAGGS-empty-control 

plasmids have been described previously (Niwa et al., 1991; Ratzka et al., 2011). 

For in vitro experiments pCAGGS plasmids were transfected with Lipofectamine 

2000 reagent (Invitrogen) on adherent primary VM cultures (initially 80-100,000 cells / 

well of a 24 well plate seeded and maintained for 1 day in attachment medium and 1 

day in proliferation medium) using 1.6 μg plasmid DNA and 2 μl Lipofectamine 2000, 

followed by 1 day proliferation medium and 4 days differentiation medium, for 

medium composition see (Ratzka et al., 2012). The number of TH+ cells was counted 

in the whole area of 2 - 3 wells per experiment in three independent experiments 

(Fig. 2G). For transplantation experiments plasmids were nucleofected using the 

Nucleofector device (Amaxa) using primary VM cells maintained in proliferation 

medium for two days. Cells were detached and 2,000,000 cells were re-suspended in 

100 μl nucleofection solution and transfected with 5 μg of plasmid DNA using the 

Amaxa basic nucleofector kit for primary neurons (Lonza) and program A-033 as 

described previously (Cesnulevicius et al., 2006; Ratzka et al., 2012). 
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Western Blot 

Protein samples were prepared in cell lysis radioimmune precipitation assay buffer 

from nucleofected VM cells (1,200,000 cells / well of a 6 well plate) which had been 

differentiated for 4 days in vitro. From each sample 50 µg of protein were denatured 

by boiling in Laemmli buffer, separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (12% gel) and transferred electrophoretically to nitrocellulose 

membranes (Hybond ECL, Amersham), similar as described previously (Ratzka et 

al., 2012). The membranes were probed with anti-FGF-2 antibody (05-118, Millipore, 

1:1000) and anti-Gapdh antibody (MAB374, Millipore,1:4000) and after washing 

incubated with anti-mouse antibodies conjugated to horseradish peroxidase 

(NA931V, GE Healthcare Life Sciences, 1:4000), followed by a chemiluminescence 

reaction (Immobilon Western kit, Millipore) detected on a Chemiluminescence Imager 

system (Intas). 

 

Preparation of embryonic ventral mesencephalic tissue and cell culture 

DA progenitor cells derived from ventral mesencephali (VM) of embryonic day 12 

(E12) rat embryos (crown-rump length of 6 mm) were harvested and prepared for in 

vitro cultivation. In brief, the VM tissue was dissected according to the modified 

microtransplantation approach based on the cell suspension technique by Björklund 

et al. (1983) and Nikkhah et al. (1994). 

Primary cultures of DA progenitor cells were treated as previously described (Ratzka 

et al., 2012). Briefly, dissected VM pieces were incubated in preparation medium for 

15 min at 37°C and incubation was stopped with attachment medium. The cell 

suspension was centrifuged at 1000 rpm for 5 min and the pellet re-suspended in 1 

ml of attachment medium and mechanically dissociated. After determining cell 

viability by trypan blue dye exclusion assay (Sigma-Aldrich), cells were plated on 

multi-well cell culture dishes coated with polyornithine (0.1 mg / ml, Sigma-Aldrich) / 

laminin (6 µg / ml, Sigma-Aldrich). For in vivo co-layer experiments 300,000 cells / 

well were plated on two separate wells of a 6-well plate (Nunc). The cells were 

cultivated for one day in attachment medium, followed by three days in proliferation 

medium in identical culture conditions. For in vivo experiments, the cells from the first 
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well were detached and nucleofected as described above. After estimation of total 

cell number these cells were reseeded in a 1:3 ratio according to their proliferation 

rate as top layer on top of the unmodified sister culture in the second well (referred to 

as bottom layer) and differentiated for 2 additional days before detachment for 

transplantation, similar as previously described (Ratzka et al., 2012). For in vitro 

control cultures, 100-120,000 nucleofected cells / well of a 24-well plate were 

cultured for one day in attachment medium followed by four days in differentiation 

medium. The number of TH+ cells was counted throughout half of the well surface in 

one well per experiment in five independent experiments. As absolute values varied 

between experiments, data was normalized to empty-plasmid values of each 

experiment set to 100%, which precludes statistical analysis (Fig. 2H). 

 

Immunocytochemistry and cell counting 

To assess the number of DA neurons, anti-tyrosine hydroxylase (TH), which is the 

rate-limiting enzyme in the DA synthesis, immunocytochemistry was performed. Cells 

were fixed with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) and 

further processed using standard protocols. Immunocytochemistry was performed 

with anti-TH (AB152, Millipore, 1:1000) and anti-FLAG-M2 (F1804, Sigma-Aldrich, 

1:500) antibodies. The secondary anti-rabbit/mouse antibodies were conjugated with 

Alexa555 (A21429, Invitrogen, 1:500) or Alexa488 (A11029, Invitrogen, 1:500). TH+ 

cells of the in vitro cultures in 24-well plates were counted with 20× magnification 

using an inverse Olympus fluorescent microscope (Olympus IX70, Denmark) in 50% 

of the well surface area. 

 

Animals and 6-OHDA lesion surgery 

Sixty adult female Sprague Dawley rats from Charles River (Germany) weighing 200-

250 g at the beginning of the experiments were used in this study (Fig. 1). Animals 

were housed in cages of three to four and kept in temperature- and humidity-

controlled rooms on a 14 h light / 10 h dark schedule with food and water available 

ad libitum. All experimental protocols followed the German Animal Protection Act and 

were approved by the local authorities (Bezirksregierung LAVES Hannover, 
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Germany). All animals received a unilateral 6-OHDA lesion of the right medial 

forebrain bundle (MFB). Lesion surgery was performed under general anesthesia 

with chloral hydrate (370 mg / kg; i.p.). Animals received one stereotaxic injection of 

6-OHDA hydrobromide (free base 5.14 μg / μl in 0.03% L-ascorbate-saline, Tocris) 

into the right MFB using a 10-μl Hamilton syringe with an injection rate of 1 μl / min. 

The following coordinates in mm according to bregma and dura (Paxinos and 

Watson, 2006) were used: anterior-posterior (AP) −4.0, lateral (LAT) −1.3, dorso-

ventral (DV) −7.0, tooth bar (TB) −4.5, injection volume 3 μl (Torres et al., 2011). The 

cannula was left in place for additional two minutes to allow diffusion before being 

slowly retracted. 

 

 

Fig. 1: Experimental design. 6-OHDA, HMW, empty, E12, HMW small and empty small rats were 
lesioned seven to eight weeks before intrastriatal transplantation of in vitro expanded and 
differentiated murine fetal DA cells overexpressing FGF-2-HMW (for detailed description of 
experimental groups see Table 1). Lesion severity and graft functionality were evaluated by means of 
amphetamine- and apomorphine-induced rotation one to two weeks before and three (amphetamine), 
six, and twelve weeks after transplantation, respectively. The cylinder test was performed 13 weeks 
after transplantation as final behavioral testing. 

Amphetamine- and apomorphine-induced rotation 

Six weeks after lesion surgery all rats were tested for their rotational bias in 

automated rotometer bowls according to Ungerstedt and Arbuthnott (1970). For 

amphetamine-induced rotation animals were injected with D-amphetamine sulfate 

(2.5 mg / kg in saline, i.p.; Sigma-Aldrich), and right and left full body turns were 

monitored over a period of 90 min. All rats with a mean score of > 6.0 full ipsilateral 

body turns per minute were included in the study. For apomorphine-induced rotation 

animals were injected with L-apomorphine hydrochloride (0.05 mg / kg in 0.02% L-
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ascorbate-saline, s.c.; Sigma-Aldrich) and monitored over a period of 40 min. All rats 

with a mean score of > 4.0 full contralateral body turns per minute were included in 

the study. The animals were matched into the experimental groups 6-OHDA, HMW, 

empty, and E12 group based on their rotation scores (Table 1). In addition, in another 

transplantation paradigm using fewer cells, animals were assigned to HMW small 

and empty small groups (Table 1). Rotational bias was re-analyzed three, six, and 

twelve weeks in the amphetamine-induced rotation and six and twelve weeks in the 

apomorphine-induced rotation post grafting (Fig. 1). 

 

Table 1: Experimental groups. 6-OHDA = 6-hydroxydopamine; E12 VM cells = embryonic day 12 
ventral mesencephalon-derived cells; FGF-2-HMW = high molecular weight fibroblast growth factor 2; 
TX = transplantation. 

Group VM cells/µl Treatment (n) 

6-OHDA  6-OHDA injection 8 

HMW 130,000 
6-OHDA injection, TX of E12 VM cells transfected with 

FGF-2-HMW 
14 

empty 130,000 
6-OHDA injection, TX of E12 VM cells transfected with 

empty vector 
12 

E12 130,000 6-OHDA injection, TX of E12 VM cells  12 

HMW small 43,000 
6-OHDA injection, TX of 1:3 diluted E12 VM cells 

transfected with FGF-2-HMW 
7 

empty small 43,000 
6-OHDA injection, TX of 1:3 diluted E12 VM cells 

transfected with empty vector 
7 

 

Transplantation surgery 

Seven to eight weeks after the 6-OHDA lesion, 52 animals were intrastriatally 

transplanted with VM-derived cell-suspensions (Table 1). Eight rats served as a 

lesioned control (6-OHDA group). Transplantation surgery was performed as 

previously described (Ratzka et al., 2012; Rumpel et al., 2013; Timmer et al., 2006). 

Briefly, after in vitro expansion and differentiation, cells were harvested and 

centrifuged at 1000 rpm for five minutes. The pellet was re-suspended in vehicle 

(transplantation medium). In an additional step the cells were centrifuged again (1000 

rpm for 5 min); the new pellet was re-suspended in vehicle, and the final 
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concentration was adjusted to 130,000 cells / µl. For the second transplantation 

paradigm the cell-suspension was diluted with vehicle in a ratio of 1:3 prior to 

transplantation (43,000 cells / µl). Under chloral hydrate anesthesia, rats received 

two stereotaxic injections (two tracts, four deposits of 1 µl cell suspension each) into 

the right striatum with a glass capillary (outer diameter 50-70 µm) that was attached 

to a 2-µl Hamilton syringe. The following coordinates in mm according to bregma and 

dura were used: medial tract, AP +0.5, LAT −2.3, DV −5 and −4, TB 0.0; lateral tract, 

AP +0.5, LAT −3.3, DV −5 and −4, TB 0.0. 14 rats were injected with FGF-2-HMW 

transfected cells (HMW group), twelve rats with empty-vector transfected cells (empty 

group), and twelve rats with non-transfected cells (E12 group) according to the 

standard protocol. Fourteen rats received diluted cell-suspensions, where seven rats 

were injected with HMW-FLAG transfected cells (HMW small group) and seven rats 

with FGF-2-empty transfected cells (empty small group). 

 

Cylinder test 

Five to seven days after final rotational testing post grafting, forelimb use asymmetry 

was measured using the cylinder test as previously described (Schallert and 

Tillerson, 2000). Briefly, rats were placed in a transparent cylinder for a period of five 

minutes and the first 20 wall touches during rearing behavior were analyzed. Data 

are expressed in terms of percentage of wall contacts for the ipsilateral paw relative 

to the total number of touches made with ipsi- or contralateral paws. 

 

Perfusion and immunohistochemistry 

After final behavioral testing deeply anesthetized animals were sacrificed and 

transcardially perfused with 150 ml 0.9% saline followed by 250 ml of 4% PFA in 

PBS. The brains were post-fixed overnight and transferred to 30% sucrose for 

cryoprotection. Each brain was frozen and coronally sectioned on a freezing stage 

microtome at 40 µm thickness in series of twelve. Every sixth section was processed 

for free-floating anti-TH immunohistochemistry (IHC) using the avidin-biotin-complex 

ABC kit (Vector Labs) as previously described by Ratzka et al. (2012) using anti-TH 

antibody (T1299, Sigma-Aldrich, 1:5000), biotinylated rabbit anti-mouse antibody 
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(Dako, 1:200), and 3’,3-diaminobenzidine (DAB) with ammonium nickel sulfate 

intensification for visualization. The stained sections were dehydrated and mounted 

(Corbit-Balsam, Hecht) on glass slides (Thermo Scientific, Germany). Sections of 

additional series were processed for immunofluorescence using anti-FLAG-M2 

(F1804, Sigma-Aldrich, 1:500), anti-TH (AB152, Millipore, 1:500), and anti-GFAP 

(G9269, Sigma-Aldrich, 1:400) antibodies. The secondary anti-rabbit/mouse 

antibodies were conjugated with Alexa555 (A21429, Invitrogen, 1:1000) and Cy2 

(115-225-003, Jackson ImmunoResearch, 1:200). Nuclei were visualized by 4’,6-

diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1:1500) staining. The stained 

sections were mounted (Mounting medium, Dako) on gelatinized slides (SuperFrost, 

Thermo Scientific, Germany). 

 

Graft morphology 

All somata of TH+ cells of the medial and lateral graft on two series were 

pseudostereologically counted with the model based (2D) cell counting method 

(Baquet et al., 2009) using the C.A.S.T.-Grid software (Olympus, Denmark) as 

previously described (Rumpel et al., 2013). The total number was estimated using 

Abercrombie’s formula (Abercrombie, 1946). Graft volume was measured on two 

series of TH-stained sections. Microphotographs were taken under bright field 

illumination and 10× magnification with an Olympus microscope (Olympus BX51, 

Denmark) and analyzed with CellSens Dimension software (Olympus, Denmark) and 

ImageJ software (version 1.45s; National Institutes of Health, USA) as previously 

described (Rumpel et al., 2013). The degree of morphological innervation by TH+ 

fibers was quantified on six sections (with reference to bregma: AP +1.9, +1.7, +1.2, 

+0.5, 0.0, −0.5) by measuring the optical density in the outlined striatum excluding 

the graft core using ImageJ software. The intensity of unspecific background staining 

was measured in the corpus callosum and subtracted from the striatal values. The 

results are given as mean optical fiber density in percentage of the contralateral 

intact side. 
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Statistical analysis 

Histology data and data from the cylinder test were subjected to one-way analysis of 

variance (ANOVA) followed by Tukey post-hoc analyses. Two-way ANOVA followed 

by Tukey post hoc analyses was performed to compare factors within one group and 

two-way ANOVA followed by Bonferroni post hoc test was done for rotation data, 

where type of transplant and time were two factors (GraphPad Prism 5, GraphPad 

Software, Inc., USA). Results are presented as means ± standard error of the mean 

(SEM) and p-values were set < 0.05, < 0.01, and < 0.001 as level of significance, and 

marked in the figures by *, **, *** if significantly different to the 6-OHDA group, #, ##, 

### compared to the HMW group and §, §§, §§§ compared to preTX values. In vitro 

cell counts were subjected to students t-test and given as mean ± standard deviation 

(STD), with p-values * < 0.05, ** < 0.01 indicating significant differences compared to 

the empty-plasmid control. 
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5.4 Results 

FGF-2-HMW increases number of DA neurons in vitro 

To selectively overexpress the rat FGF-2-HMW isoform, we utilized a mutated FGF-2 

coding sequence lacking the start codon of the 18 kDa LMW isoform. Transfection of 

primary VM preparations with either FGF-2-LMW or FGF-2-HMW plasmids confirmed 

the predicted characteristic size differences of both isoforms (Fig. 2A). Both 

constructs carried a 3xFLAG-tag at their C-terminus, increasing the molecular weight 

by 3 kDa to 21 kDa or 26 kDa for the LMW-FLAG and HMW-FLAG isoforms, 

respectively. Interestingly, FGF-2-HMW transfected cells produced predominantly the 

26 kDa band (reflecting the 23 kDa HMW isoform), while the second 21 kDa HMW 

isoform (or in our case 21 + 3 kDa FLAG tagged version) originating from an 

alternative CUG start codon was below detection limit or not expressed. Moreover, 

the anti-FGF-2 antibody did not reveal endogenous FGF-2 protein in the primary VM 

cultures derived from E12 rats (pCAGGS-empty lane, Fig. 2A). This is in agreement 

with immunhistological data were FGF-2 was not detected before E16 in the 

brainstem of rat embryos and to low amounts of FGF-2 transcripts detected by qRT-

PCR in the VM of E14.5 mice (Ratzka et al., 2011; Weise et al., 1993). Furthermore, 

the distinct FGF-2 isoforms do not only differ in their molecular weight but also 

display distinct subcellular localizations (Arese et al., 1999; Florkiewicz et al., 1991). 

This was confirmed by anti-FLAG staining of transfected primary VM cells showing 

the expected mainly cytoplasmatic localization for FGF-2-LMW (Fig. 2B) and mainly 

nuclear localization for FGF-2-HMW (Fig. 2C). This staining revealed also a high 

transfection rate for both constructs (green signal, Fig. 2E,F). Importantly, 

quantification of Lipofectamine transfected primary VM cultures revealed a 2.0 ± 0.2 

fold higher (p < 0.05, t-test) TH+ cell number for FGF-2-LMW and 5.4 ± 0.8 fold 

higher TH+ cell number for FGF-2-HMW transfected cells compared to the empty-

control plasmid (p < 0.01, t-test, Fig. 2G). Similarly, the nucleofected control cultures 

for the in vivo experiments, which were grown as mono-layer, displayed a 3.0 ± 1.0 

fold increase of TH+ cell number (Fig. 2H). 
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Fig. 2: In vitro data. (A-C) Plasmid-based overexpression of FGF-2-LMW or FGF-2-HMW, 
respectively, in primary VM cell cultures display the typical molecular weight (A) and subcellular 
localization (B,C). (D-F) Immuncytochemistry showing TH immunoreactive DA neurons (red signal) 
and cells transfected with C-terminal FLAG-tagged FGF-2-LMW (E) or FGF-2-HMW (F) (green signal). 
(G,H) Quantification of lipofectamine transfected (G) or nucleofected (H) primary VM cells. 

DA grafts improve motor behavior of hemiparkinsonian rats  

Rotational asymmetry of all lesioned animals was assessed prior to grafting (preTX) 

to assign animals into experimental groups. Rats displayed a mean ipsilateral 

(ipsilateral minus contralateral) bias of 8.3 to 9.9 turns per minute in the 

amphetamine-induced rotation test and −4.4 to −6.4 in the apomorphine-induced 

rotation. Rotational behavior was re-analyzed at different time points post grafting 
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(postTX, Fig. 1). The 6-OHDA animals, which served as control for both 

transplantation paradigms, developed a strong and even increasing ipsilateral 

rotational bias after amphetamine injection from 9.9 ± 0.9 preTX to 16.0 ± 1.7 twelve 

weeks postTX (Fig. 3A,D). In contrast to that, already three weeks postTX of VM 

cells, a complete restoration of rotational asymmetry after amphetamine injection was 

observed in the large graft paradigm for all three groups (empty group (−1.0 ± 1.4, p 

< 0.001), E12 group (−2.7 ± 0.6, p < 0.001), and HMW (0.9 ± 1.3, p < 0.001) 

compared to preTX. While animals from the HMW group displayed a graft-induced 

improvement, an over-compensatory response, as seen in E12 and empty groups at 

three weeks postTX, could not be observed until six weeks postTX (−0.6 ± 1.4, Fig. 

3A). However, at all time-points differences between the grafted groups were not 

statistically significant. Moreover, the fast improvement seen for all grafted groups, 

already at three weeks postTX, remained stable over the remaining observation 

period, e.g. in the HMW group differences seen between three and twelve weeks 

postTX (0.9 ± 1.3 and 0.2 ± 0.7, respectively) were not statistically significant. 

In the small graft paradigm, only animals from the empty small group improved in the 

amphetamine-induced rotational test at three (4.2 ± 1.1, p < 0.01), six, and twelve 

weeks (2.6 ± 1.3 and 1.8 ± 1.2, p < 0.001, respectively) compared to the 6-OHDA 

group (Fig. 3D), but did not reach overcompensation as seen for the large graft 

paradigm (Fig. 3A). However, only the twelve week time-point reached significance 

compared to preTX values of the empty small group (p < 0.05). The HMW small 

group did not show an overall improvement throughout the whole experiment. This 

was mainly due to three out of seven animals, which did not display any amelioration 

in turning behavior and obscured the improvements of the other four animals. At six 

and twelve weeks postTX the empty small group animals rotated significantly less 

than the HMW small group animals (p < 0.05, respectively). 

In the apomorphine-induced rotation the 6-OHDA group developed a stable 

contralateral rotational bias ranging from −5.7 ± 0.4 preTX to −6.7 ± 0.7 twelve weeks 

postTX (Fig. 3B,E). All three large DA grafted groups (HMW, empty, and E12) 

displayed an improvement compared to preTX at twelve weeks postTX, where 

rotation scores reached −3.2 ± 0.5 in the HMW group, −3.1 ± 0.8 in the empty group, 
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and −3.0 ± 0.6 in the E12 group (p < 0.01, respectively, Fig. 3B). Intermediated 

rotational scores at six weeks postTX did not reach statistical significance. However, 

the changes in rotation asymmetry in the three grafted groups did not differ 

significantly from each other at all time-points. In contrast to that, in the small graft 

paradigm, both HMW small and empty small groups showed a significant reduction of 

contralateral turns already at six weeks postTX compared to the 6-OHDA group 

(HMW small group: −3.0 ± 0.3, p < 0.01; empty small group: −2.5 ± 0.6, p < 0.01), 

which remained stable at the twelve week time-point. In line with the apomorphine-

data from the large graft groups (Fig. 3B), the HMW small and empty small groups 

did also not differ significantly from each other (Fig. 3E). 

After thirteen weeks postTX animal behavior was analyzed using the cylinder test, 

which identifies forelimb asymmetries during exploring activity. Animals from the 6-

OHDA group showed 65.0 % ± 8.0 preferential use of the healthy ipsilateral paw (Fig. 

3C). In all grafted groups the mean ipsilateral bias of forelimb use was significantly 

reduced compared to the 6-OHDA group (HMW group: 7.1 % ± 7.2; E12 group: 5.0 

% ± 11.2, p < 0.001, respectively; empty group: 19.2 % ± 7.5, p < 0.01; HMW small 

group: 18.57 % ± 33.38), and empty small group (20 % ± 25.82, p < 0.05, 

respectively). In accordance with both drug-induced behavioral tests, also the 

spontaneous explorative activity measured in the cylinder tests did not reveal any 

differences between HMW and the grafted control groups (Fig. 3C,F). 
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Fig. 3: Behavioral analysis. In the amphetamine-induced rotation, turning behavior was measured 
before grafting (preTX) and three, six, and twelve weeks after grafting (postTX). (A,D) The rotation 
scores of HMW, empty, and E12 groups (A) and HMW small and empty small groups (D) were 
compared to the 6-OHDA group. (B,E) Apomorphine-induced rotation was performed preTX and six 
and twelve weeks postTX, showing improved rotation scores of HMW, empty, and E12 groups (B) and 
HMW small and empty small groups (E) compared to the 6-OHDA group. (C,F) The forelimb 
asymmetry was measured in the cylinder test for HMW, empty, and E12 groups; (C) HMW small and 
empty small groups (F) 13 weeks after transplantation, expressed as preferential use of the healthy 
ipsilateral paw. Legend above applies to A-F. The * indicates significant differences to the 6-OHDA 
group, the # points out a significant difference to the HMW group, and the § presents a significant 
change between pre and post transplantation results within each group. 

DA grafts are morphologically well integrated into the host striatum 

Examination of anti-TH-stained sections 13 weeks postTX revealed that the striatum 

of the 6-OHDA group animals contained nearly no remaining TH+ fibers, confirming 

the success of the complete MFB lesion (Fig. 4F,F’; see densitometry below), 

whereas in all grafted groups the two deposits per tract had fused forming medial and 

lateral grafts (Fig. 4A-E). All grafted animals of the HMW, empty, and E12 groups 

showed large, robust grafts with substantial TH+ neuron survival (Fig. 4A-C) and TH+ 

fiber outgrowth into the surrounding striatum (Fig. 4A’-C’). Grafts from the HMW small 

and empty small groups consisted of fewer DA neurons (Fig. 4D,E) and the 

surrounding striatum showed less innervation (Fig. 4D’,E’) compared to the large 

graft groups (Fig. 4A’-C’). 
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Fig. 4: Graft morphology. TH stained sections of representative DA grafts containing many TH+ cells 
with dense TH staining surrounding the grafts of animals from the HMW (A), empty (B), and E12 (C) 
groups. Grafts of HMW small (D) and empty small (E) group animals are smaller and contain less cells 
with sparse innervation of the striatum. In the 6-OHDA group animals there is a marked depletion of 
striatal fiber density (F). (A’-F’) Display higher magnification photographs of TH+ fiber outgrowth and 
striatal innervation. 

The grafted DA neurons were distributed throughout the grafts with higher numbers 

in the periphery of the grafts. TH+ cell numbers, graft volumes and TH+ fiber 

intensities are summarized in Table 2. 
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Table 2: Summary of histological analysis. 

Measure HMW empty E12 HMW small empty small 

TH+ cells (number) 4815 ± 419 4773 ± 599 6477 ± 644 1006 ± 214 1339 ± 211 

Striatal fiber density (%) 20.0 ± 2.2 18.5 ± 2.5 20.3 ± 1.7 10.8 ± 3.2 12.2 ± 2.8 

Graft volume (mm
3
) 1.37 ± 0.14 1.60 ± 0.22 2.30 ± 0.24 0.32 ± 0.20 0.41 ± 0.18 

Results mean ± SEM 

 

The transplants of the HMW group contained 4815 ± 419 surviving TH+ cells. 

Moreover, animals from the empty group showed 4733 ± 599 surviving TH+ cells, 

while animals from the E12 group had presumably larger grafts with 6477 ± 644 

surviving TH+ cells (Fig. 5A). However, there was no significant difference in the 

amount of TH+ cells in the grafts between all three groups. Similarly, within the small 

graft paradigm TH+ cell numbers of the HMW small (1006 ± 214) and empty small 

(1339 ± 211) grafts were not significantly different (Fig. 5D). 

 

Fig. 5: Histological analysis. Quantification of surviving TH+ cells in the grafts of HMW, empty, and 
E12 groups (A) and HMW small and empty small groups (D) and overall striatal fiber density of HMW, 
empty, and E12 groups (B) and HMW small and empty small groups (E) compared to the 6-OHDA 
group. Results are presented as percentage of the contralateral side. (C,F) The mean graft volumes in 
each group expressed as mm

3
. The * indicates significant differences to the 6-OHDA group and the # 

to the HMW group. 
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The densitometric quantification of the optical TH+ fiber intensity including the whole 

striatum (omitting the grafts itself) was 6.6 % ± 1.3 in the 6-OHDA group compared to 

the contralateral healthy hemisphere. The HMW (20.0 % ± 2.2), E12 (20.3 % ± 1.7), 

and empty (18.5 % ± 2.5) groups showed significant improvement of striatal 

innervation (p < 0.001 HMW and E12 group, respectively; p < 0.01 empty group) 

whereas this did not reach significant levels between the grafted groups (Fig. 5B). In 

addition, the striatal fiber density was significantly increased in the HMW small (10.8 

% ± 3.2, p < 0.05) and empty small (12.2 % ± 2.8, p < 0.01) groups, respectively, 

while again no significant difference was revealed between the groups (Fig. 5E). 

Interestingly, the total graft volume was significantly greater in the E12 group (2.30 

mm3 ± 0.24) than in animals from the HMW group (1.37 mm3 ± 0.14, p < 0.001) and 

animals from the empty group (1.60 mm3 ± 0.22, p < 0.01), respectively (Fig. 5C). 

The HMW small group (0.32 mm3 ± 0.20) and empty small group (0.41 mm3 ± 0.18) 

graft volumes were not statistically significant different from each other (Fig. 5F). In 

summary, the behavioral and histological findings were similar between DA grafted 

groups, revealing no beneficial effect of the FGF-2-HMW transfection. 

To check for FGF-2-HMW expression at the end of the experiment we utilized the 

FLAG tag present exclusively on plasmid-derived FGF-2-HMW but not on the 

endogenous FGF-2 protein. Thirteen weeks after transplantation numerous DA 

neurons were present in the graft (Fig. 6A,B), while only few FGF-2-HMW-FLAG cells 

were detectable (Fig. 6C,D). These cells displayed the typical nuclear staining of the 

FGF-2-HMW isoform (Fig. 6F-H), similar as seen in vitro (Fig. 2C). 
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Fig. 6: Nuclear expression of FGF-2-HMW 13 weeks post grafting. (A) Representative graft of one 
animal transplanted with FGF-2-HMW-FLAG transfected cells showing dense patches of TH-labeled 
neurons. (B-D) Enlargement of the marked region in (A) with a cluster of TH+ DA neurons (red signal, 
B) and FLAG-labeled FGF-2-HMW transfected cells (green signal) in-between (white arrows, C). (E-H) 
Localization of FGF-2-HMW-FLAG protein in the nucleus was confirmed by DAPI staining (blue 
signal). 

5.5 Discussion 

Most studies on the neuroprotective effect of FGF-2 on DA neurons have been 

performed with the LMW isoform (Engele and Bohn, 1991; Ferrari et al., 1989; 

Grothe and Timmer, 2007; Jensen et al., 2008; Mayer et al., 1993a, 1993b; 

Takayama et al., 1995). Importantly, our group has previously shown that the HMW 

isoform possesses neurotrophic activity for DA neurons in vitro as well (Grothe et al., 

2000) and that it causes better functional recovery than the LMW isoform in vivo, in a 

co-transplantation approach with FGF-2 overexpressing Schwann cells and DA 

neurons (Timmer et al., 2004). Here we were interested, if direct genetic modification 

of the grafted VM cell preparations with FGF-2-HMW, using our recent co-layer 

transplantation protocol (Ratzka et al., 2012), could enhance graft survival even 

better than co-transplantation with foreign Schwann cells. We show here that 

intrastriatal implantation of genetically modified VM cells overexpressing FGF-2-

HMW restores behavioral deficits in the rat model of PD neither better nor worse than 

empty-vector transfected or non-transfected controls, and that the HMW protein was 

detectable in the nucleus of few grafted cells 13 weeks post grafting. 

Previous studies revealed that nucleofection is the method of choice to non-virally 

transfect DA progenitor cells (Cesnulevicius et al., 2006) and that the co-layer 
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method is optimal to circumvent a loss of the vulnerable DA neurons after 

detachment and reseeding (Ratzka et al., 2012). Basically, this method blends two-

thirds non-transfected cells with one-third of FGF-2-HMW nucleofected cells. As the 

in vitro data revealed three- to fivefold more DA neurons in FGF-2-HMW transfected 

than empty-plasmid transfected VM cell preparations (grown as mono-layer), we 

expected at least a one- to twofold increase of DA neurons in the co-layer setup in 

vivo. Quantification of the DA neuron content of the grafts after 13 weeks, however, 

showed no statistical differences between the groups. The average number of 

surviving DA neurons per striatum of 4815 or 4773 cells (FGF-2-HMW or empty-

plasmid, respectively) was higher than in our previous co-transplantation study 

showing 1392 DA cells in the FGF-2-HMW and 984 cells in the control group 

(Timmer et al., 2004). It has been reported that 100-200 DA cells are sufficient to 

reverse drug-induced turning behavior and that optimal results are achieved with at 

least 1000 surviving cells (Brundin et al., 1985). While our second transplantation 

paradigm yielded the desired amount of DA cells of 1006 or 1339 in the HMW small 

and empty small groups, respectively, those differences were not statistically 

significant. Further histological analysis like striatal DA fiber innervation and graft 

volume did likewise not reveal any differences between HMW and empty-plasmid 

transfected groups in each transplantation paradigm. 

The similarity of the experimental groups was also seen in all three behavioral tests, 

except that the HMW small group did not improve in the amphetamine-test. All three 

large graft groups showed significant reduction already at three weeks postTX 

compared to preTX values, while the empty small group did not before twelve weeks. 

This is in accordance to previous studies, showing that transplants containing few DA 

neurons with no or very little outgrowth perform worse in the amphetamine-test 

(Björklund et al., 1980). Moreover, the constant rotational values seen in all large 

graft groups between three and twelve weeks indicate that the ceiling level of 

innervation and functional recovery was reached (Torres et al., 2008). Increased 

ipsilateral turning in the amphetamine-test of the 6-OHDA control group after six and 

twelve weeks is in accordance to the literature (Nikkhah et al., 1993). While the 

amphetamine-test correlates with the amount of DA released by the graft, it provides 
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only limited information on its functional integration. On the contrary the 

apomorphine-test reflects the graft-induced normalization of lesion-induced 

supersensitivity of postsynaptic DA receptors in the striatum (Freed et al., 1980; 

Rioux et al., 1991), which depends on the expanse of striatal fiber outgrowth from 

grafted DA cells (Björklund et al., 1980). Interestingly, in this test, and also in the 

cylinder test, HMW small and empty small groups performed just as well, indicating 

that HMW had no negative effect on functional recovery.  

It has been shown that the critical time span for the survival of grafted DA neurons is 

the first week after transplantation (Barker et al., 1996; Brundin et al., 2000). The low 

amount of FGF-2-HMW non-virally transfected cells detectable 13 weeks postTX, 

should therefore not preclude a potential survival promoting effect of the numerous 

FGF-2-HMW transfected cells present at the day of transplantation. Using the same 

vector backbone we previously showed that EGFP expression lasted for at least 28 

days in vitro and two and 13 weeks in vivo (Ratzka et al., 2012). The different 

outcomes of FGF-2-HMW delivered via transfection of primary VM cultures (1:3 co-

layer, this study) or via co-transplantation of transfected Schwann cells and primary 

VM cultures (1:1 ratio, Timmer et al., 2004), could suggest that FGF-2-HMW 

transfected Schwann cells produce other factors in an autocrine manner, which 

promote survival of grafted DA neurons. Secreted Wnt molecules might be the ideal 

candidates because the Wnt/β-catenin pathway has been shown to be essential for 

myelinogenesis of Schwann cells (Tawk et al., 2011) and to be important for 

astrocyte-mediated neuroprotection of DA neurons (Marchetti et al., 2013). 

Interestingly, FGF-2-pretreated peripheral nerves used to bridge the nigrostriatal 

pathway increased DA fiber outgrowth of VM grafts (Chiang et al., 2006). 

In line with the discrepancy between promising in vitro results and the non-effective 

outcome for FGF-2-HMW in this study, beneficial effects of plasmid-based delivered 

BDNF on graft survival were also not observed (Ratzka et al., 2012). Further 

experiments using different administration routes of FGF-2-HMW, such as direct 

transduction of DA neurons by viral vectors, have to be explored. It would be 

desirable to include possibilities to adjust expression levels or even stop expression 

of the gene of interest. For example lentiviral GDNF overexpression in the striatum of 
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partially lesioned rats increased numbers of surviving DA neurons four weeks after 

grafting compared to control animals, but not after six months (Georgievska et al., 

2004), indicating a failed survival of initially protected neurons despite the continued 

presence of GDNF. 

Moreover, the extent of nigrostriatal degeneration influences growth and functional 

efficacy of intrastriatal DA grafts (Kirik et al., 2001). The functional recovery of 

partially lesioned and grafted rats was more pronounced than grafting into fully 

lesioned animals. On the other hand, with more restricted damage to the striatal 

innervation survival and fiber outgrowth of the DA grafts were decreased (Kirik et al., 

2001). With regard to different stages of the disease, patients with mild PD could be 

more suitable, because of such a reduced functional graft impact for advanced 

stages (Breysse et al., 2007). This suggests that leaving no projections intact might 

be too severe for neurotrophic factors to have an increasing effect on graft survival 

and integration. Spared portions of the DA system might be necessary for optimal 

outcome; hence, testing neurotrophic factors in other animal models with moderate 

and progressive lesions might help to further understand their therapeutic potential. 

Ideally, such neurotrophic support should simultaneously stop the progression of the 

disease, while improving graft survival and integration. 
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6. Discussion 

In my thesis I addressed and focused on two different aspects: 

First, the analysis of the effects and impact of intrastriatal rat allografts derived from 

E12 VM of rat embryos on biochemical and structural changes of the STN and the 

striatum in the 6-OHDA rat model of PD. The electrophysiological properties and 

firing activity and pattern changes in the STN were measured with SU and LFP 

recordings in naive, lesioned, and grafted rats. The grafted animals were further 

separated into two subgroups according to the number of surviving TH+ cells and 

measurements compared individually. To investigate the effects on a molecular level, 

gene expression changes of specific DA, GABA, and glutamate markers were 

analyzed with qRT-PCR in the striatum and the STN. 

Second, I further characterized the influence of genetically modified VM progenitor 

cells to overexpress the HMW isoforms of FGF-2 as their ‘own’ NTF on survival and 

integration. The cells were transfected by nucleofection and cultured with the co-layer 

cell culture model to keep a high amount of DA cells in the grafts before intrastriatal 

transplantation into 6-OHDA lesioned rats. As controls served empty-transfected and 

non-transfected cells. The outcome was measured with different behavioral tests and 

histological analysis in two separate transplantation paradigms with large and small 

grafts based on the concentration (cells/µl) of the cell suspension. 

 

6.1 Single unit activity, beta-oscillations, and coherence analysis in 

the subthalamic nucleus of lesioned and grafted animals 

The neuronal changes in the STN that are caused by the striatal loss of DA include 

increased neuronal discharge rates and increased burstiness, which is postulated in 

the so-called ‘rate model’ (Wichmann and Dostrovsky, 2011). To-date, the 

synchronized network oscillations model, which proposes enhanced oscillatory beta 

activity in the BG, may better explain compromised neuronal information processing 

underlying the motor deficits seen in PD than the BG ‘rate model’ network (Hammond 

et al., 2007; Hutchison et al., 2004; Levy et al., 2002). The postulated changes, 
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however, have been found in PD patients (Remple et al., 2011; Steigerwald et al., 

2008) and in animal models of PD (Aristieta et al., 2012; Breit et al., 2007; Gilmour et 

al., 2011; Parr-Brownlie et al., 2007). Accordingly, in our study, the lesioned animals 

displayed an increased STN firing rate, which was reduced by intrastriatal grafting of 

DA neurons either partially (rats with small grafts) or fully (rats with larger grafts). This 

was confirmed by the results from the rotation test regarding the degree of 

improvement, where animals with small grafts showed amelioration in turning 

behavior of around 50 % while animals with large grafts displayed the characteristic 

overcompensatory response with contralateral turning and an improvement of 116 %. 

This suggests that a certain amount of surviving TH+ cells is necessary to induce 

these normalizing effects. Previous studies found that substitution of DA with e.g. 

apomorphine reduces the neuronal firing rate of downstream BG nuclei of PD 

patients (Levy et al., 2001) and DA-depleted rats (Kreiss et al., 1997). Levy and 

colleagues (2001) reported on decreased firing activity of tremor-related cells while 

the overall firing rate in the STN was not affected but decreased in the GPi (Levy et 

al., 2001). Kreiss and colleagues (1997) tested the effects of apomorphine and L-

DOPA on the increased firing rates in 6-OHDA lesioned rats and this was decreased 

after drug administration (Kreiss et al., 1997). A recent study, however, found no 

effect of striatal mouse-to-rat xenografts on STN firing rate in 6-OHDA lesioned rats 

(Gilmour et al., 2011); notably, in this study, the STN firing rate of 6-OHDA lesioned 

rats was not increased compared to naive rats, which may have obscured the graft 

effects. Interestingly, one case report described that in a PD patient, who had 

received intrastriatal DA transplants ten years before, the mean GPi discharge rate 

was decreased compared with ‘off’ medication patients while the GPe discharge 

rates were not altered. Therefore, the authors suggested that the likely mechanism of 

this effect is an increase in activity in the D1 receptor-positive striatal MSNs 

originating the direct pathway (Richardson et al., 2011). Our finding of decreased 

STN firing rate after striatal graft implantation, though, clearly demonstrates that 

intrastriatal DA grafts can also affect the indirect pathway. This is in accordance with 

the presumption that DA agonists indirectly reduce STN neuronal activity through 

stimulation of striatal D2 receptors (Albin et al., 1989). We observed increased burst 
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activity in the STN with respect to mean spikes in bursts, number of bursts per 

neuron, and incidence of bursts in DA-depleted animals. Graft implantation reduced 

the mean number of spikes in bursts, which corroborates recent findings of Gilmour 

et al. (2011) while the number of bursts was not significantly affected and the number 

of bursty neurons was even increased in grafted rats. This result differs from that of 

Gilmour et al. (2011), who reported a reduction of STN bursty neurons in grafted 

animals. Notably, it has been shown that DA drugs (L-DOPA and apomorphine) 

increase the burstiness in the STN of PD patients (Lafreniere-Roula et al., 2010; Levy 

et al., 2001), which is in line with the increased burst discharges we observed. 

Overall, we saw a lower variability in the firing behavior or more regularity of firing 

patterns after graft implantation. 

In the present study, an enhanced relative power of the beta frequency band in the 

STN and the motor cortex of lesioned rats was observed, which was reduced in 

animals with small as well as large grafts in the STN, but not in the motor cortex. 

Nevertheless, excessive synchronization in the beta frequency band between the 

cerebral cortex and the BG nuclei has been shown in PD (Kühn et al., 2008; Levy et 

al., 2002; Mallet et al., 2008a). Accordingly, we observed that the mean coherence of 

beta synchronization in the STN and motor cortex ECoG was higher in DA-depleted 

rats, but reduced in both graft groups to the level of naive rats. These results confirm 

preclinical and clinical studies validating that depletion of DA in the nigrostriatal 

pathway increases beta-oscillatory activity in the STN along with motor impairments 

while DA agonists or high frequency DBS of the STN decrease beta band activity and 

improve motor symptoms (Kühn et al., 2008; Mallet et al., 2008b). Notably, Gilmour 

et al. (2011) did not find increased oscillatory activity of the STN in HP rats compared 

to normal control rats. Still, while in small grafts oscillatory activity increased 

significantly in the STN, animals with large grafts displayed similar levels as control 

and lesioned rats. Theta band activity was decreased in lesioned animals in both 

STN and motor cortex regions. Small, but not large grafts, partially normalized theta 

band activity. Interestingly, enhanced theta band activity has been associated with 

DA agonist-induced dyskinesias in PD patients and animal models (Alonso-Frech et 
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al., 2006) suggesting that graft implantation in our study did not enhance the 

predisposition for dyskinesia. 

 

6.2 The dopamine, GABA, and glutamate neurotransmitter systems 

of lesioned and grafted animals 

Given the importance of corticostriatal and corticosubthalamic glutamate 

transmission for adequate functionality of BG and the development of dyskinesias 

(Mathai and Smith, 2011; Sgambato-Faure and Cenci, 2012; Villalba and Smith, 

2011) glutamate transporter and receptor transcript levels were analyzed. While the 

lesioned animals were not affected, the grafted animals displayed decreased 

expression of four genes in the striatum and two genes in the STN indicating a 

dysregulation of extracellular glutamate homeostasis. In accordance to this data, 

Dunah and colleagues (2000) reported that protein levels of NMDA receptors (1, 2a, 

2b) and AMPA receptor 2/3 were unchanged in striatal extracts of lesioned rats, 

whereas phosphorylation levels of NMDA receptor 1 and 2b were decreased in 

membrane fractions (Dunah et al., 2000). Interestingly, rats with L-DOPA-induced 

dyskinesia display an over-activation (hyperphosphorylation) of NMDA receptor 2b in 

the striatum (Sgambato-Faure and Cenci, 2012). Hence, reduction of its mRNA level 

in both, the striatum and the STN, suggests that in our study the grafted animals 

would not have been prone to dyskinesia, which supports the electrophysiological 

findings on theta activity. 

Increased levels of striatopallidal marker genes (Penk, Drd2L) have been reported in 

rats with a DA-depleted striatum (Gerfen et al., 1990; Winkler et al., 2003, Fig. 17A). 

Importantly, only continuous, but not intermittent delivery of the D2 receptor agonist 

quinpirole restored expression of both genes to normal levels (Gerfen et al., 1990). 

Winkler et al. (2003) observed that continuous DA supply by VM grafts restored 

normal levels of both genes while - in the present study - only Penk was normalized 

and Drd2 isoforms were even further decreased (Fig. 17B), which could be due to 

inclusion of graft core into striatal tissue preparations used for RNA isolation. This is 

in line with reports by Puschban and colleagues (2000), who confirmed that D2 
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receptor binding was reduced by 20 % in the host striatum surrounding the grafts 

compared to the 6-OHDA lesioned striatum, but also that the mesencephalic graft 

displayed a 84 % decreased binding compared to the naive striatum (Puschban et 

al., 2000). Binding of DA to presynaptic D2 receptors decreases the GABAergic (from 

interneurons and axon collaterals) and glutamatergic (from corticostriatal and 

thalamostriatal terminals) inputs on striatopallidal MSNs. Analyses of D2 receptor 

mouse mutants revealed that inhibition of GABA transmission is mediated by both 

D2S and D2L isoforms while inhibition of glutamate transmission largely depends on 

the D2S variant (Centonze et al., 2004). Therefore, reduction of both Drd2S and Drd2L 

genes, as seen in the grafted animals, should increase inputs of both GABA and 

glutamate transmitters on striatopallidal MSNs. In such a modified receptor 

environment DA released by the graft would lead to a more pronounced inhibition of 

the GPe and ultimately enhanced activity of the STN (e.g. increased burst activity) 

compared to the healthy situation. 

The striatonigral marker genes (Drd1a, Tac1) were, in accordance to previous 

studies (Gerfen et al., 1990; Winkler et al., 2003), reduced in the lesioned animals 

(Fig. 17A), but not corrected in the grafted animals. Gerfen et al. (1990) also reported 

- confirming these results - that continuous delivery of D1 receptor agonist SFK-

38393 did not normalize Drd1a and Tac1 expression while intermittent agonist 

delivery did. The differences seen in marker gene expression of MSNs might indicate 

a different impact of DA cell grafts on striatonigral and striatopallidal neuronal 

subtypes. Interestingly, the receptor changes shifted the ratio of the relative 

expression level of Drd1a / Drd2 from 1 in naive rats to 0.77 in lesioned rats, and 

back to 0.94 in grafted rats indicating a rebalancing of the direct and indirect 

pathway. 
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Figure 17: Receptors and transmitters after 6-OHDA lesion and intrastriatal grafting of VM cells. 
The figure shows results of analyzed striatal tissue by qRT-PCR. After lesioning decreased levels of 
DR1 and substance P (Drd1a and Tac1) and increased levels of DR2 and enkephalin (Drd2L and 
Penk) together with increased GABA-synthesizing enzyme (GAD; Gad65 and Gad67) expression and 
GABA levels were observed (A). After transplantation tyrosine hydroxylase (TH) and DOPA 
decarboxylase (DDC; Th and Ddc) levels were alleviated by the dopamine (DA) grafts. Gad65, Gad67, 
and Penk expression was normalized while novel changes occurred with decreased expression of 
Drd2, decreased levels of AMPA3 receptor (Gria3), and NMDA2a and 2b receptors (Grin2a, Grin2b, 
B). MSN = medium-sized spiny neuron. 

Due to the nigrostriatal DA depletion resulting in an imbalance between DA and 

glutamate innervation of the BG, activity of MSNs is increased in the 6-OHDA 

lesioned striatum, which is characterized by an upregulation of GABA-synthesizing 

enzymes and increased GABA levels (Coune et al., 2013; Winkler et al., 2003). qRT-

PCR analysis, however, identified a restorative effect of the grafted DA neurons as 

Gad65 and Gad67 gene levels became normalized (Fig. 17B). 

 

6.3 Functional improvement induced by dopamine grafts 

In the first study, lesioned animals developed a strong and consistent ipsilateral 

rotational bias after amphetamine injection during the entire experiment. In the 

second study, lesioned animals showed strong and even increasing ipsilateral turning 

after six and twelve weeks in the amphetamine-induced rotation. This is in line with 

findings of Nikkhah and colleagues (1993), who reported on progressive significant 
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increase in ipsilateral rotation after six and 14 weeks (Nikkhah et al., 1993). In 

addition, Segal and colleagues (1974) described increased behavior after multiple 

amphetamine injections probably due to behavioral sensitization to amphetamine in 

the normal striatum (Segal and Mandell, 1974). After grafting, all DA grafts, either 

standard or co-layer protocol, induced functional improvement in behavior. In the first 

study, the rotational bias was ameliorated in the group with small grafts while the 

large graft group showed overcompensation by reversing the direction of the rotation. 

Here, the number of surviving DA neurons in the grafts even correlated with improved 

performance in the amphetamine-induced rotation test. Such correlations between 

graft size and behavior have been vividly discussed in the literature with some 

studies confirming it (Dunnett et al., 1988; Yurek and Fletcher-Turner, 2002), 

whereas others do not (Torres and Dunnett, 2007). It could, on the other hand, not be 

observed in the second study. After transplantation of FGF-2-HMW, empty vector-

transfected or non-transfected cells into 6-OHDA lesioned rats, all groups showed 

significant motor improvement in the amphetamine-induced rotation except for the 

small grafted HMW group. This group did not show an overall improvement 

throughout the whole experiment and this was mainly due to three out of seven 

animals, which did not display any amelioration in turning behavior after three, six or 

twelve weeks, which probably obscured the improvements of the other four animals. 

At all time-points, however, differences between the other grafted groups were not 

statistically significant. On the other hand, all three groups from the large 

transplantation paradigm showed significant reduction in turning behavior after 

apomorphine injection and all five grafted groups revealed ameliorated forelimb 

asymmetry in the cylinder test. Then again, this time, there were no significant 

differences between all groups in both tests. In the amphetamine-induced rotation, 

the fast improvement seen for all grafted groups already at three weeks post 

transplantation remained stable over the remaining observation period while in the 

apomorphine-induced rotation an improvement could only be observed after twelve 

weeks. Previous studies proved that the recovery of functional deficits induced by the 

6-OHDA lesion depend on the amount of surviving DA neurons in the grafts as well 

as on the extent of striatal innervation by DA fibers (Björklund et al., 1980; Brundin et 



Discussion 

126 

 

al., 1985). While amphetamine leads to DA release by the grafts, apomorphine acts 

on supersensitive DA receptors, which show increased density after 6-OHDA lesion. 

That no further improvement was seen in the amphetamine-induced rotation after six 

and twelve weeks could be due to the induction of a ceiling level of innervation and 

functional recovery (Torres et al., 2008). Transplants with few DA neurons and no or 

very little outgrowth show less rotational compensation (Björklund et al., 1980), which 

is in accordance to our data from the amphetamine rotation of small graft groups (first 

and second study). In addition, it has been reported that optimal results can be 

achieved with at least 1000 surviving cells (Brundin et al., 1985). DA grafts are able 

to reduce the amount of supersensitive postsynaptic receptors to normal levels 

(Freed et al., 1980; Rioux et al., 1991) depending on the expanse of striatal growth of 

DA cells and fibers in the grafts and into the host brain (Björklund et al., 1980), which 

could explain why the larger grafts induced significant functional recovery after twelve 

weeks, whereas the small grafts did not. 

 

6.4 Neurotrophic effect of high molecular weight FGF-2 on cell 

survival and integration in grafted animals 

Increasing the survival of DA grafts has been a longstanding research issue in the 

past. Advances could so far be achieved by improvements in the dissection, 

preparation, and transplantation techniques as well as by treatment with NTFs 

(Brundin et al., 2000a; Sortwell, 2003). With regard to the latter point, the HMW 

isoform of FGF-2 is known to exert a trophic effect on DA neurons in vitro and in vivo 

with better results compared to the LMW isoform (Grothe et al., 2000; Timmer et al., 

2004). The attempt to increase survival of grafted DA cells with neurotrophic support 

by FGF-2 has been followed with pretreatment of DA cell suspensions with FGF-2-

LMW before transplantation, which resulted in higher numbers of surviving TH+ cells 

(Jensen et al., 2008; Mayer et al., 1993b). In a co-transplantation study of genetically 

modified Schwann cells overexpressing FGF-2 isoforms with DA grafts, mixed 

suspensions showed a more pronounced increase of cell survival than side-by-side 

grafts suggesting the necessity of direct presence to induce neurotrophic support and 



Discussion 

127 

 

provide the progenitor cells with specific factors (Timmer et al., 2004). Previous 

studies revealed that nucleofection is the method of choice to transfect DA progenitor 

cells (Cesnulevicius et al., 2006) and that the co-layer method is optimal to 

circumvent a loss of vulnerable DA neurons after detachment and reseeding (Ratzka 

et al., 2012). Indeed, we report that plasmid-based delivery of FGF-2-HMW-FLAG 

was efficient in vitro and confirmed by immunocytochemistry showing the nuclear 

localization of the protein while the LMW isoform was mainly localized in the 

cytoplasm. Successful transfection was evaluated by Western Blot with regard to 

isoform expression. Interestingly, FGF-2-HMW transfected cells produced 

predominantly the 26 kDa band (reflecting the 23 kDa HMW isoform + 3 kDa FLAG-

tag) while the second 21 kDa HMW isoform was below detection limit or not 

expressed. Our in vitro data showed that transfection of adherent primary VM 

cultures with FGF-2-HMW resulted in a 5 fold increase of TH+ cell numbers, which 

was significantly better compared to FGF-2-LMW. This was also seen in the 

detached 1:3 co-layer cultures suggesting a sufficient influence of HMW-FLAG on DA 

cell differentiation. As mentioned, functional improvement was induced by all DA graft 

types in all groups with, however, no significant differences between groups. These 

results are not in line with Timmer et al. (2004), who reported on better functional 

restoration in rotational behavior with FGF-2-HMW compared to LMW and standard 

DA grafts. They also saw increased numbers of TH+ cells and better striatal 

innervation (Timmer et al., 2004), whereas this did not further increase by FGF-2-

HMW in our study. The mechanism of action between FGF-2 and DA neurons is still 

unclear. FGF-2 isoforms could be released and interact directly with DA cells or 

through astrocytes (Engele and Bohn, 1991). Another possible interaction is the 

provision of neurotrophic support by autocrine stimulation of other molecules (Timmer 

et al., 2004) through Schwann cells, which promote survival of grafted DA neurons. 

Secreted Wnt molecules might be the ideal candidates because the Wnt/β-catenin 

pathway has been shown to be essential for myelinogenesis of Schwann cells (Tawk 

et al., 2011) and to be important for astrocyte-mediated neuroprotection of DA 

neurons (Marchetti et al., 2013). Interestingly, FGF-2-pretreated peripheral nerves 

used to bridge the nigrostriatal pathway increased DA fiber outgrowth of VM grafts 
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(Chiang et al., 2006). It is known that FGF-2 can exert a trophic action on DA 

neurons in vitro by stimulating astrocytes to release other factors (Engele and Bohn, 

1991). Goddard et al.  (2002) showed that FGF-2 induced astroglial reactivity in vivo 

(Goddard et al., 2002). In the present study, the HMW-protein was detectable even 

13 weeks after transplantation. This was, however, only seen in a few cells likely due 

to the transient delivery strategy using a non-viral expression plasmid. Further 

experiments using different administration routes of FGF-2-HMW such as gene 

delivery using viral vectors thus have to be explored. 

 

6.5 Different intracerebral delivery systems of neurotrophic factors 

Grafts with genetically modified cells overexpressing NTFs can serve as biological 

mini-pumps. This is, however, limited because the expression might not be stable 

and decreases over time (Kirik et al., 2004), which is probably what we observed with 

FGF-2-HMW in our study indicating the necessity to study expression patterns at 

different time-points. Ratzka and colleagues (2012) used the same plasmid-based 

delivery - as in the present study - by nucleofection with BDNF. The in vitro data also 

revealed increased numbers of TH+ cells, but, no differences in the number of 

grafted TH+ neurons were observed compared to non-transfected cells after 

transplantation (Ratzka et al., 2012) matching our results. The reason, why FGF-2-

HMW showed no beneficial effects compared to control groups, is not clear. The 

promising results of previous open-label clinical trials using intrastriatal infusions of 

GDNF (Gill et al., 2003; Slevin et al., 2005) could not be confirmed by Lang and 

colleagues (2006) in the subsequent double-blind study (Lang et al., 2006), which 

suggested that there might be a threshold effect for GDNF that must be reached for 

changes at the cellular level to be translated into functional improvement (Evans and 

Barker, 2008). This in in accordance to data of the present study that FGF-2-HMW 

was in fact detectable after 13 weeks post transplantation, but only in a few cells, 

which might have proven to be insufficient. Gene transfer of GDNF or NTN using a 

rAAV vector in the 6-OHDA rat model of PD resulted in gradual increase of 

innervation in the striatum and protection of DA neurons (Gasmi et al., 2007; Kirik et 

al., 2000). Georgievska et al. (2004) reported that GDNF overexpression in the 
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striatum by a rLV vector increased the number of grafted surviving TH+ cells after 

four weeks. After six months, however, equal cell numbers were seen compared to 

the control group suggesting a failed survival of initially protected cells despite the 

continued presence of GDNF (Georgievska et al., 2004), which means that other 

mechanisms besides insufficient expression could play a role. 

 

6.6 The role of the optimal Parkinson’s disease model 

In the 6-OHDA rat model, the neurotoxin injected into the MFB causes a full lesion of 

the ascending nigrostriatal, mesolimbic, and mesocortical pathway. This not only 

includes denervation of striatal areas, but also of limbic and cortical areas within one 

to two weeks. On the contrary, partial lesions only induce moderate denervation with 

restriction to the nigrostriatal projections. Accordingly, this is seen in the α-synuclein 

overexpression model, which mimics the progressing PD pathology more closely. 

Kirik and colleagues (2001) described that growth and functional efficacy of 

intrastriatal DA grafts depend on the extent of nigrostriatal degeneration (Kirik et al., 

2001). They observed that after partial lesion the functional recovery in rats was more 

pronounced than after full lesion. On the other hand, with more restricted damage to 

the striatal innervation survival and fiber outgrowth of the DA grafts were decreased 

(Kirik et al., 2001). With regard to different stages of the disease, patients with mild 

PD would be more suitable because of the reduced functional graft impact in 

advanced stages (Breysse et al., 2007). In our study, we transplanted FGF-2-HMW 

overexpressing VM cells into the fully lesioned 6-OHDA rat model. The grafts showed 

a large amount of surviving TH+ cells with substantial TH+ fiber outgrowth. The 

animals also showed behavioral recovery in the drug-induced rotation test as well as 

in the cylinder test, but with no differences to control groups. Further improvement at 

this stage might not be reachable due to ceiling effects. This suggests that a full 

lesion leaving no projections intact might be too severe for FGF-2-HMW to have an 

increasing effect on graft survival and integration. Spared portions of the DA system 

might be necessary for optimal outcome; hence, testing NTFs, e.g. different isoforms 

of FGF-2, in other animal models with moderate lesions might help to further 

understand their therapeutic potential. The neurotrophic support could 
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simultaneously stop the progression of the disease while improving graft survival and 

integration. 

 

6.7 Conclusion 

The present study documents that intrastriatal implantation of DA neurons in a PD rat 

model restores behavioral deficits as well as STN firing rate and beta oscillatory 

activity while burstiness was not affected. Furthermore, striatal gene expression 

(Gad65, Gad67, Penk) was normalized while other measurements displayed novel 

changes such as decreased gene expression in the STN (Grin2b, Eaat3) and the 

striatum (Drd2, Eaat3, Gria3, Grin2a, Grin2b, Fig. 17B). It remains speculative, to 

which extent morphological changes in the DA-depleted striatum like reorganization 

of microcircuits and spine density of striatopallidal MSNs (Day et al., 2006; Gittis et 

al., 2011) were restored by the grafts. In the HMW study, the VM DA grafts improved 

behavioral deficits in all six transplanted groups. Yet, genetic modification with the 

FGF-2-HMW plasmid had no further effect on functional recovery in both 

transplantation paradigms compared to non-transfected cells. In contrast to the in 

vitro results of short-term cultures (differentiated for four days), long-term in vivo 

application had no effect on either the number of surviving DA neurons, nor on the 

density of outgrowing TH-fibers. After 13 weeks post grafting, overexpressed FLAG-

tagged FGF-2-HMW protein was still detectable in the cell nucleus. This, though, was 

only seen in a few cells likely due to the transient delivery strategy using a non-viral 

expression plasmid. Further experiments using different administration routes of 

FGF-2-HMW have to be explored to understand its potential for supporting DA grafts 

for restorative approaches in Parkinson’s disease. Further studies should focus on 

the selection of the most potent agent, the most effective delivery system to induce 

the optimum dosage, and possibly the most suitable animal model of PD. 

Nonetheless, these findings underline the importance of preclinical investigations to 

further understand the graft impacts on the host brain. 
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7. Summary 

Morphological and functional integration and survival of intrastriatal dopamine 

grafts in a rat model of Parkinson’s disease. 

 

Regina Rumpel 

 

The hallmark of Parkinson’s disease (PD) is the degeneration of dopamine (DA) 

neurons in the substantia nigra (SN) and resulting DA depletion in the striatum. The 

striatal axon loss and deficient DA supply lead to dysfunction in the basal ganglia 

(BG) network, e.g. hyperactivity in the subthalamic nucleus (STN). Intrastriatal 

transplantation of ventral mesencephalic (VM) DA neurons can restore the deficient 

DA supply and possibly re-establish the altered physiology. In previous studies, DA 

grafts have shown to innervate the host brain and promote functional recovery with 

substantial and long-lasting positive outcome. Still, the results of former clinical trials 

have been highly variable and heterogeneous. To-date, only a few studies have 

demonstrated the effects on the neuronal changes in downstream BG targets. In 

addition, a major limiting factor of cell therapy in PD is the low survival of the grafted 

DA neurons in combination with restricted striatal innervation. To counteract the 

problem of poor survival, neurotrophic factors (NTFs) have been widely used in this 

field. Several studies have demonstrated that FGF-2 mediates survival- and neurite 

outgrowth-promoting effects on DA neurons. Especially the high molecular weight 

isoform (HMW) of FGF-2 showed promising results. 

Aim of the present study was to further characterize intrastriatal rat allografts in the 6-

OHDA rat model of PD by electrophysiological extracellular recordings in the STN 

and gene expression analysis of DA, GABA, and glutamate markers in the STN and 

striatum. In addition, the effects of FGF-2-HMW on DA grafts simultaneously being 

the source of their ‘own’ NTF by genetic modification of the grafted VM cells were 

evaluated to characterize the impact on the grafts with regard to DA neuron survival, 

striatal fiber integration, and the effects on functional performance. 

The lesioned animals displayed an increased STN firing rate, which was reduced by 

intrastriatal grafting of DA neurons. In the rotation test, grafted animals showed 
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substantial improvement. We observed increased burst activity in the STN in DA-

depleted animals and overall graft implantation led to a lower variability in the firing 

behavior or more regularity of firing patterns. The mean coherence of beta 

synchronization in the STN and motor cortex ECoG was higher in lesioned rats, but 

reduced in the grafted animals to the level of naive rats. While the lesioned animals 

showed no alterations of glutamate markers, the grafted animals displayed 

decreased expression of four genes in the striatum and two genes in the STN 

indicating a dysregulation of extracellular glutamate homeostasis. Differences could 

be seen in DA marker gene expression of striatal medium-spiny neurons (MSNs) 

which might suggest a different impact of DA cell grafts on striatonigral and 

striatopallidal neuronal subtypes. The DA receptor changes in lesioned rats shifted 

back to normal levels in grafted rats indicating a rebalancing of the direct and indirect 

pathway. Additionally, the increased activity of the GABAergic MSNs was normalized 

in grafted animals. 

Animals, receiving either non-transfected cells, empty-control-, or FGF-2-HMW-

plasmid transfected cells, were analyzed in two different transplantation paradigms. 

In the five grafted groups (three large graft groups, two small graft groups) behavioral 

deficits improved, except for amphetamine-induced rotation of the FGF-2-HMW small 

graft group. Altogether, genetic modification with the FGF-2-HMW plasmid did not 

further improve functional recovery compared to the control groups. In contrast to the 

in vitro results of short-term cultures, long-term in vivo application had no effect on 

either the number of surviving DA neurons or on the density of outgrowing TH-fibers. 

Albeit, after 13 weeks post grafting overexpressed FLAG-tagged FGF-2-HMW protein 

was still detectable in the cell nucleus. This was, however, only seen in a few cells, 

likely due to the transient delivery strategy using a non-viral expression plasmid. 

These findings underline the importance of preclinical investigations characterizing 

graft impact on the host and investigating different approaches to increase graft 

survival. Further studies with regard to the most potent neurotrophic agent and its 

most effective delivery system and optimum dosage are imperative to ultimately 

develop an efficacious and safe treatment for PD patients. 
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8. Zusammenfassung 

Morphologische und funktionelle Integration und das Überleben von 

intrastriatalen dopaminergen Transplantaten im Rattenmodell des Morbus 

Parkinson. 

 

Regina Rumpel 

 

Die Pathogenese des Morbus Parkinson ist gekennzeichnet durch Degeneration von 

dopaminergen Neuronen in der Substantia nigra (SN) und Dopamin (DA)-Mangel im 

Striatum. Durch den fehlenden DA-Input kommt es zur Fehlregulierung im Netzwerk 

der Basalganglien (BG), z.B. Hyperaktivität im subthalamischen Nukleus (STN). Die 

intrastriatale Transplantation von dopaminergen Vorläuferzellen aus dem ventralen 

Mittelhirn (VM) stellt eine Methode dar, um das fehlende DA zu ersetzen und die 

funktionellen Veränderungen im Gehirn wieder herzustellen. Frühere Studien haben 

gezeigt, dass sich die Transplantate gut in das Empfängerhirn integrieren können. 

Ebenso führen sie zu langwierigen Verbesserungen der motorischen Symptome. 

Jedoch waren die Ergebnisse von klinischen Studien bisher sehr unterschiedlich. Bis 

heute gibt es nur vereinzelte Untersuchungen, die Effekte von Transplantaten auf die 

neuronalen Veränderungen verschiedener BG-Stationen beschreiben. Ein 

limitierender Faktor bei der Zellersatztherapie stellt außerdem die geringe 

Überlebensrate der Transplantate mit begrenzter striataler Innervation dar. Um das 

Überleben zu steigern, wurden neurotrophe Faktoren (NTF) schon vielfach 

eingesetzt. Es konnte gezeigt werden, dass FGF-2 einen fördernden Einfluss auf das 

Überleben und Neuritenwachstum von dopaminergen Neuronen hat. Speziell die 

hochmolekulare (HMW) Isoform zeigte vielversprechende Ergebnisse. 

Ziel dieser Arbeit war die Charakterisierung intrastriataler Transplantate im 

Rattenmodell des Morbus Parkinson durch extrazelluläre elekrophysiologische 

Ableitungen im STN und Expressionsanalysen von dopaminergen, GABAergen und 

glutamatergen Markergenen im STN und Striatum. Zusätzlich wurde der Effekt von 

FGF-2-HMW auf Überleben und Integration dopaminerger Transplantate, die durch 

genetische Modifizierung ihren eigenen NTF exprimierten, untersucht. Lädierte Tiere 
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zeigten eine erhöhte Feuerrate im STN, die durch die transplantieren Zellen wieder 

normalisiert wurde. Im Rotationstest verbesserten sich die transplantierten Tiere 

signifikant. Weiterhin zeigten unsere Daten eine erhöhte Burst-Aktivität mit irregulär 

feuernden Neuronen im STN in den lädierten Tieren. Aber allgemein konnte durch 

die Transplantation ein weniger variables Feuermuster mit mehr regulär feuernden 

Neuronen erzielt werden. Die Koherenzanalyse im beta-Frequenzband zwischen 

STN und motorischem Kortex wies eine Erhöhung in den lädierten Tieren auf, welche 

in transplantierten Tieren wieder auf normale Werte reduziert war. Spezifische 

Glutamat-Marker zeigten durch die Läsion keine Änderungen, waren aber nach 

Transplantation im STN und im Striatum anders exprimiert, was auf eine gestörte 

Glutamat-Homöostase hinweisen könnte. Veränderungen waren ersichtlich in der 

Expression von DA-Markern der striatalen „medium-spiny“ Neurone (MSNs). Das 

könnte einen unterschiedlichen Einfluss der Transplantate auf die striatonigralen und 

striatopallidalen MSNs bedeuten. Die DA-Rezeptorveränderungen, die nach Läsion 

festgestellt wurden, verteilten sich nach Transplantation um, so dass vermutlich ein 

Ausgleich zwischen direktem und indirektem Weg stattgefunden hat. Zusätzlich war 

die erhöhte Aktivität der GABAergen MSNs nach Transplantation wieder normalisiert. 

In zwei verschiedenen Experimenten wurden Tiere entweder mit nicht-transfizierten, 

empty-Kontroll- oder FGF-2-HMW-Plasmid transfizierten Zellen transplantiert und 

analysiert. Verhaltensdefizite verbesserten sich in allen fünf Gruppen (drei große, 

zwei kleine Transplantatgruppen) mit Ausnahme der Amphetamin-Rotation der FGF-

2-HMW small Gruppe. Zusammenfassend hatte die genetische Modifizierung mit 

dem FGF-2-HMW-Plasmid keine weiteren fördernden Effekte im Vergleich zu 

Kontrollgruppen, weder auf Verhalten, noch auf das Transplantatüberleben oder die 

Integration ins Striatum. 13 Wochen nach Transplantation war das überexprimierte 

FGF-2-HMW Protein (FLAG-Tag) noch im Zellkern nachweisbar, jedoch nur in 

wenigen Zellen, was an der nicht-viralen Expressionsmethode liegen könnte.  

Um die Zelltransplantation eine sichere und wirksame Therapie für Morbus Parkinson 

zu machen, sind vorklinische Studien zur Untersuchung der Effekte auf das 

Empfängerhirn und weitere Versuche, das Überleben der Transplantate zu steigern 

mit Fokus auf den optimalen NTF und dessen Dosierung, unabdingbar. 



References 

135 

 

9. References 

Abercrombie, M., 1946. Estimation of nuclear population from microtome sections. 
Anatomical Record 94, 239–47. 

Alam, M., Heissler, H.E., Schwabe, K., Krauss, J.K., 2012. Deep brain stimulation of 
the pedunculopontine tegmental nucleus modulates neuronal hyperactivity and 
enhanced beta oscillatory activity of the subthalamic nucleus in the rat 6-
hydroxydopamine model. Experimental Neurology 233, 233–42. 

Albin, R.L., Young, A.B., Penney, J.B., 1989. The functional anatomy of basal ganglia 
disorders. Trends in Neurosciences 12, 366–75. 

Alexander, G.E., Crutcher, M.D., DeLong, M.R., 1990. Basal ganglia-thalamocortical 
circuits: parallel substrates for motor, oculomotor, “prefrontal” and “limbic” 
functions. Progress in Brain Research 85, 119–46. 

Alexander, G.E., DeLong, M.R., Strick, P.L., 1986. Parallel organization of 
functionally segregated circuits linking basal ganglia and cortex. Annual Review 
of Neuroscience 9, 357–81. 

Allan, L.E., Petit, G.H., Brundin, P., 2010. Cell transplantation in Parkinson’s disease: 
problems and perspectives. Current Opinion in Neurology 23, 426–32. 

Alonso-Frech, F., Zamarbide, I., Alegre, M., Rodriguez-Oroz, M.C., Guridi, J., 
Manrique, M., Valencia, M., Artieda, J., Obeso, J.A., 2006. Slow oscillatory 
activity and levodopa-induced dyskinesias in Parkinson’s disease. Brain 129, 
1748–57. 

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 Neurochirurgica 
142, 805–10. 

Arese, M., Chen, Y., Florkiewicz, R.Z., Gualandris, A., Shen, B., Rifkin, D.B., 1999. 
Nuclear activities of basic fibroblast growth factor: potentiation of low-serum 
growth mediated by natural or chimeric nuclear localization signals. Molecular 
Biology of the Cell 10, 1429–44. 

Aristieta, A., Azkona, G., Sagarduy, A., Miguelez, C., Ruiz-Ortega, J.A., Sanchez-
Pernaute, R., Ugedo, L., 2012. The role of the subthalamic nucleus in L-DOPA 
induced dyskinesia in 6-hydroxydopamine lesioned rats. PLOS ONE 7, e42652. 

Baquet, Z.C., Williams, D., Brody, J., Smeyne, R.J., 2009. A comparison of model-
based (2D) and design-based (3D) stereological methods for estimating cell 



References 

136 

 

number in the substantia nigra pars compacta (SNpc) of the C57BL/6J mouse. 
Neuroscience 161, 1082–90. 

Barker, R.A., Dunnett, S.B., Faissner, A., Fawcett, J.W., 1996. The time course of 
loss of dopaminergic neurons and the gliotic reaction surrounding grafts of 
embryonic mesencephalon to the striatum. Experimental Neurology 141, 79–93. 

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. Proceedings of the National 
Academy of Sciences of the United States of America 88, 10237–41. 

Beck, K.D., 1994. Functions of brain-derived neurotrophic factor, insulin-like growth 
factor-I and basic fibroblast growth factor in the development and maintenance 
of dopaminergic neurons. Progress in Neurobiology 44, 497–516. 

Beck, K.D., Knüsel, B., Hefti, F., 1993. The nature of the trophic action of brain-
derived neurotrophic factor, des(1-3)-insulin-like growth factor-1, and basic 
fibroblast growth factor on mesencephalic dopaminergic neurons developing in 
culture. Neuroscience 52, 855–66. 

Bergman, H., Wichmann, T., Karmon, B., DeLong, M.R., 1994. The primate 
subthalamic nucleus. II. Neuronal activity in the MPTP model of parkinsonism. 
Journal of Neurophysiology 72, 507–20. 

Björklund, A., Dunnett, S.B., Stenevi, U., Lewis, M.E., Iversen, S.D., 1980. 
Reinnervation of the denervated striatum by substantia nigra transplants: 
functional consequences as revealed by pharmacological and sensorimotor 
testing. Brain Research 199, 307–33. 

Björklund, A., Lindvall, O., Isacson, O., Brundin, P., Wictorin, K., Strecker, R.E., 
Clarke, D.J., Dunnett, S.B., 1987. Mechanisms of action of intracerebral neural 
implants: studies on nigral and striatal grafts to the lesioned striatum. Trends in 
Neurosciences 10, 509–16. 

Björklund, A., 1992. Dopaminergic transplants in experimental parkinsonism: cellular 
mechanisms of graft-induced functional recovery. Current Opinion in 
Neurobiology 2, 683–9. 

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 and Tissue Research 212, 39–
45. 

Björklund, A., Stenevi, U., 1979. Reconstruction of the nigrostriatal dopamine 
pathway by intracerebral nigral transplants. Brain Research 177, 555–60. 



References 

137 

 

Björklund, A., Stenevi, U., Schmidt, R.H., Dunnett, S.B., Gage, F.H., 1983. 
Intracerebral grafting of neuronal cell suspensions. I. Introduction and general 
methods of preparation. Acta Physiologica Scandinavica. Supplementum 522, 
1–7. 

Blesa, J., Phani, S., Jackson-Lewis, V., Przedborski, S., 2012. Classic and new 
animal models of Parkinson’s disease. Journal of Biomedicine & Biotechnology 
2012, 845618. 

Braak, H., Del Tredici, K., 2008. Invited Article: Nervous system pathology in sporadic 
Parkinson disease. Neurology 70, 1916–25. 

Braak, H., Del Tredici, K., Rüb, U., De Vos, R.A.I., Jansen Steur, E.N.H., Braak, E., 
2003. Staging of brain pathology related to sporadic Parkinson’s disease. 
Neurobiology of Aging 24, 197–211. 

Breit, S., Bouali-Benazzouz, R., Popa, R.C., Gasser, T., Benabid, A.L., Benazzouz, 
A., 2007. Effects of 6-hydroxydopamine-induced severe or partial lesion of the 
nigrostriatal pathway on the neuronal activity of pallido-subthalamic network in 
the rat. Experimental Neurology 205, 36–47. 

Breysse, N., Carlsson, T., Winkler, C., Björklund, A., Kirik, D., 2007. The functional 
impact of the intrastriatal dopamine neuron grafts in parkinsonian rats is reduced 
with advancing disease. Journal of Neuroscience 27, 5849–56. 

Brown, P., Oliviero, A., Mazzone, P., Insola, A., Tonali, P., Lazzaro, V. Di, 2001. 
Dopamine Dependency of Oscillations between Subthalamic Nucleus and 
Pallidum in Parkinson’s Disease. Journal of Neuroscience 21, 1033–38. 

Brundin, P., Barker, R.A., Parmar, M., 2010. Neural grafting in Parkinson’s disease 
Problems and possibilities. Progress in Brain Research 184, 265–94. 

Brundin, P., Isacson, O., Björklund, A., 1985. Monitoring of Cell Viability in 
Suspensions of Embryonic CNS Tissue and its Use as a Criterion for 
Intracerebral Graft Survival. Brain Research 331, 251–59. 

Brundin, P., Karlsson, J., Emgård, M., Schierle, G.S., Hansson, O., Petersén, A., 
Castilho, R.F., 2000a. Improving the survival of grafted dopaminergic neurons: a 
review over current approaches. Cell Transplantation 9, 179–95. 

Brundin, P., Pogarell, O., Hagell, P., Piccini, P., Widner, H., Schrag, A., Kupsch, A., 
Crabb, L., Odin, P., Gustavii, B., Björklund, A., Brooks, D.J., Marsden, C.D., 
Oertel, W.H., Quinn, N.P., Rehncrona, S., Lindvall, O., 2000b. Bilateral caudate 
and putamen grafts of embryonic mesencephalic tissue treated with lazaroids in 
Parkinson’s disease. Brain 123, 1380–90. 



References 

138 

 

Brundin, P., Barker, R.A., Parmar, M., 2010. Neural grafting in Parkinson’s disease: 
Problems and possibilities. Progress in Brain Research 184, 265-94. 

Brundin, P., Kordower, J.H., 2012. Neuropathology in transplants in Parkinson’s 
disease: implications for disease pathogenesis and the future of cell therapy. 
Progress in Brain Research 200, 221–41. 

Cassidy, M., Mazzone, P., Oliviero, A., Insola, A., Tonali, P., Di Lazzaro, V., Brown, 
P., 2002. Movement-related changes in synchronization in the human basal 
ganglia. Brain 125, 1235–46. 

Cenci, M.A., Lindgren, H.S., 2007. Advances in understanding L-DOPA-induced 
dyskinesia. Current Opinion in Neurobiology 17, 665–71. 

Centonze, D., Gubellini, P., Usiello, A., Rossi, S., Tscherter, A., Bracci, E., Erbs, E., 
Tognazzi, N., Bernardi, G., Pisani, A., Calabresi, P., Borrelli, E., 2004. 
Differential contribution of dopamine D2S and D2L receptors in the modulation of 
glutamate and GABA transmission in the striatum. Neuroscience 129, 157–66. 

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. 

Chaudhuri, K.R., Schapira, A.H. V, 2009. Non-motor symptoms of Parkinson’s 
disease: dopaminergic pathophysiology and treatment. Lancet Neurology 8, 
464–74. 

Chiang, Y.-H., Lin, S.-Z., Zhou, F.C., 2006. Bridging nigrostriatal pathway with 
fibroblast growth factor-primed peripheral nerves and fetal ventral 
mesencephalon transplant recuperates from deficits in parkinsonian rats. Cell 
Transplantation 15, 475–82. 

Claus, P., Doring, F., Gringel, S., Muller-Ostermeyer, F., Fuhlrott, J., Kraft, T., 
Grothe, C., 2003. Differential intranuclear localization of fibroblast growth factor-
2 isoforms and specific interaction with the survival of motoneuron protein. 
Journal of Biological Chemistry 278, 479–85. 

Claus, P., Werner, S., Timmer, M., Grothe, C., 2004. Expression of the fibroblast 
growth factor-2 isoforms and the FGF receptor 1-4 transcripts in the rat model 
system of Parkinson’s disease. Neuroscience Letters 360, 117–20. 

Colosimo, C., De Michele, M., 1999. Motor fluctuations in Parkinson’s disease: 
pathophysiology and treatment. European Journal of Neurology 6, 1–21. 

Coune, P., Craveiro, M., Gaugler, M., Mlynárik, V., Schneider, B., Aebischer, P., 
Gruetter, R., 2013. An in vivo ultrahigh field 14.1 T (1) H-MRS study on 6-OHDA 



References 

139 

 

and α-synuclein-based rat models of Parkinson’s disease: GABA as an early 
disease marker. NMR Biomedicine 26, 43–50. 

Damier, P., Hirsch, E.C., Agid, Y., Graybiel, A.M., 1999. The substantia nigra of the 
human brain. II. Patterns of loss of dopamine-containing neurons in Parkinson’s 
disease. Brain 122, 1437–48. 

Day, M., Wang, Z., Ding, J., An, X., Ingham, C.A., Shering, A.F., Wokosin, D., Ilijic, 
E., Sun, Z., Sampson, A.R., Mugnaini, E., Deutch, A.Y., Sesack, S.R., 
Arbuthnott, G.W., Surmeier, D.J., 2006. Selective elimination of glutamatergic 
synapses on striatopallidal neurons in Parkinson disease models. Nature 
Neuroscience 9, 251–59. 

De Lau, L.M.L., Breteler, M.M.B., 2006. Epidemiology of Parkinson’s disease. Lancet 
Neurology 5, 525–35. 

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. Experimental Neurology 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. 
Neurobiology of Disease 45, 939–53. 

Defer, G.L., Geny, C., Ricolfi, F., Fenelon, G., Monfort, J.C., Remy, P., Villafane, G., 
Jeny, R., Samson, Y., Keravel, Y., Gaston, A., Degos, J.D., Peschanski, M., 
Cesaro, P., Nguyen, J.P., 1996. Long-term outcome of unilaterally transplanted 
parkinsonian patients. I. Clinical approach. Brain 119, 41–50. 

Deierborg, T., Soulet, D., Roybon, L., Hall, V., Brundin, Patrik, 2008. Emerging 
restorative treatments for Parkinson’s disease. Progress in Neurobiology 85, 
407–32. 

Deumens, R., Blokland, A., Prickaerts, J., 2002. Modeling Parkinson’s disease in 
rats: an evaluation of 6-OHDA lesions of the nigrostriatal pathway. Experimental 
Neurology 175, 303–17. 

Di Loreto S., Florio, T., Capozzo, A., Napolitano, A., Adorno, D., Scarnati, E., 1996. 
Transplantation of Mesencephalic Cell Suspension in Dopamine-Denervated 
Striatum of the Rat. Experimental Neurology 138, 318–26. 

Dickson, D.W., Braak, H., Duda, J.E., Duyckaerts, C., Gasser, Thomas, Halliday, 
G.M., Hardy, J., Leverenz, J.B., Del Tredici, K., Wszolek, Z.K., Litvan, I., 2009. 
Neuropathological assessment of Parkinson’s disease: refining the diagnostic 
criteria. Lancet Neurology 8, 1150–7. 



References 

140 

 

Dorsey, E.R., Constantinescu, R., Thompson, J.P., Biglan, K.M., Holloway, R.G., 
Kieburtz, K., Marshall, F.J., Ravina, B.M., Schifitto, G., Siderowf, A., Tanner, 
C.M., 2007. Projected number of people with Parkinson disease in the most 
populous nations, 2005 through 2030. Neurology 68, 384–6. 

Dunah, A.W., Wang, Y., Yasuda, R.P., Kameyama, K., Huganir, R.L., Wolfe, B.B., 
Standaert, D.G., 2000. Alterations in subunit expression, composition, and 
phosphorylation of striatal N-methyl-D-aspartate glutamate receptors in a rat 6-
hydroxydopamine model of Parkinson’s disease. Molecular Pharmacology 57, 
342–52. 

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. Experimental Brain Research 71, 411–24. 

Dunnett, S.B., Rosser, A.E., 2011. Clinical translation of cell transplantation in the 
brain. Current Opinion in Organ Transplantation 16, 632–9. 

Duvoisin, R.C., 1992. A brief history of parkinsonism. Neurologic Clinics 10, 301–16. 

Engele, J., Bohn, M.C., 1991. The neurotrophic effects of fibroblast growth factors on 
dopaminergic neurons in vitro are mediated by mesencephalic glia. Journal of 
Neuroscience 11, 3070–8. 

Evans, J.R., Barker, R.A., 2008. Neurotrophic factors as a therapeutic target for 
Parkinson’s disease. Expert Opinion on Therapeutic Targets 12, 437–47. 

Ferrari, G., Minozzi, M.C., Toffano, G., Leon, A., Skaper, S.D., 1989. Basic fibroblast 
growth factor promotes the survival and development of mesencephalic neurons 
in culture. Developmental Biology 133, 140–7. 

Fisher, L.J., Young, S.J., Tepper, J.M., Groves, P.M., Gage, F.H., 1991. 
Electrophysiological characteristics of cells within mesencephalon suspension 
grafts. Neuroscience 40, 109–22. 

Florkiewicz, R.Z., Baird, A., Gonzalez, A.M., 1991. Multiple forms of bFGF: 
differential nuclear and cell surface localization. Growth Factors 4, 265–75. 

Fontan, A., Rojo, A., Sanchez Pernaute, R., Hernández, I., López, I., Castilla, C., 
Sanchez Albisua, J., Perez Higueras, A., Al-Rashid, I., Rabano, A., Gonzalo, I., 
Angeles Mena, M., Cools, A., Eshuis, S., Maguire, P., Pruim, J., Leenders, K., 
Garcia de Yebenes, J., 2002. Effects of fibroblast growth factor and glial-derived 
neurotrophic factor on akinesia, F-DOPA uptake and dopamine cells in 
parkinsonian primates. Parkinsonism & Related Disorders 8, 311–23. 



References 

141 

 

Fox, M.W., Ahlskog, J.E., Kelly, P.J., 1991. Stereotactic ventrolateralis thalamotomy 
for medically refractory tremor in post-levodopa era Parkinson’s disease 
patients. Journal of Neurosurgery 75, 723–30. 

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. 
Transplantation of embryonic dopamine neurons for severe Parkinson’s disease. 
New England Journal of Medicine 344, 710–19. 

Freed, W.J., Perlow, M.J., Karoum, F., Seiger, A., Olson, L., Hoffer, B.J., Wyatt, R.J., 
1980. Restoration of dopaminergic function by grafting of fetal rat substantia 
nigra to the caudate nucleus: long-term behavioral, biochemical, and 
histochemical studies. Annals of Neurology 8, 510–9. 

Frim, D.M., Uhler, T.A., Galpern, W.R., Beal, M.F., Breakefield, X.O., Isacson, O, 
1994. Implanted fibroblasts genetically engineered to produce brain-derived 
neurotrophic factor prevent 1-methyl-4-phenylpyridinium toxicity to dopaminergic 
neurons in the rat. Proceedings of the National Academy of Sciences of the 
United States of America 91, 5104–8. 

Fukumoto, H., Kakihana, M., Suno, M., 1991. Recombinant human basic fibroblast 
growth factor (rhbFGF) induces secretion of nerve growth factor (NGF) in 
cultured rat astroglial cells. Neuroscience Letters 122, 221–4. 

Gagnon, C., Bédard, P.J., Rioux, L., Gaudin, D., Martinoli, M.G., Pelletier, G., Di 
Paolo, T., 1991. Regional changes of striatal dopamine receptors following 
denervation by 6-hydroxydopamine and fetal mesencephalic grafts in the rat. 
Brain Research 558, 251–63. 

Gasmi, M., Herzog, C.D., Brandon, E.P., Cunningham, J.J., Ramirez, G.A., Ketchum, 
E.T., Bartus, R.T., 2007. Striatal delivery of neurturin by CERE-120, an AAV2 
vector for the treatment of dopaminergic neuron degeneration in Parkinson’s 
disease. Molecular Therapy 15, 62–8. 

Georgievska, B., Carlsson, T., Lacar, B., Winkler, C., Kirik, D., 2004. Dissociation 
between short-term increased graft survival and long-term functional 
improvements in Parkinsonian rats overexpressing glial cell line-derived 
neurotrophic factor. European Journal of Neuroscience 20, 3121–30. 

Gerfen, C.R., Engber, T.M., Mahan, L.C., Susel, Z., Chase, T.N., Monsma Jr., F.J., 
Sibley, D.R., 1990. D1 and D2 dopamine receptor-regulated gene expression of 
striatonigral and striatopallidal neurons. Science 250, 1429–32. 

Gerlach, M., Reichmann, H., Riederer, P., 2007. Die Parkinson-Krankheit, Wien, New 
York. 4. Auflage, Springer-Verlag. 



References 

142 

 

Gibb, W.R., Lees, A.J., 1991. Anatomy, pigmentation, ventral and dorsal 
subpopulations of the substantia nigra, and differential cell death in Parkinson’s 
disease. Journal of Neurology, Neurosurgery, and Psychiatry 54, 388–96. 

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. Nature Medicine 9, 
589–95. 

Gilmour, T.P., Piallat, B., Lieu, C.A., Venkiteswaran, K., Ramachandra, R., Rao, A.N., 
Petticoffer, A.C., Berk, M.A., Subramanian, T., 2011. The effect of striatal 
dopaminergic grafts on the neuronal activity in the substantia nigra pars 
reticulata and subthalamic nucleus in hemiparkinsonian rats. Brain 134, 3276–
89. 

Gittis, A.H., Hang, G.B., LaDow, E.S., Shoenfeld, L.R., Atallah, B.V., Finkbeiner, S., 
Kreitzer, A.C., 2011. Rapid target-specific remodeling of fast-spiking inhibitory 
circuits after loss of dopamine. Neuron 71, 858–68. 

Glinka, Y., Gassen, M., Youdim, M.B., 1997. Mechanism of 6-hydroxydopamine 
neurotoxicity. Journal of Neural Transmission. Supplementum 50, 55–66. 

Glozman, S., Yavin, E., 1997. Lipid peroxides are generated by the fetal rat brain 
after episodes of global ischemia in utero. Neurochemical Research 22, 201–8. 

Goddard, D.R., Berry, M., Kirvell, S.L., Butt, A.M., 2002. Fibroblast growth factor-2 
induces astroglial and microglial reactivity in vivo. Journal of Anatomy 200, 57–
67. 

Gonzalez, A.M., Berry, M., Maher, P.A., Logan, A., Baird, A., 1995. A comprehensive 
analysis of the distribution of FGF-2 and FGFR1 in the rat brain. Brain Research 
701, 201–26. 

Gowers, W.R., 1986. A manual of diseases of the nervous system.  J. & A. Churchill, 
London. 

Grothe, C., Schulze, A., Semkova, I., Müller-Ostermeyer, F., Rege, A., Wewetzer, K., 
2000. The high molecular weight fibroblast growth factor-2 isoforms (21,000 mol. 
wt and 23,000 mol. wt) mediate neurotrophic activity on rat embryonic 
mesencephalic dopaminergic neurons in vitro. Neuroscience 100, 73–86. 

Grothe, C., Timmer, M., 2007. The physiological and pharmacological role of basic 
fibroblast growth factor in the dopaminergic nigrostriatal system. Brain Research 
Reviews 54, 80–91. 



References 

143 

 

Guerra-Crespo, M., De la Herr n-Arita, A.K., Hern ndez-Cruz, A., Bargas, J., 
Drucker-Col n, R., 2011. Cell Therapy for Parkinson’s Disease: Failure or 
Success?, in: Stem Cells in Clinic and Research. 

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 
1121–32. 

Halliday, D.M., Rosenberg, J.R., Amjad, A.M., Breeze, P., Conway, B.A., Farmer, 
S.F., 1995. A framework for the analysis of mixed time series/point process data-
-theory and application to the study of physiological tremor, single motor unit 
discharges and electromyograms. Progress in Biophysics & Molecular Biology 
64, 237–78. 

Hammond, C., Bergman, H., Brown, P., 2007. Pathological synchronization in 
Parkinson’s disease: networks, models and treatments. Trends Neuroscience 
30, 357–64. 

Hashimoto, T., Elder, C.M., Okun, M.S., Patrick, S.K., Vitek, J.L., 2003. Stimulation of 
the subthalamic nucleus changes the firing pattern of pallidal neurons. Journal of 
Neuroscience 23, 1916–23. 

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. Archives of Neurology 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? Movement Disorders 23, 1799–807. 

Hedlund, E., Perlmann, T., 2009. Neuronal cell replacement in Parkinson’s disease. 
Journal of Internal Medicine 266, 358–71. 

Herman, J.P., Abrous, N.D., 1994. Dopaminergic neural grafts after fifteen years: 
results and perspectives. Progress in Neurobiology 44, 1–35. 

Hickey, P., Stacy, M., 2011. Available and emerging treatments for Parkinson’s 
disease: a review. Drug Design, Development, and Therapy 5, 241–54. 

Hommel, J.D., Sears, R.M., Georgescu, D., Simmons, D.L., DiLeone, R.J., 2003. 
Local gene knockdown in the brain using viral-mediated RNA interference. 
Nature Medicine 9, 1539–44. 

Hooper, A.K., Okun, M.S., Foote, K.D., Fernandez, H.H., Jacobson, C., Zeilman, P., 
Romrell, J., Rodriguez, R.L., 2008. Clinical cases where lesion therapy was 



References 

144 

 

chosen over deep brain stimulation. Stereotactic and Functional Neurosurgery 
86, 147–52. 

Hornykiewicz, O., 1993. Parkinson’s disease and the adaptive capacity of the 
nigrostriatal dopamine system: possible neurochemical mechanisms. Advances 
in Neurology 60, 140–7. 

Hutchison, W.D., Allan, R.J., Opitz, H., Levy, R., Dostrovsky, J.O., Lang, A.E., 
Lozano, A.M., 1998. Neurophysiological identification of the subthalamic nucleus 
in surgery for Parkinson’s disease. Annals of Neurology 44, 622–8. 

Hutchison, W.D., Dostrovsky, J.O., Walters, J.R., Courtemanche, R., Boraud, T., 
Goldberg, J., Brown, P., 2004. Neuronal oscillations in the basal ganglia and 
movement disorders: evidence from whole animal and human recordings. 
Journal of Neuroscience 24, 9240–43. 

Hyman, C., Hofer, M., Barde, Y.A., Juhasz, M., Yancopoulos, G.D., Squinto, S.P., 
Lindsay, R.M., 1991. BDNF is a neurotrophic factor for dopaminergic neurons of 
the substantia nigra. Nature 350, 230–2. 

Jenner, P., 2003. Oxidative stress in Parkinson’s disease. Annals of Neurology 53 
Supplement 3, 26–38. 

Jensen, P., Pedersen, E.G., Zimmer, J., Widmer, H.R., Meyer, M., 2008. Functional 
effect of FGF2- and FGF8-expanded ventral mesencephalic precursor cells in a 
rat model of Parkinson’s disease. Brain Research 1218, 13–20. 

Johnston, T., Duty, S., 2003. Changes in GABA(B) receptor mRNA expression in the 
rodent basal ganglia and thalamus following lesion of the nigrostriatal pathway. 
Neuroscience 120, 1027–35. 

Jungnickel, J., Kalve, I., Reimers, L., Nobre, A., Wesemann, M., Ratzka, A., Halfer, 
N., Lindemann, C., Schwabe, K., Töllner, K., Gernert, M., Grothe, C., 2011. 
Topology of intrastriatal dopaminergic grafts determines functional and emotional 
outcome in neurotoxin-lesioned rats. Behavioural Brain Research 216, 129–35. 

Kandel, E.R., Schwartz, J.H., Jessel, T.M., 2000. Principles of Neural Science, 4th 
ed. McGraw-Hill, New York. 

Kaneoke, Y., Vitek, J.L., 1996. Burst and oscillation as disparate neuronal properties. 
Journal of Neuroscience Methods 68, 211–23. 

Khan, Z.U., Mrzljak, L., Gutierrez, A., De la Calle, A., Goldman-Rakic, P.S., 1998. 
Prominence of the dopamine D2 short isoform in dopaminergic pathways. 
Proceedings of the National Academy of Sciences of the USA 95, 7731–36. 



References 

145 

 

Kim, J.H., Auerbach, J.M., Rodriguez-Gomez, J.A., Velasco, I., Gavin, D., Lumelsky, 
N., Lee, S.H., Nguyen, J., Sánchez-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, 50-6. 

Kirik, D., Georgievska, B., Rosenblad, C., Björklund, A., 2001. Delayed infusion of 
GDNF promotes recovery of motor function in the partial lesion model of 
Parkinson’s disease. European Journal of Neuroscience 13, 1589–99. 

Kirik, D., Rosenblad, C., Bjorklund, A., Mandel, R.J., 2000. Long-term rAAV-mediated 
gene transfer of GDNF in the rat Parkinson’s model: intrastriatal but not 
intranigral transduction promotes functional regeneration in the lesioned 
nigrostriatal system. Journal of Neuroscience 20, 4686–700. 

Kirik, D., Winkler, C., Björklund, A., 2001. Growth and functional efficacy of 
intrastriatal nigral transplants depend on the extent of nigrostriatal degeneration. 
Journal of Neuroscience 21, 2889–96. 

Kirik, D., Georgievska, B., Björklund, A., 2004. Localized striatal delivery of GDNF as 
a treatment for Parkinson disease. Nature Neuroscience 7, 105–10. 

Kirik, D., Rosenblad, C., Burger, C., Lundberg, C., Johansen, T.E., Muzyczka, N., 
Mandel, R.J., Björklund, A., 2002. Parkinson-like neurodegeneration induced by 
targeted overexpression of alpha-synuclein in the nigrostriatal system. Journal of 
Neuroscience 22, 2780–91. 

Klein, A., Metz, G.A., Papazoglou, A., Nikkhah, G., 2007. Differential effects on 
forelimb grasping behavior induced by fetal dopaminergic grafts in 
hemiparkinsonian rats. Neurobiology of Disease 27, 24–35. 

Koller, W.C., Rueda, M.G., 1998. Mechanism of action of dopaminergic agents in 
Parkinson’s disease. Neurology 50, S11–4; discussion S44–8. 

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. Nature Medicine 14, 504–6. 

Krack, P., Limousin, P., Benabid, A.L., Pollak, P., 1997a. Chronic stimulation of 
subthalamic nucleus improves levodopa-induced dyskinesias in Parkinson’s 
disease. Lancet 350, 1676. 

Krack, P., Pollak, P., Limousin, P., Benazzouz, A., Benabid, A.L., 1997b. Stimulation 
of subthalamic nucleus alleviates tremor in Parkinson’s disease. Lancet 350, 
1675. 



References 

146 

 

Kreiss, D.S., Mastropietro, C.W., Rawji, S.S., Walters, J.R., 1997. The response of 
subthalamic nucleus neurons to dopamine receptor stimulation in a rodent model 
of Parkinson’s disease. Journal of Neuroscience 17, 6807–19. 

Krieglstein, K., 2004. Factors promoting survival of mesencephalic dopaminergic 
neurons. Cell and Tissue Research 318, 73–80. 

Kühn, A.A., Kempf, F., Brucke, C., Gaynor Doyle, L., Martinez-Torres, I., Pogosyan, 
A., Trottenberg, T., Kupsch, A., Schneider, G.H., Hariz, M.I., Vandenberghe, W., 
Nuttin, B., Brown, P., 2008. High-frequency stimulation of the subthalamic 
nucleus suppresses oscillatory beta activity in patients with Parkinson’s disease 
in parallel with improvement in motor performance. Journal of Neuroscience 28, 
6165–73. 

Kühn, A.A., Williams, D., Kupsch, A., Limousin, P., Hariz, M., Schneider, G.H., 
Yarrow, K., Brown, P., 2004. Event-related beta desynchronization in human 
subthalamic nucleus correlates with motor performance. Brain 127, 735–46. 

Labarre, D., Meissner, W., Boraud, T., 2008. Measure of the regularity of events in 
stochastic point processes, application to neuron activity analysis. 33rd IEEE 
Proceedings, International Conference on Acoustics, Speech and Signal 
Processing. 

Lafreniere-Roula, M., Darbin, O., Hutchison, W.D., Wichmann, T., Lozano, A.M., 
Dostrovsky, J.O., 2010. Apomorphine reduces subthalamic neuronal entropy in 
parkinsonian patients. Experimental Neurology 225, 455–8. 

Laguna Goya, R., Tyers, P., Barker, R.A., 2008. The search for a curative cell 
therapy in Parkinson’s disease. Journal of the Neurological Sciences 265, 32–
42. 

Laitinen, L.V., 1995. Pallidotomy for Parkinson’s disease. Neurosurgery Clinics of 
North America 6, 105–12. 

Laitinen, L.V., Bergenheim, A.T., Hariz, M.I., 1992. Leksell’s posteroventral 
pallidotomy in the treatment of Parkinson's disease. Journal of Neurosurgery 76, 
53–61. 

Lane, E.L., Handley, O.J., Rosser, A.E., Dunnett, S.B., 2008. Potential cellular and 
regenerative approaches for the treatment of Parkinson’s disease. 
Neuropsychiatric Disease and Treatmet 4, 835–45. 

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.R., 
Dhawan, V., Stoessl, A.J., Matcham, J., Coffey, R.J., Traub, M., 2006. 



References 

147 

 

Randomized controlled trial of intraputamenal glial cell line-derived neurotrophic 
factor infusion in Parkinson disease. Annals of Neurology 59, 459–66. 

Langston, J.W., 2006. The Parkinson’s complex: parkinsonism is just the tip of the 
iceberg. Annals of Neurology 59, 591–6. 

Lehmkuhle, M.J., Bhangoo, S.S., Kipke, D.R., 2009. The electrocorticogram signal 
can be modulated with deep brain stimulation of the subthalamic nucleus in the 
hemiparkinsonian rat. Journal of Neurophysiology 102, 1811–20. 

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. Journal of Neuroscience 15, 7810–20. 

Levy, R., Ashby, P., Hutchison, W.D., Lang, A.E., Lozano, A.M., Dostrovsky, J.O., 
2002. Dependence of subthalamic nucleus oscillations on movement and 
dopamine in Parkinson’s disease. Brain 125, 1196–1209. 

Levy, R., Dostrovsky, J.O., Lang, A.E., Sime, E., Hutchison, W.D., Lozano, A.M., 
2001. Effects of apomorphine on subthalamic nucleus and globus pallidus 
internus neurons in patients with Parkinson’s disease. Journal of 
Neurophysiology 86, 249–60. 

Levy, R., Hutchison, W.D., Lozano, A.M., Dostrovsky, J.O., 2000. High-frequency 
synchronization of neuronal activity in the subthalamic nucleus of parkinsonian 
patients with limb tremor. Journal of Neuroscience 20, 7766–75. 

Li, F., Zhu, S., Wu, C., Yan, C., Liu, Y., Shugan, L., 2011. Neuroinflammation and cell 
therapy for Parkinson’s disease. Frontiers in Bioscience 3, 1407–20. 

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. Nature Medicine 14, 501–3. 

Limousin, P., Krack, P., Pollak, P., Benazzouz, A., Ardouin, C., Hoffmann, D., 
Benabid, A.L., 1998. Electrical stimulation of the subthalamic nucleus in 
advanced Parkinson’s disease. New England Journal of Medicine 339, 1105–11. 

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., Hagell, P., 2000. Clinical observations after neural transplantation in 
Parkinson’s disease. Progress in Brain Research 127, 299–320. 



References 

148 

 

Lindvall, O., Sawle, G., Widner, H., Rothwell, J.C., Björklund, A., Brooks, D., Brundin, 
P., Frackowiak, R., Marsden, C.D., Odin, P., 1994. Evidence for long-term 
survival and function of dopaminergic grafts in progressive Parkinson’s disease. 
Annals of Neurology 35, 172–80. 

Litvak, V., Jha, A., Eusebio, A., Oostenveld, R., Foltynie, T., Limousin, Patricia, 
Zrinzo, L., Hariz, M. I, Friston, K., Brown, P., 2011. Resting oscillatory cortico-
subthalamic connectivity in patients with Parkinson’s disease. Brain 134, 359–
74. 

Lo Bianco, C., Ridet, J.-L., Schneider, B.L., Deglon, N., Aebischer, P., 2002. alpha -
Synucleinopathy and selective dopaminergic neuron loss in a rat lentiviral-based 
model of Parkinson’s disease. Proceedings of the National Academy of Sciences 
of the United States of America 99, 10813–8. 

Logothetis, N.K., 2003. The underpinnings of the BOLD functional magnetic 
resonance imaging signal. Journal of Neuroscience 23, 3963–71. 

Lynch, D.R., Dawson, T.M., 1994. Secondary mechanisms in neuronal trauma. 
Current Opinion in Neurology 7, 510–6. 

MacDonald, B.K., Cockerell, O.C., Sander, J.W., Shorvon, S.D., 2000. The incidence 
and lifetime prevalence of neurological disorders in a prospective community-
based study in the UK. Brain 123, 665–76. 

Magariños-Ascone, C.M., Figueiras-Mendez, R., Riva-Meana, C., Córdoba-
Fernández, A., 2000. Subthalamic neuron activity related to tremor and 
movement in Parkinson’s disease. European Journal of Neuroscience 12, 2597–
607. 

Mallet, N., Pogosyan, A., Márton, L.F., Bolam, J.P., Brown, P., Magill, P.J., 2008a. 
Parkinsonian beta oscillations in the external globus pallidus and their 
relationship with subthalamic nucleus activity. Journal of Neuroscience 28, 
14245–58. 

Mallet, N., Pogosyan, A., Sharott, A., Csicsvari, J., Bolam, J.P., Brown, P., Magill, 
P.J., 2008b. Disrupted dopamine transmission and the emergence of 
exaggerated beta oscillations in subthalamic nucleus and cerebral cortex. 
Journal of Neuroscience 28, 4795–4806. 

Marchetti, B., L’Episcopo, F., Morale, M.C., Tirolo, C., Testa, N., Caniglia, S., 
Serapide, M.F., Pluchino, S., 2013. Uncovering novel actors in astrocyte-neuron 
crosstalk in Parkinson’s disease: the Wnt/β-catenin signaling cascade as the 
common final pathway for neuroprotection and self-repair. European Journal of 
Neuroscience 37, 1550–63. 



References 

149 

 

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.L., 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 Neurology 9, 1164–72. 

Marks, W.J., Ostrem, J.L., Verhagen, L., Starr, Philip 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 Neurology 7, 400–8. 

Marsden, C.D., 1982. The mysterious motor function of the basal ganglia: the Robert 
Wartenberg Lecture. Neurology 32, 514–39. 

Mathai, A., Smith, Y., 2011. The corticostriatal and corticosubthalamic pathways: two 
entries, one target. So what? Frontiers in Systems Neuroscience 5, 64. 

Mattson, M.P., 2007. Calcium and neurodegeneration. Aging Cell 6, 337–50. 

Mayer, E., Dunnett, S.B., Pellitteri, R., Fawcett, J.W., 1993a. Basic fibroblast growth 
factor promotes the survival of embryonic ventral mesencephalic dopaminergic 
neurons-I. Effects in vitro. Neuroscience 56, 379–88. 

Mayer, E., Fawcett, J.W., Dunnett, S.B., 1993b. Basic fibroblast growth factor 
promotes the survival of embryonic ventral mesencephalic dopaminergic 
neurons-II. Effects on nigral transplants in vivo. Neuroscience 56, 389–98. 

McNaught, K.S., Olanow, C.W., Halliwell, B., Isacson, O., Jenner, P., 2001. Failure of 
the ubiquitin-proteasome system in Parkinson’s disease. Nature Reviews. 
Neuroscience 2, 589–94. 

Medhurst, A.D., Harrison, D.C., Read, S.J., Campbell, C.A., Robbins, M.J., Pangalos, 
M.N., 2000. The use of TaqMan RT-PCR assays for semiquantitative analysis of 
gene expression in CNS tissues and disease models. Journal of Neuroscience 
Methods 98, 9–20. 

Mendez, I., Dagher, A., Hong, M., Hebb, A., Gaudet, P., Law, A., Weerasinghe, S., 
King, D., Desrosiers, J., Darvesh, S., Acorn, T., Robertson, H., 2000. 
Enhancement of survival of stored dopaminergic cells and promotion of graft 
survival by exposure of human fetal nigral tissue to glial cell line--derived 
neurotrophic factor in patients with Parkinson’s disease. Report of two cases and 
technical considera. Journal of Neurosurgery 92, 863–9. 

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 

150 

 

Dopamine neurons implanted into people with Parkinson’s disease survive 
without pathology for 14 years. Nature Medicine 14, 507–9. 

Nikkhah, G., Duan, W.M., Knappe, U., Jödicke, A., Björklund, A., 1993. Restoration 
of complex sensorimotor behavior and skilled forelimb use by a modified nigral 
cell suspension transplantation approach in the rat Parkinson model. 
Neuroscience 56, 33–43. 

Nikkhah, G., Olsson, M., Eberhard, J., Bentlage, C., Cunningham, M.G., Björklund, 
A., 1994. A microtransplantation approach for cell suspension grafting in the rat 
Parkinson model: a detailed account of the methodology. Neuroscience 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. 

Niwa, H., Yamamura, K., Miyazaki, J., 1991. Efficient selection for high-expression 
transfectants with a novel eukaryotic vector. Gene 108, 193–9. 

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. 

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. Movement Disorders 23 
Supplement 3, 548–59. 

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. Annals of Neurology 54, 403–14. 

Parr-Brownlie, L.C., Poloskey, S.L., Flanagan, K.K., Eisenhofer, G., Bergstrom, D.A., 
Walters, J.R., 2007. Dopamine lesion-induced changes in subthalamic nucleus 
activity are not associated with alterations in firing rate or pattern in layer V 
neurons of the anterior cingulate cortex in anesthetized rats. European Journal 
of Neuroscience 26, 1925–39. 

Pasumarthi, K.B., Doble, B.W., Kardami, E., Cattini, P.A., 1994. Over-expression of 
CUG- or AUG-initiated forms of basic fibroblast growth factor in cardiac 
myocytes results in similar effects on mitosis and protein synthesis but distinct 



References 

151 

 

nuclear morphologies. Journal of Molecular and Cellular Cardiology 26, 1045–
60. 

Paxinos, G., Watson, C., 2006. The Rat Brain in Stereotaxic Coordinates, 6th Edn. 
ed. Academic Press, San Diego. 

Perese, D.A., Ulman, J., Viola, J., Ewing, S.E., Bankiewicz, K.S., 1989. A 6-
hydroxydopamine-induced selective parkinsonian rat model. Brain Research 
494, 285–93. 

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. 

Piccini, P., Brooks, D.J., Björklund, A., Gunn, R.N., Grasby, P.M., Rimoldi, O., 
Brundin, P., Hagell, P., Rehncrona, S., Widner, H., Lindvall, O., 1999. Dopamine 
release from nigral transplants visualized in vivo in a Parkinson’s patient. Nature 
Neuroscience 2, 1137–40. 

Pincus, S., 1995. Approximate entropy (ApEn) as a complexity measure. Chaos 5, 
110–7. 

Puschban, Z., Scherfler, C., Granata, R., Laboyrie, P., Quinn, N.P., Jenner, P., 
Poewe, W., Wenning, G.K., 2000. Autoradiographic study of striatal dopamine 
re-uptake sites and dopamine D1 and D2 receptors in a 6-hydroxydopamine and 
quinolinic acid double-lesion rat model of striatonigral degeneration (multiple 
system atrophy) and effects of embryonic ventral mesenc. Neuroscience 95, 
377–88. 

Rasch, M.J., Gretton, A., Murayama, Y., Maass, W., Logothetis, N.K., 2008. Inferring 
spike trains from local field potentials. Journal of Neurophysiology 99, 1461–76. 

Ratzka, A., Kalve, I., Ozer, M., Nobre, A., Wesemann, M., Jungnickel, J., Koster-
Patzlaff, C., Baron, O., Grothe, C., 2012. The co-layer method as an efficient 
way to genetically modify mesencephalic progenitor cells transplanted into 6-
OHDA rat model of Parkinson’s disease. Cell Transplantation 21, 749–62. 

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. 

Remple, M.S., Bradenham, C.H., Kao, C.C., Charles, P.D., Neimat, J.S., Konrad, 
P.E., 2011. Subthalamic nucleus neuronal firing rate increases with Parkinson’s 
disease progression. Movement Disorders 26, 1657–62. 



References 

152 

 

Richardson, R.M., Freed, C.R., Shimamoto, S.A., Starr, P.A., 2011. Pallidal neuronal 
discharge in Parkinson’s disease following intraputamenal fetal mesencephalic 
allograft. Journal of Neurology, Neurosurgery, and Psychiatry 82, 266–71. 

Rioux, L., Gaudin, D.P., Gagnon, C., Di Paolo, T., Bédard, P.J., 1991. Decrease of 
behavioral and biochemical denervation supersensitivity of rat striatum by nigral 
transplants. Neuroscience 44, 75–83. 

Robertson, R.T., Zimmer, J., Gähwiler, G.H., 1989. Dissection Procedures for 
Preparation of Slice Cultures, in: Shahar, A., de Vellis, J., Vernadakis, A., Haber, 
B. (Eds.), A Dissection and Tissue Culture Manual of the Nervous System. Alan 
R. Liss, Inc., New York, p. 8. 

Rodriguez-Oroz, M.C., Rodriguez, M., Guridi, J., Mewes, K., Chockkman, V., Vitek, 
J., Delong, M.R., Obeso, J.A., 2001. The subthalamic nucleus in Parkinson’s 
disease : somatotopic organization and physiological characteristics. Brain 
1777–90. 

Rohrbacher, J., Ichinohe, N., Kitai, S.T., 2000. Electrophysiological characteristics of 
substantia nigra neurons in organotypic cultures: spontaneous and evoked 
activities. Neuroscience 97, 703–14. 

Rommelfanger, K.S., Wichmann, T., 2010. Extrastriatal dopaminergic circuits of the 
Basal Ganglia. Frontiers in Neuroanatomy 4, 139. 

Rosenblad, C., Martinez-Serrano, A., Björklund, A., 1996. Glial cell line-derived 
neurotrophic factor increases survival, growth and function of intrastriatal fetal 
nigral dopaminergic grafts. Neuroscience 75, 979–85. 

Rumpel, R., Alam, M., Klein, A., Özer, 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. Neurobiology of disease 59, 230-
43. 

Schallert, T., Tillerson, J.L., 2000. Intervention strategies for degeneration of DA 
neurons in parkinsonism: Optimizing behavioral assessment of outcome., in: 
Central Nervous System Diseases., Emerich, D.F., Dean, R.L. III, & Sandberg, 
P.R., Eds., Humana Press, Totowa, New Jersey, USA. pp. 131–151. 

Schiff, M., Weinhold, B., Grothe, C., Hildebrandt, H., 2009. NCAM and 
polysialyltransferase profiles match dopaminergic marker gene expression but 
polysialic acid is dispensable for development of the midbrain dopamine system. 
Journal of Neurochemistry 110, 1661–73. 



References 

153 

 

Schwarting, R., Huston, J., 1996. The unilateral 6-OHDA lesion model - analysis of 
functional deficits, recovery and treatments. Progress in Neurobiology 50, 275–
331. 

Segal, D.S., Mandell, A.J., 1974. Long-term administration of d-amphetamine: 
progressive augmentation of motor activity and stereotypy. Pharmacology, 
Biochemistry, and Behavior 2, 249–55. 

Sgambato-Faure, V., Cenci, M.A., 2012. Glutamatergic mechanisms in the 
dyskinesias induced by pharmacological dopamine replacement and deep brain 
stimulation for the treatment of Parkinson’s disease. Progress in Neurobiology 
96, 69–86. 

Siegel, G.J., Chauhan, N.B., 2000. Neurotrophic factors in Alzheimer’s and 
Parkinson's disease brain. Brain Research Reviews 33, 199–227. 

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. Journal of Neurosurgery 102, 216–22. 

Smith, Y., Villalba, R., 2008. Striatal and extrastriatal dopamine in the basal ganglia: 
an overview of its anatomical organization in normal and Parkinsonian brains. 
Movement Disorders 23 Supplement 3, 534–47. 

Soghomonian, J.J., Martin, D.L., 1998. Two isoforms of glutamate decarboxylase: 
why? Trends in Pharmacological Sciences 19, 500–5. 

Sørensen, A.T., Thompson, L., Kirik, D., Björklund, A., Lindvall, O., Kokaia, M., 2005. 
Functional properties and synaptic integration of genetically labelled 
dopaminergic neurons in intrastriatal grafts. European Journal of Neuroscience 
21, 2793–9. 

Sortwell, C.E., 2003. Strategies for the augmentation of grafted dopamine neuron 
survival. Frontiers in Bioscience 8, 522–32. 

Starr, P.A., Vitek, J.L., Bakay, R.A., 1998. Ablative surgery and deep brain 
stimulation for Parkinson’s disease. Neurosurgery 43, 989–1015. 

Steigerwald, F., Potter, M., Herzog, J., Pinsker, M., Kopper, F., Mehdorn, H., 
Deuschl, G., Volkmann, J., 2008. Neuronal activity of the human subthalamic 
nucleus in the parkinsonian and nonparkinsonian state. Journal of 
Neurophysiology 100, 2515–24. 

Tai, C.H., Yang, Y.C., Pan, M.K., Huang, C.S., Kuo, C.C., 2011. Modulation of 
subthalamic T-type Ca(2+) channels remedies locomotor deficits in a rat model 
of Parkinson disease. Journal of Clinical Investigations 121, 3289–3305. 



References 

154 

 

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–76. 

Takayama, H., Ray, J., Raymon, H.K., Baird, A., Hogg, J., Fisher, L.J., Gage, F.H., 
1995. Basic fibroblast growth factor increases dopaminergic graft survival and 
function in a rat model of Parkinson’s disease. Nature Medicine 1, 53–8. 

Talley, E.M., Cribbs, L.L., Lee, J.H., Daud, A., Perez-Reyes, E., Bayliss, D.A., 1999. 
Differential distribution of three members of a gene family encoding low voltage-
activated (T-type) calcium channels. Journal of Neuroscience 19, 1895–1911. 

Tatton, N.A., Maclean-Fraser, A., Tatton, W.G., Perl, D.P., Olanow, C.W., 1998. A 
fluorescent double-labeling method to detect and confirm apoptotic nuclei in 
Parkinson’s disease. Annals of Neurology 44, 142–8. 

Tawk, M., Makoukji, J., Belle, M., Fonte, C., Trousson, A., Hawkins, T., Li, H., 
Ghandour, S., Schumacher, M., Massaad, C., 2011. Wnt/beta-catenin signaling 
is an essential and direct driver of myelin gene expression and myelinogenesis. 
Journal of Neuroscience 31, 3729–42. 

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. 
Journal of Neuroscience 27, 459–71. 

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. Neurobiology of Disease 21, 587–606. 

Timmer, M., Müller-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. Experimental Neurology 187, 118–36. 

Tooyama, I., Walker, D., Yamada, T., Hanai, K., Kimura, H., McGeer, E.G., McGeer, 
P.L., 1992. High molecular weight basic fibroblast growth factor-like protein is 
localized to a subpopulation of mesencephalic dopaminergic neurons in the rat 
brain. Brain Research 593, 274–80. 

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, 631–40. 

Torres, E.M., Dunnett, S.B., 2007. Amphetamine induced rotation in the assessment 
of lesions and grafts in the unilateral rat model of Parkinson’s disease. European 
Neuropsychopharmacology 17, 206–14. 



References 

155 

 

Torres, E.M., Lane, E.L., Heuer, A., Smith, G.A., Murphy, E., Dunnett, S.B., 2011. 
Increased efficacy of the 6-hydroxydopamine lesion of the median forebrain 
bundle in small rats, by modification of the stereotaxic coordinates. Journal of 
Neuroscience Methods 200, 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. Neuroscience 146, 1606–17. 

Trottenberg, T., Kupsch, A., Schneider, G.-H., Brown, P., Kühn, A.A., 2007. 
Frequency-dependent distribution of local field potential activity within the 
subthalamic nucleus in Parkinson’s disease. Experimental Neurology 205, 287–
91. 

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. Current Topics 
in Behavioral Neurosciences 15, 357–98. 

Ungerstedt, U., 1968. 6-Hydroxy-dopamine induced degeneration of central 
monoamine neurons. European Journal of Pharmacology 5, 107–10. 

Ungerstedt, U., 1971a. Postsynaptic supersensitivity after 6-hydroxy-dopamine 
induced degeneration of the nigro-striatal dopamine system. Acta physiologica 
Scandinavica. Supplementum 367, 69–93. 

Ungerstedt, U., 1971b. Adipsia and aphagia after 6-hydroxydopamine induced 
degeneration of the nigro-striatal dopamine system. Acta physiologica 
Scandinavica. Supplementum 367, 95–122. 

Ungerstedt, U., Arbuthnott, G.W., 1970. Quantitative recording of rotational behavior 
in rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system. 
Brain Research 24, 485–93. 

Unsicker, K., Reichert-Preibsch, H., Wewetzer, K., 1992. Stimulation of neuron 
survival by basic FGF and CNTF is a direct effect and not mediated by non-
neuronal cells: evidence from single cell cultures. Brain Research. 
Developmental Brain Research 65, 285–8. 

Van Den Eeden, S.K., 2003. Incidence of Parkinson’s Disease: Variation by Age, 
Gender, and Race/Ethnicity. American Journal of Epidemiology 157, 1015–22. 

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. 

Villalba, R.M., Smith, Y., 2011. Neuroglial plasticity at striatal glutamatergic synapses 
in Parkinson’s disease. Frontiers in Systems Neuroscience 5, 68. 



References 

156 

 

Weinberger, M., Mahant, N., Hutchison, W D, Lozano, A M, Moro, E, Hodaie, M., 
Lang, A E, Dostrovsky, J O, 2006. Beta oscillatory activity in the subthalamic 
nucleus and its relation to dopaminergic response in Parkinson’s disease. 
Journal of Neurophysiology 96, 3248–56. 

Weise, B., Janet, T., Grothe, C., 1993. Localization of bFGF and FGF-receptor in the 
developing nervous system of the embryonic and newborn rat. Journal of 
Neuroscience Research 34, 442–53. 

Wichmann, T., Delong, M.R., 2006. Basal ganglia discharge abnormalities in 
Parkinson’s disease. Journal of Neural Transmission 70, 21–5. 

Wichmann, T., Dostrovsky, J.O., 2011. Pathological basal ganglia activity in 
movement disorders. Neuroscience 198, 232–44. 

Wijeyekoon, R., Barker, R.A., 2009. Cell replacement therapy for Parkinson’s 
disease. Biochimica et Biophysica acta 1792, 688–702. 

Winkler, C., Bentlage, C., Cenci, M.A., Nikkhah, G., BjÖrklund, A., 2003. Regulation 
of neuropeptide mRNA expression in the basal ganglia by intrastriatal and 
intranigral transplants in the rat Parkinson model. Neuroscience 118, 1063–77. 

Winkler, C., Kirik, D., Björklund, A., Dunnett, S.B., 2000. Transplantation in the rat 
model of Parkinson’s disease: ectopic versus homotopic graft placement. 
Progress in Brain Research 127, 233–65. 

Winkler, C., Kirik, D., Björklund, A., 2005. Cell transplantation in Parkinson’s disease: 
how can we make it work? Trends in Neurosciences 28, 86–92. 

Wisden, W., Laurie, D.J., Monyer, H., Seeburg, P.H., 1992. The distribution of 13 
GABAA receptor subunit mRNAs in the rat brain. I. Telencephalon, 
diencephalon, mesencephalon. Journal of Neuroscience 12, 1040–62. 

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. 

Yasuhara, T., Shingo, T., Muraoka, K., Kobayashi, K., Takeuchi, A., Yano, A., Wenji, 
Y., Kameda, M., Matsui, T., Miyoshi, Y., Date, I., 2005. Early transplantation of 
an encapsulated glial cell line-derived neurotrophic factor-producing cell 
demonstrating strong neuroprotective effects in a rat model of Parkinson 
disease. Journal of Neurosurgery 102, 80–9. 

Yurek, D.M., Fletcher-Turner, A., 2002. Temporal changes in the neurotrophic 
environment of the denervated striatum as determined by the survival and 
outgrowth of grafted fetal dopamine neurons. Brain Research 931, 126–34. 



References 

157 

 

Zhang, T.A., Placzek, A.N., Dani, J.A., 2010. In vitro identification and 
electrophysiological characterization of dopamine neurons in the ventral 
tegmental area. Neuropharmacology 59, 431–6. 

 



Appendix 

158 

 

10. Appendix 

10.1 Raw data of behavioral testing 

10.1.1 Project 1 

Amphetamine-induced rotation 

Table 3: Rotations per minute (HP-Control group; n=12). 
HP = hemiparkinsonian; n = number of animals. 

Animal pre transplantation post transplantation 

HP-Only; n=4   

24 6,14 7,55 

8 6,97 7,46 

99 6,46 9,35 

1 11,92 10,09 

HP-Cannula; n=4   

23 8,82 13,36 

3 6,73 5,98 

60 7,68 6,23 

92 8,05 8,98 

HP-Vehicle; n=4   

89 10,60 9,59 

94 7,11 7,36 

97 6,46 7,51 

98 10,52 8,94 

Mean 8,12 8,53 

 

Table 4: Rotations per minute (HP-Graft groups; n=12). 
HP = hemiparkinsonian; n = number of animals. 

Animal pre transplantation post transplantation % change in rotation 

HP-Small Graft; n=6      

15 15,38 9,85 35,96 

48 10,79 7,17 33,55 

49 8,24 1,39 83,13 

90 6,52 3,14 51,84 

96 6,94 4,75 31,56 

22 11,16 2,27 79,66 

Mean 9,84 4,76 52,62 

HP-Large Graft; n=6       
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20 8,23 -0,76 109,23 

23I 6,84 -0,61 108,92 

24I 6,57 -0,21 103,2 

27 10,37 -3,83 136,93 

38 6,01 -2,56 142,6 

64 10,56 0,24 97,73 

Mean 8,10 -1,29 116,44 

10.1.2 Project 2 

Amphetamine-induced rotation 

Table 5: Rotations per minute (6-OHDA group; n=8). 
6-OHDA = 6-hydroxydopamine; n = number of animals. 

Animal pre transplantation post transplantation     

    3 weeks 6 weeks 12 weeks 

15 8,41 10,14 11,84 11,9 

18 6,51 11,01 15,35 15,49 

21 12,93 17,18 20,87 22,51 

23 10,97 10,73 12,70 10,13 

24 10,73 19,30 21,08 21,72 

26 9,32 14,40 18,93 19,03 

27 12,94 14,29 15,65 14,30 

31 7,08 10,53 11,28 11,49 

Mean 9,86 13,45 15,96 15,82 

 

Table 6: Rotations per minute (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal pre transplantation post transplantation     

HMW; n=14  3 weeks 6 weeks 12 weeks 

12 15,62 7,21 6,26 5,36 

16 6,38 3,78 1,51 0,77 

43 11,08 0,84 1,03 -0,07 

46 8,10 -1,17 -1,65 -0,71 

49 7,33 0,46 -1,08 0,87 

57 6,62 3,13 2,43 -0,36 

58 6,34 5,32 7,01 2,56 

61 10,17 9,67 5,91 2,93 

73 6,45 3,12 0,96 1,88 

75 7,35 -1,37 -2,41 -1,28 

77 20,11 -3,20 -6,38 -5,19 

86 10,55 -1,11 -5,63 -2,66 

88 7,93 -6,18 -8,25 -0,74 

94 7,05 -7,86 -8,27 -0,38 

Mean 9,36 0,90 -0,61 0,21 

empty; n=12       

9 14,79 -1,81 2,09 -1,02 
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18 8,45 11,10 11,95 17,63 

40 8,75 2,50 0,01 0,62 

42 9,26 -3,01 -2,25 -0,01 

48 6,54 -4,96 -3,79 -2,84 

53 9,03 0,22 -1,06 -2,94 

56 6,18 -0,32 -1,25 -4,22 

59 9,67 -0,57 -2,72 -3,12 

78 7,70 -0,86 -1,45 -2,06 

84 13,27 -9,94 -10,20 -2,81 

91 6,18 -1,86 -1,23 -0,58 

92 10,39 -3,30 -0,73 -0,96 

Mean 9,18 -1,07 -0,89 -0,19 

 E12; n=12        

10 11,48 -0,3 3,23 -0,39 

17 9,48 -4,81 -10,82 -12,27 

32 13,43 0,27 -0,48 -0,08 

37 7,19 -1,85 -0,11 0,06 

47 7,29 -3,2 -2,62 -1,15 

54 6,21 -0,04 -0,84 -2,42 

55 6,06 -3,02 -8,58 -5,34 

74 12,58 -3,21 -2,13 -1,74 

79 7,05 -2,66 -4,21 -9,96 

85 10,58 -2,75 -5,17 -2,26 

87 12,30 -3,34 -1,65 -2,36 

90 11,01 -7,76 -3,05 -0,43 

Mean 9,56 -2,72 -3,04 -3,20 

 

Table 7: Rotations per minute (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal pre transplantation post transplantation     

 HMW small; n=7  3 weeks 6 weeks 12 weeks 

98 6,21 3,68 0,29 1,73 

99 7,24 10,18 4,38 6,26 

7 10,35 14,5 17,80 17,29 

9 6,04 10,60 16,42 16,63 

29 10,61 16,69 18,89 17,48 

34 6,28 0,31 -1,67 -2,67 

38 16,11 17,21 15,51 12,25 

Mean 8,98 10,45 10,23 9,85 

 empty small; n=7     

2 7,52 6,52 1,72 0,59 

8 6,69 5,15 0,40 0,11 

4 9,93 6,50 3,26 3,51 

11 6,04 5,34 10,23 8,33 

17 11,90 5,70 0,40 -0,53 

28 7,37 -0,12 0,55 0,02 

32 8,69 0,06 1,78 0,29 

Mean 8,31 4,16 2,62 1,76 
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Apomorphine-induced rotation 

Table 8: Rotations per minute (6-OHDA group; n=8). 
6-OHDA = 6-hydroxydopamine; n = number of animals. 

Animal pre transplantation post transplantation   

    6 weeks 12 weeks 

15 -4,88 -6,28 -7,34 

18 -6,97 -8,12 -8,86 

21 -5,45 -5,21 -4,42 

23 -7,15 -7,56 -7,46 

24 -4,30 -5,76 -5,38 

26 -4,27 -4,89 -4,57 

27 -6,05 -7,00 -10,04 

31 -6,34 -6,00 -5,66 

Mean -5,68 -6,35 -6,72 

 

Table 9: Rotations per minute (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal pre transplantation post transplantation   

 HMW; n=14  6 weeks 12 weeks 

12 -4,44 -1,53 -1,89 

16 -5,95 -2,52 -1,28 

43 -8,01 -2,9 -1,91 

46 -5,55 -3,00 -3,85 

49 -8,40 -2,12 -3,15 

57 -7,96 -6,72 -5,02 

58 -5,44 -8,18 -6,30 

61 -5,88 -3,97 -3,63 

73 -4,54 -3,53 -2,87 

75 -9,82 -6,39 -6,97 

77 -4,68 -2,21 -2,56 

86 -8,71 -9 -2,69 

88 -5,44 -6,06 -3,05 

94 -4,26 -4,50 -0,16 

Mean -6,36 -4,47 -3,24 

 empty; n=12    

9 -4,64 -3,29 -1,12 

18 -8,07 -3,99 -5,08 

40 -4,55 -2,46 -1,14 

42 -4,37 -3,10 -2,86 

48 -8,29 -2,38 -1,12 
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53 -9,76 -5,60 -7,25 

56 -4,28 -5,20 -2,42 

59 -13,31 -13,95 -9,34 

78 -4,60 -4,46 -1,70 

84 -4,61 -2,08 -1,88 

91 -5,58 -3,72 -1,41 

92 -4,83 -1,22 -2,28 

Mean -6,41 -4,29 -3,13 

 E12; n=12    

10 -9,20 -5,13 -2,39 

17 -4,11 -1,08 -4,15 

32 -6,98 -2,75 -1,22 

37 -7,54 -6,82 -7,64 

47 -4,66 -2,64 -0,2 

54 -7,32 -2,91 -4,19 

55 -8,62 -4,59 -4,57 

74 -4,90 -5,61 -3,66 

79 -6,79 -4,95 -3,41 

85 -4,12 -4,88 -1,56 

87 -5,04 -5,42 -1,66 

90 -4,01 -1,76 -1,47 

Mean -6,11 -4,05 -3,01 

 

Table 10: Rotations per minute (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal pre transplantation post transplantation   

 HMW small; n=7  6 weeks 12 weeks 

98 -4,05 -2,76 -2,76 

99 -8,87 -3,28 -5,65 

7 -4,05 -4,24 -3,94 

9 -4,60 -2,17 -3,21 

29 -4,27 -2,75 -1,72 

34 -4,09 -3,29 -3,30 

38 -4,06 -2,52 -2,95 

Mean -4,86 -3,00 -3,36 

 empty small; n=7    

2 -4,13 -1,50 -2,18 

8 -4,48 -0,27 -0,06 

4 -4,07 -3,82 -1,86 

11 -5,40 -4,35 -4,63 

17 -4,10 -2,42 -4,31 

28 -4,18 -1,50 -1,79 

32 -4,15 -3,71 -2,77 

Mean -4,36 -2,51 -2,51 
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Cylinder test 

Table 11: Cylinder test (6-OHDA group; n=8). 
6-OHDA = 6-hydroxydopamine; n = number of animals. 

Animal Paw touches (total=20) % Paw use  % net impaired paw use 

  left right left right     

       

15 6 14 30 70 40   

18 3 17 15 85 70   

21 0 20 0 100 100   

23 6 14 30 70 40   

24 6 14 30 70 40   

26 3 17 15 85 70   

27 2 18 10 90 80   

31 2 18 10 90 80   

Mean 3,5 16,5 17,50 82,5 65  

 

Table 12: Cylinder test (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal Paw touches (total=20) % Paw use  % net impaired paw use 

  left right left right     

HMW; n=14      

12 9 11 45 55 10   

16 11 9 55 45 -10   

43 8 12 40 60 20   

46 7 13 35 65 30   

49 10 10 50 50 0   

57 4 16 20 80 60   

58 9 11 45 55 10   

61 9 11 45 55 10   

73 16 4 80 20 -60   

75 9 11 45 55 10   

77 8 12 40 60 20   

86 8 12 40 60 20   

88 10 10 50 50 0   

94 12 8 60 40 -20   

Mean 9,29 10,71 46,43 53,57 7,14  

empty; n=12      

9 10 10 50 50 0   

18 2 18 10 90 80   

40 11 9 55 45 -10   

42 8 12 40 60 20   
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48 9 11 45 55 10   

53 7 13 35 65 30   

56 9 11 45 55 10   

59 7 13 35 65 30   

78 8 12 40 60 20   

84 5 15 25 75 50   

91 10 10 50 50 0   

92 11 9 55 45 -10   

Mean 8,08 11,92 40,42 59,58 19,17  

E12; n=12       

10 5 15 25 75 50   

17 10 10 50 50 0   

32 4 16 20 80 60   

37 10 10 50 50 0   

47 6 14 30 70 40   

54 10 10 50 50 0   

55 11 9 55 45 -10   

74 8 12 40 60 20   

79 12 8 60 40 -20   

85 9 11 45 55 10   

87 10 10 50 50 0   

90 19 1 95 5 -90   

Mean 9,50 10,50 47,50 52,50 5,00  

 

Table 13: Cylinder test (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal Paw touches (total=20) % Paw use  % net impaired paw use 

  left right left right     

HMW small; n=7      

98 10 10 50 50 0   

99 5 15 25 75 50   

7 10 10 50 50 0   

9 11 9 55 45 -10   

29 2 18 10 90 80   

34 10 10 50 50 0   

38 9 11 45 55 10   

Mean 8,14 11,86 40,71 59,29 18,57  

empty small; n=7      

2 9 11 45 55 10   

8 11 9 55 45 -10   

4 4 16 20 80 60   

11 8 12 40 60 20   

17 5 15 25 75 50   

28 10 10 50 50 0   
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32 9 11 45 55 10   

Mean 8,00 12,00 40,00 60,00 20,00  

 

10.2 Raw data of stereological cell counting 

10.2.1 Project 1 

Table 14: Pseudostereological TH+ cell counts (HP-Graft groups; n=12). 
HP = hemiparkinsonian; n = number of animals. 

Animal total cell number mean slice thickness mean cell thickness 

HP-Small Graft; n=6   

15 352 22,88 9,84 

48 509 25,97 11 

49 755 27,48 10,16 

90 677 23,24 10,83 

96 253 24,26 10,78 

22 975 23,58 9,35 

Mean 586,83 24,57 10,33 

HP-Large Graft; n=6   

20 3535 23,8 9,4 

23I 3299 24,16 9,81 

24I 3211 23,24 10,83 

27 3791 24,42 9,75 

38 5942 19,98 9,01 

64 2128 23,73 10,16 

Mean 3651 23,22 9,83 

10.2.2 Project 2 

Table 15: Pseudostereological TH+ cell counts (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal total cell number mean slice thickness mean cell thickness 

HMW; n=14   

12 5611 24,24 10,44 

16 4652 26,52 11 

43 4494 25,53 11,01 

46 6055 25,81 10,94 

49 4744 25,77 10,47 

57 2774 24,36 8,83 

58 3479 25,03 9,16 

61 4087 25,9 9,73 

73 1950 25,29 9,19 
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75 4956 26,62 9,57 

77 7769 25,52 9,07 

86 3944 23,79 8,6 

88 6698 24,53 8,98 

94 6200 25,94 8,75 

Mean 4815 25,35 9,70 

empty; n=12   

9 5752 24,61 9,66 

18 1042 24,33 10,43 

40 4159 25,21 10,36 

42 4280 26,37 10,93 

48 4544 25,45 10,61 

53 3732 22,61 9,38 

56 7156 23,23 9,26 

59 3243 25,54 9,85 

78 4075 26,57 9,85 

84 4807 25,41 9,83 

91 5005 24,26 9,3 

92 9483 24,45 8,81 

Mean 4773 24,84 9,86 

E12; n=12    

10 5648 23,95 10,4 

17 4527 23,98 10,15 

32 7651 26 10,11 

37 6972 26,7 10,48 

47 5648 23,95 10,4 

54 5387 24,43 9,53 

55 6311 24,35 9,22 

74 11705 26,06 9,14 

79 8022 24,93 9,9 

85 7972 24,95 9,49 

87 4925 24,34 8,28 

90 2960 24,26 8,69 

Mean 6477 24,83 9,65 

 

Table 16: Pseudostereological TH+ cell counts (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal total cell number mean slice thickness mean cell thickness 

HMW small; n=7   

98 1361 21,82 9,16 

99 1052 21,85 9,42 

7 389 23,97 8,9 
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9 538 23 8,8 

29 550 21,32 9,15 

34 1994 22,58 8,81 

38 1155 21,82 8,55 

Mean 1006 22,34 8,97 

empty small; n=7   

2 1579 22,07 9,04 

8 1944 22,05 9,12 

4 1046 23,82 8,84 

11 555 23,6 9,33 

17 1051 22,49 8,71 

28 2110 21,58 8,68 

32 1088 21,63 9,04 

Mean 1339 22,46 8,97 

 

10.3 Raw data of striatal density measurements 

10.3.1 Project 1 

Table 17: Density of striatal innervation (Naive Control group; n=4). 
n = number of animals. 

Animal % fiber density to healthy side 

1I 115,40   

2 90,54   

3 82,80   

4I 126,60   

Mean 103,84  

 

Table 18: Density of striatal innervation (HP-Control group; n=12). 
HP = hemiparkinsonian; n/d = not determined; n = number of animals. 

Animal % fiber density to healthy side 

HP-Only; n=4   

24 0,5   

8 2,8   

99 5,2   

1 1,8   

HP-Cannula; n=4   

23 6,9   

3 0,9   

60 8,7   

92 8,4   

HP-Vehicle; n=4   
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89 3,6   

94 n/d   

97 2,9   

98 3,4   

Mean 4,10  

 

Table 19: Density of striatal innervation (HP-Graft groups; n=12). 
HP = hemiparkinsonian; n = number of animals. 

Animal % fiber density to healthy side 

HP-Small Graft; n=6  

15 4,7   

48 9,7   

49 2,7   

90 7,2   

96 9,9   

22 6,7   

Mean 6,82  

HP-Large graft; n=6 

20 18,0   

23I 17,7   

24I 13,6   

27 11,0   

38 13,4   

64 9,6   

Mean 13,88  

10.3.2 Project 2 

Table 20: Density of striatal innervation (6-OHDA group; n=8). 
6-OHDA = 6-hydroxydopamine; n = number of animals. 

Animal % fiber density to healthy side 

15 10,02   

18 7,15   

21 13,00   

23 6,93   

24 3,98   

26 5,35   

27 1,63   

31 2,75   

Mean 6,35  

 

Table 21: Density of striatal innervation (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal % fiber density to healthy side 
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HMW; n=14  

12 10,55   

16 12,82   

43 18,82   

46 22,91   

49 18,87   

57 15,47   

58 14,11   

61 15,01   

73 13,00   

75 20,92   

77 23,87   

86 21,37   

88 31,99   

94 40,19   

Mean 19,99  

empty; n=12 

9 18,14   

18 4,27   

40 5,04   

42 17,11   

48 16,74   

53 22,26   

56 18,52   

59 12,40   

78 21,29   

84 23,04   

91 31,49   

92 31,48   

Mean 18,48  

E12; n=12  

10 15,35   

17 16,65   

32 13,20   

37 10,74   

47 21,30   

54 18,03   

55 18,28   

74 23,34   

79 26,78   

85 25,06   

87 26,48   



Appendix 

170 

 

90 28,26   

Mean 20,29  

 

Table 22: Density of striatal innervation (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal % fiber density to healthy side 

HMW small; n=7  

98 12,64   

99 12,38   

7 11,49   

9 4,03   

29 9,98   

34 13,25   

38 12,08   

Mean 10,84  

empty small; n=7 

2 13,33   

8 7,40   

4 11,02   

11 10,19   

17 14,67   

28 15,06   

32 14,02   

Mean 12,24  

 

10.4 Raw data of graft volume measurements 

10.4.1 Project 1 

Table 23: Graft volume (HP-Graft groups; n=12). 
HP = hemiparkinsonian; n = number of animals. 

Animal Medial graft Lateral graft All 

HP-Small graft; n=6   

15 0,14 / 0,14 

48 0,08 0,16 0,25 

49 0,22 0,04 0,26 

90 0,17 0,09 0,26 

96 0,04 0,04 0,08 

22 0,02 0,32 0,34 

Mean   0,22 

HP-Large graft; n=6   

20 0,73 0,97 1,71 

23I 1,06 0,28 1,34 
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24I 0,40 0,47 0,87 

27 0,52 0,69 1,21 

38 0,51 0,75 1,26 

64 0,49 0,46 0,95 

Mean   1,22 

10.4.2 Project 2 

Table 24: Graft volume (Large graft groups; n=38). 
HMW = high molecular weight; E12 = embryonic day 12; n = number of animals. 

Animal Medial graft Lateral graft All 

HMW; n=14   

12 1,01 0,56 1,57 

16 0,51 0,65 1,15 

43 0,79 0,90 1,69 

46 0,88 0,67 1,54 

49 0,43 0,75 1,19 

57 0,46 0,25 0,72 

58 0,29 0,95 1,24 

61 0,71 0,55 1,27 

73 0,08 0,40 0,48 

75 0,71 0,38 1,09 

77 0,89 1,15 2,04 

86 0,31 0,67 0,98 

88 1,24 1,12 2,35 

94 0,80 1,11 1,91 

Mean 0,65 0,72 1,37 

empty; n=12   

9 1,53 1,12 2,65 

18 0,48 0,01 0,49 

40 0,27 0,90 1,17 

42 1,68 / 1,68 

48 1,43 0,27 1,70 

53 0,84 0,65 1,48 

56 0,23 1,38 1,62 

59 1,01 0,01 1,02 

78 0,79 0,55 1,33 

84 1,06 0,36 1,42 

91 0,69 0,60 1,29 

92 1,61 1,71 3,33 

Mean 0,97 0,69 1,60 

E12; n=12    

10 0,62 1,44 2,06 
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17 1,42 1,04 2,46 

32 1,12 1,27 2,38 

37 0,80 1,28 2,08 

47 0,44 1,59 2,03 

54 0,93 0,89 1,82 

55 0,98 1,46 2,44 

74 1,95 2,30 4,25 

79 1,45 1,30 2,75 

85 1,50 1,41 2,92 

87 0,66 0,78 1,44 

90 0,87 0,10 0,97 

Mean 1,06 1,24 2,30 

 

Table 25: Graft volume (Small graft groups; n=14). 
HMW = high molecular weight; n = number of animals. 

Animal Medial graft Lateral graft All 

HMW small; n=7   

98 0,44 0,23 0,67 

99 0,23 0,23 0,46 

7 0,10 0,04 0,14 

9 0,09 0,09 0,18 

29 0,10 0,07 0,17 

34 0,11 0,33 0,44 

38 0,08 0,11 0,19 

Mean 0,08 0,16 0,32 

empty small; n=7   

2 0,37 0,19 0,56 

8 0,21 0,10 0,31 

4 0,24 0,39 0,62 

11 0,09 0,07 0,16 

17 0,08 0,25 0,33 

28 0,09 0,49 0,58 

32 0,22 0,07 0,30 

Mean 0,08 0,22 0,41 
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